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Our objective was to optimize soil management practices to improve soil health to
increase peanut (Arachis hypogaea L.) yield. We studied the effects of using rotary
tillage with mulching film or without [rotary tillage with no mulching (RTNM)], plow tillage
with mulching film or without, and green manure with mulching film (GMMF) or without
[green manure with no mulching (GMNM)] over 3 years in Tai’an, China. Results showed
that compared with RTNM treatment, GMNM and GMMF treatments significantly
(P < 0.05) increased soil organic carbon, enzymatic activity, and the available nitrogen,
phosphorus, and potassium content. The dominant bacterial phyla in the soil across all
treatments were Proteobacteria, Acidobacteria, and Actinobacteria. Bacterial richness
and diversity in the soil were significantly (P < 0.05) enhanced after GMMF and GMNM
treatments compared with those after RTNM treatment. The linear discriminant analysis
effect size analysis indicated that Chloroflexi abundance in the 0–10 and 10–20 cm soil
layers changed significantly (P < 0.05) after rotary tillage with mulching film and RTNM
treatments, respectively, whereas that of Bacteroidetes changed significantly (P < 0.05)
in the 0–10 layer after GMNM treatment. The abundance of the Xanthobacteraceae
family of Proteobacteria in both soil layers changed significantly (P < 0.05) after GMNM
and GMMF treatments. Redundancy analysis revealed that soil physical (soil bulk density
and water content), chemical (soil organic carbon, available nitrogen, phosphorus, and
potassium), and biological (soil enzymatic activity and nutrient content) characteristics
affect the soil bacterial community. Changed soil quality indices may be favorable for leaf
photo-assimilate accumulation. Compared with RTNM treatment, GMNM and GMMF
treatments significantly increased photosynthesis rate in the peanut leaf and decreased
intercellular carbon dioxide concentration. Our results showed that compared with that
after RTNM treatment, the average pod yield after GMMF and GMNM treatments
increased by 27.85 and 21.26%, respectively, due to increases in the pods per plant and
plant numbers. The highest yield of all treatments was obtained from the GMMF-treated
plot, followed by that from the GMNM-treated plots. Thus, taking into consideration the
residual pollution caused by plastic films, we propose GMNM as a suitable strategy
to improve soil physicochemical and microbial properties and to increase the peanut
pod yield.
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INTRODUCTION

Peanut (Arachis hypogaea L.) is one of the most important oil
crops in the world. In particular, China is the largest peanut
producer globally, with major peanut production concentrated
in the northern region of the country and production levels
that have increased substantially over the past few decades
(Yao, 2004). However, peanut production currently faces major
challenges owing to long-term continuous monoculture, which
has confined its yield within certain limits (Li et al., 2014).
Continuous cropping could lead to land degradation, which is
referred to as the continuous cropping obstacle (Chen et al., 2017)
and is associated with numerous factors such as the deterioration
of soil structure (Puerta et al., 2018), a decline in soil fertility
(Wacal et al., 2019), and changes in the soil microbial community
structure (Chen et al., 2018). Such changes could, in turn,
decrease plant development and reduce crop yield. Therefore,
the maintenance and improvement of soil quality in peanut
continuous cropping systems is critical for sustainable peanut
production and the environment.

Soil quality indicators consist of a range of physical, chemical,
and biological characteristics linked to key soil ecosystem
functions, such as nutrient cycling, soil structure and stability,
and soil microbial biodiversity (Muñoz-Rojas, 2018). In recent
years, conservation tillage practices, such as reduced tillage and
mulch tillage, have been considered to preserve soil health,
enhance plant growth, and conserve the environment (Busari
et al., 2015). Such outcomes could be attributed to an enhanced
nutrient status and an altered soil bacterial community structure
(Wang et al., 2016) brought about by conservation tillage. Rotary
tillage (RT) is a reduced tillage management practice and is
used to mitigate soil erosion and soil organic carbon (SOC)
losses in North China (Tian et al., 2016). However, conservation
tillage practices could increase soil penetration resistance and
strength compared with moldboard plowing (Bogunovic et al.,
2018), which makes it difficult for peanut pegs to penetrate
the soil surface and leads to a decrease in pod numbers per
plant (Haro et al., 2008). Although conventional plowing tillage
(PT) could decrease surface soil bulk density (SBD), it would
alleviate soil compaction stress and increase available nitrogen
(AN), phosphorus (AP), and potassium (AK) concentrations,
which would increase crop yield (Shen P. et al., 2016). Therefore,
the selection of an appropriate soil tillage practice that creates
suitable soil conditions could be an appropriate agronomic
management strategy for enhancing peanut yield in a continuous
cropping system.

The use of mulching plastic film is a key management practice
used to improve spring peanut growth and yield. A previous
study has reported that the application of mulching film (MF)
increases peanut dry matter accumulation, kernel weight, and
pods per plant significantly, resulting in an increase in pod
yield (Subrahmaniyan et al., 2018). In addition, MF application
reduces soil evaporation rates and increases soil moisture and
temperature based on shifting soil condition requirements across
different seasons (Sun et al., 2018). Furthermore, plastic film
mulching could increase soil bacterial and fungal diversity and
richness (Li et al., 2016; Qin et al., 2017), which play crucial

roles in soil nutrient cycling (Trivedi et al., 2016). In addition
to the positive effects mentioned earlier, the potential negative
impact of plastic film pollution on the environment should also
be considered (Gao et al., 2019). For example, plastic film results
in the release of phthalate esters into the soil, which could be
absorbed and accumulated in crops and pose potential risks
for human health (Shi et al., 2019). Therefore, other tillage
practices and soil management strategies that maintain and
improve soil quality and are based on agronomic technologies
other than plastic film mulching are required for sustainable
peanut production.

