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Abstract: Codonopsis tangshen, a perennial herbaceous, has been shown to be affected by continuous
cropping, with significant decline in both yield and quality. In this study, we studied the effect of
continuous cropping on the abundance and composition of rhizospheric soil bacterial community.
Results showed that continuous cropping causes a significant decline in both yield and quality.
The nutrient content in continuous cropping soil was higher than that of soil in main cropping.
Pyrosequencing analyses revealed Proteobacteria and Acidobacteria as the main phyla in two types
of soils. Relative abundance of Acidobacteria, Nitrospirae, TM7, and AD3 phyla was observed to
be high in continuous cropping soils, whereas Chloroflexi, Bacteroidetes, and Planctomycetes phyla
were richer in main cropping soils. At the genus level, high relative abundance of Pseudomonas
(γ-Proteobacteria), Rhodanobacter, Candidatus Koribacter, and Candidatus were observed in continuous
cropping soil. Different patterns of bacterial community structure were observed between different
soils. Redundancy analysis indicated that organic matter content and available nitrogen content
exhibited the strongest effect on bacterial community structure in the continuous cropping soil. Taken
together, continuous cropping led to a significant decline in yield and quality, decrease in rhizospheric
soil bacterial abundance, and alteration of rhizospheric soil microbial community structure, thereby
resulting in poor growth of C. tangshen in the continuous cropping system.

Keywords: Codonopsis tangshen; continuous cropping; 454 pyrosequencing; bacterial community;
bacterial structure; soil chemical properties

1. Introduction

Codonopsis tangshen (C. tangshen), an important medicinal plant, is highly valued
in traditional Chinese medicine. It functions in strengthening organic immunity, dilat-
ing blood vessels, helping depressurization, improving microcirculation, and enhancing
hematopoiesis [1]. This plant is applicable for treating anorexia, spleen deficiency, hyper-
irritability, palpitation, and lassitude ailments [2]. According to phytochemical analysis,
C. tangshen contains lobetyolin, sterol, polysaccharides, phenylpropanoids, and saponin,
besides other chemical compounds [3]. In China, C. tangshen could be a low-cost succeda-
neum for Panax ginseng, and dry roots of C. tangshen have been widely used as a tonic [4].
However, due to increasing disease pressure, continuous cropping of C. tangshen in the
same plot of land leads to a significant decline in the yield and quality of the tubers also
known as soil sickness, or continuous cropping obstacle problem [5]. Therefore, the factors
leading to problems associated with continuous cropping of C. tangshen have become a
research priority in China.

Many factors, such as the imbalance of soil nutrients, build-up of pests in the soil,
disorder in physico-chemical soil properties, and shifts in microbial community, have been

Diversity 2021, 13, 317. https://doi.org/10.3390/d13070317 https://www.mdpi.com/journal/diversity

https://www.mdpi.com/journal/diversity
https://www.mdpi.com
https://orcid.org/0000-0002-8914-235X
https://doi.org/10.3390/d13070317
https://doi.org/10.3390/d13070317
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/d13070317
https://www.mdpi.com/journal/diversity
https://www.mdpi.com/article/10.3390/d13070317?type=check_update&version=2


Diversity 2021, 13, 317 2 of 15

reported to cause the decline in crop yield and quality in continuous cropping regime [6];
autotoxicity of root exudates is considered as one of the main causes [7]. It is not only
observed in consecutively cropped C. tangshen, but also in many other crops, and horti-
cultural and medicinal plants. Terpenoids, phenolics, alkaloids, cyanogenicglycosides,
and steroids are reported to be closely related to autotoxicity [8]. Previous studies have
frequently used filter paper bioassays enriched with a single chemical to assess the al-
lelopathic and ecological effects of root exudates in soil; however, they were considered
inadequate and controversial as they excluded the effects of microbial communities and
soil chemical properties [9]. In addition, many other studies showed that the autotoxicity of
root exudates could shape the rhizosphere microbiology by attracting or deterring specific
microbial species [10,11]. Therefore, the shifts in rhizosphere microbial community, under
continuous cropping, have recently attracted considerable attention [12].

