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Continuous monoculture of cool-season turfgrass causes soil degradation, and visual turf 
quality decline is a major concern in black soil regions of Northeast China. Turf mixtures 
can enhance turfgrass resistance to biotic and abiotic stresses and increase soil microbial 
diversity. Understanding mechanism by plant-soil interactions and changes of black soil 
microbial communities in turf mixture is beneficial to restoring the degradation of urbanized 
black soils and maintaining sustainable development of urban landscape ecology. In this 
study, based on the previous research of different sowing models, two schemes of turf 
monoculture and mixture were conducted in field plots during 2016–2018 in a black soil 
of Heilongjiang province of Northeast China. The mixture turf was established by mixing 
50% Kentucky bluegrass “Midnight” (Poa pratensis L.) with 50% Red fescue “Frigg” 
(Festuca rubra L.); and the monoculture turf was established by sowing with pure Kentucky 
bluegrass. Turf performance, soil physiochemical properties, and microbial composition 
from rhizosphere were investigated. Soil microbial communities and abundance were 
analyzed by Illumina MiSeq sequencing and quantitative PCR methods. Results showed 
that turfgrass quality, turfgrass biomass, soil organic matter (SOM), urease, alkaline 
phosphatase, invertase, and catalase activities increased in PF mixture, but disease 
percentage and soil pH decreased. The microbial diversity was also significantly enhanced 
under turf mixture model. The microbial community compositions were significantly different 
between the two schemes. Turf mixtures obviously increased the abundances of Beauveria, 
Lysobacter, Chryseolinea, and Gemmatimonas spp., while remarkably reduced the 
abundances of Myrothecium and Epicoccum spp. Redundancy analysis showed that the 
compositions of bacteria and fungi were related to edaphic parameters, such as SOM, 
pH, and enzyme activities. Since the increasing of turf quality, biomass, and disease 
resistance were highly correlated with the changes of soil physiochemical parameters and 
microbial communities in turf mixture, which suggested that turf mixture with two species 
(i.e., Kentucky blue grass and Red fescue) changed soil microbial communities and 
enhanced visual turfgrass qualities through positive plant-soil interactions by soil biota.

Keywords: turf mixture, turfgrass quality, plant-soil interaction, black soil, Poa pratensis L., rhizosphere microbial 
communities
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INTRODUCTION

Lawn is an indispensable part of urban greening, which can 
provide many types of benefits to human beings, environmentally, 
esthetically, recreationally, economically, sociologically, and 
psychologically/physiologically (Cameron et al., 2012; Monteiro, 
2017), whose value to human wellbeing is an increasingly seen 
feature (Smith and Fellowes, 2014). Therefore, turfgrass is widely 
used in the world. For instance, Turf dominates in urban and 
suburban green spaces in Canada and the United States (Smith 
and Fellowes, 2014); turfgrass occupies about 50 million acres 
in the form of residential turf in the United  States, such as 
athletic fields, golf courses, highway roadsides, cemeteries, and 
parks (Ghimire et al., 2019). Turf not only makes up a substantial 
fraction of landscape in urbanized areas of many parts of the 
world (Blancomontero et  al., 1995; Gaston et  al., 2005) but 
also has important ecological functions in synthesizing organic 
matter, maintaining biodiversity, and preventing soil erosion. 
However, current turfgrass sowing is often dominated by 
monoculture, which has some disadvantages in wear tolerance, 
coverage, resistance, and requiring more high-energy inputs 
with chemical fertilizers, pesticides, and water consumption 
(Helfand et  al., 2006; Pooya et  al., 2013). The monoculture 
for turf often reduces turf visual quality and causes potential 
soil degradation and environmental problems. While, mixed 
sowing models in which at least two plant species are mixed-
sown in the same field at the same time are reported to enhance 
plant diversity at the field scale, maintain multiple ecosystem 
functions, such as the efficient use of water, soil, light, heat, 
and natural resources (Dunn et  al., 2002; Pooya et  al., 2013; 
Wahbi et  al., 2016; Li et  al., 2019), and control plant diseases 
(Zhu et al., 2000; Paulsen et al., 2006; Sapoukhina et al., 2010), 
therefore, adopting turfgrass mixture may be beneficial to solve 
some problems existing in turf monoculture.

Mixture cultivation has been testified to be positively associated 
with yield in agriculture (Trenbath, 1974; Agegnehu et  al., 
2006; Pan et al., 2008; Sturludottir, 2011), such as wheat mixture 
(Cai et  al., 2019), millet and sorghum mix-cropping (Iijima 
et al., 2016), grass-alfalfa mixture (Berdahl et al., 2001), multiple-
tree planting (Zemp et  al., 2019), and multi-species grass 
mixture (Bouman et al., 2010; Acharya et al., 2012). Additionally, 
recent studies have showed effects of the mixture on plant 
growth by plant-soil interaction (Zhao et  al., 2015; Granzow 
et al., 2017; Marron and Epron, 2019). Granzow (2017) reported 
that wheat-faba bean mixtures can influence plant growth by 
altering the soil fertility and increasing interactions among 
microbial communities, enzyme activities, and soil substrates. 
Likewise, Zhao (2015) found that grass-legume mixtures improved 
richness and diversity of microorganisms and also increased 
the content of soil nitrogen as well as plant biomass. Hence, 
the mixture is beneficial to ecological and economical services 
by improving plant growth quality, increasing soil nutrition, 
and changing microbial communities. However, little is specified 
about plant-soil interaction in the mixed turfgrass model.

Some studies reported that these biological processes of 
plant-soil interaction in mixed model were mainly driven by 
soil microbial activities (Granzow et al., 2017; Zhou et al., 2017; 

Nivelle et  al., 2018). Microorganisms play a vital role in the 
decomposition and synthesis of soil organic matter (SOM), 
the release and fixation of nutrients, and various pollutants 
conversion in terrestrial ecosystems (Wang et al., 2017a; Frouz, 
2018; Gabrijel et  al., 2019). For example, Silvestro (2017) 
verified that zero tillage soil fungal culture is supported by 
multiple cropping regimes. Wahbi (2016) reported that wheat-
faba bean mixture was beneficial to improving the efficiency 
of nitrogen utilization by the symbiotic relationship between 
legumes and nitrogen-fixing bacteria. Therefore, revealing 
changes of soil microorganisms in mixture model is helpful 
to formulate cultural practices to improve soil conditions 
and increase plant quality under the background of sustainable 
ecological development (Duchene et  al., 2017; Zeng et  al., 
2019). However, to date, the effect of soil microorganisms 
in the mixed model mainly focuses on crops; the alternation 
of the microbial community composition and diversity in 
mixed turf soil have not been fully investigated, especially 
impact of the mixture turf on microbial activities in black 
soil regions in China.

Black soil (Mollisols) is one of the most important resources 
for vegetation and has crucial functions in protecting environment 
and landscape (Yao et al., 2017); black soil is mainly distributed 
in North and South America, Russia, Northeast China, and 
Ukraine (Liu et  al., 2012, 2015; Yao et  al., 2017). Some of 
the black soils have severely degraded during the past several 
decades in China due to growing population, urban sprawl, 
long-term poor management, and soil erosion (Hu et al., 2017). 
Turfgrass as an artificial vegetation is recognized to be beneficial 
to restoring the degraded soil and maintaining sustainable 
development of urban ecology (Monteiro, 2017). However, 
continuous monoculture of cool-season turfgrass causes soil 
degradation and visual turf quality decline in black soil regions 
of Northeast China. Turf mixtures can enhance resistance of 
turfgrass to biotic and abiotic stresses (Yin, 2017) and increase 
soil microbial diversity. Hence, revealing mechanism by the 
plant-soil interactions and changes of black soil microbial 
communities in turf mixtures is an urgent problem.

Kentucky bluegrass (Poa pratensis L.) as a vital cool-season 
turfgrass (Chen et  al., 2019), which has advantages in cold 
resistance, dark green color, and strong tillering ability, is 
widely used in cold regions of the world for landscaping 
(Shah et  al., 2014, 2016, 2017). However, Kentucky bluegrass 
grows slowly and is easily invaded by weeds; thus, it is usually 
mixed with other turfgrass species for turf establishment in 
practice. In particular, the mixed-sown model of Kentucky 
bluegrass-Red fescue is popular in turf (Dunn et  al., 2002). 
Red fescue (Festuca rubra L.) is a perennial turfgrass, which 
has strong reproduction, cold resistance, and early rejuvenation 
(Chen et  al., 2018). Our previous research found that 
comprehensive quality under turfgrass mixture with 50% 
Kentucky bluegrass and 50% Red fescue (P. pratensis L. and 
F. rubra L., PF) was the highest among four sowing models 
(Supplementary Table S1), with obviously improved visual 
quality, reduced disease, and increased biomass compared to 
Kentucky bluegrass (P. pratensis L., PP) monoculture (Yin, 2017). 
Nevertheless, it is necessary to deepen the understanding of 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Xie et al. Mixture Benefit by Plant-Soil Interations

Frontiers in Microbiology | www.frontiersin.org 3 October 2020 | Volume 11 | Article 556118

microbial community differences between PF mixed sowing 
and PP monoculture in the black soil regions in China, in 
the context of dynamical interaction between aboveground 
and belowground organisms.

For this reason, we  first investigated the turf growth 
characteristics in PF and PP models. In the black soil, 
physicochemical properties and enzyme activities were 
determined through individual experiment methods; diversities 
and compositions of soil microbial communities were analyzed 
using high-throughput sequencing; quantitative PCR was used 
to determine absolute abundances of bacteria and fungi. 
We hypothesized that PF mixed sowing is beneficial to restoring 
the degradation of urbanized black soils and increasing visual 
turf quality by positive plant-soil interactions. The hypothesis 
was verified through exploring three questions: (1) whether 
turfgrass mixture improves physicochemical properties and 
enzyme activities in the black soil regions, (2) whether the 
mixture increases abundance and diversity of black soil 
microbial community, and (3) which microbial communities 
associate with improving visual quality and reducing disease 
of turfgrass.

MATERIALS AND METHODS

Site Description and Experimental Design
The experimental site was located at the Experimental Station 
of Northeast Agricultural University (45°41'N, 126°37'E), Harbin, 
Heilongjiang Province, China. The maximum and minimum 
temperatures are 34.5 and −38.3°C, respectively. Before the 
experiments started, the field was wasteland for more than 
10  years. The soil is a typical black soil (Mollisol; Yao et  al., 
2017). The SOM, ammonium nitrogen (NH4

+-N), available 
phosphorus (AP), and available potassium (AK) contents of 
the soil were tested to be  2.4%, 8.2, 57.6, and 87  mg kg−1, 
respectively, and the soil pH was 6.8.

The field experiment was carried out from April 2016 to 
October 2018, which was set mixture and monoculture. The 
mixture model (PF) was designed to sow a mixture of 50% 
Kentucky bluegrass “Midnight” (P. pratensis L.) and 50% Red 
fescue “Frigg” (F. rubra L.); and the monoculture model (PP) 
was sown pure Kentucky bluegrass. The cultivar “Midnight” 
was supported by Beijing Bright Grass Industry Company, and 
the “Frigg” was provided by Norwegian Institute for Bio-economy 
Research in Norway. Sowing was conducted in May 2016, and 
seeding rate was 25  g m−2. There were four replicates for each 
model, and per plot area was 2.25  m2. The randomized block 
design was used in all plots. The turfgrasses in experimental 
plots were managed in normal maintenance of water and 
fertilizer during 2016–2018.

Aboveground Indices of Turfgrass
The Visual Turfgrass Quality
Turf quality was visually assessed once a week on all plots 
according to Chen et  al. (2018). The rating scales used were 
1 (very poor) to 9 (excellent), and the lowest acceptable value 
was 5 (Xie et  al., 2020).

