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Abstract 

Background  Potato (Solanum tuberosum L.) continuous cropping causes the decrease of tuber yield, deterioration 
of quality and soil degradation in the semi-arid area. These negative effects can generally be mitigated by legume 
rotation and mulching. However, little is known about how can mulching and legume rotation alleviate the above 
damage through altering soil environment.

Methods  A field experiment was conducted to investigate changes in soil properties and microbial community in 
response to legume rotation and mulching under six planting patterns: potato continuous cropping without film 
mulching (PC), potato continuous cropping with film mulching (PCF), potato–broad bean rotation without film 
mulching (R1), potato–broad bean rotation with film mulching (R1F), potato–pea rotation without film mulching (R2) 
and potato–pea rotation with film mulching (R2F).

Results  Compared with the PC, the R1F and R2F had significantly enhanced the contents of alkaline nitrogen (AN), 
available phosphorus (AP), available potassium (AK), total carbon (TC) and total nitrogen (TN), but reduced soil pH and 
electrical conductivity (EC). The Shannon index of fungi in R1F and R2 was significantly higher than other treatments. 
The dominant bacterial and fungal phyla of each treatment was Proteobacteria and Ascomycota. R1, R1F, R2 and R2F 
enhanced the relative abundance of metabolic fungi and altered key differential microbial species. Soil EC, AN and AK 
were major factors influencing the soil bacterial and fungal communities.

Conclusion  Overall, the study demonstrated that potato-broad bean/pea rotation with mulching can be adopted as 
the preferred cropping systems to alleviate potato continuous cropping obstacles through enhancing soil fertility and 
regulating soil microbial communities in the semi-arid of Loess Plateau, China.
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Graphical Abstract

Introduction
Potato (Solanum tuberosum L.) is a characteristic and 
dominant crop in the semi-arid region of the Western 
Loess Plateau, known for its excellent quality [1, 2]. In 
recent years, with the application of furrow and mulch-
ing technology and corresponding planting machin-
ery, the potato cultivation area in the region has been 
expanding [2]. Potato cultivation has become the pri-
mary means for local farmers to increase their income. 
Continuous potato cultivation is the most common 
cropping system because of the constraints of arable 
land availability and the relatively small variety of crops 
that can be grown [3, 4]. Although continuous cropping 
benefits the full utilization of climatic resources and 
adaptation to market needs, the approach has a signifi-
cant negative impact on crop growth and the soil envi-
ronment [5]. Continuous cropping of potato leads to a 
significant reduction in tuber yield and quality [4, 6]. 
In addition, continuous cropping of potato causes soil 
nutrient imbalance, microbial community dysbiosis, 
self-toxicity, and crop disorders, which increase with 
the number of years of the continuous crop [4, 7].

As a most important and effective planting pattern to 
relieve the occurrence of obstacles to continuous crop-
ping, crop rotation is an essential biological measure to 
optimize land use, maintain soil health, and improve crop 
productivity [8]. Legumes form nitrogen-fixing symbi-
oses with soil bacteria, are considered to be preferred 
for rotation with other crops [9, 10]. Rotation of legumes 
with other crops is beneficial for the regulation of soil 
fertility and effective improvement of the physicochemi-
cal properties of the soil [11, 12]. Such changes are vital 
for improvement of crop productivity and maintenance 
of soil health [6, 13]. The semi-arid region of Longzhong 
is located in the western portion of the Loess Plateau, 
which is arid and receives little rainfall, and has a fragile 
ecology subject to severe soil erosion [13]. In addition to 
potato, broad bean (Vicia faba L.) and pea (Pisum sati-
vum L.) are suitable crops in this region, and are com-
monly used in crop rotation with other crops to avoid 
the occurrence of continuous cropping [11, 14]. There-
fore, the implementation of legume crop rotation signifi-
cantly increases crop productivity and enhances the soil 
environment.
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As an essential component of agroecosystems, soil 
microorganisms are sensitive to the soil environment 
[15]. Planting practices, soil aeration, hydrothermal con-
ditions, and organic matter (OM) content can directly 
affect the species diversity and abundance of soil micro-
organisms [16–18]. In the semi-arid region of the west-
ern Loess Plateau, potato is mainly planted on ridges with 
a black plastic film mulch at present, which significantly 
improves the microecology of the root zone and the soil 
hydrothermal properties [1, 19]. Qin et  al. [3] observed 
that mulching significantly affected the soil microbial 
community abundance, structure, and soil enzyme activ-
ity compared with non-mulching.

To date, studies on changes in soil nutrient status, 
enzyme activities, and soilborne diseases have been 
reported for the rotation of potato with non-leguminous 
crops [20–22]. The improvement of soil bulk structure 
and soil nutrient content under legumes in rotation 
with other crops has also been reported, for example, 
Oliveira et  al. [23] found that legume crops in rotation 
improved soil aggregation and organic carbon in the 
short term. However, due to the complex composition of 
soil microbial communities, the mechanisms by which 
legume-potato rotations lead to changes in soil micro-
bial communities are still poorly understood. Therefore, 
studying the changes in soil fertility and microorganisms 
under legume-potato rotation conditions provides a basis 
for sustainable potato production in the semi-arid region 
of the Loess Plateau in China.

In the present study, a field trial was conducted on a 
three-year potato continuous cropping field. Our objec-
tives were (i) to investigate the response of soil microbial 
community composition to different rotation sequences; 
and (ii) to uncover the main soil parameters driving 
changes in soil microbial community composition in dif-
ferent cropping sequences.

Materials and methods
Study site
The experiment was conducted from April to October, 
2021, at the Dingxi Experimental Station of Gansu Agri-
cultural University (104.35′E, 35.33′N, 1920 m above sea 
level). Using the experimental field established in 2018, 
potato tubers were continuously planted for 3  years in 
2018–2020 by ridge planting without film mulching. In 
2021, some plots continued to produce potato, and the 
remainder were planted in rotation with broad bean or 
pea. The area is located in the western portion of the 
Loess Plateau, a typical semi-arid rain-fed agricultural 
area. The average annual radiation is 592.9  kJ/cm2, the 
average annual temperature is 6.4 ℃, the average annual 
precipitation is 415.2  mm, the precipitation during the 
whole production period is 340.0 mm (April to October), 

and the annual evaporation is 1531 mm. The soil type is 
loess, which is suitable for potato cultivation. The pri-
mary nutrient contents at the study site in the 0–20 cm 
soil layer are summarized in Additional file 1: Table S1.

Experimental design
The study was conducted in a randomized group design 
with six treatments: potato continuous cropping with-
out film mulching (PC), potato continuous cropping with 
film mulching (PCF), potato–broad bean rotation with-
out film mulching (R1), potato–broad bean rotation with 
film mulching (R1F), potato–pea rotation without film 
mulching (R2) and potato–pea rotation with film mulch-
ing (R2F). Three replications were applied per treatment 
to a total of 18 plots. Each plot comprised an area of 
36  m2 (4.5 m × 8 m). The plots were spaced 40 cm apart 
with a 100  cm protective row around the experimental 
area.

The planting date was April 12, 2021, for broad bean 
and pea and April 28, 2021, for potato. All plants were 
planted on ridges of width 1.1 m using a dibbler. Broad 
bean plants were grown in three rows on each ridge, with 
row spacing of 23 cm and plant spacing of 15 cm, and a 
planting density of 10,106 plants/667 m2. Pea plants were 
grown in four rows on each ridge, with row spacing of 
17 cm and plant spacing of 4 cm, and a planting density 
of 60,636 plants/667 m2. Potato plants were grown in 
two rows per ridge, with inter-row spacing of 40 cm and 
intra-row spacing of 28  cm, with a planting density of 
4331 plants/667m2 (Fig. 1). The broad bean and pea crops 
were harvested on July 23, and potato was harvested on 
October 15.

Each treatment was supplied with 300 kg ha−1 of urea 
(46% N), 250  kg  ha−1 of calcium superphosphate (16% 
P2O5), and 200  kg  ha−1 of potassium sulfate (52% K2O) 
before planting. All fertilizers were applied before mulch-
ing, with no fertilizer and no irrigation supplied during 
the growth period. Other field management practices 
were consistent with the standard methods of the Acad-
emy of Agricultural Sciences. The cultivars used in the 
experiment were potato ‘Dingshu No. 6’, broad bean 
‘Qingcan No. 13’, and pea ‘Dingwan No. 10’.

