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Abstract
As the major crops in north China, spring crops are usually planted from April through May

every spring and harvested in fall. Wheat is also a very common crop traditionally planted in

fall or spring and harvested in summer year by year. This continuous cropping system

exhibited the disadvantages of reducing the fertility of soil through decreasing microbial

diversity. Thus, management of microbial diversity in the rhizosphere plays a vital role in

sustainable crop production. In this study, ten common spring crops in north China were

chosen sole-cropped and four were chosen intercropped with peanut in wheat fields after

harvest. Denaturing gradient gel electrophoresis (DGGE) and DNA sequencing of one 16S

rDNA fragment were used to analyze the bacterial diversity and species identification.

DGGE profiles showed the bacterial community diversity in rhizosphere soil samples varied

among various crops under different cropping systems, more diverse under intercropping

system than under sole-cropping. Some intercropping-specific bands in DGGE profiles sug-

gested that several bacterial species were stimulated by intercropping systems specifically.

Furthermore, the identification of these dominant and functional bacteria by DNA sequenc-

ing indicated that intercropping systems are more beneficial to improve soil fertility. Com-

pared to intercropping systems, we also observed changes in microbial community of

rhizosphere soil under sole-crops. The rhizosphere bacterial community structure in spring

crops showed a strong crop species-specific pattern. More importantly, Empedobacter
brevis, a typical plant pathogen, was only found in the carrot rhizosphere, suggesting carrot

should be sown prudently. In conclusion, our study demonstrated that crop species and

cropping systems had significant effects on bacterial community diversity in the rhizosphere

soils. We strongly suggest sorghum, glutinous millet and buckwheat could be taken into

account as intercropping crops with peanut; while hulled oat, mung bean or foxtail millet

could be considered for sowing in wheat fields after harvest in North China.
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Introduction
Rhizosphere soil is a complex and dynamic element in the field ecological system. Although
microbes including bacteria and fungi are very small parts of soil composition, they play
important parts in nitrogen, phosphorus and sulfur cycling as well as ecosystem functions.
They contribute to soil structure stabilization, organic residue accumulation, nitrogen fixation
and toxin removal [1–4]. Microbial species and their populations in the rhizosphere soil also
contribute considerably in maintaining health of the crops [5,6]. They are regarded as one of
the most sensitive biological indicators for monitoring soil quality changes [7,8]. Recently
researchers have paid more and more attention to the diversity of soil microbes and their func-
tion in agricultural ecology [9–13].

In China, spring crops, such as maize, sorghum and millet, are usually planted from April
through May every spring, and harvested in fall. They are the major crops in the Loess Plateau
area of China. Wheat is also a very common crop, grown on the North China Plain and in
some northern provinces. Wheat is traditionally planted in fall (winter wheat) or spring (spring
wheat) and harvested in summer year by year. The disadvantages of this continuous cropping
system have been confirmed to reduce microbial diversity significantly, decreasing the fertility
of the soil after wheat harvest. This happens not only in wheat, but also in peanut (Arachis
hypogaea), soybean (Glycine max), maize (Zea mays), and black pepper (Piper nigrum L.) [14–
21]. As a practice of growing two or more crops in close proximity during the same growing
season, intercropping is widely used in traditional Chinese agricultural production. Intercrop-
ping can improve multiple cropping index and soil quality, reduce fertilizers input, maximize
the effective use of limited resources, and maintain high grain yields compared with the sole-
cropping system [22–25]. Crop productivity increases under intercropping systems were due
not only to an enhanced nutrition uptake and light capture, but also to other mechanisms,
such as phosphorus mobilization in the rhizosphere [26]. In addition, soil microbial diversity
could be affected by different agricultural practices, such as alternative systems, land-use
change, fertilization and row ratio of the intercrops [6,27–29]. Moreover, other studies have
revealed the close relationship between aboveground plant diversity and underground micro-
bial diversity [30–32]. Thus far, rhizosphere microbial diversities have been studied in several
crops including peanut, wheat, maize, soybean, cucumber, onion, and garlic [29,33]. However,
very few reports have been published about rhizosphere soils’microbial diversities when differ-
ent types of spring crops are sown with a different cropping system in wheat fields after harvest.
In our study, we chose ten common spring crops in northern China which are variable in root
and shoot systems, including hulled oat (Avena sativa), mung bean (Vigna radiate, Zhonglv-
1), foxtail millet (Setaria italica, Jinggu-6), barley (Hordeum vulgare, peasant variety), rape
(Brassica campestris, Wuyueman), sunflower (Helianthus annuus, Jinkui-6), carrot (Daucus
carota var. Sativus, Sanhongqicunseng), flax (Linum usitatissimum, Jinya-7), naked Oat
(Avena nuda, peasant variety) and tobacco (Nicotiana tabacum, G-80). The rhizosphere micro-
bial diversity was hypothesized to be significantly different depending on different crops as
well as different planting systems. To test our hypotheses, we collected data from the above 10
sole-cropped samples as well as the following four intercropping systems: buckwheat (Fago-
pyrum esculentumMoench)-peanut (Arachis hypogaea), glutinous millet (Panicum milia-
ceum)-peanut, peanut-sorghum (Sorghum bicolorMoench) and peanut- foxtail millet. Then,
we sequenced the 16S rDNA fragments in order to examine the microbial species, so as to
determine detailed microbial community changes among rhizosphere soils.
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Material and Methods