Percentage of Turfgrass Disease
The main pathogens in turfgrass plots were rust (Puccinia spp.), 
powdery mildew (Erysiphe graminis), and brown spot (Rhizoctonia 
solani). Therefore, we investigated the percent of these pathogens 
in PP monoculture and PF mixture turfgrasses from July to 
October 2018. Three quadrats (100 cm2) were randomly selected 
in each plot. Infected tillers in each quadrat were recorded 
every week. The percentage of disease in PP and PF was 
calculated as: (Infected tiller numbers/total tiller 
numbers)  ×  100%.

Turfgrass Density
Three quadrats (100 cm2) were randomly selected in each plot; 
tiller numbers in each quadrat were recorded in September 
2018. Turfgrass density (tiller numbers/cm2) was calculated as: 
total tiller numbers/total quadrat areas.

Root Biomass
Three quadrats (5  cm2) in each plot were randomly selected 
for evaluating biomass underground from 0 to 20  cm surface 
depth in September 2018. Underground roots were then rinsed 
and dried at 65°C for 48 h; dry weight of samples were weighed 
and calculated in two sowing models. Root biomass (g/cm2) 
is calculated as: total root dry weight/total quadrat areas.

Soil Sampling
For each plot, five soil cores at random points from 0 to 
15 cm depth were collected by a 2.5 cm diameter in September 
2018. These five cores of each plot were then pooled together 
to form one combined sample, and four samples were obtained 
from per sowing model. The eight soil samples from mixture 
and monoculture field were placed in an individual sterile 
plastic bag, which was packed inside an ice box and immediately 
brought to laboratory. Each soil sample was sieved and thoroughly 
homogenized by a 2-mm sieve. For soil chemical property 
analysis, one part of these new sampled soils was air-dried 
(<30°C); one part was refrigerated at 4°C and used for soil 
enzyme analysis; and the other portion was stored at −80°C 
for DNA extraction.

Soil Physicochemical Properties and Enzyme 
Activities
Soil pH was estimated in soil suspensions with deionized-
distilled water (1:2.5, w/v; Rayment and Higginson, 1992). 
SOM content was measured using the classical potassium 
dichromate oxidation method (Nelson and Sommers, 1982). 
Soil moisture content was measured using gravimetry (Yao 
et  al., 2017). NH4

+-N and AP were separated with 2.0  M KCl 
and 0.5 M NaHCO3, respectively (Olsen et al., 1954; Lu, 1999). 
Using continuous flow analysis system (SAN++ SKALAR, The 
Netherlands) for measuring the concentration of NH4

+-N and 
AP. AK was extracted with 1.0  M NH4OAc (Mehlich, 1984) 
and quantified using inductively coupled plasma-atomic emission 
spectrometry (ICPS-7500, Shimadzu, Japan).

Four kinds of soil enzymes including urease, alkaline 
phosphatase, invertase, and catalase were measured following 
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the methods described by Halstead (1964), Johnson and Temple 
(1964), Frankenberger and Johanson (1983), and Floch (2009), 
respectively.

DNA Extraction, PCR Amplification and Illumine 
MiSeq Sequencing
Total DNA was extracted from each rhizosphere of sampled 
soils (0.25 g) using E.Z.N.ATM Mag-Bind Soil DNA Kit (Omega, 
China). Genomic DNA concentration was measured using a 
Qubit 3.0 DNA detection kit (Transgen, China). V3–V4 regions 
of the bacterial 16S rRNA gene and the ITS1 regions of the 
fungal rRNA gene were amplified with primer sets of F341 
(CCTACGGGNGGCWGCAG)/R805 (GACTACHVGGGTATCT 
AATCC; Fadrosh et al., 2014) and ITS1F (5'-CTTGGTCATTTAG 
AGGAAGTAA-3')/ITS2R (5'-GCTGCGTTCTTCATCGA 
TGC-3'), respectively (White et  al., 1990).

In brief, a 30  μl reaction consisting 15  μl of 2× Taq master 
Mix (Vazyme Biotech Co., Ltd), 1.0  μl of 10  μM of each 
primer, 12  μl of sterilized Milli-Q water, and 20  ng of isolated 
soil DNA was performed for each PCR reaction. The amplification 
conditions were initial denaturation at 95°C for 3  min, and 
then five cycles at 94°C for 30  s, 45°C for 20  s, and 65°C 
for 30  s, followed by 25 cycles at 94°C for 30  s, 55°C for 
30  s, 72°C for 30  s, extended at 72°C for 5  min and 4°C for 
keeping. PCR items were then purified using MagicPure Size 
Collection DNA Beads (Thermo Fisher Science, United States), 
and a Qubit 3.0 DNA detector kit was used to measure distilled 
amplicons (TransGen Biotech, China), and was prepared properly 
to obtain the equal concentration (20 pmol) in the final mixture 
at Sangon Biotech Co. Ltd., Shanghai, China; the mixture was 
then paired-end sequenced from fungal and bacterial amplicons 
on an Illuminina Miseq platform. The raw data of bacteria 
and fungi have been deposited in the GenBank short-read 
archive with the numbers SRP280328 and SRP281151, 
respectively.

Quantification of Bacterial and Fungal 
Abundances
In an IQ5 real-time PCR system (Bio-Rad Lab, LA, United States), 
the fungal and bacterial abundances were estimated by 
quantitative polymerase chain reaction system. Primers of ITS1F 
(TCCGTAGGTGAACCTGCGG)/5.8  s (CGCTGCGTTCTTCA 
TCG; Chen et  al., 2015) and 338F (CCTACGGGAGGCAGC 
AG)/518R (ATTACCGCGGCTGCTGG; Muyzer et  al., 1993) 
were used to amplify the fungal ITS regions of the rRNA 
gene and the partial 16S rRNA genes, respectively, for the 
fungal and bacterial organisms.

Standard curves were produced from a clone with a 10-fold 
serial dilution of the ITS or 16S rRNA genes. Melting curve 
analysis was used to testify the specificity of the products. 
Briefly, the 20  μl qPCR reaction consisted 10  μl of SybrGreen 
qPCR Master Mix (2×; High Rox), 0.4  μl of 10  μM each 
primer, 7.2 μl of sterilized MilliQ water, and 2.0 μl of standard 
DNA. The qPCR reaction was performed by following thermal 
conditions: 95°C for 30  s at initial steps, 45 cycles of 95°C 
for 15  s, 57°C for 20  s, and 72°C for 30  s. The initial copy 
number of the target gene was obtained using the cycle threshold 

(Ct) value of each sample to compare with the standard curves. 
Sterile Milli-Q water replace soil DNA in all reagents of negative 
controls. All samples were quantified in triplicate.

Statistical Analysis
Data of turfgrass growth, soil physicochemical characteristics, 
and total fungal and bacterial abundances in PF mixture and 
PP monoculture soils were compared using one-way ANOVA 
performed by SPSS ver. 21.0 software. Alpha diversity indices 
of fungi and bacteria among samples, including Chao1, operational 
taxonomic units (OTUs), Shannon, and inverse Simpson indices, 
were generated in QIIME. Fungal and bacterial alpha diversities, 
and the relative abundances of different taxa levels were compared 
between treatments by the Welch’s t-test performed by STAMP 
ver. 2.1.3 software. For beta diversity analysis, weighted UniFrac 
distances and Bray-Curtis distances were determined using 
QIIME and “vegan” package in “R” (R v.3.2.0), respectively.

To classify variations in the composition of the bacterial 
population, principal coordinates analysis (PCoA) was used; 
redundancy analysis (RDA) was conducted to establish important 
or significant environmental variables specific to the microbial 
community, which were performed in the R community using 
the “vegan” package (R v.3.2.0). Mantel test was conducted in 
“ade4” package “R” (version 2.1.3); Spearman correlations 
between environmental factors and relative abundances of the 
microbial community were determined in “psych” package “R” 
(version 3.3.1), respectively.

RESULTS

Plant Growth Characteristics in Two 
Sowing Models
Visually assessed turfgrass quality in PF and PP was shown 
in Figure  1A. The mean values of turfgrass quality of PF and 
PP were 7.24 and 6.36 during the growing stage, respectively; 
and the visual turf quality of the PF was better than that of 
PP during different turfgrass periods (May–November; p < 0.05). 
Particularly, during the main period (May–July) of the assessment, 
the turfgrass quality between PF and PP was significantly 
different (p  <  0.01).

The disease percentage of PF and PP was shown in Figure 1B 
and Supplementary Table S2. The disease percentage of PF 
was very low during the sensitive period of July–October. 
Compared with PP, the disease percentage of PF was significantly 
lower during the same period (p  <  0.01). The highest and the 
lowest disease percentage of PF were 7.87 and 1.50%, respectively, 
while those of PP were 51.0 and 18.0%, which showed that 
the PF significantly improved the disease resistance of turfgrass.

The turfgrass root biomass of PF and PP was significantly 
different (p  <  0.05; Figure  1C). The root biomass was 357.7  g 
cm−2 in the PF, which increased by 27.43% compared with 
the PP monoculture. In addition, the aboveground density of 
PF increased by 69.39% compared with that of PP, and the 
difference between two models was significant (p  <  0.01). The 
aboveground density of turfgrass in PF and PP were 6.2 and 
3.66 tillers cm−2 (Figure  1D), respectively.
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Soil Physicochemical Properties and 
Enzyme Activities
Compared with the PP monoculture (Table 1), soil pH decreased 
by 6.7% and was close to 7, which was significant lower 
(p < 0.01), while PF mixture significantly increased SOM content 
in the soil compared with the PP (p  <  0.01). Soil moisture 
varied slightly between the PF and the PP. Among those available 
soil nutrients tested, soil AP and AK contents increased more 
in the PF than in the PP, whereas NH4

+-N decreased. This 
analysis showed that mixed sowing was beneficial to soil pH, 
SOM, soil moisture, AP, and AK but less affected on NH4

+-N.
Effects of the two sowing models on soil enzyme activities 

are summarized in Table  2. All indicators were remarkably 
higher in the PF than in the PP (p  <  0.05). Urease activity 
was the most remarkable (p  <  0.01) among the four activities, 
with an increase of 14.72%, while catalase activity was slightly 
higher (p < 0.01) in the PF than in the PP. Alkaline phosphatase 
activity in the PF and the PP was 52.25 and 49.88  mg g−1 
24  h−1, respectively. Invertase activity in the PF soil increased 
14.30% than that of PP. In general, the PF was beneficial to 
improve soil enzyme activities.

Soil Fungal and Bacterial Total Abundance
The abundance of fungi in the PF and the PP was 1.26  ×  106 
and 0.42  ×  106 copies g−1 soil, respectively, while the bacterial 

abundance was 9.69  ×  108 and 5.32  ×  108 copies g−1 soil, 
respectively. Compared with PP monoculture, PF mixture 
increased total fungal and bacterial abundances in the soil 
(p  <  0.05). Total fungi and bacteria abundances in the PF 
soil were 2.98 and 1.82 times as many as in the PP soil, 
respectively (Figure  2).

Taxonomic Classification and Relative 
Abundance of Fungi and Bacteria
Illumina Miseq sequencing yield 410,622 quality fungal sequences 
and 449,777 quality bacterial sequences across all soil samples, 
with 44,512–71,946 fungal sequences (mean  =  51,327) and 
45,502–71,303 bacterial sequences (mean  =  56,222) per sample, 
and 2,757 fungal and 14,224 bacterial OTUs were obtained from 
fungal and bacterial sequences. For ITS1 regions and the 16S 
rRNA genes, average read lengths were 238 and 415 bp, respectively 
(Supplementary Table S3). For fungal and bacterial communities, 
Good’s coverage in each sample, which represents the captured 
diversity, was 99.34  ±  0.08 and 94.26  ±  0.17%, respectively 
(Supplementary Figure S1). Rarefactions curves of OTUs with 
97% of all samples sequence similarities approached to the 
saturation plateau (Supplementary Figure S2), ANOSIM statistic 
R was close to 1 (p  <  0.05), indicating that between groups 
difference was significantly higher than within-groups difference 
(Supplementary Figure S3).

