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Abstract: Soybean is the major food and oil crop in the world. However, soybean continuous
cropping can significantly reduce soybean yield. In this study, the effects of Rhizophagus intraradices
on soybean growth and the composition of microbial communities in soybean roots under different
continuous cropping regimes were investigated at maturity. The results showed that the mycorrhizal
colonization rate was affected by R. intraradices and soybean continuous cropping. The mycorrhizal
colonization rate was the highest in the inoculated soybean plants under 1 year of continuous
cropping. Inoculation of R. intraradices significantly increased soybean plant growth. The greatest
biomass parameters were obtained from the soybean plants inoculated with R. intraradices under
0 years of continuous cropping. Bacterial diversity was decreased by soybean continuous cropping,
while the opposite result occurred for fungal diversity. Moreover, inoculation of R. intraradices
could increase and decrease the diversity of bacteria and fungi in soybean roots, respectively. It
also indicated that R. intraradices and soybean continuous cropping had significant effects on the
composition of microbial communities in soybean roots. Proteobacteria and Ascomycota were the
most dominant bacterial and fungal phylum in all samples, respectively. It would contribute to
developing a biocontrol strategy to alleviate the soybean continuous cropping obstacles.

Keywords: arbuscular mycorrhizal fungi; microbial communities; soybean; continuous cropping;
high-throughput sequencing

1. Introduction

Soybean is a major leguminous crop, which is rich in seed oil, protein, isoflavone,
oligosaccharides, saponin, and minerals [1]. Soybean can form a symbiosis with N-fixing
bacteria and arbuscular mycorrhizal (AM) fungi [2]. However, soybean production is
often limited by a variety of abiotic and biotic factors, especially soybean continuous
cropping [3]. Soybean continuous cropping may lead to yield decline, inhibit the growth of
some beneficial microbes, enrich the growth of some pathogenic microbes, and ultimately
lead to soil degradation [4,5].

AM fungi are oligotrophic microbes, which can colonize more than 90% of terrestrial
plants, including rice, wheat, and soybean [6]. AM fungi can help plants with the uptake
of nutrients and better cope with a variety of stress [7]. In addition, it has been reported
that AM fungi can generally improve plant resistance to pathogens, alleviate symptoms
and disease severity, and have a positive impact on plant growth [8]. AM fungi enhanced
tomato disease resistance by priming systemic defense response [9]. AM fungi can protect
their host plants from infection by soil pathogenic microorganisms such as fungi and
bacteria [10-12]. Soybean plants inoculated with Funneliformis mosseae significantly reduced
Fusarium oxysporum [13]. Inoculation of Rhizophagus intraradices reduced sudden death
syndrome of soybean and relative F. virguliforme DNA quantities [14].
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The application of microbial agents to plant rhizosphere has been proven to be a
suitable strategy for plant growth and soil remediation. Our previous research has demon-
strated the effects of F. mosseae on soybean growth and the composition of microbial
communities in continuous cropping soybean roots [15,16]. Furthermore, R. intraradices
were isolated from the rhizosphere soil of continuous cropping soybean by our research
group. However, the effects of R. intraradices on the composition of microbial communities
in continuous cropping soybean roots at maturity have never been reported. The present
study was designed to examine soybean plant responses to inoculation of R. intraradices and
continuous cropping regimes. It investigated (1) whether R. intraradices could exert positive
effects on soybean growth under different continuous cropping regimes, (2) whether R.
intraradices could impact the diversity, richness, and composition of microbial communities
in the continuous cropping soybean roots. Therefore, the aim was to develop and apply a
biocontrol strategy, in which R. intraradices was used to alleviate the soybean continuous
cropping obstacles.

2. Materials and Methods
2.1. Plant Materials

Soybean (Glycine max L.) cv. Heinong 48 (HN48) that has been widely planted in the
Heilongjiang Province of China was used in this study. It has an average fat and protein
contents of 19.50% and 45.23%, respectively.