Soil sample collection and processing
On July 28, 2021 (the harvest period for broad bean and 
pea and the tuber expansion period of potato), five plants 
were randomly selected from each plot. The plant roots 
were excavated intact with a shovel and large clumps of 
soil around the roots were removed. The soil in the rhizo-
sphere was collected by shaking the roots. The five sam-
ples per plot were thoroughly mixed and passed through 
a 2 mm sieve, and any impurities (e.g. plant residues and 
stones) were removed. The soil samples were divided into 
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two portions: one portion was immediately snap-frozen 
with liquid nitrogen, placed in an ice box, transported 
to the laboratory, and stored in a –  80  ℃ refrigerator 
for determination of the diversity of the soil microbial 

community. The other portion was stored at room tem-
perature in a sterilization bag and transported to the 
laboratory. After air-drying, the soil was ground and 
passed through a 1 mm sieve for determination of the soil 

Fig. 1  Geographic location of the study site a and experimental design b. PC, potato continuous cropping without film mulching; PCF, potato 
continuous cropping with film mulching; R1, potato–broad bean rotation without film mulching; R1F, potato–broad bean rotation with film 
mulching; R2, potato–pea rotation without film mulching; R2F, potato–pea rotation with film mulching
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properties. During the sampling process, the shovel was 
sterilized after collection of each sample to avoid con-
tamination between treatments.

Soil physical and chemical properties
The soil pH was determined at the soil-to-water ratio 
of 1:2.5 using a PHS-3E acidity meter (Leici, Shang-
hai, China). Electrical conductivity (EC) was measured 
directly using a DDSJ-308A meter (Leici). The alkali 
nitrogen (AN) was detected using the alkali hydrolyzed 
diffusion method [13]. The method of Han et al. [24] was 
used for determination of available phosphorus (AP) and 
available potassium (AK). Soil total carbon (TC) and total 
nitrogen (TN) contents were determined using an ele-
mental analyzer (Vario EL, Elementar, Hanau, Germany).

Diversity of the soil microbial community
Total soil DNA was extracted from the frozen samples 
using HiPure Soil DNA Kits (Magen, Guangzhou, China). 
The 16S rRNA gene of bacteria was amplified using the 
primers 341F (5′-CCT​ACG​GGNGGC​WGC​AG-3′) and 
806R (5′-GGA​CTA​CHVGGG​TAT​CTAAT-3′) in the V3–
V4 region. The amplification steps were as follows: pre-
denaturation at 95 °C for 5 min, followed by 12 cycles of 
denaturation at 95  °C for 1  min, annealing at 60  °C for 
1 min, and extension at 72 °C for 1 min, and a final exten-
sion at 72  °C for 7 min. The internal transcribed spacer 
1 (ITS1) rDNA region of fungi was amplified using the 
primers ITS1-F (5′-CTT​GGT​CAT​TTA​GAG​GAA​GTAA-
3′) and ITS2 (5′-GCT​GCG​TTC​TTC​ATC​GAT​GC-3′). 
The amplification procedure was identical to that used 
for 16S rRNA. All PCR reactions were performed in a 
triplicate in a 50 μL mixture containing 10 μL of 5 × Q5® 
Reaction Buffer, 10  μL of 5 × Q5® High GC Enhancer, 
1.5 μL of 2.5 mM dNTPs, 1.5 μL of each primer (10 μM), 
0.2 μL of Q5® High-Fidelity DNA Polymerase, and 50 ng 
template DNA. Relevan PCR reagents were obtained 
from New England Biolabs (Ipswich, MA, USA).

Amplicons were purified from 2% agarose gels using the 
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, 
Union City, CA, USA) in accordance with the manufac-
turer’s instructions and quantified using an ABI StepO-
nePlus Real-Time PCR System (Life Technologies, Foster 
City, CA, USA). The purified amplicons were pooled in 
equimolar ratios and paired-end sequencing (PE250) was 
performed on an Illumina platform in accordance with 
standard protocols.

The raw reads were transformed by base-calling analy-
sis into sequenced reads, which contained the sequence 
information of the reads and their corresponding 
sequencing quality information. Using FLASH (version 
1.2.11) software, the reads from each sample were spliced 
by overlap and the resulting spliced sequences were the 

raw tags. The spliced raw tags were filtered using QIIME 
(version 1.9.1) to obtain clean tags. Chimeric sequences 
were identified and removed using UPARSE (version 7.1) 
software to obtain effective tags. The optimized clean 
tags were clustered into operational taxonomic units 
(OTUs) with 97% sequence similarity. Representative 
OTU sequences were classified as organisms based on 
public databases (bacteria: SILVA database, fungi: UNITE 
database) with the RDP classifier (version 2.2) using a 
plain Bayesian model with a confidence threshold value 
of 0.8. The raw data for the bacterial and fungi sequences 
were deposited in the National Center for Biotechnology 
Information (NCBI) database under the accession num-
ber PRJNA869187.

Statistical analysis
The effects of film mulching, crop rotation, and film 
mulching × rotation on soil properties were analyzed by 
two-way analysis of variance (ANOVA) using IBM SPSS 
Statistics 19.0 (IBM Corporation, Armonk, NY, USA). 
Significant differences (p < 0.05) between individual 
means were analyzed using Duncan’s multiple compari-
son method. One-way ANOVA and Duncan’s multiple 
extreme difference test (p < 0.05) were used to assess the 
effect of mulching and crop rotation on soil properties 
using SPSS 19.0. Data are expressed as the mean ± stand-
ard error.

A Venn diagram was generated with the ‘Venn’ R pack-
age (version 1.6.16) and an upset plot was generated with 
the ‘UpSetR’ R package (version 1.3.3) to identify unique 
and common OTUs. Alpha diversity analysis was con-
ducted using QIIME (version 1.9.1) with calculation of 
the Chao1, abundance-based coverage estimator (ACE), 
and Shannon indices [25]. Tukey’s honestly significant 
difference test was used for alpha-diversity index com-
parison among groups with the ‘Vegan’ R package (ver-
sion 2.5.3).

Differences in beta diversity among samples were 
assessed at the OTU level by conducting a principal coor-
dinate analysis (PCoA) based on Bray–Curtis distances 
using R software [24]. The Anosim test was performed 
with the ‘Vegan’ R package (version 2.5.3). Circular lay-
out representations of species abundance were generated 
using Circos (version 0.69-3). Species differences among 
treatments were analyzed using the linear discrimi-
nant analysis effect size (LefSe) software, with the LDA 
threshold set at 4.0 [26]. Bacterial function was inferred 
using Tax4fun (version 1.0) [24], and fungal function was 
inferred using FUNGuild (version 1.0) [27].

Redundancy analysis (RDA) of soil microbial com-
munities and environmental factors was performed 
using the ‘Vegan’ R package (version 2.5.3). Correla-
tions between community structure and soil properties 
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were tested with the Mantel test [27]. Pearson cor-
relation analysis were was to analyze the relationship 
between soil properties and microbial communities 
with IBM SPSS Statistics 22.0. Correlation heatmaps 
were produced using Omicsmart (http://​www.​omics​
mart.​com). Graphic retouching and layout adjust-
ment were performed with Adobe Illustrator CC 2018 
(Adobe Inc., San Jose, CA, USA).

Results
Soil properties
Film mulching (F) significantly affected soil pH, EC, 
AP, AK, TC and TN. Rotation (R) had a significant 
effect on pH, EC, AN, AP, AK, TC and TN. The inter-
action of film mulching and rotation (F × R) signifi-
cantly affected soil pH, EC, AP and TN (Table 1).

The different treatments significantly affected soil 
properties (Table  2). Compared with PC, PCF signifi-
cantly increased EC, AP and TC. Except for AP, R1 and 
R2 significantly reduced pH and EC, enhanced instead 
the contents of AN, AK, TC and TN. Similarly, R1F 
and R2F significantly decreased pH and EC, enhanced 
AN, AP, AK, TC and TN contents.

Sequencing quality analysis and microbial community 
abundance
A total of 2,182,770 bacterial and 2,273,689 fungal tags 
were obtained as raw tags for subsequent analysis. Under 
PC, PCF, R1, R1F, R2 and R2F, the number of bacterial 
OTUs was 3258, 3364, 3100, 3334, 3348, and 3499, the 
number of total tags was 108,194, 98,452, 99,608, 113,344, 
108,653, and 110,899, and the number of taxon tags 
was 54,328, 47,319, 49,419, 55,925, 53,062, and 52,024, 
respectively. The number of fungal OTUs was 327, 
389, 455, 448, 392, and 301, with total tags of 122,206, 
126,028, 120,029, 122,397, 125,784, and 123,202, and 
the number of taxon tags was 121,625, 125,346, 118,320, 
121,057, 124,004, and 122,369, respectively (Additional 
file 1: Fig. S1). The unique and shared OTUs were visual-
ized in Venn diagrams and upset plots (Fig. 2, Additional 
file 1: Fig. S2). The number of unique bacterial OTUs was 
higher in R2F than other treatments, whereas the num-
ber of unique fungal OTUs in treatment R1F was higher 
than other treatments (Fig. 2). The number of shared bac-
terial and fungal OTUs was 1642 and 188, respectively 
(Additional file 1: Fig. S2).