Green manure (GM) is commonly sown during fallow
periods and applied extensively in agriculture as a strategy
for regulating the cycling of soil nutrients such as SOC and
N across the soil profile (Sharma et al., 2017). Zhang et al.
(2016) suggest that using summer legumes as GM crops is a
viable option and an alternative to summer fallow to minimize
the risks of N losses and improve subsequent wheat growth.
In addition, using Chinese milk vetch (Astragalus sinicus L.)
as GM significantly increased maize yield by improving soil
physicochemical properties, such as alkali solution N, available
K, and microbial community diversity (Tao et al., 2017). Growing
GM in winter, which would return to the soil in spring,
increased microbial abundance in the rice rhizosphere (Zhang
X.X. et al., 2017). Based on previous studies, the combination
of soil tillage, GM application, and mulching methods may
further improve soil structure and nutrient cycling and enhance
soil microbial biodiversity. This would improve soil health
and address the challenges associated with continuous peanut
cropping. Generally, in northern China, the peanut growing
period extends from May to October, and the winter fallow is
usually bare fallow. We hypothesize that using winter wheat as
a cover crop during the winter fallow period and using wheat
plants as GM by returning them to the soil at the jointing stage
would be a beneficial and cost-effective strategy for enhancing
soil health under continuous spring peanut production systems.
Therefore, the objectives of the present study were (1) to evaluate
the effects of soil tillage and management practices with or
without MF on soil physicochemical characteristics and nutrient
concentrations; (2) to analyze the effects of different treatments
on soil bacterial community structure; and (3) to determine
an optimal agronomic management strategy for addressing the
challenges associated with the continuous cropping obstacle in
peanut production.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Field experiments were performed over three peanut growing
seasons (2016–2018) at the experimental station of Shandong
Agricultural University, Tai’an, China (36◦09′N, 117◦09′E, 128
m above sea level). The region has a warm and semi-humid
continental monsoon climate, with an average total annual solar
irradiance of 5.08× 106 kJ cm−2, an average annual temperature
of 13.7◦C, and an average annual rainfall of 631.5 mm. The soil
in the study area is classified as Eutric Cambisol, according to the
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World Reference Base for Soil Resources (2014). The top 20 cm
of the soil had a pH of 7.3 and contained 14.56 g kg−1 organic
matter, 0.75 g kg−1 total N, 72.31 mg kg−1 AN, 45.62 mg kg−1 AP,
and 69.35 mg kg−1 AK. The SBD was 1.48 g cm−3. The peanut
cultivar used in the present study was Shanhua 108 (SH108).
Seeds were sown in the experimental plots on May 10, 2016; May
8, 2017; and May 8, 2018, and were harvested on October 9, 2016;
October 8, 2017; and October 8, 2018, respectively. The peanut
was hole-sown at a density of 150,000 hills hm−2. Two seeds were
planted in each hole, with 25 cm row-spacing and 16.7 cm seed
spacing. Triple compound fertilizer [15% N, 15% phosphorus
oxide (P2O5), and 10% potassium oxide (K2O); 600 kg ha−1] was
applied in each treatment before peanut planting. Farm managers
used pesticides and herbicides to control disease, pests, and weeds
in all treatments.

Treatments and Experimental Design
The treatments were arranged in a split-plot design with three
replications. The main plot included the following: (1) soil
conservation tillage management consisting of reduced tillage.
Winter fallow period was conventional bare fallow during which
no tillage was performed (Supplementary Figures 1A,B) and
RT was performed before planting peanut (Supplementary
Figure 1C). (2) Tillage management consisted of PT and
RT. Plow tillage was performed before the winter fallow
period (Supplementary Figure 1D); winter fallow period
was bare fallow (Supplementary Figures 1E,F), and RT was
performed before planting peanut (Supplementary Figure 1G).
(3) GM management consisted of growing winter wheat after
harvesting the peanut crop from the previous growing season
(Supplementary Figure 1H) and applying the wheat as GM
at the jointing stage (Supplementary Figures 1I–K). Wheat
cultivar Jimai22 was sown at a density of 2,250,000 plant
hm−2. No fertilizer was applied during the wheat-growing
period. The application rate of GM was based on dry biomass
and is illustrated in Supplementary Figure 2. Two subplots
were assigned to MF and no mulching film treatments when
peanuts were sown. The plastic film was clear and impermeable
polyethylene with a thickness of 0.008 mm. The film was removed
after the peanut was harvested. A new film was used in the
following growing season. Therefore, six treatments were applied
and were denoted as follows: (i) rotary tillage with no mulching
(RTNM); (ii) rotary tillage with mulching film (RTMF); (iii)
plow tillage without mulching film (PTNM); (iv) plow tillage
with mulching film (PTMF); (v) green manure with no mulching
(GMNM); (vi) green manure with mulching film (GMMF). Each
treatment had three replicate plots, and each plot (30 × 2.4
m) was set up in the ridge-furrow fields and consisted of six
rows and two ridges.

Sampling and Analysis
Measurement of Soil Bulk Density, Soil Porosity, and
Soil Water Content
Soil samples were collected at 0–10 and 10–20 cm depths from
three sampling points in each treatment plot at the code 75
stage in the Biologische Bundesanstalt, Bundessortenamt and

Chemical (BBCH) scale (Munger et al., 1998). Soil profiles were
dug and prepared for sample collection. Undisturbed soil cores
were collected using 200 cm3 cutting rings at 0–10 and 10–20
cm depths and used to determine SBD, soil porosity, and soil
water content (SWC).