2.2. Arbuscular Mycorrhizal Inocula

The AM fungus Rhizophagus intraradices were isolated from the rhizosphere soil of
continuous cropping soybean by our research group. For mass production of R. intraradices,
spores were propagated in sterilized soil, river sand, and vermiculite cultured with alfalfa
as a host plant for about 5 months in a greenhouse. AM inocula consisted of R. intraradices
colonized roots, spores, hyphae, and substrate.

2.3. Experimental Design

The research was carried out in the experimental fields of Heilongjiang East University
(126°61" E, 45°66’ N), Heilongjiang Province, China from May to October, 2019. A two-
factor randomized block design was used in the experiment: continuous cropping regimes
and AM fungal inoculation, maintaining three replications for each treatment. There were
two continuous cropping regimes (0 and 1 year of continuous cropping for soybean) and
two AM fungal treatments (non-inoculated and inoculated with R. intraradices). Twelve 20
x 20 m plots (four treatments x three replicates) with a 2 m buffer between each plot were
set. A spacing of 50 cm between rows and plants was maintained.

2.4. Plant Growth Conditions

Soybean seeds were superficially disinfected according to Jie et al. [15]. Before sowing
the soybean seeds in fields, the soil was inoculated with AM inocula (5 g) at a depth
of 2-3 cm below each soybean seed. The crops were regularly irrigated with tap water
throughout the growth period.

2.5. Plant Harvest

For each treatment, soybean plants were randomly uprooted 5 months after sowing
(maturity). The roots, shoots, and seeds of soybean were randomly collected. The soybean
roots were repeatedly washed under running water. Some of the root samples were used
for the determination of AM colonization, fresh weight, and dry weight, and then the
rest of the roots were used for DNA extraction. The shoots were used to measure stem
girth, fresh weight, and dry weight. The seeds were used for the determination of 100-seed
weight and seed yield per plant. The pods were used to measure pod number per plant.
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2.6. Mycorrhizal Colonization and Soybean Growth Analysis

The degree of mycorrhizal colonization was estimated according to Phillips and
Hayman [17]. The effects of R. intraradices on soybean plant growth were assessed by plant
height, stem girth, fresh and dry weight of soybean root and shoot, 100-seed weight, seed
yield per plant, and pods per plant. Three groups of parallel experiments were carried out.

2.7. llumina Sequencing

The total genomic DNA of root samples was extracted according to Long et al. [18].
V3-V4 regions of 165 rDNA were amplified using 335F (5'-CADACTCCTACGGGAGGC-3')
and 769R (5'-ATCCTGTTTGMTMCCCVCRC-3’) [19]. The fragment size of 16S rDNA V3-
V4 regions was about 400 bp. ITS1 region was amplified using ITS1F (5'-CTTGGTCATTTA
GAGGAAGTAA-3') and ITS2 (5'-GCTGCGTTCTTCATCGATGC-3') [20]. The fragment size
of ITS1 region was about 250 bp. The PCR reaction system (50puL) contained ddH,O 28.8 L,
10 x PCR buffer 10.0 uL, 2.5 mM dNTP mixture 5 uL, 2.0 uL of each 5 uM primer, 1.5 U
Taq DNA polymerase 0.2 pL, and template DNA 2.0 uL. The PCR cycling conditions were
as follows: 5 min at 95 °C, followed by 30 cycles (95 °C for 30 s, 50 °C for 30 s, and 72 °C for
40 s), and a final extension at 72 °C for 7 min. The target PCR products were purified with
GeneJET Gel Extraction Kit (Thermo Scientific, Waltham, MA, USA), and quantified with
QuantiFluor™-ST (Promega, Madison, WI, USA), and then pooled at equal concentrations.
Sequencing libraries were generated using TruSeq DNA PCR-free Sample Preparation
Kit (Illumina, San Diego, CA, USA). The library quality was assessed on the Qubit 2.0
Fluorometer (Thermo Scientific, Waltham, MA, USA) and Agilent Bioanalyzer 2100 system.
The comparisons of the microbial communities in the roots of continuous cropping soybean
at maturity were analyzed by Illumina HiSeq 2500 (BioMarker Technologies Co., Ltd.,
Beijing, China). To confirm the accuracy of the sequencing, each treatment was composed
of three replicates.