As is well-known, function of soil ecosystem is mainly governed by rhizosphere
microbial and bulk microbial dynamics. Microbial composition and diversity affect humus
formation and degradation, soil structure and biological interactions and geochemical
cycles [7,13]. Root-related microbial communities influence many biochemical processes in
the soil, thereby contributing to plant fitness. Autotoxicity of root exudates, and microbes
affected by the rhizosphere secretions are harmful to plant health [14,15]. In addition, many
studies reported that the continuous cropping problems of plants resulted from shifts in the
soil microbial community induced by root exudates rather than direct allelopathic autotoxi-
city [16–18]. Increasing studies have shown that root exudates could select microorganisms
in the rhizosphere, and that these plant-associated microorganisms could then influence
plant growth and health [10]. Wu et al. found that consecutive monoculture of Pseu-
dostellaria heterophylla can alter the fungal community in the soil, leading to an increase in
pathogenic fungi [16]. Fusarium oxysporum, an important plant disease pathogen, increased
with the increasing years of continuous cropping of Pseudostellaria heterophylla [5]. However,
responses of the rhizosphere bacterial community (and their functional significance) to
continuous cropping of C. tangshen have not yet been fully elucidated.

Next-generation sequencing technology generates a large number of DNA reads, as
in 454 pyrosequencing, and has proven to be a suitable method for accurate microbial
community analysis. Here, 454 pyrosequencing of the 16S rRNA gene was employed to gain
a deeper insight into the biodiversity of bacterial communities [19]. Therefore, this study
was conducted to evaluate how the abundance and composition of soil bacterial community
change with continuous cropping using 454 pyrosequencing. Moreover, we aimed to
explore whether soil properties had any effect on the bacterial community structure.

2. Materials and Methods
2.1. Field Experiment and Soil Sampling

C. tangshen Oliv. cultivar ‘Banqiao’ (main varieties in the main production region) was
used as the test material. The experiment was conducted at Enshi City, Hubei Province
(30◦26′ N, 109◦23′ E), which has a humid subtropical climate, annual mean temperature of
16.2 ◦C, and annual mean precipitation of 1600 mm. The experiment included two regimes,
main cropping (FLZ) and continuous cropping (LZ) of C. tangshen. For LZ regime, a field
previously cultivated with maize for 7 years, and followed by 3 years of C. tangshen was
selected, with the adjacent field previously cultivated with maize for 10 years being used
as a control (FLZ). C. tangshen Oliv. was planted on 26 March 2014, and harvested by 19
September 2016. The rhizosphere soil samples of C. tangshen Oliv. at a depth of 0–30 cm
were collected from both LZ and FLZ regimes on 4 May (named LZ1 and FLZ1), 14 July
(named LZ2 and FLZ2), and 19 September (named LZ3 and FLZ3), 2016. Three plots
(1 × 1 m) are set up for each treatment, and 20 C. tangshen Oliv. plants are collected by the
five-point sampling method in each plot, and the rhizosphere soils of 20 C. tangshen Oliv.
plants are mixed into one replicate (Supplementary Figure S1). The rhizosphere soils of
C. tangshen Oliv. were collected by shaking the roots and were separated into two parts.
In detail, use a shovel to dig up the roots of C. tangshen Oliv. and remove large pieces of
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surface soil. Gently shake the root system three times, the fallen soil is non-rhizosphere
soil, and the soil still sticking to the roots is rhizosphere soil. The rhizosphere soils were
collected with a brush in a sterile self-sealing plastic bag and homogenized by being passed
through a 2 mm sieve. One part was brought back to the laboratory within 10 h and stored
at−80 ◦C until further processing for the experiments. The other part was air-dried at room
temperature for two weeks for the determination of the physical and chemical properties
of the soil. All treatments were carried out at the same site, to maintain consistency in
soil and climatic conditions; the same fertilization and field management was carried out
during the entire trial. Each treatment had three repeated plots, and the study area was
completely random.

2.2. Measurement of Yield and Lobetyolin Content

Harvesting was performed in late September 2016. Plants from all plots were collected;
fresh weight of each root was measured after each collection. The fresh roots were oven-
dried at 45 ◦C for 96 h, and then constant weight, before measuring the lobetyolin content.
Lobetyolin content was determined by an HPLC method [20].