Field site description
Two field experiments were conducted in the Experimental Farm of Shanxi Agricultural Uni-
versity at Taigu County, Shanxi Province. The fields are located at 37°25' N and 112°35' E. The
fields were left fallow from summer to winter after the winter wheat was harvested on June 28,
2011. Soil samples of cultivated horizon (20 cm) contained total nitrogen of 1.80 g kg-1, organic
matter of 12.6 g kg-1, available N 53.6 mg kg-1, available P 9.6 mg kg-1 and exchangeable K
137.5 mg kg-1. They were measured by using semi-micro Kjeldahl, potassium dichromate volu-
metry, alkaline hydrolysis diffusion method, NaHCO3 extract-colorimetric method, and
ammonium acetate flame photometric method, respectively.

Experimental design
To investigate bacterial community diversity in the rhizosphere soil of crops planted in the
wheat-planted field, PCR-DGGE (denaturing gradient gel electrophoresis) of the V3 region of
16S ribosomal DNA (rDNA) was performed. The crops selected for this study included ten
spring crops from the sole-cropping experiment and four from the intercropping experiment
(Table 1). All experiments were conducted in triplicate.

Sole-cropping Experiment: Ten spring crops were planted by hole sowing in the field on
April 27, 2012, including hulled oat (Avena sativa, the name of variety is MANOTICK), naked
Oat (Avena nuda, peasant variety), barley (Hordeum vulgare, peasant variety), foxtail millet
(Setaria italica, Jinggu-6), mung bean (Vigna radiate, Zhonglv-1), flax (Linum usitatissimum,
Jinya-7), rape (Brassica campestris, Wuyueman), carrot (Daucus carota var. sativus,

Table 1. Parameters for crop cultivation in sole cropping and intercropping experiments.

Experiment Crops Row spacing (cm) Hole spacing (cm) Planting depth (cm) Plants per hole (cm)

Sole-cropping Hulled oat 30 10 5 3

Mung bean 40 30 4 3

Foxtail millet 30 6 4 3

Barley 30 10 5 3

Rape 15 10 5 1

Sunflower 80 40 10 1

Carrot* 30 15 - 1

Flax 15 10 3 3

Naked oat 30 10 5 3

Tobacco* 40 40 - 1

Intercropping The main crop-Peanut 40 15 5 2

/Buckwheat - 3 3 1

/Glutinous millet - 6 4 3

/Sorghum - 20 5 1

/ Foxtail millet - 6 4 3

CK1-Single peanut 40 15 5 2

CK2-Single buckwheat 30 3 3 1

CK3-Single glutinous millet 30 20 5 3

CK4-Single sorghum 30 6 4 1

*Above the mentioned crops were directly sown to soil with the exception of tobacco and carrot seedlings, which were transplanted (row spacing and

plant spacing) to the field after establishment in seedling-beds for 25 days.

doi:10.1371/journal.pone.0150618.t001
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Sanhongqicunseng), sunflower (Helianthus annuus, Jinkui-6), and tobacco (Nicotiana taba-
cum, G-80) (Table 1). They were selected because they are main spring crops in northern
China.

Intercropping Experiment: Crops selected for the intercropping experiment mainly
depended on their variations in root and shoot systems. Peanut (Arachis hypogaea) was chosen
as the main crop, and buckwheat (Fagopyrum esculentumMoench), glutinous millet (Panicum
miliaceum), foxtail millet (Setaria italica), and sorghum (Sorghum bicolorMoench) were
planted as intercrops in the field on April 27, 2012. In addition, buckwheat, peanut, glutinous
millet, foxtail millet, and sorghum were also planted singly as the control (CK) (Table 1). How-
ever, due to the unsuccessful PCR, foxtail millet was not used in the control group in DGGE
analysis (Fig 1).

In both experiments, the row spacing, hole spacing, planting depth and plants per hole of
each crop were summarized in Table 1. Each crop was planted 6 rows and the length per row
was 2 m. All crops were conducted in triplicate, and named as A, B, and C groups in the sole
cropping experiment and D, E, and F groups in both experiments, respectively.

Soil sampling
For each crop, soil samples were collected on three different sampling sites (A, B and C; or D,
E, and F) at the flowering stage. An 8-cm diameter soil auger was used to drill into the ground
around the crop roots, and the soil samples were obtained from 0–20 cm layer. soil samples
were placed into sterile petri plates and roots were taken out. Non-rhizoshpere soil were
removed by shaking the roots gently, soils remaining on the roots were collected as rhizoshpere
soil. Three random sampling points were chosen for each sampling site (such as A) with a min-
imum distance of 2 m between individual sampling points. Nine random single samples of rhi-
zosphere soil were collected and thoroughly mixed in order to obtain a composite sample. The
composite samples representing each crop were sieved by a 2-mm sieve, collected in sealed
individual bags, and stored at -20°C prior to DNA extraction(Table 2).