2.8. Processing of Sequencing Data

The raw paired-end sequences were joined with FLASH v1.2.7 [21]. Quality filtering
on the raw paired-end sequences was performed by QIIME v1.8.0 [22]. Chimera sequences
were eliminated by UCHIME Algorithm [23]. High-quality sequences with a similarity
>97% were clustered into one operational taxonomic unit (OTU) [24]. Each OTU was
classified and identified based on a BLAST search against the UNITE reference database.
Taxonomic alpha diversity was based on the diversity of microbial communities in different
root samples, using the ACE and Chaol index that reflected the richness of the microbial
communities and the Simpson and Shannon diversity index that took the uniformity of the
microbial communities into account, was measured using Mothur v.1.30. The distributions
of common and unique OTUs based on 97% sequence similarities were shown in VENN
diagrams. The composition of microbial communities was analyzed according to the
abundance distribution of the classification unit between the root samples and two heat
maps were drawn using R software v.3.1.3. All raw reads have been deposited into the
National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA)
database (Accession number SRP189268 and SRP189301).

2.9. Statistical Analysis

Data were assessed by analysis of variance (ANOVA) using SPSS 22.0 (SPSS Inc.,
Chicago, IL, USA). Analysis of Tukey’s test was applied to evaluate significant differences
between treatments (p < 0.05).

3. Results
3.1. Mycorrhizal Colonization Assessment

The mycorrhizal colonization rate of soybean roots inoculated with R. intraradices
was significantly higher than that of the control soybean roots without R. intraradices
inoculation under different continuous cropping regimes (Table 1). As shown in Table 1,
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the mycorrhizal colonization rate was positively affected by increasing continuous cropping
regimes. The mycorrhizal colonization rate was positively affected by the inoculation of
R. intraradices, soybean continuous cropping, and their interactions. It indicated that the
mycorrhizal colonization rate was the highest (73.68%) in the inoculated soybean plants
under 1 year of continuous cropping, while the lowest value (18.32%) was found in the
non-inoculated soybean plants under 0 years of continuous cropping (Table 1).

Table 1. Colonization rate of soybean roots by AM fungi.

Index Non0Y In0Y NonlY In1Y
Colonization rate (%) 1832 £1.34¢ 70.77 +1.35P 19.25 £1.28°¢ 73.68 +=0.94 2

Note: Non represents non-inoculated with R. intraradices. In represents inoculated with R. intraradices. 0Y and
1Y represent zero years and one year of continuous cropping, respectively. Different letters indicate significant
differences from different treatments (p < 0.05).

3.2. Effects on Soybean Plants Growth

The increase of continuous cropping regimes negatively affected soybean plant growth.
Compared with the growth parameters of soybean plants under 0 years of continuous
cropping, lower biomass parameters were observed under 1 year of continuous cropping
(Table 2). Moreover, the obtained results showed that inoculation of R. intraradices sig-
nificantly increased the plant height, stem girth, fresh and dry weight of root and shoot,
100-seed weight, seed yield per plant, and pods per plant compared with the corresponding
control soybean plants. AM fungi inoculation increased (at least 7.99%) the plant height,
compared to non-inoculated soybean plants under different continuous cropping regimes.
The variation of other biomass parameters was similar to that of plant height. The greatest
biomass parameters were obtained from soybean plants inoculated with R. intraradices
under 0 years of continuous cropping.

Table 2. Soybean biomass under different treatments.