Alpha diversity of soil microbial community
Two-way ANOVA revealed that F significantly affected 
the Chao1 index for soil bacteria (Fig.  3a). R had a 

Table 1  Two-way analysis of variance results for the effects of film mulching, crop rotation, and their interaction on soil properties

Film mulching (F), crop rotation (R), interaction of film mulching and crop rotation (F × R)

AN alkaline nitrogen, AP available phosphorus, AK available potassium, TC total carbon, TN total nitrogen
* p < 0.05
** p < 0.01
*** p < 0.001

Factor pH EC AN AP AK TC TN

F 5.08* 89.95*** 4.38 91.36*** 6.25* 45.11*** 5.66*

R 33.25*** 7122.91*** 88.42*** 41.22*** 85.76*** 47.51*** 29.04***

F*R 2.52* 32.25*** 0.87 8.67*** 0.36 1.76 7.19**

Table 2  Effect of film mulching and crop rotation treatments on soil properties

PC, potato continuous cropping without film mulching; PCF, potato continuous cropping with film mulching; R1, potato–broad bean rotation without film mulching; 
R1F, potato–broad bean rotation with film mulching; R2, potato–pea rotation without film mulching; R2F, potato–pea rotation with film mulching. Values are means of 
three replicates ± standard error (SE). Different lowercase letters within a column indicates a significant difference (Duncan’s test, p < 0.05)

AN alkaline nitrogen, AP available phosphorus, AK available potassium, TC total carbon, TN total nitrogen

Treatment pH EC (us/cm) AN (mg/kg) AP (mg/kg) AK (mg/kg) TC (g/kg) TN (g/kg)

PC 7.72 ± 0.06a 391.25 ± 0.74b 13.22 ± 0.02c 11.32 ± 0.37d 166.94 ± 7.38d 14.11 ± 0.14d 0.89 ± 0.01c

PCF 7.60 ± 0.08a 403.08 ± 1.92a 14.34 ± 0.05c 12.30 ± 0.18c 177.28 ± 4.24 cd 14.73 ± 0.14c 0.93 ± 0.01c

R1 7.36 ± 0.06b 279.54 ± 0.45e 20.02 ± 0.57ab 12.44 ± 0.24c 227.87 ± 5.09a 15.11 ± 0.07c 0.98 ± 0.01b

R1F 7.16 ± 0.03c 278.04 ± 1.18e 21.53 ± 0.06a 15.25 ± 0.23a 232.80 ± 1.18a 16.04 ± 0.15a 1.08 ± 0.03a

R2 7.32 ± 0.02b 334.04 ± 0.27d 18.62 ± 0.92b 11.78 ± 0.13 cd 185.83 ± 3.46bc 15.06 ± 0.15c 1.03 ± 0.01ab

R2F 7.36 ± 0.04b 346.75 ± 0.10c 18.75 ± 0.75b 13.3 ± 0.13b 198.24 ± 3.30b 15.54 ± 0.05b 1.00 ± 0.02b

http://www.omicsmart.com
http://www.omicsmart.com
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significant effect on the Shannon index for soil bacteria 
(Fig.  3e) and the ACE, Chao1, and Shannon indices for 
soil fungi (Fig. 3b, d, f ). The interaction of F and R signifi-
cantly affected the ACE index for soil fungi (Fig. 3d).

Analysis of alpha diversity in the rhizosphere soil sam-
ples showed that the ACE, Chao1, and Shannon indices 
for soil bacteria did not differ significantly among differ-
ent treatments (Fig. 3a, c, e). For the fungi, PCF, R1, R1F, 
R2 and R2F had no significant effect on Chao1 index and 
ACE index compared to PC (Fig. 3b, d). R1F and R2 sig-
nificantly enhanced the fungal Shannon index (Fig. 3f ).

Beta diversity of the soil microbial community
A PCoA analysis was conducted for the different treat-
ment soil microbial communities based on the Bray–
Curtis algorithm (Fig.  4). PCo1 and PCo2 explained 
29.21% and 14.55% of the soil bacterial community struc-
ture. PC, PCF, R2 and R2F clustered together and were 
distinctly separated from R1 on the PCo2 axis. Anosim 
analysis revealed significant differences in soil bacterial 
community composition among the treatments (Adonis 
R2 = 0.6018, P = 0.001) (Fig.  4a). PCo1 and PCo2 axes 
explained 30.62% and 18.34% of the variation in soil fun-
gal community structure, respectively. The distribution 
of PC and PCF was relatively concentrated and distinctly 
separated from the other four treatments on the PCo2 
axis. The distribution of R1, R1F and R2 was relatively 
concentrated and distinctly separated from R2F on the 
PCo1 axis. Anosim analysis detected significant differ-
ences in soil fungal community composition among the 
treatments (Adonis R2 = 0.6523, P = 0.001) (Fig. 4b).

Soil microbial community structure
The relative abundance of the top 10 bacteria and top 5 
fungi at the phylum level, and the top 10 bacteria and 
fungi at the genus level were compared among treat-
ments (Fig.  5). The community structure of bacteria at 
the phylum level was generally consistent across treat-
ments. The top 10 phyla for each treatment were Proteo-
bacteria, Bacteroidetes, Acidobacteria, Actinobacteria, 
Planctomycetes, Chloroflexi, Gemmatimonadetes, Ver-
rucomicrobia, Patescibacteria and Firmicutes. Notably, 
the relative abundance of Proteobacteria, Bacteroidetes, 
and Firmicutes was higher in R1, R1F, R2 and R2F than 
PCF. The relative abundance of Acidobacteria, Chloro-
flex, Gemmatimonadetes, and Patescibacteria was lower 
in R1, R1F, R2 and R2F than PCF (Fig. 5 a). The commu-
nity composition at the bacterial genus level is shown 
in Fig. 5b. The top 10 genera in relative abundance were 
RB41, Sphingomonas, UTCFX1, Acinetobacter, Pedo-
bacter, Serratia, Olivibacter, Bryobacter, Bacillus, and 
Terrimonas. The relative abundance of Olivibacter was 
increased in R1, R1F, R2 and R2F compared with PC, 
whereas the relative abundance of Sphingomonas was 
decreased.

For fungi (Fig.  5c, d), Ascomycota was the dominant 
taxon at the phylum level, with a relative abundance of 
71.76–91.64%, followed by Mortierellomycota (4.01–
22.88%), Basidiomycota (0.35–3.16%), Glomeromy-
cota (0.04–3.00%), Chytridiomycota (0.02–1.00%), and 
Mortierellomycota (0.59–2.99%). Unclassified Fungi 
accounted for 1.61–8.66% of the fungal community. 
R1, R1F, R2 and R2F increased the relative abundance 
of Basidiomycota and Glomeromycota (Fig.  5c). At the 

Fig. 2  Venn diagram of operational taxonomic units (OTUs) for a bacteria and b fungi under different film mulching and crop rotation treatments. 
PC, potato continuous cropping without film mulching; PCF, potato continuous cropping with film mulching; R1, potato–broad bean rotation 
without film mulching; R1F, potato–broad bean rotation with film mulching; R2, potato–pea rotation without film mulching; R2F, potato–pea 
rotation with film mulching
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genus level, the soil fungal communities of the different 
treatments were dominated by Botryotrichum, Mortiere-
lla, Plectosphaerella, and Fusarium, with relative abun-
dances of 4.75–34.86%, 3.82–22.37%, 2.03–34.13% and 
4.95–11.24% (Fig.  5d). R1, R1F, R2 and R2F increased 
the relative abundance of Clonostachys, Humicola, 

Stachybotrys, and Pseudogymnoascus, whereas decreased 
the relative abundance of Botryotrichum.

Differential species analysis
Based on the LEfse analysis, 20 biomarkers were 
identified at all taxonomic levels of the soil bacterial 

Fig. 3  Effect of different film mulching and crop rotation treatments on bacterial and fungal alpha diversity. a, c, e Chao1, ACE, and Shannon 
indices for bacteria. b, d, f Chao1, ACE, and Shannon indices for fungi. Different lowercase letters indicate a significant difference between 
treatments (p < 0.05). Film mulching (F), crop rotation (R), interaction of film mulching and crop rotation (F × R). *p < 0.05, **p < 0.01, ***p < 0.001. PC, 
potato continuous cropping without film mulching; PCF, potato continuous cropping with film mulching; R1, potato–broad bean rotation without 
film mulching; R1F, potato–broad bean rotation with film mulching; R2, potato–pea rotation without film mulching; R2F, potato–pea rotation with 
film mulching
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community (LDA threshold of 4.0), including five PC-
enhanced organisms, six PCF-enhanced organisms, 
seven R1-enhanced organisms, and two R2-enhanced 
organisms. In contrast, no differential species were iden-
tified for bacterial populations in R1F and R2F at the 
LDA threshold of 4.0 (Fig. 6a, b). For example, Sphingo-
bacteriaceae was the most dominant biomarkers in soils 
of the R1, and Acidobacteria and Cytophagales were the 
most dominant biomarkers for PCF and R2. In addi-
tion, nine biomarkers were identified in the soil fungal 
community (LDA threshold of 4.0), including three PC-
enhanced organisms, one R1-enhanced organism, one 
R1F-enhanced organism, and four R2F-enhanced organ-
isms. No differential species were identified in the fun-
gal populations of PCF and R2 at the LDA threshold of 
4.0 (Fig.  6c, d). Nectriaceae and Eurotiomycetes were 
biomarkers for R1 and R2F. The abundance of Plecto-
sphaerellaceae was higher in PC than other treatments.