PCR-DGGE bacterial community analysis
Species of the complex bacterial community were assayed by a genotypic fingerprinting
approach using the PCR-DGGE technique. Total DNA was extracted directly from the soil by
using a bead-beating method (SoilGen DNA Kit, Enterprise Group CWBIO Co., Ltd., Beijing,
P. R. China).

PCR amplification of 16S rDNA V3 hypervariable region. Target part of the 16S rDNA
V3 hypervariable region (230 bp) was amplified in 50 μL of reaction mixture using universal
bacterial specific primers F357-GC (5'-CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCC
CCCGCCCCCCTACGGGAGGCAGCAG-3') and R518(5'- ATT ACC GCG GCT GCT GG
-3'). A 230-bp PCR product was obtained. The reaction mixture compositions were 41.25 μL of
ddH2O, 5 μL of 10×reaction buffer (including 2.0 mMMgCl2), 1 μL of dNTP (10 mM), 1 μL of
F357-GC (10 μM), 1 μL of R518 (10 μM), 0.25 μL of Taq enzyme (5 U/μL), and 0.5 μL of DNA
template, respectively. DNA samples were amplified PCR on a T3000 Thermocycler (Gene
Amplification PCR System, BBI, Canada) using the following thermal cycling scheme: initial
denaturation at 94°C for 4 min, 30 cycles of denaturation at 94°C for 30 s, annealing at 56°C
for 1 min, and extension at 72°C for 30 s, followed by a final extension period at 72°C for
7 min. An aliquot of 3 μl of the PCR product was checked by agarose gel electrophoresis
(1.5%, w/v, agarose; 5%, w/v, Goldview dye liquor; 1×TAE buffer, 120 V, 30 min) (DYY-8 Sta-
ble Voltage and Steady Flow Electrophoresis Apparatus, Qite Analytical Instrument Co., Ltd.,
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Shanghai, P. R. China). Gels were visualized and digitized with UVI Gene Genius Bioimaging
System (Gene Genius, USA).

DGGE analysis. The DGGE of PCR products (400 ng) was carried out by using a D-Code
Mutation Detection System instrument (Bio-Rad, USA). Gels were prepared and run in the fol-
lowing conditions: 8% (w/v) polyacrylamide (acrylamide/bis-acrylamide = 37.5:1), 1×TAE
buffer, linear gradient from 30% to 60% denaturant (where 100% denaturing acrylamide was
defined as containing 7 mol/L urea and 40% v/v formamide), 4.0 h at 180 V and 60°C. Follow-
ing this process, gels were washed in ultrapure water, loaded in dye liquor with 5% Goldview,
shaken for 30 min (Shaking Tables, P. R. China), and then visualized by the UVI Gene Genius
Bioimaging System (Figs 1 and 2).

In each lane of the DGGE gel, the visualization of DNA bands could respond to relative bac-
teria biomass, and the number of electrophoresis bands could directly reflect the genetic diver-
sity of bacterial community in rhizosphere soil samples. These individual bands represented
different gene fragments or different stable structural conformations of bacterial 16S rDNA V3
hypervariable region. The higher the band number is, the more diverse the bacterial commu-
nity is.

For unknown reasons, we only get successful PCR products from the 10 soil samples in the
intercropping experiment: CK1-Single Peanut (S1 in Fig 1), CK2-Single Buckwheat (S2),
CK3-Single Sorghum (S3), CK4-Single Glutinous millet (S4), Intercropping Buckwheat (/Pea-
nut) (S5), Intercropping Peanut (/Buckwheat) (S6), Intercropping Glutinous millet (/Peanut)
(S7), Intercropping Peanut(/Glutinous millet) (S8), Intercropping Peanut(/Foxtail millet) (S9),
Intercropping Sorghum(/Peanut) (S10). S1-S10 are shown in Fig 1. Although CK-foxtail millet,
Intercropping Peanut (/Sorghum) and Intercropping Foxtail millet (/Peanut) are not included
in further DGGE analysis, they do not affect the final conclusion since the horizontal compari-
son between S9 and CK1 and between S10 and CK3 can also represent the bacterial community
change in certain levels.