Measurement of Soil Nutrients and Soil Enzymatic
Activity
Three replicates of soil samples were collected using a soil
auger (5.0 cm diameter) at 0–10 and 10–20 cm depths
from each treatment plot at the code 75 stage in the
BBCH scale (Munger et al., 1998), air-dried, sieved through
a 2 mm sieve, and used for analyses of SOC, AN, AP,
AK, and soil enzymatic activity according to the methods
described by Guan (1986) and Bao (2000). The SOC was
measured by humid oxidation with potassium dichromate
(K2Cr2O7). We measured AN using the modified alkaline
hydrolysis diffusion method, AP was obtained by sodium
bicarbonate (NaHCO3) extraction and then analyzed using
the Mo-Sb method with a spectrophotometer, and AK was
extracted with ammonium acetate and determined using flame
photometry. Soil invertase activity was determined using the
3, 5-dinitrosalicylic acid colorimetric method, whereas urease
activity was determined using sodium phenolate and sodium
hypochlorite spectrophotometry. Catalase (CAT) activity was
determined by back-titrating residual hydrogen peroxide (H2O2)
with potassium permanganate (KMnO4).

DNA Extraction, Bacterial 16S Ribosomal RNA Gene
Polymerase Chain Reaction Amplification, and
Illumina Sequencing
Three replicates of soil samples were collected using a soil
auger (5.0 cm diameter) at 0–10 and 10–20 cm depths from
each treatment plot at the code 75 stage in the BBCH scale
(Munger et al., 1998) and stored at −80◦C for microbial
analyses. Microbial DNA was extracted from 0.5 g soil
samples using the DNeasy PowerSoil Pro kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol. Primers
F341 (5′-CCTACGGGNGGCWGCAG-3′) and R785 (5′-
GACTACHVGGGTATCTAATCC-3′) targeting the V3–V4
region of the 16S ribosomal RNA gene were used for PCR
(Klindworth et al., 2013). The PCR assays were performed in a
reaction mixture (25 µl) containing 2.5 µl microbial DNA, 0.25
µl of each primer, 12.5 µl 2 × KAPA HiFi HotStart ReadyMix
(KAPA Biosystems, Wilmington, MA, United States), and
9.5 µl PCR-grade water. The amplification was performed as
follows: 1 cycle of denaturation at 95◦C for 3 min; 25 cycles
at 95◦C for 30 s, annealing at 55◦C for 30 s, elongation at
72◦C for 30 s, and a final extension at 72◦C for 5 min. The
products were investigated and checked by electrophoresis in
2% agarose gels. The first round of PCR products was cleaned
up using Agencourt AMPure XP beads (Beckman Coulter, CA,
United States) according to the manufacturer’s instructions.
The second round of PCR assays were performed in a reaction
mixture (25 µl) containing 2.5 µl of the first PCR products,
0.25 µl of each primer, 12.5 µl 2 × KAPA HiFi HotStart
ReadyMix (KAPA Biosystems, MA, United States), and 9.5 µl
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PCR-grade water. The amplification was performed as follows:
1 cycle of denaturation at 95◦C for 3 min; 8 cycles of 95◦C
for 30 s, annealing at 55◦C for 30 s, elongation at 72◦C for
30 s, and a final extension at 72◦C for 5 min. The products
were investigated and checked using electrophoresis in 2%
agarose gels. The selected gel was purified with a QIAquick
Gel Extraction kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Before sequencing, the quality of
DNA libraries was assessed using a Qubit Fluorometer (Thermo
Fisher Scientific, MA, United States), the length distribution
of DNA libraries was assessed using a Qseq100 DNA Analyzer
(BiOptic Inc., Taiwan, China), and the molarity of the DNA
libraries was quantified using the KAPA Library Quantification
Kit (KAPA Biosystems, MA, United States). The qualified
libraries were sequenced by Beijing Ori-gene Science and
Technology Co., Ltd. (Beijing, China) on an Illumina MiSeq
platform. The image data were converted to original sequences
through Base Calling analysis to form raw data and then merged
to tags using FLASH v.1.2.11 (Magoc and Salzberg, 2011).
These were then filtered to eliminate the low-quality reads
using MOTHUR v.1.35.1 (Schloss et al., 2009) and chimera
excluded using UCHIME v.7.0 to obtain clean reads based on
the reference Gold database (Edgar et al., 2011; Haas et al.,
2011). The clean sequences were clustered into operational
taxonomic units based on sequence similarity (97% threshold)
by USEARCH (Edgar, 2013). Taxonomy analysis was performed
using the RDP v.2.2 classifier based on the SILVA database
(Pruesse et al., 2007; Wang et al., 2011). The raw sequencing
data have been deposited in Figshare and are available at
https://figshare.com/articles/dataset/Sequencing_data/12464396.

Measurement of Photosynthetic Parameters
Photosynthetic parameters, including photosynthesis rate (PN),
intercellular carbon dioxide concentration (Ci), transpiration rate
(Tr), and stomatal conductance (Gs), were measured in all the
treatments using a Li-6400 portable photosynthetic system (LI-
COR Biosciences Inc., NE, United States) at code 75 stage. All
measurements were obtained between 1,000 and 1,100 h. The
chamber was equipped with a red/blue light-emitting diode light
source, and the photosynthetically active radiation was set at
1,400 µmol m2 s−1.

Measurement of Peanut Yield and Its Components
At maturity (code 99 stage in the BBCH scale), the plants in a 6.67
m2 (3.335× 2 m) area (from which no plants were sampled) were
harvested for yield determination. Fifteen representative plants
were sampled from each treatment to record the number of pods
per plant. All pods harvested from peanut plants were air-dried
and weighed. In addition, the shells were peeled to obtain peanut
kernel yield and kernels per kilogram.