Plant Height

Treatments
(cm)

Non0Y 82.88 +1.17°
In0Y 89.50 & 1.76 2
Nonl Y 74.01 £1.18°¢

InlY 84.46 4+ 1.23"

Stem Girth Root Fresh Root Dry Shoot Fresh Shoot Dry 100-Seed Seed-Yield Pods per
Weight (g) Weight (g) Weight (g) Weight (g) Weight (g) per Plant (g) Plant
1.00+£0.05°  11.10£0.90>  3.40+0.39P 1(10'7?191,1 2530 +£0.84° 2464 +121" 25'52 bi 66.85 +2.27°
1144006° 164340737 439 +038° 1113'6669f 3090+ 1232 2694 +1.01° 215'25 * 7851+ 1.03°
. . . . . 19.48 + 17.79 + 50.08 +
0.84 + 0.06 8.38 4+ 0.72 2.28 4 0.34 81.03 4 1.24 20.53 4 0.68 0.634 1.01¢ 2154
099 +0.05° 11.35+£1.01° 345+£019° 99.364+224> 25764+1.02°> 2140+ 1.16°¢ 1?;17 i 59.27 4 1.60 €

Note: Non represents non-inoculated with R. intraradices. In represents inoculated with R. intraradices. 0Y and 1Y represent zero years and
one year of continuous cropping, respectively. Different letters indicate significant differences from different treatments (p < 0.05).

3.3. Diversity and Abundance of Microbes in the Roots of Continuous Cropping Soybean

A total of 653,744 and 930,788 sequences with an average of 163,436 and 232,697
high-quality bacterial and fungal sequences were obtained from each of the 4 samples,
respectively. The diversity of bacteria and fungi in the roots of continuous cropping
soybean showed a similar trend (Table 3). These bacterial and fungal sequences clustered
into 649 and 1104 OTUs at a 97% similarity level, respectively. The Good’s coverages of
these 8 libraries were greater than 0.999 (Table 3). For the bacterial communities, the Chaol
indexes of the 4 samples were 487.28-553.56. The Shannon indexes showed variations
of 2.8138-4.0754 in the 4 samples. For the fungal communities, the Chaol indexes of
the 4 samples were 543.43-595.86. The Shannon indexes showed variations of 4.2910-
4.7948 in the 4 samples. The relatively low Chaol and Shannon indexes indicated that the
microbial diversity in the roots of continuous cropping soybean was low. Furthermore, for
the bacterial communities, the Simpson index was the lowest in InOYRB, while the Ace
index was the opposite. For the fungal communities, the Simpson index was the lowest in
NonlYRE and the Ace index was also the highest in Non1YRF. The results showed that
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the bacterial diversity levels in the roots of continuous cropping soybean under 0 years of
continuous cropping were higher than those under 1 year of continuous cropping, while
the opposite result occurred for the fungal diversity levels. In addition, the results showed
that inoculation of R. intraradices could increase the diversity of bacteria and decrease the
diversity of fungi in soybean roots.

Table 3. Diversity indices of bacteria and fungi in different samples.

Sample ID OTU ACE Chaol Simpson Shannon Coverage
NonOYRB 437 + 892 503.52 4 22.88 2 505.65 + 31.89 P 0.1033 + 0.0824 2 3.5752 +0.5533 2 0.9998 + 0.0001 2
In0OYRB 514 £12° 539.35 + 18.87 2 553.56 + 30.73 2 0.0758 £0.02872  4.0754 +£0.1404®  0.9994 + 0.0003 @
NonlYRB 3954+ 50° 461.75 + 14.39® 487.28 +12.97° 02637 £0.19512  2.8138 £1.1539®  0.9995 + 0.0004 *
In1YRB 451 + 53 496.19 + 4430 49993439222 0.1279 £ 0.0966  3.2188 £ 0.8709®  0.9998 4 0.0001 ?
NonOYRF 537 £10% 544.35 +12.822 551.15+18.35? 0.0271 + 0.0017 2 4.6749 £ 0.0890 2 0.9997 + 0.0001 2
InOYRF 579 £72 500.65 £+ 17.55 2 543.43 4 55.57 2 0.0501 £0.00792 42910 £0.0513®  0.9997 + 0.0001 *
NonlYRF 564 + 86 ¢ 588.18 + 5.64 2 595.86 + 12.28 2 0.0225 4+ 0.0052 2 4.7948 £ 0.1975 7 0.9997 + 0.0001 2
In1YRF 493 + 187 571.07 £ 87.102 586.95 + 74.99 2 0.0257 £+ 0.0052 2 4.7346 £ 0.1410° 0.9997 + 0.0001 #