DGGE gel bands recovery. The specific bands were identified by direct sequencing of
DGGE bands (bands indicated by arrows in Figs 1 and 2). The selected bands were either

Fig 1. DGGE analysis of bacterial community profiles of 16S rDNA PCR amplification products of rhizosphere soil samples S1-S10 in
intercropping experiment. Soil samples were labeled as in Table 2. S1, CK1-Single Peanut, S2, CK2-Single Buckwheat, S3, CK3-Single Sorghum, S4,
CK4-Single Glutinous millet, S5, Intercropping Buckwheat (/Peanut), S6, Intercropping Peanut (/Buckwheat), S7, Intercropping Glutinous millet (/Peanut),
S8, Intercropping Peanut(/Glutinous millet), S9, Intercropping Peanut(/Foxtail millet), S10, Intercropping Sorghum(/Peanut). Arrows indicate the selected
bands for further DNA sequencing in some soils. The numbers without arrows show the visible bands under UVI Bioimaging system without further DNA
sequencing.

doi:10.1371/journal.pone.0150618.g001

Table 2. Code number for 20 collected soil samples.

Intercropping
Experiment

S1 S2 S3 S4 S5

Single Peanut Single Buckwheat Single Sorghum Single Glutinous millet Intercropping Buckwheat
(/Peanut)

S6 S7 S8 S9 S10

Intercropping Peanut
(/Buckwheat)

Intercropping Glutinous
Millet (/Peanut)

Intercropping Peanut
(/Glutinous millet)

Intercropping Peanut
(/Foxtail millet)

Intercropping Sorghum
(/Peanut)

Sole-cropping
Experiment

S11 S12 S13 S14 S15

Hulled oat Mung bean Foxtail millet Barley Rape

S16 S17 S18 S19 S20

Sunflower Carrot Flax Naked oat Tobacco

doi:10.1371/journal.pone.0150618.t002
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general (occurring in all soils) (bands No. 1, 5, 9, 21, and 23 in Fig 2), or specific (occurring in
some soils only) (bands No. 1, 10, 14, 22, 26, 31, 37, 41, 43, 45, 46, 48, 49, 50, 51, and 54 in Fig
1; bands No. 4, 14, 16, 18 and 19 in Fig 2). These selected bands were cut fully from the DGGE
gel and put in a 1.5 ml centrifuge tube. DNA was re-isolated by the SK1135 UNIQ-10 Column
Kit (Shanghai Sangon Biological Engineering Technology & Service Co., Ltd., P. R. China), and
re-amplification targeting DGGE gel bands recovery was achieved with the following primers:
F357 5'- CC TAC GGG AGG CAG CAG -3', R518 5'- ATT ACC GCG GCT GCT GG -3'.
Expected amplification fragment size was about 170 bp. The PCR mixture compositions and
reaction conditions were the same as above (2.4.1). The PCR products were recovered by the
SK1131 UNIQ-10 Column Kit. All reactions were performed in triplicate.

Cloning and sequencing
Target fragments were TA ligated to Takara pMD118-T vector. The ligation products were
transformed into E. coli JM109 Competent Cells made by CaCl2 method. Transformants were
selected on LB agar plates supplemented with ampicillin (100 mg/L), X-gal (20 mg/mL) and
IPTG (isopropyl-beta-Dthiogalactopyranoside) (100 mmol/L) following standard methods.
White colonies (transformants) were picked randomly from the plates for colony PCR. Plasmid
DNA carrying inserts were extracted by an SK1191 UNIQ-10 Column Extraction Kit and
sequenced with M13+/- primers. DNA sequences were manually checked and edited where
necessary using Chromas Lite version 2.01 software (Technelysium Pty Ltd, Australia). These
partial 16S rDNA sequences were compared with sequences deposited in the GenBank data-
base using Blast (http://blast.ncbi.nlm.nih.gov/). The new DNA sequences had been submitted
to GenBank with accession numbers KP229386- KP229411.

Analysis of DGGE patterns
A diversity index is a mathematical measurement of species diversity in a community. The
Shannon diversity index (H) and Simpson's (D) index have been commonly used to character-
ize species diversity in a community [34]. DNA bands in gels were identified by Quantity One
software (Bio-Rad, USA). Both Shannon diversity index (H) and Simpson's index (D) were cal-
culated based on the number and relative intensities of DGGE bands. In detail, Shannon's (H)
and Simpson's (D) indices were calculated as follows, respectively: H = −∑(Pi)(ln Pi),
D ¼ 1�P

P2
i , where pi is the proportion of ith phylotype. To further understand the differen-

tiation among DNA fragments from rhizosphere soil samples, the clustering algorithm was
used to calculate the dendrograms of DGGE band profiles via an unweighted pair group
method with arithmetic means (UPGMA). Statistical analyses were performed in ANOVA
program of SAS9.1.3 software. A probability value (P) of<0.05 was considered statistically
significant.