Statistical Analysis
Alpha diversity was calculated to estimate richness using Chao1
and the diversity using the Shannon index. For beta diversity,
the taxonomic and phylogenetic community comparisons were
performed by calculating Bray–Curtis and weighted UniFrac
distance matrices. Linear discriminant analysis effect size (LEfSe)

was performed based on the absolute abundance of assigned
taxa, and linear discriminant analysis > 2.5 was considered a
significant difference. The data of peanut yield, soil parameters,
and microbial abundance were processed using the DPS v7.05
software (Hangzhou RuiFeng Information Technology Co., Ltd.,
Hangzhou, China). Significant differences among the means
were compared using the least significant difference test at
a 5% significance level. Correlation analyses were performed
with R v.4.0.2. Redundancy analysis (RDA) was performed
with Canoco 5. To avoid overfitting in the regression model
due to many explanatory variables, the most discriminating
variables for each data set were selected by the “forward
selection” procedure of the program during the analysis.
Graphs were plotted using SigmaPlot v10 (Systat Software Inc.,
CA, United States).

RESULTS

Effects of Soil Management Practices on
Peanut Yield and Its Components
Significant differences were observed in pod yield, pods per
plant, pods per kilogram, and plant number among the various
treatments (Table 1). As expected, both PTMF and GMMF
treatments increased pod yield significantly (P < 0.05) by
increasing the pods per plant and plant number and decreasing
the pods per kilogram, when compared with that in the RTNM
treatment. The highest yield among all the treatments was
observed in the GMMF-treated plots. For example, compared
with that in the RTNM treatment, pod yield was 16.3 and 24.5%
higher in the PTNM and GMNM treatments, respectively, in
the 2018 season.

Effects of Soil Management Practices on
Leaf Photosynthetic Performance
The PN in plants subjected to RTNM treatment decreased
annually (Figure 1); however, the other treatments exhibited an
opposite trend. Intercellular carbon dioxide concentration (Ci)
decreased in the three growing seasons. Conversely, stomatal
conductance (Gs) exhibited increasing variation between and
within treatments, similar to transpiration rate (Tr). Compared
with those in peanut plants subjected to RT, both PT and
GM soil management practices and MF application increased
PN , Gs, and Tr of peanut plants significantly (P < 0.05) and
decreased their Ci significantly (P < 0.05). On average, PN
exhibited 5.3 and 4.5% increases in plants subjected to PTMF
and GMMF treatments, respectively, when compared with plants
under PTNM and GMNM treatments, respectively, across the
three growing seasons.

Effects of Soil Management Practices on
Soil Properties
The soil tillage management practices and MF treatments
influenced SBD, soil porosity, and SWC significantly (P < 0.05)
(Table 2). The highest SBD was observed in the RTNM treatment
in the 2018 growing season. However, it decreased in the PTMF-
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TABLE 1 | Effects of soil tillage and management practices and mulching film on the pod yield and its component.

Year Treatment Pod yield (kg ha−1) Pods per plant Pods per kg Plants number (plants ha−1)

2016 RTNM 4408.1d 16.2e 567.4a 231818.2e

RTMF 4606.2c 17.5d 562.7a 248484.8d

PTNM 4659.1c 18.7c 526.1c 262121.2b

PTMF 4981.3b 21.1b 521.2c 272727.3b

GMNM 4995.1b 22.0b 549.3b 254545.5c

GMMF 5250.5a 23.5a 544.8b 265656.6a

2017 RTNM 4565.9d 16.1e 538.0a 222222.2d

RTMF 4698.2d 17.7d 533.0a 239393.9c

PTNM 4778.4c 20.5c 515.0b 268686.9b

PTMF 5095.3b 22.3b 510.5b 277272.7a

GMNM 5171.4b 23.8a 485.0c 267676.8b

GMMF 5435.1a 24.4a 479.5c 278282.8a

2018 RTNM 4244.6e 14.1e 598.0a 219191.9d

RTMF 4525.1d 18.3d 560.0b 237878.8c

PTNM 4935.3c 21.4c 549.3c 269697.0b

PTMF 5270.7b 23.5b 546.0cd 276767.7a

GMNM 5285.7b 23.8b 537.3de 266666.7b

GMMF 5606.0a 25.6a 528.7e 281313.1a

ANOVA

Year (Y) 299.0** 74.0** 285.9** 7.3**

Practices (P) 4176.9** 2165.2** 235.1** 1200.2**

Mulching (M) 1882.5** 455.2** 31.8** 322.9**

Y × P 110.4** 39.2** 35.7** 44.0**

Y × M 43.4** 20.9** 6.2** 0.3 ns

P × M 6.6** 10.8** 5.1* 12.8**

Y × P × M 22.8** 10.6** 5.3** 0.8 ns

Values followed by different letters within the columns are significantly different at the 0.05 probability level. *Significant at the 0.05 probability level. **Significant at the
0.01 probability level. RTMF, rotary tillage without mulching film; RTMF, rotary tillage with mulching film; PTNM, plow tillage without mulching film; PTMF, plow tillage with
mulching film; GMNM, green manure without mulching film; GMMF, green manure with mulching film.

and GMMF-treated plots. In addition, the SBD value in the 0–
10 cm layer in the 2018 growing season decreased by 13.2 and
17.0% in the PTNM- and GMNM-treated plots, respectively,
compared with that in RTNM-treated one. Conversely, RTNM-
treated plots had the lowest soil porosity value. Compared with
that in the RTMF-treated plots, the soil porosity in the 0–10
cm layer in the 2018 growing season increased by 14.6 and
19.5% in the PTMF- and GMMF-treated plots, respectively,
and that in the 10–20 cm layer increased by 15.2 and 20.4%,
respectively. Similarly, the lowest SWC was observed in soils
under RT. Plow tillage, GM, and MF treatments increased SWC
significantly (P < 0.05). Compared with that in RTNM-treated
soils, PTNM and GMNM treatments increased SWC in the 0–10
cm soil layer by 12.9 and 32.8% on average, respectively, whereas
RTMF treatment increased SWC in the 10–20 cm soil layer by
19.7% on an average.