2.3. Soil Chemical Characteristics

Soil pH was determined by the potentiometric method and using a pH meter (inno-
Lab 20P, Prima, UK). Total nitrogen was determined by the Kjeldahl digestion method
and using AutoAnalyzer 3 (Seal, GER). Total phosphorus was determined after digestion
in HClO4 and H2SO4 [21], and using AutoAnalyzer 3 (Seal, GER). Total potassium was
determined after digestion in NaOH and using flame photometer (M410, Sherwood, UK).
Exchangeable nitrogen was determined by using alkaline hydrolysis diffusion method.
Available phosphorus was measured by Olsen method and with UV-1800 spectropho-
tometer (Shimadzu, Kyoto, Japan). Available potassium was measured by the ammonium
acetate extraction method [22] and flame photometer (M410, Sherwood, UK). The organic
matter content of soil was estimated by the potassium dichromate volumetric method.

2.4. DNA Extraction, PCR and 454 Pyrosequencing

Total DNA was extracted from soil samples using TruSeq Nano DNA LT Sample Prep
Kit (FC-121-4001) (Illumina, San Diego, CA, USA) following the manufacturer’s instruc-
tions. DNA concentration was determined by a RS232G ultraviolet-visible spectrophotome-
ter (Eppendorf, Framingham, MA, USA) and the DNA was subsequently diluted to 1 ng/µL
using sterile water. The universal primer sets 8F (5′-barcode+GCACCTAAYTGGGYDTAAA
GNG-3′) and 533R (5′-TACNVGGGTATCTAATCC-3′) were used to amplify the V1–V3
hypervariable regions. All PCR reactions were carried out with Q5 DNA High-Fidelity PCR
Master Mix (New England Biolabs, Ipswich, MA, USA). PCR products were quantified on
a microplate reader (BioTek, FL×800, Winooski, VT, USA) using the Quant-iT PicoGreen
dsDNA Assay Kit (Thermo Scientific, Waltham, MA, USA).

PCR products were subjected to electrophoresis on 2% agarose gel for detection. Sam-
ples with bright main strips between 200 and 450 bp were chosen for further experiments,
and PCR products were mixed in equidensity ratios. Then, the PCR products were purified
using the Axygen Gel Extraction Kit (Axygen, Union City, CA, USA). Pyrosequencing
was performed on an Illumina MiSeq Reagent Kit V3 (600 cycles) platform and 2 × 300 bp
paired-end reads were generated with double terminal sequencing.

2.5. Operational Taxonomic Unit (OTU)-Based Sequence Analysis

Based on the unique barcode, the sequence reads were assigned to each sample and
the low quality sequence were removed. Paired-end reads were merged using FLASH
(V1.2.7) [23]. After quality filtering and chimera removal, the high-quality clean tags
were used to perform OTU cluster and species annotation by UPARSE software (UPARSE
v7.0.1001). Sequences with ≥97% similarity were assigned to the same OTU. Species anno-
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tation was carried out using the UNITE database (http://www.arb-silva.de/ (accessed on 1
January 2021)) [22], based on Blast algorithm, calculated by QIIME software (Version 1.7.0).

2.6. Statistical Analyses

The alpha diversity, performed based on OTU normalized data, was applied to analyze
the complexity of species diversity in a sample using five indices, namely, observed species,
diversity indices (Shannon’s, Simpson’s) and community richness indices (chao1, ACE).
Beta diversity analysis was used to evaluate differences in species complexity between
samples. Correlations between the OTU data and soil chemical properties were determined
by redundancy analysis (RDA), which was carried out via the vegan package of R.

One-way analysis of variance followed by Tukey’s test (p < 0.05) was used for multiple
comparisons using SPSS 20.0. To assess the relative contribution (%) of each microbial
taxon to the dissimilarity across samples, similarity percentage analysis (SIMPER) was
performed with the PRIMER V5 software package (PRIMER-E Ltd., Plymouth, UK) [23].

3. Results
3.1. Yield and Lobetyolin Content

Quantitative and qualitative differences were observed between main cropping (FLZ)
and continuous cropping (LZ) samples (Table 1). The yield was significantly greater
(by 11%) in main cropping compared to that in continuous cropping. The lobetyolin
content, from continuous cropping of C. tangshen roots, was significantly improved by
110% compared to that from main cropping.