Results

PCR–DGGE analysis of soil samples
To investigate the bacterial diversity level, we used the cluster analysis generated by a UPGMA
dendrogram to calculate the diversity indices. As seen from Fig 1 and Table 3, DGGE profiles

Fig 2. DGGE analysis of bacterial community profiles of 16S rDNA PCR amplification products of rhizosphere soil samples S11-S20 in sole-
cropping experiment. Soil samples were labeled as Table 2. S11, Hulled oat, S12, Mung bean, S13, Foxtail millet, S14, Barley, S15, Rape, S16, Sunflower,
S17, Carrot, S18, Flax, S19, Naked oat, S20, Tobacco. Arrows indicate the selected bands occurring either in all soils or in some soils only. The numbers
without arrows show the visible bands under UVI Bioimaging system without further DNA sequencing.

doi:10.1371/journal.pone.0150618.g002
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of PCR products are different in terms of the location, visualization (intensities), and numbers
of bands from soil samples S1-S10 in the intercropping experiment. The same was true in Fig 2
and Table 4 for soil samples S11-S20 in the sole-cropping experiment. Some strong and rather
characteristic bands were observed in DGGE patterns under intercropping systems, which were
absent under monoculture (sole-crops). For example, intercropping buckwheat soil increased
such bands shown as code number 14, 22, 26, 37 and 46 (S5 in Fig 1), while single buckwheat
had no such bands (S2 in Fig 1) The same situation occurred in intercropping glutinous millet,
peanut and sorghum. Intercropping glutinous millet soil of S7 increased bands 14, 22 and 41
compared to the single glutinous millet soil of S4; Intercropping peanut soil of S6 increased
bands 14, 26, 43 and 50 compared to the single peanut soil of S1. Intercropping sorghum soil of
S10 was found to have bands 46 and 49 compared to the single sorghum soil of S3 (Fig 1).

In general, band numbers from intercropping soil samples were higher than those from sin-
gle crop soil samples, with the exception of peanut/foxtail millet intercropping. The highest
number was 35 from the peanut soil sample intercropped with buckwheat (S6 in Fig 1). Under

Table 3. Simpson's and Shannon's method/ Log base of rhizosphere soil samples S1-S10 in intercropping experiment.

Soil samples Simpson's Index Shannon's Index Number of Species

S1 0.952 3.045 21

S2 0.941 2.833 17

S3 0.947 2.944 19

S4 0.960 3.219 25

S5 0.968 3.434 31

S6 0.971 3.555 35

S7 0.963 3.296 27

S8 0.968 3.434 31

S9 0.950 2.996 20

S10 0.969 3.466 32

Soil samples were labeled as Table 2. S1, CK1-Single peanut, S2, CK2-Single buckwheat, S3, CK3-Single sorghum, S4,CK4-Single glutinous millet, S5,

Intercropping buckwheat(/peanut), S6, Intercropping peanut(/buckwheat), S7, Intercropping glutinous millet(/peanut), S8, Intercropping peanut(/glutinous

millet), S9, Intercropping peanut(/foxtail millet), S10, Intercropping sorghum(/peanut). Indices of all soil samples from two cropping systems were

compared by using Duncan's multiple comparison. Significant differences were observed among all soil samples (P<0.05).

doi:10.1371/journal.pone.0150618.t003

Table 4. Simpson's and Shannon's method/ Log base of rhizosphere soil samples S11-S20 in sole-cropping experiment.

Soil samples Simpson's index Shannon's index Number of species

S11 0.962 3.258 26

S12 0.962 3.258 26

S13 0.960 3.219 25

S14 0.955 3.091 22

S15 0.938 2.773 16

S16 0.955 3.091 22

S17 0.963 3.296 27

S18 0.958 3.178 24

S19 0.947 2.944 19

S20 0.944 2.890 18

Soil samples were labeled as Table 2. S11, Hulled oat, S12, Mung bean, S13, Foxtail millet, S14, Barley, S15, Rape, S16, Sunflower, S17, Carrot, S18,

Flax, S19, Naked oat, S20, Tobacco. Indices from different samples in sole cropping system were compared by using Duncan's multiple comparison.

Significant differences were observed among all soil samples (P<0.05).

doi:10.1371/journal.pone.0150618.t004
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peanut-foxtail millet intercropping systems, there are only 20 visible bands found in rhizo-
sphere soil samples, which is the least in DGGE profiles (S9 of Fig 1). There were different
band numbers between 16 and 27 among ten crops, 27 for carrot and 16 for rape in S17 and
S15 respectively, under sole-cropping (Fig 2). The results revealed that the compositions of rhi-
zosphere soil bacterial communities were different among cropping systems and crop species.

In addition, we found common rhizosphere bacteria in two cropping systems. In the sole-
cropping system, uncultured Acidobacteria bacterium (band code 1 in Fig 2), Persicobacter psy-
chrovividus (code 5 in Fig 2), uncultured Sphingobacteriales bacterium(code 9 in Fig 2), Pseudo-
monas fulva(code 21 in Fig 2), and uncultured bacterium(code 23 in Fig 2) are commonly
found across all crops.

In the intercropping system, uncultured Acidobacteria bacterium code (code14 in Fig 1),
uncultured Gemmatimonadetes bacterium (code 22 in Fig 1), uncultured Chloroflexi bacterium
(code 46 in Fig 1), Pseudomonas libanensis (code 48 in Fig 1), uncultured bacterium (code 49
in Fig 1), and uncultured delta proteobacterium (code 50 in Fig 1) are found in all intercropped
samples. The common bacteria indicated that there were some shared characteristics between
each cropping system respectively.