In PT-treated soils, the SOC concentrations were significantly
lower compared with those in RT-treated ones (P < 0.05)
(Figures 2A,B). Conversely, GM application increased SOC
concentration in the two soil layers. The GMMF treatment had
the highest SOC concentrations in the two soil layers. The AN,
AP, and AK concentrations in the two soil layers increased
significantly (P < 0.05) under PT and GM application practices
and MF application (Figures 2C–H). Higher AN values were

observed in the 0–10 and 10–20 cm soil layers under GMMF
treatment when compared with the AN values in the RTMF. The
GMMF treatment had higher AP values in the 0–10 and 10–20 cm
soil layers when compared with the AP values in RTMF-treated
soils. The variation in AK concentration in the 0–20 cm soil layer
was similar to that of AP.

Reduced soil tillage practices decreased soil urease, invertase,
and CAT activity from 2016 to 2018 (Figure 3). In contrast,
PT and GM increased the activity of urease, invertase, and
CAT annually. The enzyme activity in the soils under mulching
treatments was significantly (P < 0.05) higher than that in
soils under no mulching treatment. The urease activity in
the PTMF-treated 0–10 and 10–20 cm soil layers increased
significantly (P < 0.05) by 37.2 and 39.7%, respectively, and
that in GMMF-treated soils increased by 61.6 and 74.4%,
respectively, when compared with that in the RTMF-treated soils
in the 2018 growing season. Similarly, compared with that in
RTMF-treated soils, invertase activity in the PTMF treatment
in the 0–10 and 10–20 cm soil layers increased significantly
(P < 0.05) by 51.2 and 56.3%, respectively, and that in the
GMMF treatments in the 0–10 and 10–20 cm soil layers
increased significantly (P < 0.05) by 67.6 and 68.8%, respectively.
Compared with the CAT activity in the GMNM treatment, the
CAT activity in the GMMF treatment in the 0–10 and 10–20
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FIGURE 1 | Effects of soil tillage managements and mulching film on leaf photosynthesis rate (A), intercellular carbon dioxide concentration (B), transpiration rate
(C), and stomatal conductance (D). Vertical bars represent standard error (SE). Mean values ± SE (n = 10). Different letters indicate significant differences among
each treatment, P < 0.05.

cm soil layers increased significantly (P < 0.05) by 11.7 and
3.2%, respectively.

Effects of Soil Management Practices on
Soil Bacterial Community Structure
As illustrated in Figure 4, the relative abundance of the
dominant bacterial phyla in the soil was similar among all
the treatments. Proteobacteria, Acidobacteria, Actinobacteria,
Planctomycetes, Gemmatimonadetes, Bacteroidetes, Chloroflexi,
Verrucomicrobia, Nitrospirae, and Firmicutes were the 10
most abundant phyla. Of these, Proteobacteria were the
most abundant, followed by Acidobacteria. Plow tillage and
GM with or without MF influenced the relative abundance
of the phyla significantly (P < 0.05) within the two soil
layers. However, compared with the RTNM treatment,
Proteobacteria abundance in the 0–10 and the 10–20 cm
soil layers under RTMF treatment decreased significantly
(P < 0.05) by 11.8 and 6.9%, respectively. Conversely, the
abundance of Actinobacteria and Planctomycetes in the two
soil layers increased significantly (P < 0.05) after MF treatment.
Compared with that under GMNM treatment, the abundance
of Actinobacteria in the 0–10 and 10–20 cm soil layers under
GMMF treatment increased significantly (P < 0.05) by 59.0 and
24.1%, respectively.

We used LEfSe analysis from the phylum to genus level to
evaluate the significant differences in bacterial abundance
among the treatments (Figure 5). Linear discriminant
analysis scores higher than 2.5 were applied to determine
the specialized bacterial groups enriched in response to
soil tillage practices and MF application (Supplementary
Figure 3). The LEfSe results showed that the Ardenticatena
sp. was a biomarker for RTNM treatment. KD4-96 from
Chloroflexi changed in the two soil layers of the RTMF
treatment. Gemmatimonadetes were enriched in the 0–10
cm soil layer in the PTNM treatment. Lysinibacillus sp. from
Firmicutes and Micromonosporaceae from Actinobacteria
exhibited the greatest changes in the 0–10 and the 10–20 cm
layers, respectively, in the PTMF treatment. Bacteroidetes
were enriched in the 0–10 cm soil layer under GMNM
treatment, whereas the Byssovorax and Xanthomomadaceae
families from Proteobacteria exhibited the greatest changes
in the 0–10 and the 10–20 cm soil layers, respectively,
under GMMF treatment.

Effects of Soil Management Practices on
Soil Bacteria Alpha and Beta Diversity
Statistically significant differences in soil bacteria richness
and diversity were observed under different treatments
based on the Chao1 and Shannon diversity indices
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TABLE 2 | Effects of soil tillage and management practices and mulching film on soil bulk density, porosity, and soil water content in the two layers.