A B

C D

FIGURE 1 | Effects on visual turfgrass quality (A), disease percentage (B), root biomass (C), and tiller density (D) in PF mixture and PP monoculture. * and 
**represent significant difference between PF mixture and PP monoculture (p < 0.05 and p < 0.01, one-way ANOVA, n = 4).
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TABLE 2 | Effects of PF mixture and PP monoculture on soil enzyme activities.

Urease (mg g−1 24 h−1) Catalase(ml g−1 20 min−1) Alkaline phosphatase(mg g−1 
24 h−1)

Invertase(mg g−1 24 h−1)

PF 24.93 ± 0.46 23.20 ± 0.47 52.25 ± 0.65 11.75 ± 0.31
PP 21.73 ± 0.66 22.03 ± 0.73 49.88 ± 0.85 10.28 ± 0.53
ANOVA p < 0.01 p < 0.05 p < 0.01 p < 0.01
p F = 63.50 F = 7.31 F = 19.69 F = 23.36

Values are means ± SE, PP, and PF (n = 4).

Taxonomic Characteristics of Fungal 
Communities
Five fungal phyla were found, and 17.01% fungal sequences 
were unclassified at the phyla level across all samples (Figure 3). 
Ascomycota (75.51 and 59.28% of sequences for the PP and 
the PF soils, respectively) and Zygomycota (2.26 and 16.81% 
of sequences for the PP and the PF soils, respectively) dominated 
fungal communities. Zygomycota were much more numerous 
in the PF soil than that of the PP soil (p  <  0.01), whereas 
Ascomycota and Glomeromycota showed an opposite trend 
(p  <  0.05; Figure  3).

Sixteen fungi taxa were detected at the class level. Across 
all samples, Sordariomycetes, Dothideomycetes, Incertae_sedis, 
Agaricomycetes, Eurotiomycetes, Tremellomycetes, Leotiomycetes, 
Chytridiomycetesm, and Pezizomycetes were dominant fungal 
classes (relative abundance > 1.0%; Figure 4). Relative abundances 
of the fungal class Incertae_sedis, Agaricomycetes, and 
Pezizomycetes were higher, while Sordariomycetes and 
Dothideomycetes obviously reduced in the PF soil (Figure  4).

The detection of more than 160 fungal genera in this study 
was revealed by further taxonomic classification at the genus 
level (data not shown). Of these, 29 genera with the relative 
abundance  >  0.1% were observed in all soil samples, and the 
relative abundances of these genera in the PF soil were obviously 
different from that in the PP soil (Figure  5 and 
Supplementary Figure S4). We further analyzed the association 
of fungal genera (relative abundances  >  0.1%) with the PF and 
the PP soils. Metarhizium, Zopfiella, Lecanicillium, Operculomyces, 
Cercophora, Cryptococcus, and Beauveria spp. were more abundant 
in the PF soil, whereas Myrothecium, Epicoccum, Trichoderma, 
and Waitea spp. were more dominant in the PP soil (Figure  5 
and Supplementary Figure S4). Additionally, Heteroconium and 
Mortierella were unique in the PF soil (Supplementary Figure S4).

Taxonomic Characteristics of Bacterial 
Communities
A total of 23 different phyla were classified from bacterial 
sequences in all samples, and 1.35% of bacterial sequences 
were unclassified (Figure 3). The phyla Proteobacteria (33.61%), 
Actinobacteria (21.36%), Acidobacteria (16.02%), and 
Bacteroidetes (10.24%) were remarkably associated with bacterial 
sequences. At relatively high abundances with 1.0%  <  relative 
abundance  <  10.0%, Planctomycetes, Verrucomicrobia, 
Gemmatimonadetes, Chloroflexi and Firmicutes were observed. 
However, the changes in the relative abundances of these groups 
were different: Proteobacteria, Acidobacteria, Bacteroidetes, 
Verrucomicrobia, and Gemmatimonadetes were evidently more 
in the PF soil, while Actinobacteria and Firmicutes were more 
in the PP soil (p  <  0.05).

Taxonomical classification obtained more than 60 bacterial 
classes in all samples (Figure  4). Among them, Actinobacteria, 
Acidobacteria_Gp6, Alphaproteobacteria, Gammaproteobacteria, 
Sphingobacteriia, Betaproteobacteria, and Deltaproteobacteria 
(average relative abundance  >  5.0%) were prominent  
(Figure  4). Planctomycetia, Cytophagia, Gemmatimonadetes, 

TABLE 1 | Effects of PF mixture and PP monoculture on soil physicochemical properties.

pH SOM (g kg−1) Moisture (%) NH4
+-N (mg kg−1) AP (mg kg−1) AK (mg kg−1)

PF 7.0 ± 0.09 3.2 ± 0.20 16.5 ± 0.10 9.6 ± 0.07 83.4 ± 0.53 79.9 ± 1.91
PP 7.5 ± 0.06 3.0 ± 0.21 16.3 ± 0.17 9.8 ± 0.21 82.9 ± 0.16 79.1 ± 0.72
ANOVA p < 0.01 p < 0.01 p > 0.05 p > 0.05 p > 0.05 p > 0.05
p F = 102.04 F = 130.59 F = 4.67 F = 4.44 F = 4.67 F = 0.77

Values are means ± SE, PP, and PF (n = 4).

FIGURE 2 | Total abundance of fungil and bacteria in PF mixture and PP 
monoculture soils.
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Acidobacteria_Gp16, Acidobacteria_Gp4, Subdivision3, 
Acidobacteria_Gp3, Spartobacteria, Flavobacteriia, and Anaerolineae 
were also found at relatively high abundances (1.0%  <  relative 
abundance  <  5.0%). The relative abundance of bacteria class 
Acidobacteria_Gp6, Gammaproteobacteria, Betaproteobacteria, 
Deltaproteobacteria, Cytophagia, Gemmatimonadetes, 
Acidobacteria_Gp4, Subdivision3, Flavobacteriia, and Anaerolineae 
increased while those of Actinobacteria and Alphaproteobacteria 
reduced in the PF soil (p  <  0.05).

The existence of more than 570 bacterial taxa in the PF 
and the PP soils were revealed by taxonomic classifications at 
the genus level (data not shown). Of these, 22 genera with 
relative abundance > 1.0% were observed among all soil samples, 

accounting for more than 39.9% of the total bacterial sequences. 
The PF soil had higher relative abundances of Gp6, 
Gemmatimonas, Lysobacte, Povalibacter, Chryseolinea spp. 
(p < 0.05; Figure 5), or Ohtaekwangia, Flavobacterium, Reyranella, 
Chitinophaga, Phaselicystis, Pedobacter, and Sulfuritalea 
(0.5%  <  relative abundance  <  1.0%) compared with PP soil 
(Supplementary Figure S4). However, the relative abundances 
of Sphingomonas and Nocardioides spp. decreased in the PF soil.

Alpha and Beta Diversities of Bacterial and 
Fungal Communities
Fungal and bacterial richness, Simpson and Shannon’s indexes 
are summarized in Figure  6. The change of fungal richness 

FIGURE 3 | The effects of PF mixture and PP monoculture on relative abundances of fungal and bacterial phyla in rhizosphere soil. * and **represent significant 
difference between PF mixture and PP monoculture (p < 0.05 and p < 0.01, Welch’s t-test, n = 4).

FIGURE 4 | The effects of PF mixture and PP monoculture on relative abundances of main fungal and bacterial classes in rhizosphere soil. Fungal and bacterial 
classes with relative abundances > 1% are shown in at least one treatment. * and **represent significant difference between PF mixture and PP monoculture 
(p < 0.05 and p < 0.01, Welch’s t-test, n = 4).
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FIGURE 5 | The effects of PF mixture and PP monoculture on relative abundances of mian fungal and bacterial genera in rhizosphere soil. Fungal genera (relative 
abundances > 0.5%) and bacterial genera (relative abundances > 1%) are shown in at least one treatment. * and **represent significant difference between PF 
mixture and PP monoculture (p < 0.05 and p < 0.01, Welch’s t-test, n = 4).

A

B

FIGURE 6 | The effects of PF mixture and PP monoculture on diversity and richness indices of soil fungal (A) and bacterial (B) communities in rhizosphere soil. 
p < 0.05 (Welch’s t-test, n = 4) represents significance between PF mixture and PP monoculture soils.

in the PF and the PP soils was not obviously different; the 
Shannon index and inverse Simpson index were obviously 
higher in the PF soil than in the PP soil (p  <  0.05).  

For the bacterial community the richness and the Shannon 
and inverse Simpson indices were also significantly increased 
in the PF soils (p  <  0.05).
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As shown in Supplementary Figure S5 and Figure  7, the 
Bray tree plot and UniFrac PCoA revealed that community 
compositions of both fungi and bacteria in the PF soil were 
distinctly different from those in the PP soil, which demonstrated 
that mixed sowing of the PF evidently changed soil microbial 
community structure.

Relationships Between Soil Microbial 
Community Structure and Soil 
Physicochemical Properties
Mantel test and RDA analysis were performed to distinguish 
key drivers of soil microbial community composition and 
structure. The Mantel tests revealed that the composition 
of soil fungal communities was strongly associated with 
pH (r  =  0.826, p  =  0.012), SOM (r  =  0.909, p  =  0.007), 
invertase (r = 0.973, p = 0.001), alkaline (r = 0.702, p = 0.024), 
and urease (r = 0.849, p = 0.010), and soil bacteria community 
structure was significantly correlated to pH (r  =  0.776, 
p = 0.027), SOM (r = 0.952, p = 0.009), invertase (r = 0.875, 
p  =  0.022), alkaline (r  =  0.942, p  =  0.007), and urease 
(r  =  0.778, p  =  0.031). As shown in RDA analysis, SOM, 
soil pH, and NH4

+-N had longer arrows than soil moisture, 
AP, and AK, meanwhile four enzymes also had longer arrows 
compared soil moisture (Figure  8). Spearman’s rank 
correlation test found that abundances in soil fungal 
communities were significantly associated with pH (r = 0.759, 
p  =  0.028), SOM (r  =  −0.952, p  =  0.001), and NH4

+-N 
(r  =  0.880, p  =  0.007), while soil bacterial community 
abundances were significantly related to SOM (r  =  0.880, 
p  =  0.007). In comparison, pH was positively related to 
the relative abundances of bacterial phylum Actinobacteria 
(r  =  0.91, p  =  0.0018), while pH was inversely related to 
the relative abundances of bacterial phyla Acidobacteria and 
Proteobacteria (r  =  −0.776, p  =  0.023; and r  =  −0.725, 
p  =  0.041, respectively). In genus, Gp6 and Gp4 were 
significantly associated with SOM (r  =  0.950, p  =  0.00028; 
and r  =  0.941, p  =  0.00049, respectively).

DISCUSSION

Effects of PF Mixed Turfgrass on Biomass, 
Visual Quality, and Disease Resistance
Compared with the monoculture model, the mixture model 
increased turf biomass and visual quality in the black soil of 
northeast China, which was consistent with results in previous 
research (Simmons et  al., 2011; Pooya et  al., 2013; Granzow 
et  al., 2017). Studies indicated that the mixture planted with 
two or more plant species improved soil soluble nutrient levels 
by the interaction between rhizosphere microorganisms and 
plants and subsequently increased biomass, and quality of plants 
(Eisenhauer, 2016; Li et  al., 2019; Zeng et  al., 2019). This 
kind of beneficial effect has been demonstrated in natural 
grasslands (Cardinale et  al., 2012). Additionally, the mixture 
model reduced diseases infection rate, due likely to the lower 
abundances of soil pathogens and more abundances of 
antagonistic microorganisms in the mixture (Maron et al., 2011; 
Schnitzer et  al., 2011).