Genetic diversity of rhizosphere bacterial communities in intercropping
soil samples S1-S10
As seen from Table 3, diversity indices of the soil bacterial community were significantly higher
under intercropping (S5, S7 and S10) than under monoculture (S2, S4 and S3) with the excep-
tion of the peanut/ foxtail millet system (S9) (P<0.05). These findings are basically consistent
with the increases in band number and intensity observed in the DGGE profiles (Fig 1). Fewer
bands were found under monoculture, which indicated that less diverse bacterial communities
were present in soil under monoculture. Among six intercropping soil samples experimented,
peanut soil sample intercropped with buckwheat had the highest diversity indices of the soil
bacterial community. To further understand the bacterial community structures of each sam-
ple, we built a UPGMA clustering tree by using the 16S rDNA fragment (about 230 bp) and
community Sorensen's coefficient, from sample S1-S10 (Fig 3). The clustering analysis
(Table 3, Fig 3) indicated that the community structures of bacteria in intercrop soil samples
could not be reverted back to the conditions found in monoculture crops, even though the
diversity indices of the bacterial community in intercrop soil samples (S7 and S8) were similar
to those of monoculture crops soil samples (S4 and S1). For intercropping rhizosphere soil
samples, two main clusters could be detected in the condition of Sorensen's Coefficient with
0.4 (Fig 3). One cluster was found in S4 (single glutinous millet) as well as S1 and S2 (single
peanut and buckwheat). The other cluster was observed in S3 (single sorghum) and all inter-
crop soil samples (S5, S6, S7, S8, S9, S10). Therefore, the changes in bacterial community struc-
ture were most distinct in intercropping systems. The intercropping system altered bacterial
community structures in the rhizosphere as opposed to that in monocultured crops. So, inter-
cropping buckwheat, glutinous millet and sorghum with peanut could significantly increase
microbial community diversity compared to sole-cropping these crops in the fields after wheat
harvest (P<0.05).

Genetic diversity of rhizosphere bacterial communities in sole-cropping
soil samples S11-S20
As seen from Table 4, the diversity indices of these ten sole-cropping soil samples were signifi-
cantly different (P<0.05), consistent with the increases in band number and intensity observed
in the DGGE profiles (Fig 2). These findings revealed that the diversity of rhizosphere soil
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bacterial communities was significantly affected by different kinds of crops (P<0.05). Among
these different crops, carrots had the highest diversity index (S17 of Table 4). Similarly, to
understand the bacterial community structures, a UPGMA clustering tree was built by using
the16S rDNA sequence from sample S11-S20 (Fig 4). Even though the diversity indices of bac-
terial communities in the rhizosphere soil samples of different crops were similar to each other
in Table 4, the population structures of bacteria in these soil samples had differences as indi-
cated in Fig 4. Under sole-cropping, three main clusters are calculated to have 80% similarity
(Fig 4). Ten crops were clustered into 9 classes when the similar value was 1. So, in terms of
bacterial community diversity, sole cropping carrots (Sample S17) was better than sole crop-
ping hulled oats (S11) and mung beans (S12) in the fields after wheat harvest. The worst choice
was sole-cropping rape (S15).

Microbial community changes in rhizosphere soil samples
After sequencing of the DNA products cut from the gel bands in Figs 1 and 2, the obtained
sequences were further analyzed by BLASTN on the NCBI webserver. Tables 5 and 6 summa-
rized the results of comparing sequences for the excised bands with reference strains from Gen-
bank. 26 excised bands were selected from 14 rhizosphere soil samples of different crops. In
total, 26 bacterial species were identified, each band representing a different bacterial species.
The results indicated that the numbers of uncultured rhizosphere soil bacterium increased
under intercropping systems and that some bacteria were present only in several crops’mono-
culture, such as Gemmatimonas aurantiaca and Flavobacterium sp. present in glutinous millet

Fig 3. UPGMA dendrogram constructed with DGGE profiles of bacterial 16S rDNA PCR amplification products from rhizosphere soil samples
S1-S10. Soil samples were labeled as Table 2. S1, CK1-Single peanut, S2, CK2-Single buckwheat, S3, CK3-Single sorghum, S4,CK4-Single glutinous
millet, S5, Intercropping buckwheat(/peanut), S6, Intercropping peanut(/buckwheat), S7, Intercropping glutinous millet(/peanut), S8, Intercropping peanut
(/glutinous millet), S9, Intercropping peanut(/foxtail millet), S10, Intercropping sorghum(/peanut).