Prediction of microbial metabolic pathways in rhizosphere 
soil
Metabolism, Environmental Information Processing and 
Genetic Information Processing were the primary meta-
bolic pathways, accounting for 61.40–63.26%, 17.73–
18.49% and 11.70–12.17%, respectively (Additional file 1: 
Fig. S3). A total of 41 functional features were annotated 
on the secondary metabolic pathways. The relative abun-
dance of the top 10 bacterial functional groups for func-
tions such as Amino Acid Metabolism, Carbohydrate 
Metabolism, Membrane Transport, Signal Transduc-
tion, Metabolism of Cofactors and Vitamins, and Energy 
Metabolism is shown in Additional file 1: Fig. S3. R1 sig-
nificantly differed from the other treatments with regard 

to the Carbohydrate Metabolism, Signal Transduction 
and Translation functions.

Functional annotation of the fungi using FUNGuild 
revealed nine types: Pathotroph-Saprotroph-Symbio-
troph, Saprotroph, Unassigned, Saprotroph-Symbio-
troph, Pathotroph-Saprotroph, Pathotroph, Symbiotroph, 
and Pathotroph-Symbiotroph (Additional file  1: Fig. 
S4). The relative abundances of Pathotroph-Saprotroph-
Symbiotroph and Saprotroph-Symbiotroph were higher, 
accounting for 20.32–47.20% and 12.51–38.58% of the 
soil fungal community, respectively. R1, R1F, R2 and 
R2F increased the relative abundance of Pathotroph-
Saprotroph, Pathotroph, Symbiotroph, Pathotroph-Sym-
biotroph and Unassigned fungi, whereas decreased the 
relative abundance of Saprotroph.

Relationship between soil microorganisms and soil factors
Redundancy (RDA) analysis revealed that RDA1 and 
RDA2 explained 45.50% and 44.17%, respectively, of 
the variance at the soil bacterial genus level, and thus 
reflected 89.67% of the influence of soil environmen-
tal factors on the soil bacterial community structure 
(Fig. 7a). A total of 83.71% of the effect of soil environ-
mental factors on communities at the fungal genus level 
was explained by RDA1 and RDA2 together (Fig.  7b). 
The Mantel test revealed that, at the genus level, soil EC 
(R = 0.469, P = 0.001), AN (R = 0.207, P = 0.026), and AK 
(R = 0.471, P = 0.001) were the crucial environmental fac-
tors that dominated differences in soil bacterial commu-
nities. The fungal communities were mainly affected by 
soil pH, EC, AN, AP, AK, TC and TN (Table 3).

Pearson correlation analysis was performed between 
the top 10 microorganisms in relative abundance at 

Fig. 4  Principal coordinate analysis of a bacteria and b fungi (operational taxonomic units > 0.01%) under different film mulching and crop rotation 
treatments. The sample groups show 95% confidence ellipses for each treatment. PC, potato continuous cropping without film mulching; PCF, 
potato continuous cropping with film mulching; R1, potato–broad bean rotation without film mulching; R1F, potato–broad bean rotation with film 
mulching; R2, potato–pea rotation without film mulching; R2F, potato–pea rotation with film mulching
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genus level and the environmental factors (Fig. 8). Sphin-
gomonas was significantly positively correlated with soil 
pH and EC, but significantly negatively correlated with 
soil AN, AK, TC and TN. Terrimonas was significantly 
positively correlated with EC, but negatively correlated 
with AK and AP. AK was significantly positively corre-
lated with Olivibacter and Pedobacter (Fig. 8a). Botryotri-
chum and Plectosphaerella were significantly positively 
correlated with pH and EC, but significantly negatively 
correlated with AN, AK, TC and TN. Clonostachys, 

Stachybotrys, Chaetomium, and Pseudogymnoascus were 
significantly negatively correlated with pH, but signifi-
cantly positively correlated with AN and AK (Fig. 8b).

Discussion
Effects of film mulching and legume rotation 
on rhizosphere soil properties
The rotation of legumes fixes atmospheric N and 
increases soil organic matter, and plastic film mulching 
can play a role in maintaining the soil moisture content 

Fig. 5  Circos diagram of bacteria and fungi at different taxonomic levels under different film mulching and crop rotation treatments. a, b Relative 
abundance of bacteria in the top 10 at the phylum level and the top 10 at the genus level. c, d Relative abundance of fungi in the top 5 at the 
phylum level and the top 10 at the genus level. The upper side of the Circos diagram is microbial information, and the lower side is sample 
information. PC, potato continuous cropping without film mulching; PCF, potato continuous cropping with film mulching; R1, potato–broad bean 
rotation without film mulching; R1F, potato–broad bean rotation with film mulching; R2, potato–pea rotation without film mulching; R2F, potato–
pea rotation with film mulching
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Fig. 6  Linear discriminant analysis effect size (Lefse) analysis of bacteria and fungi under different film mulching and crop rotation treatments. a, c 
Cladogram of bacteria and fungi included in the LEfSe analysis; phylum, class, order, family, and genus is represented from the center to the margin. 
The size of the small circle represents the relative abundance of the species at the taxonomic level. Species with no significant differences are 
marked with yellow, and species with significant differences are indicated by different colors. b, d LDA scores for bacteria and fungi with LDA score 
≥ 4.0, p < 0.05. PC, potato continuous cropping without film mulching; PCF, potato continuous cropping with film mulching; R1, potato–broad bean 
rotation without film mulching; R1F, potato–broad bean rotation with film mulching; R2, potato–pea rotation without film mulching; R2F, potato–
pea rotation with film mulching
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and improving soil microenvironment of the crop rhizo-
sphere [28, 29]. The present study found that both leg-
ume rotation and legume rotation with film mulching 
lowered soil pH 7.0–7.5, which enhance the availability 
of nutrients to crops [30]. Meanwhile, legume rotation 
and legume rotation with film mulching decreased soil 
EC. This could be attributed to the fact that leguminous 
plants have a positive impact on increasing soil organic 

matter content and cation exchange capacity, while also 
improving soil buffer performance against both acid and 
alkali [23, 31]. The nitrogen fixation by leguminous rhi-
zomes, the return of their residues to the soil, and also 
possibly the planting density of them, resulted in the 
increase of mineral nutrient contents in the soil, in addi-
tion to the fact that plastic film mulching facilitates soil 
nutrient retention [6, 32]. In our study, the contents of 
soil AN, AK, TC and TN in the legume rotation, as well 
as AN, AP, AK, TC and TN in the legume rotation with 
film mulching were significantly higher than those in the 
continuous cropping treatments, suggesting that rotation 
with legumes improved the availability of soil nutrients. 
The roots and branch residues from the legume rotation 
enter the soil to provide a stable source of nutrients [4, 
11].

Effects of film mulching and legume rotation 
on rhizosphere soil microbial community diversity
Soil microbial diversity is closely related to soil eco-
system stability and nutrient transformation [33]. In 
the study, number of soil fungal OTUs was higher in 
the broad bean rotation and broad bean rotation with 
mulching than in the potato continuous crop. Legume 
rotation causes changes in soil nutrients, while the dif-
ference in utilization of soil nutrients leads to the differ-
ence in OUT diversity of bacteria and fungi [34]. Essel 
et al. [11] showed that crop diversification significantly 
alters the abundance and diversity of soil microorgan-
isms. In this study, there was no significant change in 
the bacterial alpha diversity in the treatment, indicat-
ing that soil bacterial diversity was not affected by the 

Fig. 7  Redundancy analysis of bacteria (a) and fungi (b) with environmental factors at the genus level under different film mulching and crop 
rotation treatments. Alkaline nitrogen (AN), available phosphorus (AP), available potassium (AK), total carbon (TC), and total nitrogen (TN). PC, 
potato continuous cropping without film mulching; PCF, potato continuous cropping with film mulching; R1, potato–broad bean rotation without 
film mulching; R1F, potato–broad bean rotation with film mulching; R2, potato–pea rotation without film mulching; R2F, potato–pea rotation with 
film mulching

Table 3  Mantel test correlation of bacterial and fungal 
community structure (at the genus level) with soil properties 
under different film mulching and crop rotation treatments

AN alkaline nitrogen, AP available phosphorus, AK available potassium, TC total 
carbon, TN total nitrogen
* Indicates significant correlation between items (p < 0.05)

Microbial 
community

Environmental factor R P

Bacteria pH 0.142 0.149

EC 0.469 0.001*

AN 0.207 0.026*

AP 0.239 0.078

AK 0.471 0.001*

TC 0.167 0.126

TN 0.14 0.164

Fungi pH 0.462 0.001*

EC 0.526 0.001*

AN 0.561 0.001*

AP 0.207 0.042*

AK 0.331 0.003*

TC 0.443 0.001*

TN 0.564 0.001*
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legume rotation and film mulching in the semi-arid 
region of the Loess Plateau. R1F and R2 significantly 
altered the alpha diversity of the fungi. This result is 
basically consistent with previous research done in 
Zeng et al. [26].