Responses of Soil Properties and Enzyme 
Activities to PF Mixture
Physical and chemical soil properties, which are generally 
considered as indicators of soil quality, are characterized as 
the capacity to maintain plant growth (Gong et  al., 2019). 
The activities of soil enzyme are positively correlated with 
soil nutrient dynamics of soil nutrients and are indicators for 
assessing soil fertility conditions (Wang et  al., 2015). In this 
study, SOM significantly increased in PF mixture soil compared 
to PP treatment. Additionally, the activities of urease, catalase, 
alkaline phosphatase, and invertase were also remarkably 
increased in PF mixture soil, which was consistent with previous 
studies that intercropping or mixed cropping significantly 
increased soil nutrient retention and enzyme activities (Xia 
et  al., 2013; Yang et  al., 2013; Gong et  al., 2019). SOM is 
usually regarded as one of the key indicators of soil nutrient 
and health, while debris and root biomass normally contribute 

FIGURE 7 | Change of fungal and bacterial community structures in PF mixture and PP monoculture soils from principal coordinate analysis.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Xie et al. Mixture Benefit by Plant-Soil Interations

Frontiers in Microbiology | www.frontiersin.org 10 October 2020 | Volume 11 | Article 556118

to the soil fertility (Sims et  al., 1978; Wang et  al., 2016, 2020; 
Ondrasek et al., 2019). More tillers and root biomass in PF 
mixture may be  beneficial to the accumulation of SOM. 
Additionally, soil enzymes catalyze the transformation of complex 
organic matter to simple inorganic compounds in soil and 
participate soil biochemical processes (Lei et al., 2010). Baligar 
et  al. (2005) and Wang (2015) manifested that the mixture 
system increased urease activity in soil because of higher 
microbial abundance and more humic substances in mixture 
soil compared to those in monoculture soil; catalase participated 
in the process of detoxification and had important functions 
in cellular antioxidant mechanisms (Gao et  al., 2008; Huang 
et  al., 2010); alkaline phosphatase is strongly associated with 
SOM and AP (Li et  al., 2018); and invertase activity was 
beneficial to soil aggregate stability and cation exchange capacity 
as well as could increase contents of SOM and humus, in 
soil (Frankenberger and Johanson, 1983). In this study, the 
activities of four enzymes in PF mixture soil were significantly 
associated with SOM (Supplementary Table S4). Thus, SOM 
may contribute to the synthesis of these enzymes, which further 
showed that PF mixture had a great effect on soil enzyme 
activity. Moreover, SOM decomposition by microorganisms 
was the main way of soil nutrient turnover, resulting in affecting 
the biochemical characteristics of soil enzymes and regulating 
the secretion of enzymes (Tang et  al., 2010; Peng et  al., 2015). 
The difference of soil enzyme activity reflected that energy 
distribution and nutrient acquisition of microbial community 
were different in situ conditions (Gong et al., 2019), Therefore, 
PF mixture may enhance the nutrient supply, soil enzyme 

activities, and abundances of fungi and bacteria in the rhizosphere 
of the black soil, thereby the turfgrass quality and resisting 
ability to adverse environment were improved under PF mixture.

Effects of PF Mixed Turfgrass on Soil 
Microbial Abundance, Diversity, and 
Structure
It has been an observation point that changes of microbial 
abundance, diversity, and structure in the soil occur due to 
diverse cropping systems (Latz et  al., 2015; Zhou et  al., 2018, 
Gong et  al., 2019). This study examined some aspects of 
influences of the PF mixture model on soil microbial abundances 
and communities by qPCR and high-throughput sequencing. 
qPCR analysis showed that the PF mixture model had higher 
bacterial and fungal absolute abundances than the PP 
monoculture model (Figure 2). Alpha and beta diversity analyses 
showed that soil microbial diversity also significantly differed 
between the PP soil and the PF soil, with the PF mixture 
having higher bacterial and fungal diversities than the PP 
monoculture. This result is consistent with the general findings 
that the mixture has positive function in soil microbial community 
compositions (Zeng et  al., 2019). As already shown in other 
studies, effects of mixed cropping or intercropping on microbial 
abundance, diversity, and community structure are remarkably 
different from those of monoculture soil (Zhou et  al., 2017, 
2018). Similarly, Latz (2015) reported that the mixture increases 
microbial community, diversity, and structure in the rhizosphere 
soil. Plant diversity can enhance black soil litter (carbon resource) 
and habitat heterogeneity, which would cascade upward to 

A

B

FIGURE 8 | Relationship between community structures of soil fungi (A) and bacteria (B) and environmental factors from the redundancy analysis.
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improve black soil aggregation and enhance contents of organic 
carbon and nitrogen, thereby changing the abundance and 
structure of soil fungi and bacteria (Eisenhauer et  al., 2010; 
Eisenhauer, 2016). Another possible reason is that both the 
quantity and quality in root exudation between the PF and 
the PP led to the variations of fungal and bacterial communities 
(Li et  al., 2016a,b). Therefore, the PF was more beneficial to 
microbial diversity, abundance, and structure than the PP 
(Stefanowicz et  al., 2012). It is widely accepted that soil pH 
is the dominant factor for alterations of soil microbial abundance 
and structure (Berg and Smalla, 2009; Yao et  al., 2011, 2017). 
Several studies indicated that edaphic physical parameters, 
especially soil pH, are key factors for changes of soil microbial 
communities and structures (Liu et  al., 2014; Yao et  al., 2017; 
Zhou et  al., 2017). In this study, PF mixture model slightly 
decreased soil pH, which was closer to neutral. RDA analysis 
and Mantel test indicated that soil pH had significant correlation 
with soil microbial communities, which agreed on results 
observed by Zhou (2017), who stated that soil pH is associated 
with microbial communities in intercropping system. A similar 
finding was also reported by Zeng (2019). Therefore, soil pH, 
as modulated by the mixture model (Table  1), might be  one 
of the factors for mediating bacterial and fungal abundances, 
diversity, and structure in the mixed sowing soil. To sum up, 
our results further indicated that mixed turf can improve 
bacterial and fungal abundances in the short term 
(Zeng et  al., 2019), which supports our first hypothesis.

Changes of Microbial Taxa in Response to 
PF Mixed Turfgrass
Microbial taxonomic composition slightly varied between PF 
and PP, whereas their relative abundances were prominently 
changed in this study. The change trends of bacterial and 
fungal community in the PF and the PP soils at the genera 
level were similar to those variations at the phyla level and 
the class level (Figures  3, 5). In addition to soil bacterial and 
fungal communities with the low relative abundance and the 
high variations at the general level, only the changes of relative 
abundance and composition at the phylum level were taken 
into deep discussions in this study. Actinobacteria, Acidobacteria, 
and Proteobacteria were mainly dominant bacterial phylum in 
the PF and the PP soils, which are consistent with previous 
studies of these three phyla being the top three prevalent 
bacterial phyla in a mixed cropping system (Zeng et  al., 2017; 
Wang et al., 2019). Compared with PP, the PF mixture increased 
the relative abundance of Proteobacteria and Acidobacteria by 
6.36 and 21.90%, respectively, whereas that of Actinobacteria 
decreased by 38.78% (Figure  3). The difference of relative 
abundance in Actinobacteria between PF mixture and PP 
monoculture might be  much more related to the different 
quality of SOM released by turfgrass roots in PP and PF soils, 
resulting in changes of the groups with the ability to degrading 
specific organic substrates (i.e., lignocellulose degradation) as 
reported by several authors (Větrovský et al., 2014; Zhou et al., 
2017, 2018). Moreover, Actinobacteria is positively related with 
the pH (Zhou et  al., 2017); the pH value decreased by 6.67% 

from the PP to the PF, which might be  one of the reasons 
for decreasing the relative abundance of Actinobacteria. 
Protecbacteria are copiotrophs that mainly consume labile 
organic substances and have high nutritional requirements 
(Aislabie et  al., 2013), the higher SOM availability may be  a 
major cause of the change in overall abundance of Proteobacteria 
in PF mixture model. The increase of abundance of Acidobacteria 
in the PF soil with high SOM content is contrary to previous 
findings that Acidobacteria prefer nutrient-poor soil condition 
(Fierer et  al., 2007; Zhang et  al., 2016; Zhou et  al., 2017). 
The inconsistent results may be  due to different subdivisions 
in Acidobacteria, which have different requirements for soil 
nutrients (Kielak et  al., 2016). For example, members of the 
subdivisions 4 and 6 had high abundance in the fertile soil 
(Navarrete et  al., 2015; Kielak et  al., 2016). Another reason 
may be  that other degrading bacteria are unable to survive 
in the black soil areas, there in which the lowest temperature 
was −32°C, or that Acidobacteria have the potential functions 
in the degradation of turfgrass residue and cellulose in rhizosphere 
soil (Pankratov et  al., 2011; Zeng et  al., 2019), suggesting that 
there are more plant residue and cellulose in the PF than 
those in the PP. Additionally, Acidobacteria are generally 
recognized to be  sensitive to pH change and negatively related 
to pH values (Jones et  al., 2009; Yao et  al., 2017), the lower 
pH in PF mixture soil may contribute to the higher abundance 
of Acidobacteria.

Ascomycota and Zygomycota varied obviously and were 
more predominant fungal phyla in the PF and the PP. PF 
mixture decreased the relative abundance of Ascomycota in 
the rhizosphere soil by 20.82% but that of Zygomycota increased 
by 13.28% compared with the PP monoculture (Figure  3). 
This finding was consistent with previous researches that the 
relative abundance of soil fungal phyla changes due to their 
sensitivity to cropping models (Granzow et  al., 2017; Wang 
et  al., 2019). Kjoller and Struwe (1982) pointed that 78–90% 
of the total amount of decomposer organisms are fungi. Purahong 
et  al. (2016) reported that saprophytic fungus mainly broke 
down litter into mineral nutrients that plants can absorb. 
Zygomycota may play a vital role in degrading turfgrass debris, 
thus the abundance of Zygomycota might be  increased with 
more aboveground and underground biomass by PF mixture. 
Previous studies demonstrated that Ascomycota are key drivers 
for organic residue degradation in soils (Richardson, 2009; Ma 
et  al., 2013). However, PF mixture increased content of SOM, 
while the relative abundance of Ascomycota decreased; the 
possible explanation might be  that PF mixture decreased some 
potential plant pathogenic fungi which belong to Ascomycota 
phylum (Wang et al., 2019). For example, Sordariomycetes and 
Dothideomycetes, two classes of the Ascomycota (Figure  4), 
include some potential plant pathogenic fungi (Li et  al., 2014; 
Gong et  al., 2019), such as Fusarium. Interestingly, the relative 
abundance of Fusarium genus decreased by 46.67%, in a low 
frequency (<0.1%, data not shown), in the PF mixture. Thus, 
the lower abundance of Ascomycota may reduce the risk of 
diseases under PF mixture turfgrass.

Soil microorganisms can be  classified as beneficial, neutral, 
and harmful for plant growth (Lynch, 1990; Zhou et al., 2018). 
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The decrease of plant pathogens and increase of abundance 
of beneficial fungi and bacteria in soil contributed to positive 
interactions between plant and microorganisms (Latz et  al., 
2012; Zhou et al., 2017). The study showed that the PF mixture 
increased the relative abundances of Metarhizium (Moorhouse 
et  al., 1992), Lecanicillium (Cabanillas and Jones, 2009), 
Cryptococcus (Köhl et al., 2015), Beauveria (Cabrera-Mora et al., 
2019), Chryseolinea (Jatoi et  al., 2019), and Lysobacter spp. 
(Chohnan et al., 2002; Qian et al., 2009), which have pathogen-
antagonistic potential or the ability to metabolize specific 
products and enzymes to inhibit the survival and reproduction 
of pathogenic microorganisms in the soil of mixed turf, while 
the lower abundances of Myrothecium (Zhang et  al., 2017) 
and Epicoccum (Stokholm et  al., 2016) may have resulted in 
decreasing disease incidences in the PF mixture. Additionally, 
PF mixture obviously increased the relative abundance of 
Gemmatimonas in the rhizosphere soil compared with the PP 
monoculture. Members of Gemmatimonas are generally 
acknowledged to decompose cellulose and lignin as well as 
contribute to soil organic carbon accumulation (Bastian et  al., 
2009; Wang et  al., 2017b; Xu et  al., 2019). Additionally, the 
relative abundance of Lysobacter was also enriched in the PF 
soil. Postma (2011) and Chavez-Romero (2016) indicated that 
the members of Lysobacter spp. were more in rhizosphere soil 
with the higher clay content and lower C/N. Moreover, the 
abundance of saprophytic bacteria (Povalibacter spp. and 
Chryseolinea spp.) significantly increased in the PF soil, due 
likely to the abundance of its organic materials. Thus, the 
enhanced positive effects of black soil biota on turfgrass quality 
in the PF mixture may attribute to the decrease of grass 
pathogens and the increase of beneficial microorganisms.