Note: Non represents non-inoculated with R. intraradices. In represents inoculated with R. intraradices. 0Y and 1Y represent zero years and
one year of continuous cropping, respectively. RB represents bacteria in root samples. RF represents fungi in root samples. Different letters
indicate significant differences from different treatments (p < 0.05).

The distribution of OTUs was evaluated using VENN diagrams (Figure 1). As shown
in Figure 1, there were significant differences in the amount of shared OTUs among the
four root samples. Consistent with the alpha diversity, there were more shared OTUs in

the four root samples.
|n1Y

In1YRB NonQYRB NonQYRF

InOYRB NonlYRB InOYRF NonlYRF

(a) (b)

Figure 1. The VENN diagrams of the four root samples according to bacterial (a) and fungal (b) diversity. Note: Non
represents non-inoculated with R. intraradices. In represents inoculated with R. intraradices. 0Y and 1Y represent zero
years and one year of continuous cropping, respectively. RB represents bacteria in root samples. RF represents fungi in
root samples.

3.4. Effects of R. intraradices and Continuous Cropping Regimes on Bacterial Communities

Considering taxa relative abundance, the number of bacterial sequences was identified.
The most abundant bacterial phyla in the 4 samples were Proteobacteria, Bacteroidetes,
Actinobacteria, Firmicutes, Patescibacteria, Gemmatimonadetes, Acidobacteria, Plancto-
mycetes, Nitrospirae, and Chloroflexi (Figure 2a). As shown in Figure 2a, Proteobacteria
(accounting for more than 60.24% of the totals) was the most dominant phylum in all
samples. However, there were significant differences between the other most dominant
phyla in the 4 samples. The relative abundance of these phyla varied significantly under
the effects of R. intraradices and continuous cropping regimes. Firmicutes (17.84%) and
Bacteroidetes (14.00%) were the second and third most dominant phylum in NonOYRB,
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Relative abundance (%)

respectively. Compared with Non0YRB, Bacteroidetes, and Actinobacteria were the second
or third most dominant phyla and differed significantly in In0YRB, Non1YRB, and In1YRB.
The relative abundance of Bacteroidetes increased from 5.25% in In1YRB to 11.74% in
InOYRB. The relative abundance of Actinobacteria increased from 3.67% in InOYRB to 9.34%
in In1YRB.

At the genus level, the most dominant genera in NonOYRB were Bradyrhizobium, En-
sifer, uncultured_bacterium_f Muribaculaceae, Lachnospiraceae_NK4A136_group, and
Desulfovibrio with the relative abundances of 17.00%, 12.66%, 6.70%, 5.33%, and 5.15%, re-
spectively (Figure 2b). Due to the inoculation, the relative abundances of Bradyrhizobium in
InOYRB were higher than that in Non0YRB. The dominant genera in InOYRB were Bradyrhi-
zobium (23.58%), Novosphingobium (9.39%), Ensifer (5.30%), uncultured_bacterium_f_
Burkholderiaceae (5.12%), and Pseudorhodoferax (3.97%), which accounted for 47.36% of
the total bacterial abundance. Bradyrhizobium and Ensifer were also observed as the most
dominant genera in Non1YRB and In1YRB. However, the relative abundance of the domi-
nant genera was also significantly different between Non1YRB and In1YRB. The relative
abundance of Bradyrhizobium in Non1YRB (26.19%) was much higher than that in In1YRB
(18.41%). The relative abundance of Ensifer in In1YRB increased to 43.67%, whereas, that
of Ensifer in Non1YRB decreased to 16.89%. Furthermore, all samples except In1YRB
(Ensifer was the most dominant genus) were characterized by a high relative abundance of
Bradyrhizobium. The relative abundance of Ensifer in In1YRB was 8.24 times higher than
that in InOYRB.