Year Treatment Soil bulk density Soil porosity Soil water content

0–10 cm 10–20 cm 0–10 cm 10–20 cm 0–10 cm 10–20 cm

2016 RTNM 1.49a 1.54a 43.77d 41.73e 11.54f 12.92f

RTMF 1.47a 1.51b 44.40d 43.16d 14.74e 16.37e

PTNM 1.42b 1.46c 46.42c 44.97c 13.30d 15.51d

PTMF 1.38c 1.44c 48.05b 45.64c 15.70c 16.80c

GMNM 1.35c 1.41d 48.93b 46.82b 16.42b 17.52b

GMMF 1.31d 1.35e 50.57a 49.03a 16.93a 18.67a

2017 RTNM 1.52a 1.57a 42.79f 40.75f 11.21e 13.01e

RTMF 1.49b 1.51b 43.68e 42.98e 14.91c 16.25cd

PTNM 1.41c 1.44c 46.78d 45.64d 13.53d 15.76d

PTMF 1.36d 1.42d 48.86c 46.53c 15.55b 16.80c

GMNM 1.33e 1.36e 49.74b 48.57b 16.66a 17.50b

GMMF 1.31f 1.32f 50.67a 50.35a 17.08a 18.67a

2018 RTNM 1.59a 1.61a 39.93f 39.40f 12.90d 12.65e

RTMF 1.52b 1.54b 42.63e 42.05e 14.40c 15.97d

PTNM 1.38c 1.42c 47.89d 46.40d 14.20c 15.98d

PTMF 1.36d 1.37d 48.85c 48.44c 14.55c 16.53c

GMNM 1.32e 1.35e 50.13b 49.08b 16.22b 17.53b

GMMF 1.30f 1.31f 50.94a 50.61a 16.99a 18.33a

ANOVA

Year (Y) 4.1* 13.6** 4.2* 13.5** 0.6 1.7

Practices (P) 1577.7** 1173.6** 1576.5** 1169.5** 728.7** 642.0**

Mulching (M) 159.4** 186.0** 158.3** 185.3** 491.8** 495.1**

Y × P 46.1** 34.3** 46.3** 34.3** 4.8** 0.9

Y × M 0.3 2.4 0.3 2.2 27.2** 2.2

P × M 1.4 4.6* 1.4 4.6* 74.7** 94.5**

Y × P × M 8.3** 2.5 8.3** 2.5 11.9** 0.6

Values followed by different letters within the columns are significantly different at the 0.05 probability level. *Significant at the 0.05 probability level. **Significant at the
0.01 probability level. RTMF, rotary tillage without mulching film; RTMF, rotary tillage with mulching film; PTNM, plow tillage without mulching film; PTMF, plow tillage with
mulching film; GMNM, green manure without mulching film; GMMF, green manure with mulching film.

FIGURE 2 | Effects of soil tillage managements and mulching film on soil organic carbon (A,B), available N content (C,D), available P content (E,F), and available K
content (G,H) in the two layers. Vertical bars represent standard error (SE). Mean values ± SE (n = 3). Different letters indicate significant differences among each
treatment, P < 0.05.
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FIGURE 3 | Effects of soil tillage managements and mulching film on soil urease activity (A,B), invertase activity (C,D), and catalase activity (E,F) in the two layers.
Vertical bars represent standard error (SE). Mean values ± SE (n = 3). Different letters indicate significant differences among each treatment, P < 0.05.

(Supplementary Figure 4). The Chao1 and Shannon
values in the PTNM and GMNM treatments increased
significantly (P < 0.05) compared with the values in the
RTNM treatment.

According to the results, the first axis separates RT from the
other treatments, whereas the second axis separates GM and PT
for both 0–10 and 10–20 soil layers, suggesting that soil tillage
management practices could influence the bacterial community
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FIGURE 4 | Relative abundance of major taxonomic groups at the phylum level for bacteria in 0–10 cm (A) and 10–20 cm soil layer (B). Relative abundance of top
10 phyla is displayed in different colors. Vertical bars represent standard error (SE). Mean values ± SE (n = 3).

FIGURE 5 | A linear discriminant analysis effect size method identifies the significantly different abundant taxa of bacteria in 0–10 cm (A) and 10–20 cm soil layer (B)
from all treatments.

structure (Supplementary Figure 5). Each group included two
clusters, indicating that MF application also influenced bacterial
community structure.

Relationships Between Soil Properties
and Microbial Community Structure
An RDA was used to explore the effect of soil physicochemical
properties on the dominant microbial communities (Figure 6).
The cumulative variance of contributions reached 80.0% (RDA1
explained 68.2%, and RDA2 explained 11.8%) and 81.7% (RDA1
explained 46.7%, and RDA2 explained 35.0%) in the 0–10 and the
10–20 cm soil layers, respectively. Both SOC and CAT were the
major factors that influenced the microbial community structure,
which explained 29.22% of the total variance primary factor
explaining 68.4% of the variability in the microbial community
in the 0–10 cm soil layer, followed by, which explained 64.6%
of the variability, followed by SP and urease. Urease was also an
explanatory variable (42.9%) for microbial community variability

in the 10–20 cm soil layer, followed by SBD, which explained
36.3% of the variability in the microbial community.

DISCUSSION

Effects of Soil Management Practices on
Yield and Its Components
Conservation tillage practices imply reduced tillage intensity
compared with the tillage intensity under moldboard plow
inversion and are considered to maintain soil health and enhance
plant growth (Reicosky, 2015). However, according to the results
of the present study, pod yield in the RT treatment decreased
in 2018 compared with the pod yield in the 2016 and 2017
growing seasons. This was because yield components, including
pods per plant and plant number, declined gradually over the
years (Table 1). Conversely, under PT and GM application, pod
yield increased gradually in the growing seasons for the 3 years.
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FIGURE 6 | Ordination plots of the results from the redundancy analysis used to explore the relationships between microbial community (blue arrows) and soil
physicochemical properties (red arrows) in 0–10 cm (A) and 10–20 cm (B) soil layers from treatments. SOC, soil organic carbon; soil water content, SWC; SBD, soil
bulk density; SP, soil porosity; AN, available N content; AP, available P; AK, available K content; Urease, soil urease activity; Invertase, soil invertase activity; Catalase,
soil catalase activity. RT, reduced tillage (triangle), PT, plow tillage (square), GM, green manure (circle). Solid and hollow represent with mulching film (MF) or without
MF (NM). *Correlations are significant at P < 0.05.