CONCLUSION

This study provided empirical evidence that plants mixture 
benefits plant growth through inducing positive plant-microbial 
interactions. PF increased the diversity of black soil bacterial 
and fungal communities. The increased positive effect of soil 
microorganisms on turfgrass quality in the mixed model was 
associated with the enhanced abundance of beneficial 
microorganisms and the decreased abundance of tufgrass 
pathogens. Changes in black soil physicochemical properties, 
such as increased content of SOM, AP, AK, NH4

+-N, and enzyme 
activities in the PF, were correlated with changes in microbial 
community abundance and structure in the black soil between 
PF mixture and PP monoculture. Overall, the mixed turfgrass 
plays positive role in improving the black soil eco-quality and 

ecosystem services in northeast of China. Further studies are, 
however, needed to validate those findings, in light of broad-
acre turf management practice for designing a sustainable and 
environment-friendly landscape. Moreover, our future research 
should pinpoint those specific microbial species that play key 
roles in visual turf quality of an established mixture turf.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included 
in the article/Supplementary Material, further inquiries can 
be  directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

FX, GC, and YC conceived and designed the study. FX, GZ, 
QZ, XY, ZS, and KL performed the experiments. FX, XS, SS, 
LZ, RY, and WD analyzed the data. FX, GZ, QZ, and ZS 
wrote the first draft of the manuscript. KL, XS, RY, and WD 
prepared figures and tables. FX, SS, LZ, XY, GC, and YC revised 
the manuscript critically for important intellectual content. All 
authors approved the final manuscript to be published.

FUNDING

This study was financially supported by the National Key R&D 
Program of China (2016YFC0500607), the National Natural 
Science Foundation of China (Project No. 31971772, 31772354, 
31372091, and 32001407), and the College Student Innovation 
and Entrepreneurship Training Program of China 
(No 201910224035).

ACKNOWLEDGMENTS

We thank the editor and reviewers for helpful comments. We 
thank Dr. Xianguang Zhang from Advanta seeds Thailand for 
his great help to improve the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.556118/
full#supplementary-material

 

REFERENCES

Acharya, B. S., Rasmussen, J., and Eriksen, J. (2012). Grassland carbon sequestration 
and emissions following cultivation in a mixed crop rotation agriculture. 
Agric. Ecosyst. Environ. 153, 33–39. doi: 10.1016/j.agee.2012.03.001

Agegnehu, G., Ghizaw, A., and Sinebo, W. (2006). Yield performance and 
land-use efficiency of barley and faba bean mixed cropping in Ethiopian 
highlands. Eur. J. Agron. 25, 202–207. doi: 10.1016/j.eja.2006.05.002

Aislabie, J., Deslippe, J. R., and Dymond, J. (2013). “Soil microbes and their 
contribution to soil services” in Ecosystem Services in New Zealand-Conditions 
and Trends. ed. J. R. Dymond (Lincoln: Manaaki Whenua Press), 143–161.

Baligar, V. C., Wright, R. J., and Hern, J. L. (2005). Enzyme activities in soil 
influenced by levels of applied sulfur and phosphorus. Commun. Soil Sci. 
Plant Anal. 36, 1727–1735. doi: 10.1081/CSS-200062431

Bastian, F., Bouziri, L., Nicolardot, B., and Ranjard, L. (2009). Impact of wheat 
straw decomposition on successional patterns of soil microbial community 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2020.556118/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.556118/full#supplementary-material
https://doi.org/10.1016/j.agee.2012.03.001
https://doi.org/10.1016/j.eja.2006.05.002
https://doi.org/10.1081/CSS-200062431


Xie et al. Mixture Benefit by Plant-Soil Interations

Frontiers in Microbiology | www.frontiersin.org 13 October 2020 | Volume 11 | Article 556118

structure. Soil Biol. Biochem. 41, 262–275. doi: 10.1016/j.soilbio. 
2008.10.024

Berdahl, J. D., Karn, J. F., and Hendrickson, J. R. (2001). Dry matter yields 
of cool-season grass monocultures and grass-alfalfa binary mixtures. Agron. 
J. 93, 463–467. doi: 10.2134/agronj2001.932463x

Berg, G., and Smalla, K. (2009). Plant species and soil type cooperatively shape 
the structure and function of microbial communities in the rhizosphere. 
FEMS Microbiol. Ecol. 68, 1–13. doi: 10.1111/j.1574-6941.2009.00654.x

Blancomontero, C. A., Bennett, T. B., Neville, P., Crawford, C. S., Milne, B. T., 
and Ward, C. R. (1995). Potential environmental and economic-impacts of 
turfgrass in Albuquerque, New-Mexico (USA). Landsc. Ecol. 10, 121–128. 
doi: 10.1007/BF00153829

Bouman, O. T., Mazzocca, M. A., and Conrad, C. (2010). Soil NO3-leaching 
during growth of three grass-white-clover mixtures with mineral N applications. 
Agric. Ecosyst. Environ. 136, 111–115. doi: 10.1016/j.agee.2009.11.017

Cabanillas, H. E., and Jones, W. A. (2009). Pathogenicity of Isaria sp. (Hypocreales: 
Clavicipitaceae) against the sweet potato whitefly B biotype, Bemisia tabaci 
(Hemiptera: Aleyrodidae). Crop Prot. 28, 333–337. doi: 10.1016/j.
cropro.2008.11.015

Cabrera-Mora, J. A., Guzman-Franco, A. W., Santillan-Galicia, M. T., and 
Tamayo-Mejía, F. (2019). Niche separation of species of entomopathogenic 
fungi within the genera Metarhizium and Beauveria in different cropping 
systems in Mexico. Fungal Ecol. 39, 349–355. doi: 10.1016/j.funeco.2019.02.008

Cai, T., Peng, D. L., Wang, R., Jia, X. L., Qiao, D., Liu, T. N., et al. (2019). 
Can intercropping or mixed cropping of two genotypes enhance wheat 
lodging resistance? Field Crop Res. 239, 10–18. doi: 10.1016/j.fcr.2019.05.009

Cameron, R. W. F., Blanusa, T., Taylor, J. E., Salisbury, A., Halstead, A. J., 
Henricot, B., et al. (2012). The domestic garden–its contribution to urban 
green infrastructure. Urban For. Urban Green. 11, 129–137. doi: 10.1016/j.
ufug.2012.01.002

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C., Venail, P., 
et al. (2012). Biodiversity loss and its impact on humanity. Nature 486, 
59–67. doi: 10.1038/nature11148

Chavez-Romero, Y., Navarro-Noya, Y. E., Reynoso-Martinez, S. C., Sarria 
Guzman, Y., Govaerts, B., and Verhulst, N. (2016). 16S metagenomics reveals 
changes in the soil bacterial community driven by soil organic C, N-fertilizer 
and tillage crop residue management. Soil Tillage Res. 159, 1–8. doi: 10.1016/j.
still.2016.01.007

Chen, Y., Chen, Y., Shi, Z., Jin, Y., Sun, H., Xie, F. C., et al. (2019). Biosynthesis 
and signal transduction of ABA, JA, and BRs in response to drought stress 
of Kentucky bluegrass. Int. J. Mol. Sci. 20:1289. doi: 10.3390/ijms20061289

Chen, H., Mothapo, N. V., and Shi, W. (2015). Soil moisture and pH control 
relative contributions of fungi and bacteria to N2O production. Soil Microbiol. 
69, 180–191. doi: 10.1007/s00248-014-0488-0

Chen, Y., Pettersen, T., Kvalbein, A., and Aamlid, T. S. (2018). Playing quality, 
growth rate, thatch accumulation and tolerance to moss and annual bluegrass 
invasion as influenced by irrigation strategies on red fescue putting greens. 
J. Agron. Crop Sci. 204, 185–195. doi: 10.1111/jac.12246

Chohnan, S., Nonaka, J., Teramoto, K., Taniguchi, K., Kameda, Y., Tamura, H., 
et al. (2002). Lysobacter strain with high lysyl endopeptidase production. 
FEMS Microbiol. Lett. 213, 13–20. doi: 10.1111/j.1574-6968.2002.tb11279.x

Duchene, O., Vian, J. F., and Celette, F. (2017).  Intercropping with legume 
for agroecological cropping systems: complementarity and facilitation processes 
and the importance of soil microorganisms. A review. Ag. Ecosyst. Environ. 
240, 148–161. doi: 10.1016/j.agee.2017.02.019

Dunn, J. H., Ervin, E. H., and Fresenburg, B. S. (2002). Turf performance of 
mixtures and blends of tall fescue, Kentuky bluegrass and perennial ryegrass. 
Hortic. Sci. 37, 214–217. doi: 10.1023/A:1015044911913

Eisenhauer, N. (2016). Plant diversity effects on soil microorganisms: spatial 
and temporal heterogeneity of plant inputs increase soil biodiversity. 
Pedobiologia 59, 175–177. doi: 10.1016/j.pedobi.2016.04.004

Eisenhauer, N., Bessler, H., Engels, C., Gleixner, G., Habekost, M., Milcu, A., 
et al. (2010). Plant diversity effects on soil microorganisms support the 
singular hypothesis. Ecology 91, 485–496. doi: 10.1890/08-2338.1

Fadrosh, D. W., Ma, B., Gajer, P., Sengamalay, N., Ott, S., Brotman, R. M., 
et al. (2014). An improved dual-indexing approach for multiplexed 16S 
rRNA gene sequencing on the Illumina MiSeq platform. Microbiome 2:6. 
doi: 10.1186/2049-2618-2-6

Fierer, N., Bradford, M. A., and Jackson, R. B. (2007). Toward an ecological 
classification of soil bacteria. Ecology 88, 1354–1364. doi: 10.1890/05-1839

Floch, C., Capowiez, Y., and Criquet, S. (2009). Enzyme activities in apple 
orchard agroecosystems: how are they affected bymanagement strategy and 
soil properties. Soil Biol. Biochem. 41, 61–68. doi: 10.1016/j.soilbio.2008.09.018

Frankenberger, W. T. J., and Johanson, J. B. (1983). Method of measuring 
invertase activity in soils. Plant Soil 74, 301–311. doi: 10.1007/BF02181348

Frouz, J. (2018). Effects of soil macro- and mesofauna on litter decomposition 
and soil organic matter stabilization. Geoderma 332, 161–172.