100% - )
B Chloroflexi
I Nitrospirae
B Planctomycetes
80% - R i
B Acidobacteria
B Gemmatimonadetes
B Patescibacteria
60% - -
B Firmicutes
B Actinobacteria
B Bacteroidetes
40% )
B Proteobacteria
20%
0%

Sample

Relative abundance (%)

100% -

80%

60%

40%

20%

0%

Others
B Comamonas
M uncultured_bacterium_f Lachnospiraceae
B Devosia
B Desulfovibrio
B Lachnospiraceae NK4A136_group
Stenotrophomonas
W Actinoplanes
Sphingomonas
M uncultured_bacterium_f Muribaculaceae
M uncultured bacterium_f Enterobacteriaceae
M Niastella
M Pseudorhodoferax
W Flavobacterium
W Streptomyces
M uncultured bacterium_f Burkholderiaceae
B Pseudoxanthomonas
B Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
B Novosphingobium
M Ensifer
B Bradyrhizobium

Sample

Figure 2. Composition of bacterial communities at the phylum (a) and genus (b) levels in soybean roots. Note: Non

represents non-inoculated with R. intraradices. In represents inoculated with R. intraradices. 0Y and 1Y represent zero years

and one year of continuous cropping, respectively. RB represents bacteria in root samples.

The top 100 OTUs assemblage also clearly separated the 4 samples into the following
2 clusters: InOYRB did not cluster with other samples; Non0YRB, Non1YRB, and In1YRB
clustered together, suggesting their similar core function in shaping the composition of
bacterial communities (Figure 3). Furthermore, it showed that the dominant genera and
their relative abundance of the 4 samples were significantly affected by the inoculation of
R. intraradices and continuous cropping regimes.
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Figure 3. Heat map of the 100 most abundant bacterial genera in the different samples. Note: Non
represents non-inoculated with R. intraradices. In represents inoculated with R. intraradices. 0Y and
1Y represent zero years and one year of continuous cropping, respectively. RB represents bacteria in
root samples.

3.5. Effects of R. intraradices and Continuous Cropping Regimes on Fungal Communities

Taxonomic analysis showed the most abundant fungal phyla in the 4 samples. At the
phylum level, 9 identified phyla were discovered and Ascomycota was the most abundant
phylum in the 4 samples (Figure 4a). The relative abundance of Ascomycota accounted
for more than 55.91% of the total amount in the 4 samples. Basidiomycota was the second
dominant phylum in the 4 samples. Interestingly, the relative abundance of Basidiomycota
in the roots under 1 year of continuous cropping for soybean was significantly lower than
that in the roots under 0 years of continuous cropping for soybean. Mortierellomycota
and Glomeromycota were the third and fourth dominant phylum in all the samples except
InOYRE, respectively. However, Glomeromycota and Mortierellomycota were the third and
fourth dominant phylum in In0YRF, respectively. Furthermore, the relative abundance of
the other most dominant phyla varied significantly under the effects of R. intraradices and
continuous cropping regimes.
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At the genus level, the dominant genera in Non1YRF were Fusarium (9.91%), Plec-
tosphaerella (9.22%), Mortierella (5.44%), Fusicolla (2.58%), Penicillium (2.51%), Ilyonectria
(2.21%), Humicola (2.11%), Tausonia (1.69%), Solicoccozyma (1.17%), and Stagonosporopsis
(1.05%), which accounted for 37.89% of the total fungal abundance (Figure 4b). As shown in
Figure 4b, the relative abundance of Fusarium in Non1YRF was higher than the other 3 sam-
ples. Furthermore, Holocotylon (1.83%), Cladosporium (0.73%), Preussia (0.73%), Chaetomium
(0.56%), Aspergillus (0.38%), Lectera (0.38%), Tetracladium (0.32%), Didymella (0.29%), Col-
letotrichum (0.22%), and Metacordyceps (0.02%) were also detected in Non1YRF. However,
Metacordyceps was not detected in In1YRF. The most dominant genera were significantly dif-
ferent among the 4 samples. Tausonia (20.10%), Fusarium (9.91%), Plectosphaerella (11.06%),
and Chaetomium (7.01%) were the most dominant genera in NonOYRF, Non1YRF, InOYRF,
and In1YREF, respectively. The relative abundance of Chaetomium and Tausonia decreased
significantly, remaining at around 0.28% and 1.69% in InOYRF and Non1YRE, respectively.
It indicated that inoculation and continuous cropping had significant effects on the compo-
sition of fungal communities in soybean roots in this study.