doi:10.1371/journal.pone.0150618.g003

Bacterial Community Diversity andWheat Field after Harvest

PLOS ONE | DOI:10.1371/journal.pone.0150618 March 2, 2016 11 / 18



(Panicum miliaceum) (S4), while uncultured soil bacterium and Pseudomonas fulva was pres-
ent in sorghum (S. bicolorMoench) (S3). Under sole-cropping of ten crops, there were also
changes in microbial communities of rhizosphere soil. For example, Empedobacter brevis was

Fig 4. UPGMA dendrogram constructed with DGGE profiles of bacterial 16S rDNA PCR amplification products from rhizosphere soil samples
S11-S20. Soil samples were labeled as Table 2. S11, Hulled oat, S12, Mung bean, S13, Foxtail millet, S14, Barley, S15, Rape, S16, Sunflower, S17, Carrot,
S18, Flax, S19, Naked oat, S20, Tobacco.

doi:10.1371/journal.pone.0150618.g004

Table 5. Identification of bacteria for sixteen bands sequenced in the intercropping experiment.

Code number of bands on Fig 1 Accession numberin NCBI V3 Region Bacterium identification

1 KP229386 186bp Gemmatimonas aurantiaca

10 KP229387 189bp Flavobacterium sp.

14 KP229388 169bp uncultured Acidobacteria bacterium

22 KP229389 194bp uncultured Gemmatimonadetes bacterium

26 KP229390 169bp uncultured bacterium

31 KP229391 187bp uncultured Flavisolibacter sp.

37 KP229392 194bp Luteibacter rhizovicinus

41 KP229393 192bp Acidovorax sp. 'smarlab133815'

43 KP229394 169bp Asticcacaulis excentricus

45 KP229395 190bp uncultured soil bacterium

46 KP229396 170bp uncultured Chloroflexi bacterium

48 KP229397 194bp Pseudomonas libanensis

49 KP229398 170bp uncultured bacterium

50 KP229399 193bp uncultured delta proteobacterium

51 KP229400 194bp Pseudomonas fulva

54 KP229401 171bp uncultured bacterium

doi:10.1371/journal.pone.0150618.t005
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present only in the rhizosphere soil-grown carrot. Uncultured soil bacterium, uncultured com-
post bacterium and Bacillus vallismortis was absent in the grown rape. With the identifications
of bacterial species, our study demonstrated that cropping systems and crop species had obvi-
ous effects on bacteria community diversity in the rhizosphere soils.

Discussion
Previous studies have demonstrated that the bacterial diversity in rhizospheres could be influ-
enced by many factors, such as soil type, nutrition, management practice, soil properties, varie-
tal differences within a species, plant age, plant species and plant genotype [35–39]. However,
the main factor affecting soil microbiological characteristics was related to different types of
land use, for example, organic farming and long-term fertilizer management, as well as soil
conditions including nitrate concentrations, organic matters etc. [38,40–43]. It has also been
demonstrated that the soil conditions—for example, nitrate concentration—are correlated with
soil microbes, like nitrogen-fixing bacteria and nitrifuing bacteria [44,45]. Furthermore, crop-
ping systems could affect soil microbial communities, and the abundance and community
structure of soil bacterial groups changed in response to management practice changes [6,46–
47]. Mixed cropping promoted significant increase of rhizosphere microbial population, and
increased enzyme activity and soil nutrition in the immature loess subsoil when compared
with monoculture [48–50]. In our study, the community structures of rhizosphere soil bacteria
(Figs 1 and 2) and the diversity indices (Tables 3 and 4) differed among spring crops in wheat-
planted fields, indicating that rhizosphere soil bacterial populations significantly vary as a
response to both different cropping systems and different crop species. This conclusion is con-
sistent with previous research. Futhermore, intercropping peanut with buckwheat, sorghum or
glutinous millet was beneficial to the composition of bacterial communities in rhizosphere
soils. In the control group of single glutinous millet (S4, Fig 1), we found more visible bands
than others. This was not in agreement with not only the previous results [33,51] but also the
results of other intercropping systems in the present study. Under peanut-foxtail millet inter-
cropping systems (S9, Fig 1), are the least visible bands for bacterial community in DGGE pro-
files. Considering that the composition of bacterial communities in soil can be affected either
directly by changing the host plant physiology or indirectly by changing the patterns of root
exudation [52,53], root exudates are crucial determinants of rhizosphere microorganism diver-
sity [54–56]. Thus, one possible explanation for this inconsistency might be because microbe
and root exudates change their interactions. However, the exact mechanism of foxtail millet-
peanut, foxtail millet-microbes, glutinous milliet-microbes and microbe-microbe interactions
remains to be further explored.

Table 6. Identification of bacteria for ten bands sequenced in the sole-cropping experiment.