Gabrijel, O., Helena, B. B., Monika, Z., Lana, F., Cristian, M., Radovan, S., 
et al. (2019). Biogeochemistry of soil organic matter in agroecosystems & 
environmental implications. Sci. Total Environ. 658, 1559–1573. doi: 10.1016/j.
scitotenv.2018.12.243

Gao, Y. H., Sun, X. S., Sun, Z. J., Zhao, N., and Li, Y. R. (2008). Toxic effects 
of enroflfloxain on growth rate and catalase activity in Eisenia fetida. Environ. 
Toxicol. Pharmacol. 26, 177–180. doi: 10.1016/j.etap.2008.03.004

Gaston, K., Warren, J. P., Thompson, H. K., and Smith, R. N. (2005). Urban 
domestic gardens (IV): the extent of the resource and its associated features. 
Biodivers. Conserv. 14, 3327–3349. doi: 10.1007/s10531-004-9513-9

Ghimire, M., Boyer, T. A., and Chung, C. (2019). Heterogeneity in urban 
consumer preferences for turfgrass attributes. Urban For. Urban Green. 38, 
183–192. doi: 10.1016/j.ufug.2018.12.003

Gong, X., Liu, C., Li, J., Luo, Y., Yang, Q., Zhang, W., et al. (2019). Responses 
of rhizosphere soil properties, enzyme activities and microbial diversity to 
intercropping patterns on the Loess Plateau of China. Soil Tillage Res. 195, 
1–9. doi: 10.1016/j.still.2019.104355

Granzow, S., Kaiser, K., Wemheuer, B., Pfeiffer, B., Daniel, R., Vidal, S., et al. 
(2017). The effects of cropping regimes on fungal and bacterial communities 
of wheat and faba bean in a greenhouse pot experiment differ between 
plant species and compartment. Front. Microbiol. 8:902. doi: 10.3389/
fmicb.2017.00902

Halstead, R. L. (1964). Phosphatase activity of soils as influenced by lime and 
other treatments. Can. J. Soil Sci. 44, 137–144. doi: 10.4141/cjss64-017

Helfand, G. E., Park, J. S., Nassauer, J. I., and Kosek, S. (2006). The economics 
of native plants in residential landscape designs. Landsc. Urban Plan. 78, 
229–240. doi: 10.1016/j.landurbplan.2005.08.001

Hu, X., Liu, J., Wei, D., Zhu, P., Cui, X., Zhou, B., et al. (2017). Effects of 
over 30-year of different fertilization regimes on fungal community compositions 
in the black soils of Northeast China. Agric. Ecosyst. Environ. 248, 113–122. 
doi: 10.1016/j.agee.2017.07.031

Huang, C., Deng, L., Gao, X., Zhang, S., Luo, T., and Ren, Q. (2010). Effects 
of fungal residues return on soil enzymatic activities and fertility dynamics 
in a paddy soil under a rice-wheat rotation in Chengdu plain. Soil Tillage 
Res. 108, 16–23. doi: 10.1016/j.still.2010.03.011

Iijima, M., Awala, S. K., Watanabe, Y., Kawato, Y., Fujioka, Y., Yamane, K., 
et al. (2016). Mixed cropping has the potential to enhance flood tolerance 
of drought-adapted grain crops. J. Plant Physiol. 192, 21–25. doi: 10.1016/j.
jplph.2016.01.004

Jatoi, G. H., Keerio, A. U., Abdulle, Y. A., and Qiu, D. (2019). Effect of selected 
fungicides and bio-pesticides on the mycelial colony growth of the 
Helminthosporium oryzae. Brown spot of rice. Acta Ecol. Sin. 39, 456–460. 
doi: 10.1016/j.chnaes.2018.09.018

Johnson, J. L., and Temple, K. L. (1964). Some variables affecting the measurement 
of catalase activity in soil. Soil Sci. Soc. Am. Proc. 28, 207–209. doi: 10.2136/
sssaj1964.03615995002800020024x

Jones, R. T., Robeson, M. S., Lauber, C. L., Hamady, M., Knight, R., and 
Fierer, N. (2009). A comprehensive survey of soil acidobacterial diversity 
using pyrosequencing and clone library analyses. ISME J. 3, 442–453. doi: 
10.1038/ismej.2008.127

Kielak, A. M., Barreto, C. C., Kowalchuk, G. A., van Veen, J. A., and Kuramae, E. E. 
(2016). The ecology of acidobacteria: moving beyond genes and genomes. 
Front. Microbiol. 7:744. doi: 10.3389/fmicb.2016.00744

Kjoller, A., and Struwe, S. (1982). Microfungi in ecosystems: fungal occurrence 
and activity in litter and soil. Oikos 39, 389–422. doi: 10.2307/3544690

Köhl, J., Lombaers, C., Moretti, A., Bandyopadhyay, R., Somma, S., and Kastelein, P. 
(2015). Analysis of microbial taxonomical groups present in maize stalks 
suppressive to colonization by toxigenic Fusarium spp.: a strategy for the 
identification of potential antagonists. Biol. Control 83, 20–28. doi: 10.1016/j.
biocontrol.2014.12.007

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.soilbio.2008.10.024
https://doi.org/10.1016/j.soilbio.2008.10.024
https://doi.org/10.2134/agronj2001.932463x
https://doi.org/10.1111/j.1574-6941.2009.00654.x
https://doi.org/10.1007/BF00153829
https://doi.org/10.1016/j.agee.2009.11.017
https://doi.org/10.1016/j.cropro.2008.11.015
https://doi.org/10.1016/j.cropro.2008.11.015
https://doi.org/10.1016/j.funeco.2019.02.008
https://doi.org/10.1016/j.fcr.2019.05.009
https://doi.org/10.1016/j.ufug.2012.01.002
https://doi.org/10.1016/j.ufug.2012.01.002
https://doi.org/10.1038/nature11148
https://doi.org/10.1016/j.still.2016.01.007
https://doi.org/10.1016/j.still.2016.01.007
https://doi.org/10.3390/ijms20061289
https://doi.org/10.1007/s00248-014-0488-0
https://doi.org/10.1111/jac.12246
https://doi.org/10.1111/j.1574-6968.2002.tb11279.x
https://doi.org/10.1016/j.agee.2017.02.019
https://doi.org/10.1023/A:1015044911913
https://doi.org/10.1016/j.pedobi.2016.04.004
https://doi.org/10.1890/08-2338.1
https://doi.org/10.1186/2049-2618-2-6
https://doi.org/10.1890/05-1839
https://doi.org/10.1016/j.soilbio.2008.09.018
https://doi.org/10.1007/BF02181348
https://doi.org/10.1016/j.scitotenv.2018.12.243
https://doi.org/10.1016/j.scitotenv.2018.12.243
https://doi.org/10.1016/j.etap.2008.03.004
https://doi.org/10.1007/s10531-004-9513-9
https://doi.org/10.1016/j.ufug.2018.12.003
https://doi.org/10.1016/j.still.2019.104355
https://doi.org/10.3389/fmicb.2017.00902
https://doi.org/10.3389/fmicb.2017.00902
https://doi.org/10.4141/cjss64-017
https://doi.org/10.1016/j.landurbplan.2005.08.001
https://doi.org/10.1016/j.agee.2017.07.031
https://doi.org/10.1016/j.still.2010.03.011
https://doi.org/10.1016/j.jplph.2016.01.004
https://doi.org/10.1016/j.jplph.2016.01.004
https://doi.org/10.1016/j.chnaes.2018.09.018
https://doi.org/10.2136/sssaj1964.03615995002800020024x
https://doi.org/10.2136/sssaj1964.03615995002800020024x
https://doi.org/10.1038/ismej.2008.127
https://doi.org/10.3389/fmicb.2016.00744
https://doi.org/10.2307/3544690
https://doi.org/10.1016/j.biocontrol.2014.12.007
https://doi.org/10.1016/j.biocontrol.2014.12.007


Xie et al. Mixture Benefit by Plant-Soil Interations

Frontiers in Microbiology | www.frontiersin.org 14 October 2020 | Volume 11 | Article 556118

Latz, E., Eisenhauer, N., Rall, B. C., Allan, E., Roscher, C., Scheu, S., et al. 
(2012). Plant diversity improves protection against soil-borne pathogens by 
fostering antagonistic bacterial communities. J. Ecol. 100, 597–604. doi: 
10.1111/j.1365-2745.2011.01940.x

Latz, E., Eisenhauer, N., Scheu, S., and Jousset, A. (2015). Plant identity drives 
the expression of biocontrol factors in a rhizosphere bacterium across a 
plant diversity gradient. Funct. Ecol. 29, 1225–1234. doi: 10.1111/1365-2435.12417

Lei, T., Dell, E., and Wei, S. (2010). Chemical composition of dissolved organic 
matter in agroecosystems: correlations with soil enzyme activity and carbon 
and nitrogen mineralization. Appl. Soil Ecol. 46, 426–435. doi: 10.1016/j.
apsoil.2010.09.007

Li, X., Ding, C., Zhang, T., and Wang, X. (2014). Fungal pathogen accumulation 
at the expense of plant-beneficial fungi as a consequence of consecutive peanut 
monoculturing. Soil Biol. Biochem. 72, 11–18. doi: 10.1016/j.soilbio.2014.01.019

Li, M. J., Li, R. H., Zhang, J. E., Liu, S. W., Hei, Z. W., and Qiu, S. Q. (2019). 
A combination of rice cultivar mixed-cropping and duck co-culture suppressed 
weeds and pests in paddy fields. Basic Appl. Ecol. 40, 67–77. doi: 10.1016/j.
baae.2019.09.003

Li, W., Liu, Q., and Chen, P. (2018). Effect of long-term continuous cropping 
of strawberry on soil bacterial community structure and diversity. J. Integr. 
Agric. 17, 206–218. doi: 10.1016/S2095-3119(18)61944-6

Li, X., Sun, M., Zhang, H., Xu, N., and Sun, G. (2016a). Use of mulberryesoybean 
intercropping in saltealkali soil impacts the diversity of the soil bacterial 
community. Microb. Biotechnol. 9, 293–304. doi: 10.1111/1751-7915.12342

Li, Q. S., Wu, L. K., Chen, J., Muhammad, A. K., Luo, X. M., and Lin, W. X. 
(2016b). Biochemical and microbial properties of rhizospheres under maize/
peanut intercropping. J. Integr. Agric. 15, 101–110. doi: 10.1016/
s2095-3119(15)61089-9

Liu, X., Burras, C. L., Kravchenko, Y. S., Duran, A., Huffffman, T., Morras, H., 
et al. (2012). Overview of mollisols in the word: distribution, land use and 
management. Can. J. Soil Sci. 92, 383–402. doi: 10.4141/cjss2010-058

Liu, J., Sui, Y., Yu, Z., Shi, Y., Chu, H., Jin, J., et al. (2014). High throughput 
sequencing analysis of biogeographical distribution of bacterial communities 
in the black soils of Northeast China. Soil Biol. Biochem. 70, 113–122. doi: 
10.1016/j.soilbio.2013.12.014

Liu, J. J., Sui, Y. Y., Yu, Z. H., Shi, Y., Chu, H. Y., Jin, J., et al. (2015). Soil 
carbon content drives the biogeographical distribution of fungal communities 
in the black soil zone of Northeast China. Soil Biol. Biochem. 83, 29–39. 
doi: 10.1016/j.soilbio.2015.01.009

Lu, R.K. (1999). Analytical methods of soil agrochemistry (In Chinese). (Beijing: 
China Agricultural Science and Technology Press).

Lynch, J. (1990). The rhizosphere. Chichester: John Wiley & Sons.
Ma, A., Zhuang, X., Wu, J., Cui, M., Lv, D., Liu, C., et al. (2013). Ascomycota 

members dominate fungal communities during straw residue decomposition 
in arable soil. PLoS One 8:e66146. doi: 10.1371/journal.pone.0066146

Maron, J. L., Marler, M., Klironomos, J. N., and Cleveland, C. C. (2011). Soil 
fungal pathogens and the relationship between plant diversity and productivity. 
Ecol. Lett. 14, 36–41. doi: 10.1111/j.1461-0248.2010.01547.x

Marron, N., and Epron, D. (2019). Are mixed-tree plantations including a 
nitrogen-fixing species more productive than monocultures? Forest Ecol. 
Manage. 441, 242–252. doi: 10.1016/j.foreco.2019.03.052

Mehlich, A. (1984). Mehlich 3 soil test extractant: a modification of Mehlich 
2 extractant. Commun. Soil Sci. Plant Anal. 15, 1409–1416. doi: 
10.1080/00103628409367568

Monteiro, J. A. (2017). Ecosystem services from turfgrass landscapes. Urban 
For. Urban Green. 26, 151–157. doi: 10.1016/j.ufug.2017.04.001

Moorhouse, E. R., Gillespie, A. T., and Charnley, A. K. (1992). Effect of potting 
media on the control of Otiorhynchus sulcatus larvae on outdoor strawberry 
plants using the entomogenous fungus Metarhizium anisopliae. Biol. Control 
3, 238–243. doi: 10.1016/1049-9644(92)90064-K

Muyzer, G., Waal, E. C., and Uitterlinden, A. G. (1993). Profiling of complex 
microbial populations by denaturing gradient gel electrophoresis analysis of 
polymerase chain reaction-amplified genes encoding for 16S rRNA. Appl. 
Environ. Microbiol. 59, 695–700. doi: 10.1128/aem.59.3.695-700.1993

Navarrete, A. A., Venturini, A. M., Meyer, K. M., Klein, A. M., Tiedje, J. M., 
Bohannan, B. J. M., et al. (2015). Differential response of Acidobacteria 
subgroups to forest-to-pasture conversion and their biogeographic patterns 
in the western Brazilian Amazon. Front. Microbiol. 6:1443. doi: 10.3389/
fmicb.2015.01443

Nelson, D. W., and Sommers, L. E. (1982). “Methods of soil analysis. Part 3. 
chemical methods” in Total carbon, organic carbon, and organic matter. 
Vol. 9. eds. A. L. Page, R. H. Miller and D. R. Keeney (Madison, WI: 
American Society of Agronomy), 961–1010.