It has been reported consistently that enhanced crop yields are
associated with changes in photosynthetic characteristics, such
as PN , Tr , and Gs (Dahal et al., 2014). We found that PT
increased PN in plants, which increased dry matter accumulation
and translocation when compared with that in RT (Shi et al.,
2016). In addition, GM application improved chlorophyll content
in tobacco leaves (Bilalis et al., 2009). Islam et al. (2018) also
reported that GM application increased rice leaf area index
and net assimilation rate. Furthermore, MF treatment increased
the PN of functional wheat leaves at the filling stage (Yang
et al., 2018). The results of the present study are consistent
with those reported previously, as we found that the PN , Gs,
and Tr of peanut plants under PT and GM treatments were
higher than those under RT; these values under MF were
higher than those under the non-MF treatments. Notably, the
PN under GM treatment increased from 2015 to the 2018
growing seasons. There were no significant differences in PN
between the GMNM and GMMF treatments in the 2018 growing
season (Figure 1), indicating that continuous application of
GM could improve leaf photosynthetic performance gradually,
and mulching plastic film could be unnecessary after several
years of applying GM.

Effects of Soil Management Practices on
Soil Physical and Chemical Properties
Soil bulk density, soil porosity (SP), and SWC are the key soil
physical characteristics influenced by soil tillage practices (Celik
et al., 2004). In the present study, the values of SBD increased,

and those of SP decreased under RTNM treatment from 2015
to 2018 (Supplementary Table 1). Higher SBD and lower SWC
values suggest high soil mechanical resistance (Vaz et al., 2001).
The PT and GM application combined with or without MF
treatments significantly decreased SBD and increased SP and
SWC in the two soil layers. This indicates that PT, GM, and MF
could reduce soil mechanical impedance, which could enhance
root length density and improve root distribution. This would
thus increase nutrient uptake and facilitate higher biomass and
yield (Guan et al., 2014).

Previous studies have reported that SBD and SWC influence
nutrient mineralization and diffusion (Paul et al., 2003;
Comerford, 2005). We observed that AN, AP, and AK
concentrations increased in the two soil layers under PTNM
and GMNM treatments (Figure 2). Further correlation analysis
results revealed that SBD was significantly and negatively
correlated with AN, AP, and AK concentrations (Supplementary
Figure 6). Also, SWC was significantly and positively correlated
with AN, AP, and AK concentrations, potentially because PT
and GM application combined with or without MF treatments
increased soil urease, invertase, and CAT activity compared
with that in RTNM-treated soils. The soil enzymes mentioned
earlier play pivotal roles in catalyzing reactions associated
with organic matter decomposition and nutrient cycling (Das
and Varma, 2011). Kabiri et al. (2016) reported that soil
tillage increased soil urease and alkaline phosphatase activity,
which, in turn, improved soil nutrient cycling (Chen et al.,
2019). Mulching increased soil enzymatic activity, which is
associated with nutrient dynamics, particularly that of AN
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(Akhtar et al., 2018). The application of GM as a nutrient
source is beneficial to a subsequent crop because of the nutrients
that are released when their residues return to the soil (Talgre
et al., 2012). In addition, non-legume crops grown as GM
or catch crops could effectively decrease nutrient leaching
(Couëdel et al., 2018). Correlation analysis results showed
that enzyme activity was positively correlated with AN, AP,
and AK concentrations. These results suggest that PT, GM,
and MF altered soil structure and lead to favorable SBD and
SWC that enhanced soil enzyme activity and improved soil
nutrient status.

The SOC is an important indicator of soil health and
agronomic sustainability due to its influence on soil chemical and
biological properties (Reeves, 1997). We observed that PTNM
decreased SOC content in the two tested soil layers compared
with that in RTNM, which could be because reduced tillage
can preserve the labile carbon pools and decrease the supply of
mineralizable organic carbon for microbes (Raiesi and Kabiri,
2017). Although using a moldboard plow could loosen the soil
and lead to a lower SBD value, it would promote soil carbon
oxidation and increase carbon dioxide emissions (Chatskikh
and Olesen, 2007). Zhang et al. (2017b) concluded that crops
could produce greater root biomass under MF conditions, which
would return to the soil and increase SOC. Long-term plastic
film mulching would not necessarily lead to a decrease in
SOC, as SOC increases in most areas, particularly under poor
moisture and temperature conditions (Zhang et al., 2017a).
Consistent with these studies, we observed that the 3 years
continuous use of MF increased SOC significantly in the 0–10
and 10–20 cm soil layers. The use of a winter cover crop as
GM is an important soil management practice for maintaining
SOC concentrations (Haque et al., 2015), and winter wheat
plants have a higher C:N ratio and biomass (Baggs et al.,
2000). The application of wheat straw at a rate of 8 t ha−1

could increase SOC concentration (Zhang M. et al., 2017). In
the present study, we applied 5.5 t ha−1 of winter wheat on
average as GM. The GMMF-treated soils had the highest SOC
concentration among all treatments, followed by that in GMNM-
treated soils.

Effects of Soil Management Practices on
Soil Microbial Community Structure
Bacterial community structure is highly influenced by soil
properties and agricultural practices (Shen Y.F. et al.,
2016). A previous study has reported that no-tillage
management affects the size of soil microbial communities
(Tyler, 2019). In the present study, PT and GM application
with or without MF altered bacterial abundance at the
phylum level compared with that after RT (Figure 4),
which could be because microbes are more active under
tillage, and soil texture could also influence the effect
of tillage on microbial properties (Zuber and Villamil,
2016). Chao1 and Shannon indices are the metrics that are
usually used to analyze microbial alpha diversity (Wang
et al., 2018). In the present study, GM combined with
MF had the highest Chao1 and Shannon index values

followed by the other treatments in the following order:
GMMF > GMNM > PTMF > PTNM > RTMF > RTNM
(Supplementary Figure 4). Soil carbon, N, and P content
significantly correlated with Shannon and Chao1 diversity
index (Han et al., 2018). In addition, UniFrac is a β-diversity
measure that uses phylogenetic information to compare
environmental samples (Lozupone et al., 2011). The UniFrac
and PLS-DA analysis results in the present study showed
that bacterial communities in different soil treatment samples
were separated into three groups (Supplementary Figure 5).
These results suggest that GM combined with MF changed
soil environmental factors, including SOC, SWC, AN, and
AP, which resulted in changes in the bacterial richness and
diversity in the soil.