Increased crop diversity through diverse crop rota-
tions increases soil chemical diversity, supporting 
the propagation and growth of diverse microbial taxa 
[35, 36]. The increased effect of crop diversification 
on soil fungal diversity is attributed to root secretions 
and plant residues from diverse plants. In addition, 
the impact of mulching on microbial diversity is evi-
dent [25]. Based on the PCoA analysis, soil microbial 
beta diversity significantly changed with the change in 

planting sequence, which is consistent with previous 
findings [4]. Broad bean rotation led to the bacterial 
beta diversity, and legume rotation and legume rota-
tion with film mulching resulted in higher fungal beta 
diversity. This difference is a result of soil microorgan-
isms being influenced by the nitrogen fixation capacity 
of legumes and the alteration of soil nutrients [13].

Effects of film mulching and legume rotation 
on rhizosphere soil microbial community structure
Soil microbial communities in agroecosystems are exten-
sive [37] and are susceptible to factors such as crop types, 
cultivation patterns, and tillage practices [38, 39]. In 
this study, the dominant populations in all soil samples 
were Proteobacteria, Bacteroidetes, Acidobacteria, and 
Actinobacteria at the bacterial phylum level (Fig.  5a). 
Similarly, Acidobacteria and Proteobacteria are the most 
common bacterial taxa in the soils of the North China 
Plain, the Northeast Blackland, and the Loess Plateau 
[4, 11, 40]. However, Nacke et al. [41] reported that the 
most dominant bacterial taxa in the rhizosphere soil of 
European beech and Norway spruce were Acidobacteria. 
Fierer et  al. [42] observed that Acidobacteria were the 
most abundant bacterial taxa in soils in temperate for-
ests. These results indicate that different dominant spe-
cies exist in diverse ecosystems. In addition, we observed 
that the relative abundance of Proteobacteria was higher 
under rotation with broad bean crops, and that Proteo-
bacteria were diverse and ecologically functional, with 
many being nitrogen-fixing and highly adaptable to the 
soil environment [40]. Rotation with broad bean and 
mulching promoted increase in the soil OM content, pro-
vided sufficient metabolic substrate for Proteobacteria 
and promoted their growth and reproduction [6, 25, 43].

At the genus level, RB41, Sphingomonas, UTCFX1, and 
Acinetobacter were the dominant bacterial genera com-
mon to all treatments, agree well with previous studies 
[4]. The higher relative abundance of Olivibacter in the 
crop rotation was attributed to the facts that Olivibac-
ter belongs to the Bacteroidetes, which are important for 
decomposition of OM. Rotation with legumes increased 
soil OM content and soil nutrient, thus promoting the 
propagation of Olivibacter [44, 45]. However, the rela-
tive abundance of Sphingomonas was reduced in the crop 
rotation, which may be related to crop type and ecologi-
cal environment.

Ascomycota, Mortierellomycota, Basidiomycota, 
Glomeromycota, Chytridiomycota and Mortierellomy-
cota were the dominant soil fungal phyla in the study. 
The dominance of Ascomycota is consistent with previ-
ous findings that Ascomycota is the dominant soil fungal 
phylum and is an important driving force for soil nutri-
ent cycling [25]. Meanwhile, their relative abundance in 

Fig. 8  Pearson correlation analysis of environmental factors with 
the main bacterial and fungal communities at the genus level. a 
Bacteria; blue indicates a negative correlation and red indicates a 
positive correlation. b Fungi; green indicates a negative correlation 
and red indicates a positive correlation. The shade of color in (a) and 
(b) reflects the strength of the correlation. *p < 0.05, **p < 0.01, ***p 
< 0.001. AN alkaline nitrogen, AP available phosphorus, AK available 
potassium, TC total carbon, and TN total nitrogen
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different habitats varies owing to the influence of crops 
types [46, 47].

Basidiomycota and Glomeromycota abundance was 
significantly higher in the crop rotation than the continu-
ous cropping treatments. Because annual deep plowing 
disturbs the soil after the legume rotation, providing a 
suitable soil environment for Basidiomycota and Glomus 
to better futilize degradable plant residues, and promot-
ing the rapid growth and reproduction of the fungal flora 
[3, 4].

The principal genera of fungi recorded were Botryotri-
chum, Mortierella, Plectosphaerella, and Fusarium. Bot-
ryotrichum is a common invasive pathogen of fruits and 
vegetables during postharvest storage, widely distributed 
parthenogenic parasite [48]. Rotation of legume reduced 
the abundance of Botryotrichum. Therefore, reduction 
in the number of harmful fungi may be one mechanism 
by which crop rotation changes soil quality. In the pre-
sent study, R1F and R2 reduced the relative abundance of 
Mortierella. As a group of fungi with a strong cellulolytic 
capacity, Mortierella is more effective for enhancing soil 
nutrient effectiveness and improving soil structure, hence 
the genus shows high abundance in cultivated land [49]. 
However, some species of Mortierella are phytopatho-
genic fungi that cause plant seedling death [50], thus high 
Mortierella abundance in soils may increase the risk of 
fungal diseases.

The LEfSe analysis revealed differences in the domi-
nant bacteria among the treatments. The critical bacteria 
in the PC were Sphingomonas and Gemmatimonadetes. 
In previous studies, the higher abundance of Sphingo-
monas was associated with soil nutrient absorption [4]. 
In the PCF, the crucial bacteria were RB41 and Chloro-
flexi. RB41 belongs to Acidobacteria, which are bac-
teria of nutrient-poor soils that are highly sensitive to 
soil pH, and a soil environment of low nutrient status is 
more conducive to their survival [51]. Under the legume 
rotation, the critical bacteria in the R1 were Micrococ-
cales (Actinobacteria), Flavobacteriales (Bacteroidetes), 
and Sphingobacteriales (Bacteroidetes), and the cru-
cial bacteria in the R2 were Cytophagales and Chitin-
ophagales of the phylum Bacteroidetes. Actinobacteria 
produce enzymes associated with OM degradation, and 
thus accelerate the decomposition of OM and increase 
their relative abundance [52]. As the main mineralizer 
of organic C, Bacteroidetes increase soil organic C con-
tent and provide energy for microbial growth and soil 
enzyme activity. Crop rotation can change soil organic C 
content by affecting the input of litter and root exudates, 
and providing favorable conditions for the growth and 
reproduction of Bacteroidetes and Actinobacteria [53]. In 
terms of fungi, Plectosphaerella (Ascomycota) was signif-
icantly enriched in the PC. Plectosphaerella causes fungal 

diseases of plants, such as root rot of melon (Cucumis 
melo) [54]. The crucial fungi in the R1 were Nectriaceae 
of the phylum Ascomycota. These pathogenic bacte-
ria cause root rot in the rhizosphere [55]. Whether the 
increased relative abundance of Nectriaceae in the R1 
leads to root rot requires further verification. In the R1F, 
Basidiomycota, which are an important component of 
the mycorrhizal fungal florai, can antagonize pathogenic 
bacteria in plant roots and provide a healthy soil micro-
environment for plant growth [56]. Thecrucial fungus in 
the R2F was Aspergillus, which can degrade cellulose and 
lignocellulose, promote nutrient uptake by plant roots, 
and ensure the supply of soil nutrients to the plant rhizo-
sphere [57]. The high risk of fungal diseases in potato 
with continuous cropping requires additional attention. 
In the current study, legume rotations increased the rela-
tive abundance of potentially beneficial fungi, and film 
mulching had an ameliorating effect on microbial popu-
lations, suggesting that legume rotation and film mulch-
ing are effective means of reducing the incidence of 
potato fungal diseases, which supports our findings [2, 6].