Nivelle, E., Verzeaux, J., Chabot, A., Roger, D., Chesnais, Q., Ameline, A., 
et al. (2018). Effects of glyphosate application and nitrogen fertilization on 
the soil and the consequences on aboveground and belowground interactions. 
Geoderma 311, 45–57. doi: 10.1016/j.geoderma.2017.10.002

Olsen, S. R., Cole, C. V., Watanabe, F. S., and Dean, L. A. (1954). Estimation 
of available phosphorus in soils by extraction with sodium bicarbonate. 
Washington, DC: AUS Department of Agriculture.

Ondrasek, G., Helena, B. B., Monika, Z., Lana, F., Cristian, M., Radovan, S., 
et al. (2019). Biogeochemistry of soil organic matter in agroecosystems 
&environmental implications. Sci. Total Environ. 685, 1559–1573. doi: 10.1016/j.
scitotenv.2018.12.243

Pan, S. W., Wei, S. Q., Yuan, X., and Cao, S. X. (2008). The removal and 
remediation of phenanthrene and pyrene in soil by mixed cropping of Alfalfa 
and Rape. Agric. Sci. China 7, 1355–1364. doi: 10.1016/s1671-2927(08)60185-6

Pankratov, T. A., Ivanova, A. O., Dedysh, S. N., and Liesack, W. (2011). Bacterial 
populations and environmental factors controlling cellulose degradation in 
an acidic Sphagnum peat. Environ. Microbiol. 13, 1800–1814. doi: 10.1111/j.
1462-2920.2011.02491.x

Paulsen, H. M., Schochow, M., Ulber, B., Kühne, S., and Rahmann, G. (2006). 
“Mixed cropping systems for biological control of weeds and pests in organic 
oilseed crops” in What will organic farming deliver? Vol. 79. eds. C. Atkinson 
and D. Younie (Warwick: AAB, Aspects of Applied Biology), 215–220.

Peng, X. H., Yan, X., Zhou, H., Zhang, Y. Z., and Sun, H. (2015). Assessing 
the contributions of sesquioxides and soil organic matter to aggregation in 
an Ultisol under long-term fertilization. Soil Tillage Res. 146, 89–98. doi: 
10.1016/j.still.2014.04.003

Pooya, E. S., Tehranifar, A., Shoor, M., Selahvarzi, Y., and Ansari, H. (2013). 
The use of native turf mixtures to approach sustainable lawn in urban 
landscapes. Urban For. Urban Green. 12, 532–536. doi: 10.1016/j.ufug.2013.06.009

Postma, J., Schilder, M. T., and Hoof, R. A. V. (2011). Indigenous populations 
of three closely related Lysobacter spp. in agricultural soils using real-time 
PCR. Microb. Ecol. 62, 948–958. doi: 10.1007/s00248-011-9847-2

Purahong, W., Krüger, D., Buscot, F., and Wubet, T. (2016). Correlations between 
the composition of modular fungal communities and litter decomposition-
associated ecosystem functions. Fungal Ecol. 22, 106–114. doi: 10.1016/j.
funeco.2016.04.009

Qian, G., Hu, B., Jiang, Y., and Liu, F. (2009). Identification and characterization 
of Lysobacter enzymogenes as a biological control agent against some fungal 
pathogens. Agric. Sci. China 8, 68–75. doi: 10.1016/S1671-2927(09)60010-9

Rayment, G. E., and Higginson, F. R. (1992). Australian laboratory handbook 
of soil and water chemical methods. Australia: Inkata Press Pty Ltd.

Richardson, M. (2009). The ecology of the Zygomycetes and its impact on 
environmental exposure. Clin. Microbiol. Infect. 15, 2–9. doi: 
10.1111/j.1469-0691.2009.02972.x

Sapoukhina, N., Tyutyunov, Y., Sache, I., and Roger, A. (2010). Spatially mixed 
crops to control the stratified dispersal of airborne fungal diseases. Ecol. 
Model. 221, 2793–2800. doi: 10.1016/j.ecolmodel.2010.08.020

Schnitzer, S. A., Klironomos, J. N., HilleRisLambers, J., Kinkel, L. L., Reich, P. B., 
Xiao, K., et al. (2011). Soil microbes drive the classic plant diversity-
productivity pattern. Ecology 92, 296–303. doi: 10.1890/10-0773.1

Shah, S., Chen, Y. J., Shah, F., Saddam, H., Li, N., Li, X., et al. (2016). Silicate 
application increases the photosynthesis and its associated metabolic activities 
in Kentucky bluegrass under drought stress and post-drought recovery. 
Environ. Sci. Pollut. Res. Int. 23, 17647–17655. doi: 10.1007/s11356-016-6957-x

Shah, S., Fahad, S., Chen, Y., Ihsan, M. Z., Hammad, H. M., Nasim, A., et al. 
(2017). Effects of nitrogen supply on water stress and recovery mechanisms 
in Kentucky bluegrass plants. Front. Plant Sci. 8:983. doi: 10.3389/fpls.2017.00983

Shah, S., Li, X., Chen, Y. J., Zhang, L., Fahad, S., Hussain, S., et al. (2014). 
Silicon application increases drought tolerance of Kentucky bluegrass by 
improving plant water relations and morphophysiological functions. Sci. 
World J. 2014, 1–10. doi: 10.1155/2014/368694

Silvestro, L. B., Biganzoli, F., Stenglein, S. A., Forjan, H., Manso, L., and 
Moreno, M. V. (2017). Mixed cropping regimes promote the soil fungal 
community under zero tillage. Antonie Van Leeuwenhoek 117, 1055–1064. 
doi: 10.1007/s10482-017-1005-5

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1111/j.1365-2745.2011.01940.x
https://doi.org/10.1111/1365-2435.12417
https://doi.org/10.1016/j.apsoil.2010.09.007
https://doi.org/10.1016/j.apsoil.2010.09.007
https://doi.org/10.1016/j.soilbio.2014.01.019
https://doi.org/10.1016/j.baae.2019.09.003
https://doi.org/10.1016/j.baae.2019.09.003
https://doi.org/10.1016/S2095-3119(18)61944-6
https://doi.org/10.1111/1751-7915.12342
https://doi.org/10.1016/s2095-3119(15)61089-9
https://doi.org/10.1016/s2095-3119(15)61089-9
https://doi.org/10.4141/cjss2010-058
https://doi.org/10.1016/j.soilbio.2013.12.014
https://doi.org/10.1016/j.soilbio.2015.01.009
https://doi.org/10.1371/journal.pone.0066146
https://doi.org/10.1111/j.1461-0248.2010.01547.x
https://doi.org/10.1016/j.foreco.2019.03.052
https://doi.org/10.1080/00103628409367568
https://doi.org/10.1016/j.ufug.2017.04.001
https://doi.org/10.1016/1049-9644(92)90064-K
https://doi.org/10.1128/aem.59.3.695-700.1993
https://doi.org/10.3389/fmicb.2015.01443
https://doi.org/10.3389/fmicb.2015.01443
https://doi.org/10.1016/j.geoderma.2017.10.002
https://doi.org/10.1016/j.scitotenv.2018.12.243
https://doi.org/10.1016/j.scitotenv.2018.12.243
https://doi.org/10.1016/s1671-2927(08)60185-6
https://doi.org/10.1111/j.1462-2920.2011.02491.x
https://doi.org/10.1111/j.1462-2920.2011.02491.x
https://doi.org/10.1016/j.still.2014.04.003
https://doi.org/10.1016/j.ufug.2013.06.009
https://doi.org/10.1007/s00248-011-9847-2
https://doi.org/10.1016/j.funeco.2016.04.009
https://doi.org/10.1016/j.funeco.2016.04.009
https://doi.org/10.1016/S1671-2927(09)60010-9
https://doi.org/10.1111/j.1469-0691.2009.02972.x
https://doi.org/10.1016/j.ecolmodel.2010.08.020
https://doi.org/10.1890/10-0773.1
https://doi.org/10.1007/s11356-016-6957-x
https://doi.org/10.3389/fpls.2017.00983
https://doi.org/10.1155/2014/368694
https://doi.org/10.1007/s10482-017-1005-5


Xie et al. Mixture Benefit by Plant-Soil Interations

Frontiers in Microbiology | www.frontiersin.org 15 October 2020 | Volume 11 | Article 556118

Sims, P. L., Singh, J. S., and Lauenroth, W. K. (1978). The structure and 
function of ten western north american grasslands: I. Abiotic and vegetational 
characteristics. J. Ecol. 66, 251–285. doi: 10.2307/2259192

Simmons, M., Bertelson, M., Windhager, S., and Zafian, H. (2011). The 
performance of native and non-native turfgrass monocultures and native 
grass polycultures: an ecological approach to sustainable lawns. Ecol. Eng. 
37, 1095–1103. doi: 10.1016/j.ecoleng.2011.03.004

Smith, L. S., and Fellowes, M. D. E. (2014). The grass-free lawn: management 
and species choice for optimum ground cover and plant diversity. Urban 
For. Urban Green. 13, 433–442. doi: 10.1016/j.ufug.2014.04.008

Stefanowicz, A. M., Kapusta, P., Szarek-Łukaszewska, G., Grodzinska, K., 
Niklinska, M., and Vogt, R. D. (2012). Soil fertility and plant diversity 
enhance microbial performance in metal-polluted soils. Sci. Total Environ. 
439, 211–219. doi: 10.1016/j.scitotenv.2012.09.030

Stokholm, M. S., Wulff, E. G., Zidac, E. P., Thioc, I. G., Néyac, J. B., Soallac, R. W., 
et al. (2016). DNA barcoding and isolation of vertically transmitted ascomycetes 
in sorghum from Burkina Faso: Epicoccum sorghinum is dominant in seedlings 
and appears as a common root pathogen. Microbiol. Res. 191, 38–50.  
doi: 10.1016/j.micres.2016.05.004

Sturludottir, E. (2011). Forage quality and yield in grass-legume mixtures in 
Northern Europeand Canada. (Reykjavik: University of Iceland).