Code number of bands on Fig 2 Accession number in NCBI V3 Region Bacterium identification

1 KP229402 191bp uncultured Acidobacteria bacterium

4 KP229403 189bp Empedobacter brevis

5 KP229404 189bp Persicobacter psychrovividus

9 KP229405 188bp uncultured Sphingobacteriales bacterium

14 KP229406 195bp Geobacter sp.

16 KP229407 170bp uncultured soil bacterium

18 KP229408 174bp uncultured compost bacterium

19 KP229409 195bp Bacillus vallismortis

21 KP229410 194bp Pseudomonas fulva

23 KP229411 194bp uncultured bacterium

doi:10.1371/journal.pone.0150618.t006
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Rhizosphere soil is influenced by plant roots, which are selected for specifically adapted
microbial communities [57,58]. The more prosperous the root is, the more root exudates there
are. These materials, made up of saccharides, organic acid, amino acid, phenolic compound,
and so on, could provide numerous nutritional energy materials and make ecological distribu-
tion change [59]. The amount and kind of root exudates and allelopathy differ between crop
species, and the differences could stimulate species-specific shifts in the soil microbial commu-
nity [38,60–61]. Moreover, plants can exert a highly effective effect on the soil bacterial com-
munity that is at least as great as that of the soil [40]. For example, organic acid of in root
exudates of three hydroponic plants (chlorophytum comosum, ipomoea aquatica, oenanthe
javanica) has a promotion effect on ammonifying bacteria and denitrifying bacteria, but exhib-
its inhibition effect on nitrobacteria and nitrosobacteria [62]. Our study also demonstrated the
obvious effect of different kinds of plants on rhizosphere bacterial communities with shifts in
the composition of dominant populations through DGGE profiles. Carrot had the most visible
bands for bacterial community (27 bands), while rape had the least visible bands in bacterial
profiles (16 bands, Fig 2, Table 4). Diversity indices were consistent with the DGGE profile
(Fig 2).

Bacterial species recognition by sequencing 16S rDNA fragments showed that crop species
and intercropping systems could stimulate specific bacterial species, while also causing the loss
of others, thereby influencing microbial communities of rhizosphere soils. Our study observed
a significant stimulation of uncultured Acidobacteria bacterium, uncultured Gemmatimona-
detes bacterium, and Acidovorax sp. 'smarlab133815' in intercropping glutinous millet and the
loss of Gemmatimonas aurantiaca and Flavobacterium sp. in intercropping glutinous millet.
Furthermore, the coexistence of plant species increased bacterial diversity because of the close
association between the composition of the soil microbial community and the plant diversity
[63]. In the intercropping experiment, various dominant and functional bacteria were
enhanced (uncultured Flavisolibacter sp., Luteibacter rhizovicinus, uncultured Chloroflexi bac-
terium, uncultured Acidobacteria bacterium and uncultured delta proteobacterium under pea-
nut/buckwheat intercropping, and uncultured Gemmatimonadetes bacterium, Pseudomonas
libanensis and uncultured bacterium under peanut/glutinous millet intercropping), which
implies a potential relationship between the yield increase of intercropping plants and micro-
bial diversity when compared with sole-cropping [64]. This implication had also been con-
firmed in the intercropping systems of maize, alfalfa—Siberian wild rype, buckwheat, millet
and sorghum with peanut [65, 66]. However, the effects of these bacteria on specific crop pro-
ductivity still need to be further studied.

In addition, our study suggested a relatively strong species-specific pattern on bacterial
community structure in rhizosphere soil. In the sole-cropping experiment, the bacterial com-
munity diversity in carrots (Sample S17) was observed to be higher than hulled oats (Sample
S11) and mung beans (Sample S12). The lowest was found in rape (Sample S15). Futhermore,
Empedobacter brevis was only found in the rhizosphere soil grown carrots, while uncultured
soil bacterium, uncultured compost bacterium and Bacillus vallismortis were all absent in those
grown with rape. More interestingly, however, Empedobacter brevis is a typically pathogenic
bacterium to plants, so carrot is suggested to be prudently used in wheat fields after harvest.
Further studies should be conducted to examine the detailed mechanisms of these uncultured
rhizosphere soil bacteria and their interactions with specific crop species.

Conclusions
Our study highlighted that variation of bacterial community diversity in rhizosphere soil is
related with different crops as well as different planting systems. Intercropping systems could
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induce an increase of some functional and uncultured rhizosphere soil bacteria, suggesting a
potential relationship between yield increase of intercropping crops and microbes when com-
pared with sole-crops. Intercropping buckwheat, glutinous millet and sorghum with peanut
could increase microbial community diversity when compared with their sole-cropping sys-
tems, with several specific bacteria found to be promoted in intercropping peanut/buckwheat
and peanut/glutinous millet. Bacterial community diversity is more species dependent in sole-
crops. Besides, Empedobacter brevis, a typical plant pathogen, was only found in the carrot rhi-
zosphere, suggesting that carrot should be prudently used in wheat fields after harvest. Our
study strongly suggested that sorghum, glutinous millet and buckwheat could be considered
for intercropping crops with peanut; and hulled oat, mung bean or foxtail millet could be con-
sidered to be planted in wheat fields after harvest in north China. Further studies should be
conducted in order to examine the exact mechanisms of these uncultured rhizosphere bacteria
and their interactions with specific crop species.
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