In turn, soil microbes play important roles in soil ecosystems,
including organic matter and nutrient mineralization and
nutrient cycling (Miki et al., 2010; Li et al., 2019). Moreover,
Fan et al. (2020) reported that soil biodiversity is essential for
supporting crop yield and soil functions. Based on the results
of the LEfSe analysis, bacterial species changed significantly
among the six treatments in the two soil layers (Figure 5 and
Supplementary Figure 3). Chloroflexi changed significantly in
the RTMF and RTNM treatments in the 0–10 and 10–20 cm
soil layers, respectively, which could be because Chloroflexi
are anaerobic and their abundance would increase significantly
in hypoxic soil (Šibanc et al., 2014). RT increased SBD
and decreased SP (Figure 2), which may result in poor
soil permeability. Results of the RDA analysis revealed that
Chloroflexi abundance was significantly correlated with SBD
(Figure 6). The C0119 class (phylum Chloroflexi) was also
common in the two soil layers in the PTMF treatment,
which may be because MF may not favor soil breathability.
Gemmatimonadetes abundance changed significantly under
PTNM treatment in the 0–10 cm soil layer. Sengupta and Dick
(2015) reported that plow tillage increased the relative abundance
of Gemmatimonadetes significantly. Gemmatimonadetes are
widespread in nature and can accumulate polyphosphates
and decompose organic matter (Zhang et al., 2003; Takaichi
et al., 2010), which could explain why PT decreased SOC
but increased AP concentration in the soil. Bacteroidetes are
predominant in agricultural systems due to their capacity
to exploit bioavailable organic matter rapidly (Huang et al.,
2019). As the GM treatment applied a relatively high amount
of wheat straw as GM to the soil and increased SOC,
Bacteroidetes abundance changed significantly under GMNM
treatment in the 0–10 cm layer. The finding that SOC significantly
influenced microbial community structure is consistent with
the results of Sul et al. (2013), who reported that SOC
was the most important factor that effectively explained the
differences in microbial community structure. In addition, the
abundance of the Xanthobacteraceae family of Proteobacteria
changed significantly under GMNM and GMMF treatments
in the two soil layers. Similarly, Zhou et al. (2016) reported
that the Xanthobacteraceae family was a microbial group
found in abundance during the late stage of wheat straw
decomposition. The Xanthobacteraceae family exhibited an
associative relationship to microbial N (Obermeier et al., 2020).
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Further, a previous study has reported that Xanthobacteraceae
can fix N (Lee et al., 2005), which could explain the relatively high
AN concentration under GMNM and the GMMF treatments in
the two soil layers.

CONCLUSION

In the present study, a 3 years reduced tillage treatment
increased SOC concentration but decreased AN, AP, and AK
concentrations, soil enzyme activity, and soil bacteria richness
and diversity. This, in turn, decreased leaf photosynthesis rate
and peanut pod yield when compared with conventional tillage
treatment. Soil physical (SBD and SWC), chemical (SOC, AN,
AP, and AK), and biological (bacterial community) properties
were significantly improved by GM and MF application, which
resulted in increased photo assimilation and, in turn, peanut
pod yield. Overall, the application of GMMF resulted in the
highest pod yield, followed by that from the GMNM treatment.
Our findings suggest that reduced tillage management is not
an appropriate agronomic management strategy for enhancing
peanut yield in a continuous cropping system. We propose
that GMNM could be a suitable soil management practice
for improving soil quality while increasing peanut pod yield,
considering the residual pollution associated with plastic films.
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Supplementary Figure 1 | Different soil tillage and management practices
applied to the experimental field. (A–C) Represent reduced tillage management.
Winter fallow period was bare fallow and no tillage was performed during the
period (A,B), and rotary tillage (RT) was adopted before planting peanut (C).
(D–G) Represent conventional tillage management consisting of plow tillage (PT)
and RT. PT was performed before the winter fallow period (D), winter fallow period
was bare fallow (E,F), and RT was performed by rotavator before planting peanut
(G). (H–K) Represent green manure management (GM). Growing winter wheat
after harvest of the peanut of the previous growing season (H). Wheat plants were
smashed by straw returning machine at the jointing stage (I), and then plowed
with a moldboard plow (J), followed by the rotavator for the final seedbed
preparation (K).

Supplementary Figure 2 | The application rate of green manure in 2016–2018
growing seasons.

Supplementary Figure 3 | The LDA scores in each treatment from the LEfSe
analysis. (A) 0–10 cm soil layer and (B) 10–20 cm soil layer.

Supplementary Figure 4 | Box-plot histogram for Chao1 (A,B) and Shannon
(C,D) indexes of the bacterial OTUs in 0–10 cm (A,C) and 10–20 cm (B,D) soil
layer. Different letters indicate significant differences among each treatment,
P < 0.05.

Supplementary Figure 5 | Heatmap clustering analysis (A,B) and partial least
square discriminant (PLS-DA) analysis (C,D) of the bacterial OTUs from treatments
in 0–10 cm (A,C) and 10–20 cm (B,D) soil layer based on weighted
UniFrac distances.

Supplementary Figure 6 | Correlation coefficients between soil bulk density
(SBD), soil porosity (SP), soil water content (SWC), soil organic carbon (SOC),
available nitrogen (AN), available phosphorus (AP), available potassium (AK),
urease, invertase, and catalase (CAT) activity. ∗Significant at the 0.05 probability
level. ∗∗Significant at the 0.01 probability level.
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