100% 100%

B . b B Unclassified
B Unclassified Others
W Aphelidiomycota W Lectera
B Zoopagomycota M Holocotylon
80% - 80% W Colletotrichum
& Olpidiomycota W Aspergillus
B Kickxellomycota B Tetracladium
. I Didymella
B Chytridiomycota B Preussia
60% - 60% -
B Glomeromycota Cladosporium
B Mortierellomycota 8 Humicola
B Metacordyceps
o B Basidiomycota £ g B Solicoccozyma
b B Ascomycota o M Tlyonectria
= W Fusicolla
M Chaetomium
M Penicillium
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Figure 4. The composition of fungal communities at the phylum (a) and genus (b) levels in soybean roots. Note: Non
represents non-inoculated with R. intraradices. In represents inoculated with R. intraradices. 0Y and 1Y represent zero years
and one year of continuous cropping, respectively. RF represents fungi in root samples.

According to the heat map diagram of the fungal communities at the genus level,
the 4 samples were divided into two clusters: NonOYRF and InOYRF clustered together;
Nonl1YRF and In1YRF clustered together, indicating that the fungal communities were
similar in the 2 samples (Figure 5). The results were consistent with the composition of
fungal communities at the genus level. Moreover, it also showed that both the inoculation
of R. intraradices and continuous cropping regimes had significant effects on the dominant
genera and their relative abundances in the 4 samples.
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Figure 5. Heat map of the 100 most abundant fungal genera in the different samples. Note: Non
represents non-inoculated with R. intraradices. In represents inoculated with R. intraradices. 0Y and
1Y represent zero years and one year of continuous cropping, respectively. RF represents fungi in
root samples.

4. Discussion

In this study, a system involving soybean and the generalist AM fungus R. intraradices
was established to examine the effects of mycorrhizal colonization and continuous cropping
regimes on the growth parameters of soybean plants and the composition of microbial com-
munities in continuous cropping soybean roots at maturity. This is the first demonstration
that R. intraradices can directly alter the growth of soybean plants and the composition of
microbial communities in soybean roots under continuous cropping conditions, contribut-