Table 1. Comparison of yield and Lobetyolin content between main cropping (FLZ) and continuous
cropping (LZ).

Treatment Yield
(g/plant, FW) Lobetyolin Content (mg/g)

LZ 667.67 ± 15.20 2.74 ± 0.13
FLZ 740.93 ± 21.40 * 1.30 ± 0.08 *

Values are means ± SDs (n = 3). Values followed by star symbol are significantly different between main cropping
(FLZ) and continuous cropping (LZ) treatments.

3.2. Soil Chemical Properties

Compared to that in main cropping (FLZ) soil, organic matter content, total nitrogen,
available nitrogen, total phosphorus, available phosphorus, and available potassium were
higher in continuous cropping (LZ) soil that was collected on 4 May, 14 July, and 19
September 2016, consecutively (Table 2). Moreover, total potassium was significantly
higher in the continuous cropping soil than in main cropping soil on 4 May 2016. However,
no significant change was observed in pH and total potassium content between main
cropping and continuous cropping soil samples on 14 July and 19 September 2016.

3.3. Bacterial Community Composition

16S rRNA deep pyrosequencing was performed to assess the effects of continuous
cropping of C. tangshen on soil bacterial community. The sparse curve can judge whether
the current sequencing depth of each sample is sufficient to reflect the microbial diversity
contained in the community sample. Rarefaction analyses showed that the number of
observed species plateau at 2395 sequences (Figure 1). Sequences from six soil samples
were assigned to 1,088,000 OTUs at the 97% similarity cut-off level. There were 660,849
and 2344 OTUs in the continuous cropping soil and main cropping soil, respectively.

http://www.arb-silva.de/
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Table 2. Chemical properties of soils from different treatment plots.

pH OMC
g/kg

TN
%

AN
mg/kg

TP
%

AP
mg/kg

TK
%

AK
mg/kg

LZ1 5.64 b 21.24 a 0.21 a 196.07 a 0.07 a 51.65 a 1.91 a 268.80 a
FLZ1 6.24 a 15.85 bc 0.17 bc 148.35 b 0.05 c 8.22 c 1.09 b 104.26 c
LZ2 5.41 b 20.06 a 0.18 b 111.70 c 0.06 ab 35.43 b 1.85 a 239.74 abc

FLZ2 5.37 b 14.30 c 0.16 c 101.55 c 0.05 c 6.70 c 1.87 a 148.93 abc
LZ3 5.36 b 18.45 ab 0.18 b 133.34 bc 0.06 b 24.74 b 1.88 a 258.60 ab

FLZ3 5.38 b 14.68 bc 0.16 c 125.39 bc 0.05 c 5.83 c 1.87 a 111.65 bc

OMC, TN, AN, TP, AP, TK, AK represent organic matter contents, total nitrogen, available nitrogen, total phosphorus, available phosphorus,
total potassium and available potassium, respectively. LZ1, FLZ, LZ2, FLZ2, LZ3 and FLZ3 represent the soil samples collected from
continuous cropping (LZ) and main cropping (FLZ) at the 4 May (LZ1 and FLZ1), 14 July (LZ2 and FLZ2) and 19 September (LZ3 and
FLZ3), 2016. Different letters in columns show significant differences determined by Tukey’s test (p < 0.05, n = 3).
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Figure 1. Rarefaction curves of bacterial communities based on observed OTUs at 97% sequence similarity for individual
samples. LZ1, FLZ, LZ2, FLZ2, LZ3 and FLZ3 represent the soil samples collected from continuous cropping (LZ) and main
cropping (FLZ) at the 4 May (LZ1 and FLZ1), 14 July (LZ2 and FLZ2) and 19 September (LZ3 and FLZ3), 2016.

OTU classification and their status identification results were statistically analyzed to
visually compare the differences of OTU numbers and classification status in six different
samples (Table 3). For bacterial communities, phylum, class, order, family, and genus
were counted to reflect their community structure in different soil samples. Compared to
that in the continuous cropping soil, the count of phylum, class, order, and family were
significantly higher in the main cropping soil, regardless of the sampling time. However,
no notable difference in genus was observed between the main cropping and continuous
cropping soil on 4 May 2016.
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Table 3. Statistical table of classification and classification of status identification results by OTU in
different soil samples.