Tang, J. C., Wang, R. G., Niu, X. W., and Zhou, Q. X. (2010). Enhancement 
of soil petroleum remediation by using a combination of ryegrass (Lolium 
perenne) and different microorganisms. Soil Tillage Res. 110, 87–93.  
doi: 10.1016/j.still.2010.06.010

Trenbath, B. R. (1974). Biomass productivity of mixtures. Adv. Agron. 26, 
177–210. doi: 10.1016/S0065-2113(08)60871-8

Větrovský, T., Steffen, K. T., and Baldrian, P. (2014). Potential of cometabolic 
transformation of polysaccharides and lignin in lignocellulose by soil 
Actinobacteria. PLoS One 9:e89108. doi: 10.1371/journal.pone.0089108

Wahbi, S., Prin, Y., Thioulouse, J., Sanguin, H., Baudoin, E., Maghraoui, T., 
et al. (2016). Impact of wheat/faba bean mixed cropping or rotation systems 
on soil microbial functionalities. Front. Plant Sci. 7:1364. doi: 10.3389/
fpls.2016.01364

Wang, Z., Bao, X., Li, X., Jin, X., Zhao, J., Sun, J., et al. (2015). Intercropping 
maintains soil fertility in terms of chemical properties and enzyme activities 
on a timescale of one decade. Plant Soil 391, 265–282. doi: 10.1007/
s11104-015-2428-2

Wang, Y., Li, C. Y., Tu, C., Hoyt, G. D., DeForest, J. L., and Hu, S. J. (2017a). 
Long-term no-tillage and organic input management enhanced the diversity 
and stability of soil microbial community. Sci. Total Environ. 609, 341–347. 
doi: 10.1016/j.scitotenv.2017.07.053

Wang, Y., Liu, L., Luo, Y., Awasthi, M. K., Yang, J., Duan, Y., et al. (2020). 
Mulching practices alter the bacterial-fungal community and network in 
favor of soil quality in a semiarid orchard system. Sci. Total Environ. 
725:138527. doi: 10.1016/j.scitotenv.2020.138527

Wang, L., Yang, F., Yaoyao, E., Yuan, J., Raza, W., Huang, Q., et al. (2016). 
Long-term application of bioorganic fertilizers improved soil biochemical 
properties and microbial communities of an apple orchard soil. Front. 
Microbiol. 7:1893. doi: 10.3389/fmicb.2016.01893

Wang, Y. H., Yu, Z. H., Li, Y. S., Wang, G. H., Liu, J. J., Liu, J. D., et al. 
(2017b). Microbial association with the dynamics of particulate organic carbon 
in response to the amendment of elevated CO2-derived wheat residue into 
a Mollisol. Sci. Total Environ. 607, 972–981. doi: 10.1016/j.scitotenv. 2017.07.087

Wang, K., Zhang, Y., Tang, Z., Shangguan, Z., Chang, F., Jia, F., et al. (2019). 
Effects of grassland affore station on structure and function of soil bacterial 
and fungal communities. Sci. Total Environ. 676, 396–406. doi: 10.1016/j.
scitotenv.2019.04.259

White, T., Bruns, T., Lee, S., and Taylor, J. (1990). “PCR protocols a guide to 
methods and applications” in PCR protocols: a guide to methods and applications. 
ed. M. A. Innis (San Diego: Academic Press), 315–322.

Xia, H. Y., Zhao, J. H., Sun, J. H., Xue, Y. F., Eagling, T., Bao, X. G., et al. 
(2013). Maize grain concentrations and above-ground shoot acquisition of 
micronutrients as affected by intercropping with turnip, faba bean, chickpea, 
and soybean. Sci. China Life Sci. 56, 823–834. doi: 10.1007/s11427-013-4524-y

Xie, F., Shi, Z., Zhang, G., Zhang, C., Sun, X., Yan, Y., et al. (2020). Quantitative 
leaf anatomy and photophysiology systems of C3 and C4 turfgrasses in 
response to shading. Sci. Hortic. 274:109674. doi: 10.1016/j.scienta.2020.109674

Xu, L., Han, Y., Yi, M., Yi, H., Guo, E., Zhang, A., et al. (2019). Shift of 
millet rhizosphere bacterial community during the maturation of parent 
soil revealed by 16S rDNA high-throughput sequencing. Appl. Soil Ecol. 
135, 157–165. doi: 10.1016/j.apsoil.2018.12.004

Yang, W. T., Li, Z., Wang, J. W., Wu, P., and Zhang, Y. (2013). Crop yield, 
nitrogen acquisition and sugarcane quality as affected by interspecific 
competition and nitrogen application. Field Crop Res. 146, 44–50. doi: 10.1016/ 
j.fcr.2013.03.008

Yao, H. Y., Gao, Y. M., Nicol, G. W., Campbell, C. D., Prosser, J. I., Zhang, L. M., 
et al. (2011). Links between ammonia oxidizer community structure, abundance, 
and nitrification potential in acidic soils. Appl. Environ. Microbiol. 77, 
4618–4625. doi: 10.1128/AEM.00136-11

Yao, Q., Liu, J., Yu, Z., Li, Y., Jin, J., Liu, X., et al. (2017). Changes of bacterial 
community compositions after three years of biochar application in a black 
soil of northeast. China Appl. Soil Ecol. 113, 11–21. doi: 10.1016/j.
apsoil.2017.01.007

Yin, H. (2017). Studies on turf performance and drought resistance of Kentucky 
bluegrass mixed with different cultivars red fescue (In Chinese). (Harbin: 
Northeast Agriculture University).

Zemp, D. C., Ehbrecht, M., Seidel, D., Ammer, C., Craven, D., Erkelenz, J., 
et al. (2019). Mixed-species tree plantings enhance structural complexity in 
oil palm plantations. Agric. Ecosyst. Environ. 283:106564. doi: 10.1016/j.
agee.2019.06.003

Zeng, Q., An, S., and Liu, Y. (2017). Soil bacterial community response to 
vegetation succession after fencing in the grassland of China. Sci. Total 
Environ. 609, 2–10. doi: 10.1016/j.scitotenv.2017.07.102

Zeng, P., Guo, Z., Xiao, X., and Peng, C. (2019). Effects of tree-herb co-planting 
on the bacterial community composition and the relationship between specific 
microorganisms and enzymatic activities in metal(loid)-contaminated soil. 
Chemosphere 220, 237–248. doi: 10.1016/j.chemosphere.2018.12.073

Zhang, Y., Dong, S., Gao, Q., Liu, S., Zhou, H., Ganjurjav, H., et al. (2016). 
Climate change and human activities altered the diversity and composition 
of soil microbial community in alpine grasslands of the Qinghai-Tibetan 
plateau. Sci. Total Environ. 562, 353–363. doi: 10.1016/j.scitotenv.2016.03.221

Zhang, C., Lin, Y., Tian, X., Xu, Q., Chen, Z., and Lin, W. (2017). Tobacco 
bacterial wilt suppression with biochar soil addition associates to improved 
soil physiochemical properties and increased rhizosphere bacteria abundance. 
Appl. Soil Ecol. 112, 90–96. doi: 10.1016/j.apsoil.2016.12.005

Zhao, J., Zeng, Z., He, X., Chen, H., and Wang, K. (2015). Effects of monoculture 
and mixed culture of grass and legume forage species on soil microbial 
community structure under different levels of nitrogen fertilization. Eur. J. 
Soil Biol. 68, 61–68. doi: 10.1016/j.ejsobi.2015.03.008

Zhou, X., Liu, J., and Wu, F. (2017). Soil microbial communities in  
cucumber monoculture and rotation systems and their feedback effects on 
cucumber seedling growth. Plant Soil 415, 507–520. doi: 10.1007/
s11104-017-3181-5

Zhou, X., Wang, Z., Jia, H., Li, L., and Wu, F. (2018). Continuously monocropped 
Jerusalem artichoke changed soil bacterial community composition and 
ammonia-oxidizing and denitrifying bacteria abundances. Front. Microbiol. 
9:705. doi: 10.3389/fmicb.2018.00705

Zhu, Y. Y., Chen, H. R., Fan, J. H., Wang, Y. Y., Yan, L., Chen, J. B., et al. 
(2000). Genetic diversity and disease control in rice. Nature 406:718.  
doi: 10.1038/35021046

Conflict of Interest: KL was employed by Beijing Oriental Garden Environment 
Co., Ltd.

The remaining authors declare that the research was conducted in the absence 
of any commercial or financial relationships that could be construed as a potential 
conflict of interest.

Copyright © 2020 Xie, Zhang, Zheng, Liu, Yin, Sun, Saud, Shi, Yuan, Deng, Zhang, 
Cui and Chen. This is an open-access article distributed under the terms of the 
Creative Commons Attribution License (CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the original author(s) and the copyright 
owner(s) are credited and that the original publication in this journal is cited, in 
accordance with accepted academic practice. No use, distribution or reproduction 
is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.2307/2259192
https://doi.org/10.1016/j.ecoleng.2011.03.004
https://doi.org/10.1016/j.ufug.2014.04.008
https://doi.org/10.1016/j.scitotenv.2012.09.030
https://doi.org/10.1016/j.micres.2016.05.004
https://doi.org/10.1016/j.still.2010.06.010
https://doi.org/10.1016/S0065-2113(08)60871-8
https://doi.org/10.1371/journal.pone.0089108
https://doi.org/10.3389/fpls.2016.01364
https://doi.org/10.3389/fpls.2016.01364
https://doi.org/10.1007/s11104-015-2428-2
https://doi.org/10.1007/s11104-015-2428-2
https://doi.org/10.1016/j.scitotenv.2017.07.053
https://doi.org/10.1016/j.scitotenv.2020.138527
https://doi.org/10.3389/fmicb.2016.01893
https://doi.org/10.1016/j.scitotenv. 2017.07.087
https://doi.org/10.1016/j.scitotenv.2019.04.259
https://doi.org/10.1016/j.scitotenv.2019.04.259
https://doi.org/10.1007/s11427-013-4524-y
https://doi.org/10.1016/j.scienta.2020.109674
https://doi.org/10.1016/j.apsoil.2018.12.004
https://doi.org/10.1016/j.fcr.2013.03.008
https://doi.org/10.1016/j.fcr.2013.03.008
https://doi.org/10.1128/AEM.00136-11
https://doi.org/10.1016/j.apsoil.2017.01.007
https://doi.org/10.1016/j.apsoil.2017.01.007
https://doi.org/10.1016/j.agee.2019.06.003
https://doi.org/10.1016/j.agee.2019.06.003
https://doi.org/10.1016/j.scitotenv.2017.07.102
https://doi.org/10.1016/j.chemosphere.2018.12.073
https://doi.org/10.1016/j.scitotenv.2016.03.221
https://doi.org/10.1016/j.apsoil.2016.12.005
https://doi.org/10.1016/j.ejsobi.2015.03.008
https://doi.org/10.1007/s11104-017-3181-5
https://doi.org/10.1007/s11104-017-3181-5
https://doi.org/10.3389/fmicb.2018.00705
https://doi.org/10.1038/35021046
http://creativecommons.org/licenses/by/4.0/

	Beneficial Effects of Mixing Kentucky Bluegrass With Red Fescu e via Plant-Soil Interactions in Black Soil of Northeast China
	Introducti on
	Materials and Methods
	Site Description and Experimental Design
	Aboveground Indices of Turfgrass
	The Visual Turfgrass Quality
	Percentage of Turfgrass Disease
	Turfgrass Density
	Root Biomass
	Soil Sampling
	Soil Physicochemical Properties and Enzyme Activities
	DNA Extraction, PCR Amplification and Illumine MiSeq Sequencing
	Quantification of Bacterial and Fungal Abundances
	Statistical Analysis

	Results
	Plant Growth Characteristics in Two Sowing Models
	Soil Physicochemical Properties and Enzyme Activities
	Soil Fungal and Bacterial Total Abundance
	Taxonomic Classification and Relative Abundance of Fungi and Bacteria
	Taxonomic Characteristics of Fungal Communities
	Taxonomic Characteristics of Bacterial Communities
	Alpha and Beta Diversities of Bacterial and Fungal Communities
	Relationships Between Soil Microbial Community Structure and Soil Physicochemical Properties

	Discussion
	Effects of PF Mixed Turfgrass on Biomass, Visual Quality, and Disease Resistance
	Responses of Soil Properties and Enzyme Activities to PF Mixture
	Effects of PF Mixed Turfgrass on Soil Microbial Abundance, Diversity, and Structure
	Changes of Microbial Taxa in Response to PF Mixed Turfgrass

	Conclusion
	Data Availability Stat ement
	Author Contribu tions

	References