Sustainability 2021, 13, 6623

10 of 12

ing to alleviate soybean continuous cropping obstacles by biological methods. Colonization
or infection by some beneficial microorganisms initiates specific physiological states of
plants [25,26]. The induced plants exhibit stronger and quicker induction of defense re-
sponses [27]. When AM fungi colonize plant roots, morphological changes occur inside
the host plants, such as an increase of cell wall lignification, which may contribute to
biological protection [28]. Mycorrhizal colonization is not only beneficial to plant nutrient
absorption, but also to plant resistance to various abiotic stresses and pathogenic soil mi-
croorganisms including bacteria and fungi [9,29]. Although AM fungi have many benefits
in agroecosystems, farmers are more willing to apply chemical fertilizers to improve crop
yield for short-term economic benefits, especially in China. The application of chemical
fertilizers in agricultural production can affect the relationship between pathogenic or-
ganisms and their hosts [30]. The results provided strong evidence for the ability of R.
intraradices to improve soybean biomass. AM fungi promote plant growth by increasing
the absorption of P and other nutrients [31]. AM fungal species and their specificity to host
determine the formation of extracellular and intracellular hyphae, arbuscular mycorrhiza,
and chlamydospores in soil [32]. In addition, there was an increase in plant height, stem
girth, fresh and dry weight of root and shoot, 100-seed weight, seed yield per plant, and
pods per plant that might be the result of nutrient uptake by the R. intraradices inoculated
soybean plant roots. The feasibility of applying AM fungi to soils depends on several
factors, including habitat niche validity, species compatibility, and competition with native
fungi [33]. However, there has been little research focused on the effects of R. intraradices
on both mycorrhizal colonization and the growth of soybean plants under continuous
cropping conditions. In this study, mycorrhizal colonization and soybean growth were
significantly affected by the inoculation of R. intraradices, indicating that R. intraradices had
positive effects on these indexes. Furthermore, continuous cropping significantly increased
mycorrhizal colonization in soybean at maturity (Table 1).

Artursson et al. [34] reported that the beneficial effects of AM fungi may be due to
their interactions with rhizosphere microorganisms. Microbial interactions involving AM
fungi and plant growth-promoting rhizosphere microorganisms, as well as AM fungi and
rhizosphere indigenous microbial communities, can promote plant growth to a certain
extent [35]. In this study, R. intraradices not only significantly increased mycorrhizal colo-
nization and soybean growth, but also changed the composition of microbial communities
in continuous cropping soybean roots at maturity. We found clear and significant differ-
ences in the composition of microbial communities between inoculated and non-inoculated
soybean plants under different continuous cropping regimes. It may be mainly due to
the different responses of rhizosphere microorganisms to root exudates caused by the
inoculation of R. intraradices and soybean continuous cropping. Continuous cropping
decreased the abundance and diversity of plant litter, which decreased the diversity of soil
microorganisms [36]. In addition, it showed that soybean continuous cropping obviously
decreased bacterial richness and diversity in both inoculated and non-inoculated soybean
plants. We also found that the relative abundances of several bacterial and fungal phyla
varied significantly under the effects of R. intraradices and continuous cropping regimes
(Figures 2a and 4a). Although there were differences between treatments, Proteobacteria
was the most dominant bacterial phylum in the four samples. Ascomycota and Basidiomy-
cota were the first and second most dominant fungal phylum in all samples, respectively.
High-throughput sequencing technology can detect many secondary members of bacterial
and fungal communities, many of which are not shown in the existing database. In this
study, many unclassified phyla/genera were identified. The unclassified members of endo-
phytic bacterial and fungal communities in soybean roots, indicating the great potential
of these microorganisms for the development of beneficial microbial communities. The
results showed that inoculation of R. intraradices could change the composition of microbial
communities in continuous cropping soybean roots and improve the growth performance
of soybean plants. Moreover, the results of this study would contribute to isolate and
identify the beneficial endophytic bacteria and fungi in continuous cropping soybean.
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5. Conclusions

This work first demonstrated that R. intraradices can directly alter the growth of
soybean plants and the composition of microbial communities in continuous cropping
soybean roots. Mycorrhizal colonization and soybean growth were significantly increased
by the inoculation of R. intraradices. However, fungal richness and diversity were increased
by soybean continuous cropping, while the opposite result occurred for bacterial richness
and diversity. Moreover, inoculation of R. intraradices could increase the diversity of
bacteria and decrease the diversity of fungi in soybean roots. The relative abundances of
several bacterial and fungal phyla varied significantly under the effects of R. intraradices
and continuous cropping regimes. Proteobacteria and Ascomycota were the most dominant
bacterial and fungal phylum in all samples, respectively. The purpose of this study was to
develop and apply a biocontrol strategy in which R. intraradices was used to alleviate the
soybean continuous cropping obstacles.
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