Prediction of microbial metabolic pathways in rhizosphere 
soils under film mulching and legume rotation
The dominant factor for changes in bacterial and fun-
gal functions was crop rotation, and legume rotation 
increased the diversity of functional groups of bacteria, 
enhancing the ability of bacteria to absorb nutrients and 
enhancing their active metabolism [13, 58]. In the study, 
we found that three types of functional genes (Metabo-
lism, Environmental Information Processing and Genetic 
Information Processing) in the soil, promotes the uptake 
of nutrients and small molecules by the soil bacterial 
community to accelerate its growth, resulting in vigorous 
metabolism of soil bacteria and increased bacterial func-
tional community diversity [58]. Pathotroph-Saprotroph-
Symbiotroph and Saprotroph were the most dominant 
predicted fungal functional types in the present study, 
which may be associated with the dominance of the fun-
gal phylum Ascomycota. Most Ascomycota are sapro-
phytic fungi that decompose refractory OM in the soil 
and play an important role in nutrient cycling [47].

At the same time, the increased diversity of functional 
groups of different nutritional types of fungi strength-
ened their ability to participate in carbon source metabo-
lism. Fungi not only decompose the carbon sources used 
by bacteria but also indirectly contribute to releasing 
carbon sources from the root system to the soil [59]. The 
abundance of the functional groups Pathogens-Sapro-
phytes, Pathogens-Symbionts, Saprophytes, Saprophytes-
Symbionts, and Pathogens-Saprophytes was higher under 
the crop rotation treatments than those under the con-
tinuous cropping treatments to varying degrees, possibly 
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because the legume rotation treatments significantly 
changed the structure of the fungal community. Besides, 
the number of fungi increased, resulting in the increase 
in functional groups with corresponding functions, and 
it may also be associated with the increased abundance 
of Unassigned fungi in the legume rotation treatments, 
which requires further investigation.

Relationship between microbial community composition 
and soil properties
Bacteria and fungi are the main soil microbial taxa and 
are extremely sensitive to the microenvironment, such as 
soil nutrient status and hydrothermal conditions, which 
directly affect the species diversity and abundance of soil 
microorganisms [16, 60, 61]. The present RDA analysis 
showed that EC, AN and AK were the main environ-
mental factors that dominated the changes in soil bacte-
rial community structure. Wang et  al. [4] observed that 
pH and AN were the main drivers of changes in bacte-
rial community structure, which differed from the pre-
sent study, possibly because of differences in the regional 
environment, crop species and sampling time. Simulta-
neously, pH, EC, AN, AP, AK, TC and TN were the main 
environmental factors that affected soil fungal commu-
nity structure. Previous studies have shown that legume 
rotation can influence the decomposition of crop resi-
dues, which promotes the accumulation of soil organic 
C and causes changes in the structural composition of 
soil fungal communities [27]. Different conclusions have 
been drawn on the effects of environmental factors on 
soil microbial communities [15, 25, 43, 62], which may be 
associated with regional differences and crop type.

Environmental factors have inhibitory, facilitative, or 
no noticeable effect on soil microbes and are impor-
tant influences on soil microbial community composi-
tion [15, 62]. Correlation analysis in the present study 
showed that the higher relative abundance of bacterial 
populations, such as Sphingomonas of the Proteobacte-
ria, was significantly correlated with soil pH, EC, AN, 
AK, TC and TN. Higher soil nutrient contents alter the 
relative abundance of bacterial communities in the soil 
owing to the synergistic interaction of soil fertility, soil 
environment, and soil bacterial communities [4]. The 
present study showed that soil EC and AK were the 
main environmental factors affecting the soil bacterial 
communities, which may reflect the unique habitat in 
the semi-arid region of the western Loess Plateau. In 
the study, soil pH was negatively correlated with Clo-
nostachys, Stachybotrys, Chaetomium and Pseudogym-
noascus.An excessively high soil pH limits the survival 
of fungi, and thus acidic conditions were more suitable 
for the growth of soil fungi [63]. The study found that 
soil fungal community was significantly correlated with 

soil pH, EC, AN and AK. Zhao, et al. [64] showed that 
fungal abundance in paddy soils was mainly regulated 
by soil pH. Furthermore, a previous study of soil diver-
sity under continuous cropping of potato indicated 
that soil fungal community composition was positively 
influenced by soil characteristics, particularly AN, AP 
and AK [4].

Conclusion
This study reveals the changes in soil physicochemical 
properties and microbial responses to legume rotation 
and film mulching. Legume rotation with mulching had 
remarkable impacts on soil properties and microorgan-
isms, favored an increase in soil nutrients of potato con-
tinuous cropping filed. Broad bean rotation with film 
mulching altered fungal α-diversity. Legume rotation 
favored an increase in the relative abundance of fungi, 
including the phylum Tameromycota and Glomeromy-
cota, while broad bean rotation promoted the growth of 
the beneficial fungus Aspergillus. In addition, broad bean 
rotation with film mulching increased bacterial signal 
transduction and energy metabolism functions. Legume 
rotations increased the relative abundance of metabolic 
fungi, and altered the key differential microbial species 
and interrelationships among microbial taxa. In sum-
mary, legume rotation has been shown to improve soil 
quality through various mechanisms, including increas-
ing soil fertility, altering soil microbial diversity and com-
munity structure, thus alleviating potato continuous 
cropping barrier. This study provides a basis for selecting 
suitable legume crops for rotation with potatoes and a 
theoretical support for the potato sustainable production 
in semi-arid agroecosystems.
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mulching; R2, potato–pea rotation without film mulching; R2F, potato–
pea rotation with film mulching.

Acknowledgements
We sincerely thank all the staff and students in the Dingxi Academy of Agri-
cultural Sciences for their assistance with fieldwork. We appreciate technical 
support for data analysis provided by Guangzhou GeneDenovo Biological 
Technology Co., Ltd. (Guangzhou, China).

Author contributions
Conceptualization, methodology, and writing—original draft, MS; data cura-
tion and writing—review and editing, WZ and SQ; software, YK, XY, YL, andAQ4 
AG; methodology, XY and AG; investigation, YW; formal analysis, RZ; funding 
acquisition, YK and SQ. All authors read and approved the final manuscript. All 
authors read and approved the final manuscript.

Funding
This research was supported by the Science Technology Innovation Fund of 
Gansu Agricultural University (GAU-KYQD-2021-22), the National Natural Sci-
ence Foundation of China (32060441, 32260455), and the earmarked fund for 
Agriculture Research System of China (CARS-09-P14).

Availability of data and materials
The datasets generated and analysed during the current study are available in 
the NCBI repository, https://​www.​ncbi.​nlm.​nih.​gov/​sra/?​term=​PRJNA​869187, 
the accession number is PRJNA869187. The datasets used and analyzed in 
the current study are available from the corresponding author on reasonable 
request.

Declarations

Ethics approval and consent to participate
All methods were performed in accordance with the relevant guidelines and 
regulations.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 College of Horticulture, Gansu Agricultural University, Lanzhou 730070, China. 
2 Northwest Institute of Eco-Environment and Resources, Lanzhou 730000, 
China. 3 Gansu Academy of Agricultural Sciences, Lanzhou 730070, China. 
4 State Key Laboratory of Aridland Crop Science of China, Lanzhou 730070, 
China. 

Received: 17 February 2023   Accepted: 10 May 2023

References
	1.	 Qin S, Zhang J, Dai H, Wang D, Li D. Effect of ridge–furrow and plastic-

mulching planting patterns on yield formation and water movement of 
potato in a semi-arid area. Agric Water Manag. 2014;131:87–94.

	2.	 Zhang XC, Guo J, Ma YF, Yu XF, Hou HZ, Wang HL, Fang YJ, Tang YF. Effects 
of vertical rotary subsoiling with plastic mulching on soil water availabil-
ity and potato yield on a semiarid Loess plateau, China. Soil Tillage Res. 
2020;199:104591.

	3.	 Qin S, Yeboah S, Xu X, Liu Y, Yu B. Analysis on fungal diversity in rhizos-
phere soil of continuous cropping potato subjected to different furrow-
ridge mulching managements. Front Microbiol. 2017;8:845.

	4.	 Wang X, Duan Y, Zhang J, Ciampitti IA, Cui J, Qiu S, Xu X, Zhao S, He P. 
Response of potato yield, soil chemical and microbial properties to differ-
ent rotation sequences of green manure-potato cropping in North China. 
Soil Tillage Res. 2022;217:105273.

	5.	 Acosta-Martinez V, Burow G, Zobeck TM, Allen VG. Soil microbial com-
munities and function in alternative systems to continuous cotton. Soil 
Sci Soc Am J. 2010;74(4):1181–92.

	6.	 Kang Y, Liu Y, Qin S, Zhang W, Shi M, Fan Y, Yang X. Ridge–mulch tillage 
and rotation with broad bean affect soil microbial community, diversity 
and crop yield in a long-term potato continuous cropping field. Soil Use 
Manag. 2020;37(3):677–88.

	7.	 Fan Y, Zhang W, Kang Y, Zhao Z, Yao K, Qin S. Effects of ridge and furrow 
film mulching on soil environment and yield under potato continuous 
cropping system. Plant Soil Environ. 2019;65(11):523–9.

	8.	 Flower KC, Huberli D, Collins SJ, Thomas G, Ward PR, Cordingley N. Pro-
gression of plant-parasitic nematodes and foliar and root diseases under 
no-tillage with different crop rotations. Soil Tillage Res. 2019;191:18–28.

	9.	 Murugan R, Kumar S. Influence of long-term fertilisation and crop rota-
tion on changes in fungal and bacterial residues in a tropical rice-field 
soil. Biol Fertil Soils. 2013;49(7):847–56.

	10.	 Alam MZ, Lynch DH, Sharifi M, Burton DL, Hammermeister AM. The effect 
of green manure and organic amendments on potato yield, nitrogen 
uptake and soil mineral nitrogen. Biol Agric Hortic. 2016;32(4):221–36.

	11.	 Essel E, Xie J, Deng C, Peng Z, Wang J, Shen J, Xie J, Coulter JA, Li L. Bacte-
rial and fungal diversity in rhizosphere and bulk soil under different long-
term tillage and cereal/legume rotation. Soil Tillage Res. 2019;194:104302.

	12.	 Zemek O, Frossard E, Scopel E, Oberson A. The contribution of Stylosan-
thes guianensis to the nitrogen cycle in a low input legume-rice rotation 
under conservation agriculture. Plant Soil. 2018;425(1–2):553–76.

	13.	 Gong X, Liu C, Li J, Luo Y, Yang Q, Zhang W, Yang P, Feng B. Responses of 
rhizosphere soil properties, enzyme activities and microbial diversity to 
intercropping patterns on the Loess Plateau of China. Soil Tillage Res. 
2019;195:104355.

	14.	 Liang W, Fu BJ, Wang S, Zhang WB, Jin Z, Feng XM, Yan JW, Liu Y, Zhou 
S. Quantification of the ecosystem carrying capacity on China’s Loess 
Plateau. Ecol Ind. 2019;101:192–202.

	15.	 Garland G, Edlinger A, Banerjee S, Degrune F, Garcia-Palacios P, Pescador 
DS, Herzog C, Romdhane S, Saghai A, Spor A, Wagg C, Hallin S, Maestre 
FT, Philippot L, Rillig MC, Van Der Heijden MGA. Crop cover is more 
important than rotational diversity for soil multifunctionality and cereal 
yields in European cropping systems. Nat Food. 2021;2(1):28–37. https://​
doi.​org/​10.​1038/​s43016-​020-​00210-8

	16.	 Crecchio C, Gelsomino A, Ambrosoli R, Minati JL, Ruggiero P. Functional 
and molecular responses of soil microbial communities under differing 
soil management practices. Soil Biol Biochem. 2004;36(11):1873–83.

	17.	 Bardgett RD, Van Der Putten WH. Belowground biodiversity and ecosys-
tem functioning. Nature. 2014;515(7528):505–11.

	18.	 Zuo J, Xu L, Guo J, Xu S, Ma S, Jiang C, Yang D, Wang D, Zhuang X. Micro-
bial community structure analyses and cultivable denitrifier isolation 
of Myriophyllum aquaticum constructed wetland under low C/N ratio. J 
Environ Sci. 2023;127:30–41.

	19.	 Zhou LM, Jin SL, Liu CA, Xiong YC, Si JT, Li XG, Gan YT, Li FM. Ridge-furrow 
and plastic-mulching tillage enhances maize-soil interactions: oppor-
tunities and challenges in a semiarid agroecosystem. Field Crop Res. 
2012;126:181–8.

	20.	 Johnson DA, Cummings TF. Effect of extended crop rotations on inci-
dence of black dot, silver scurf, and Verticillium wilt of potato. Plant Dis. 
2015;99(2):257–62.

	21.	 Komatsuzaki M. Cover crops reduce nitrogen leaching and improve food 
quality in an organic potato and broccoli farming rotation. J Soil Water 
Conserv. 2017;72(5):539–49.

	22.	 Trabelsi D, Ben Ammar H, Mengoni A, Mhamdi R. Appraisal of the crop-
rotation effect of rhizobial inoculation on potato cropping systems in 
relation to soil bacterial communities. Soil Biol Biochem. 2012;54:1–6.

	23.	 Oliveira M, Barre P, Trindade H, Virto I. Different efficiencies of grain leg-
umes in crop rotations to improve soil aggregation and organic carbon 
in the short-term in a sandy Cambisol. Soil Tillage Res. 2019;186:23–35.

	24.	 Han J, Dong Y, Zhang M. Chemical fertilizer reduction with organic 
fertilizer effectively improve soil fertility and microbial community from 
newly cultivated land in the Loess Plateau of China. Appl Soil Ecol. 
2021;165:103966.

	25.	 Wang Y, Liu L, Luo Y, Awasthi MK, Yang J, Duan Y, Li H, Zhao Z. Mulch-
ing practices alter the bacterial-fungal community and network in 
favor of soil quality in a semiarid orchard system. Sci Total Environ. 
2020;725:138527.

https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA869187
https://doi.org/10.1038/s43016-020-00210-8
https://doi.org/10.1038/s43016-020-00210-8


Page 17 of 17Shi et al. Chem. Biol. Technol. Agric.           (2023) 10:38 	

	26.	 Zeng Q, Liu D, An S. Decoupled diversity patterns in microbial geo-
graphic distributions on the arid area (the Loess Plateau). Catena. 
2021;196:104922.

	27.	 Dang Q, Wang Y, Xiong S, Yu H, Zhao X, Tan W, Cui D, Xi B. Untangling 
the response of fungal community structure, composition and function 
in soil aggregate fractions to food waste compost addition. Sci Total 
Environ. 2021;769:145248.

	28.	 Ma BL, Liang BC, Biswas DK, Morrison MJ, Mclaughlin NB. The carbon 
footprint of maize production as affected by nitrogen fertilizer and 
maize-legume rotations. Nutr Cycl Agroecosyst. 2012;94(1):15–31.

	29.	 Yang X, Zheng LN, Yang Q, Wang ZK, Cui S, Shen YY. Modelling the effects 
of conservation tillage on crop water productivity, soil water dynamics 
and evapotranspiration of a maize-winter wheat-soybean rotation system 
on the Loess Plateau of China using APSIM. Agric Syst. 2018;166:111–23.

	30.	 Yu Y, Yang J, Zeng S, Wu D, Jacobs DF, Sloan JL. Soil pH, organic matter, 
and nutrient content change with the continuous cropping of Cun-
ninghamia lanceolata plantations in South China. J Soils Sediments. 
2017;17(9):2230–8.

	31.	 Campbell CA, Lafond GP, Vandenbygaart AJ, Zentner RP, Lemke R, May 
WE, Holzapfel CB. Effect of crop rotation, fertilizer and tillage manage-
ment on spring wheat grain yield and N and P content in a thin Black 
Chernozem: a long-term study. Can J Plant Sci. 2011;91(3):467–83.

	32.	 Siczek A, Frąc M, Kalembasa S, Kalembasa D. Soil microbial activity of faba 
bean (Vicia faba L.) and wheat (Triticum aestivum L.) rhizosphere during 
growing season. Appl Soil Ecol. 2018;130:34–9.

	33.	 Wardle DA, Bardgett RD, Klironomos JN, Setala H, Van Der Putten WH, Wall 
DH. Ecological linkages between aboveground and belowground biota. 
Science. 2004;304(5677):1629–33.

	34.	 Yang Y, Tong Y, Liang LY, Li HC, Han WS. Dynamics of soil bacteria and 
fungi communities of dry land for 8 years with soil conservation manage-
ment. J Environ Manage. 2021;299:113544.

	35.	 Tiemann LK, Grandy AS, Atkinson EE, Marin-Spiotta E, Mcdaniel MD. Crop 
rotational diversity enhances belowground communities and functions 
in an agroecosystem. Ecol Lett. 2015;18(8):761–71.

	36.	 Jiang Y, Liang Y, Li C, Wang F, Sui Y, Suvannang N, Zhou J, Sun B. Crop rota-
tions alter bacterial and fungal diversity in paddy soils across East Asia. 
Soil Biol Biochem. 2016;95:250–61.

	37.	 Fierer N, Jackson RB. The diversity and biogeography of soil bacterial 
communities. Proc Natl Acad Sci USA. 2006;103(3):626–31.

	38.	 Nayyar A, Hamel C, Lafond G, Gossen BD, Hanson K, Germida J. Soil micro-
bial quality associated with yield reduction in continuous-pea. Appl Soil 
Ecol. 2010;43(1):115–21.

	39.	 Li WH, Liu QZ, Chen P. Effect of long-term continuous cropping of straw-
berry on soil bacterial community structure and diversity. J Integr Agric. 
2018;17(11):2570–82.

	40.	 Liu JJ, Sui YY, Yu ZH, Shi Y, Chu HY, Jin J, Liu XB, Wang GH. High through-
put sequencing analysis of biogeographical distribution of bacterial 
communities in the black soils of northeast China. Soil Biol Biochem. 
2014;70:113–22.

	41.	 Nacke H, Goldmann K, Schoning I, Pfeiffer B, Kaiser K, Castillo-Villamizar 
GA, Schrumpf M, Buscot F, Daniel R, Wubetz T. Fine spatial scale varia-
tion of soil microbial communities under European beech and Norway 
Spruce. Front Microbiol. 2016;7:2067.

	42.	 Fierer N, Leff JW, Adams BJ, Nielsen UN, Bates ST, Lauber CL, Owens S, 
Gilbert JA, Wall DH, Caporaso JG. Cross-biome metagenomic analyses of 
soil microbial communities and their functional attributes. Proc Natl Acad 
Sci USA. 2012;109(52):21390–5.

	43.	 Chamberlain LA, Bolton ML, Cox MS, Suen G, Conley SP, Ané J-M. Crop 
rotation, but not cover crops, influenced soil bacterial community com-
position in a corn-soybean system in southern Wisconsin. Appl Soil Ecol. 
2020;154:103603.

	44.	 D’acunto L, Andrade JF, Poggio SL, Semmartin M. Diversifying crop 
rotation increased metabolic soil diversity and activity of the microbial 
community. Agr Ecosyst Environ. 2018;257:159–64.

	45.	 Mckee LS, La Rosa SL, Westereng B, Eijsink VG, Pope PB, Larsbrink J. 
Polysaccharide degradation by the Bacteroidetes: mechanisms and 
nomenclature. Environ Microbiol Rep. 2021;13(5):559–81.

	46.	 Yelle DJ, Ralph J, Lu F, Hammel KE. Evidence for cleavage of lignin by a 
brown rot basidiomycete. Environ Microbiol. 2008;10(7):1844–9.

	47.	 Beimforde C, Feldberg K, Nylinder S, Rikkinen J, Tuovila H, Dorfelt H, 
Gube M, Jackson DJ, Reitner J, Seyfullah LJ, Schmidt AR. Estimating the 

Phanerozoic history of the Ascomycota lineages: combining fossil and 
molecular data. Mol Phylogenet Evol. 2014;78:386–98.

	48.	 Rajachan OA, Kanokmedhakul K, Soytong K, Kanokmedhakul S. Myco-
toxins from the fungus Botryotrichum piluliferum. J Agric Food Chem. 
2017;65(7):1337–41.

	49.	 Zhang HS, Wu XH, Li G, Qin P. Interactions between arbuscular mycor-
rhizal fungi and phosphate-solubilizing fungus (Mortierella sp.) and 
their effects on Kostelelzkya virginica growth and enzyme activities 
of rhizosphere and bulk soils at different salinities. Biol Fertil Soils. 
2011;47(5):543–54.

	50.	 Nicosia MGL, Mosca S, Mercurio R, Schena L. Dieback of Pinus nigra seed-
lings caused by a strain of Trichoderma viride. Plant Dis. 2015;99(1):44–9.

	51.	 Zheng Q, Hu Y, Zhang S, Noll L, Bockle T, Dietrich M, Herbold CW, Eichorst 
SA, Woebken D, Richter A, Wanek W. Soil multifunctionality is affected 
by the soil environment and by microbial community composition and 
diversity. Soil Biol Biochem. 2019;136:107521.

	52.	 Fan FL, Yin C, Tang YJ, Li ZJ, Song A, Wakelin SA, Zou J, Liang YC. Probing 
potential microbial coupling of carbon and nitrogen cycling during 
decomposition of maize residue by C-13-DNA-SIP. Soil Biol Biochem. 
2014;70:12–21.

	53.	 Li Y, Lee CG, Watanabe T, Murase J, Asakawa S, Kimura M. Identifica-
tion of microbial communities that assimilate substrate from root cap 
cells in an aerobic soil using a DNA-SIP approach. Soil Biol Biochem. 
2011;43(9):1928–35.

	54.	 Carlucci A, Raimondo ML, Santos J, Phillips AJL. Plectosphaerella species 
associated with root and collar rots of horticultural crops in southern 
Italy. Persoonia. 2012;28:34–48.

	55.	 Bi J, Song A, Li S, Chen M, Wang Y, Wang S, Si Z, Wang E, Zhang J, Asante-
Badu B, Njyenawe MC, Zhang Q, Xue P, Fan F. Plant physiology, microbial 
community, and risks of multiple fungal diseases along a soil nitrogen 
gradient. Appl Soil Ecol. 2022;175:104445.

	56.	 Sterkenburg E, Bahr A, Durling MB, Clemmensen KE, Lindahl BD. Changes 
in fungal communities along a boreal forest soil fertility gradient. New 
Phytol. 2015;207(4):1145–58.

	57.	 Chen YN, Chen YR, Li YP, Wu YX, Zhu FZ, Zeng GM, Zhang JC, Li H. Appli-
cation of Fenton pretreatment on the degradation of rice straw by mixed 
culture of Phanerochaete chrysosporium and Aspergillus niger. Ind Crops 
Prod. 2018;112:290–5.

	58.	 Wu Z, Hao Z, Sun Y, Guo L, Huang L, Zeng Y, Wang Y, Yang L, Chen B. 
Comparison on the structure and function of the rhizosphere microbial 
community between healthy and root-rot Panax notoginseng. Appl Soil 
Ecol. 2016;107:99–107.

	59.	 Toljander JF, Lindahl BD, Paul LR, Elfstrand M, Finlay RD. Influence of 
arbuscular mycorrhizal mycelial exudates on soil bacterial growth and 
community structure. FEMS Microbiol Ecol. 2007;61(2):295–304.

	60.	 Alkorta I, Epelde L, Garbisu C. Environmental parameters altered by 
climate change affect the activity of soil microorganisms involved in 
bioremediation. FEMS Microbiol Lett. 2017;364(19):fnx200.

	61.	 Kokalis-Burelle N, Mcsorley R, Wang KH, Saha SK, Mcgovern RJ. Rhizos-
phere microorganisms affected by soil solarization and cover cropping in 
Capsicum annuum and Phaseolus lunatus agroecosystems. Appl Soil Ecol. 
2017;119:64–71.

	62.	 Bahram M, Hildebrand F, Forslund SK, Anderson JL, Soudzilovskaia NA, 
Bodegom PM, Bengtsson-Palme J, Anslan S, Coelho LP, Harend H, Huerta-
Cepas J, Medema MH, Maltz MR, Mundra S, Olsson PA, Pent M, Polme S, 
Sunagawa S, Ryberg M, Tedersoo L, Bork P. Structure and function of the 
global topsoil microbiome. Nature. 2018;560(7717):233.

	63.	 Zhang D, Meng KX, Hao YH, Fan HY, Cui N, Wang SS, Song TF. Comparative 
proteomic analysis of cucumber roots infected by Fusarium oxysporum f. 
sp cucumerium Owen. Physiol Mol Plant Pathol. 2016;96:77–84.

	64.	 Zhao SC, Qiu SJ, Cao CY, Zheng CL, Zhou W, He P. Responses of soil prop-
erties, microbial community and crop yields to various rates of nitrogen 
fertilization in a wheat-maize cropping system in north-central China. Agr 
Ecosyst Environ. 2014;194:29–37.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Effects of plastic film mulching and legume rotation on soil nutrients and microbial communities in the Loess Plateau of China
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Study site
	Experimental design
	Soil sample collection and processing
	Soil physical and chemical properties
	Diversity of the soil microbial community
	Statistical analysis

	Results
	Soil properties
	Sequencing quality analysis and microbial community abundance
	Alpha diversity of soil microbial community
	Beta diversity of the soil microbial community
	Soil microbial community structure
	Differential species analysis
	Prediction of microbial metabolic pathways in rhizosphere soil
	Relationship between soil microorganisms and soil factors

	Discussion
	Effects of film mulching and legume rotation on rhizosphere soil properties
	Effects of film mulching and legume rotation on rhizosphere soil microbial community diversity
	Effects of film mulching and legume rotation on rhizosphere soil microbial community structure
	Prediction of microbial metabolic pathways in rhizosphere soils under film mulching and legume rotation
	Relationship between microbial community composition and soil properties

	Conclusion
	Anchor 31
	Acknowledgements
	References