Treatment Phylum Class Order Family Genus

LZ1 1579.66 c 1553.00 c 1357.66 d 919.00 b 295.00 ab
FLZ1 2344.33 a 2318.33 a 2000.00 a 1176.66 a 341.66 a
LZ2 1376.33 c 1350.66 c 1128.33 ab 763.66 c 255.33 bc

FLZ2 2061.33 b 2036.66 b 1746.00 c 1061.33 a 348.00 a
LZ3 1101.33 d 1079.33 d 903.00 e 588.33 d 171.33 d

FLZ3 1956.00 b 1926.00 b 1600.33 b 927.66 b 229.66 c
LZ1, FLZ, LZ2, FLZ2, LZ3 and FLZ3 represent the soil samples collected from continuous cropping (LZ) and main
cropping (FLZ) at the 4 May (LZ1 and FLZ1), 14 July (LZ2 and FLZ2) and 19 September (LZ3 and FLZ3), 2016.
Different letters in columns show significant differences determined by Tukey’s test (p ≤ 0.05, n = 3).

More unique OTUs were detected in the main cropping site than in continuous
cropping site regardless of the sampling time. The number of OTUs exclusively found in
the main cropping site was 2743 while it was only 1403 in the continuous cropping site
(Figure 2).
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Figure 2. Venn diagram of exclusive and shared species-level taxa among the continuous cropping (LZ) and main cropping
(FLZ) soils. (A) FLZ1 VS LZ1. (B) FLZ2 VS LZ2. (C) FLZ3 VS LZ3. LZ1, FLZ1, LZ2, FLZ2, LZ3 and FLZ3 represent the soil
samples collected from continuous cropping (LZ) and main cropping (FLZ) at the 4 May (LZ1 and FLZ1), 14 July (LZ2 and
FLZ2) and 19 September (LZ3 and FLZ3), 2016.

3.4. Alpha Diversity Indices

The alpha diversity indices (Chao1, ACE, Shannon index, and Simpson index) at a
3% cut-off are summarized in Table 4. The richness of bacteria (Chao1 and ACE) between
main cropping (FLZ) and continuous cropping (LZ) soil had no significant difference
between 4 May and 14 July 2016. On 19 September, Chao1 and ACE indices were found to
be significantly higher in main cropping soil than in continuous cropping soil (p < 0.05).
However, the diversity of bacteria (Shannon and Simpson) between main cropping and
continuous cropping soil did show a statistically significant difference. Taken together, the
bacterial diversity on main cropping soil was found to be higher than that on continuous
cropping soil.



Diversity 2021, 13, 317 7 of 15

Table 4. Calculations of observed species, richness and diversity in different soil samples.

Treatment Observed
Species Chao1 ACE Simpson Shannon

LZ1 1833.66 ab 2033.79 a 2051.47 ab 0.9958 a 9.42 a
FLZ1 2084.66 a 2220.55 a 2303.82 a 0.9966 a 9.74 a
LZ2 1377.00 bc 1459.92 ab 1472.48 ab 0.9906 b 8.55 b

FLZ2 2061.66 a 2232.22 a 2319.05 a 0.9974 a 9.82 a
LZ3 1097.66 c 1185.78 b 1233.78 b 0.9880 b 7.99 b

FLZ3 1952.33 a 2164.32 a 2278.98 a 0.9963 a 9.56 a
LZ1, FLZ, LZ2, FLZ2, LZ3 and FLZ3 represent the soil samples collected from continuous cropping (LZ) and main
cropping (FLZ) at the 4 May (LZ1 and FLZ1), 14 July (LZ2 and FLZ2) and 19 September (LZ3 and FLZ3), 2016.
Different letters in columns show significant differences determined by Tukey’s test (p ≤ 0.05, n = 3).

3.5. Bacterial Community Structure

The results of principal coordinate analysis (PCoA) and hierarchical cluster analysis
(HCA) showed that there were significant differences in bacterial community structure
between different treatments, and similar patterns for similar treatments (Figure 3). PCoA
analysis revealed a separation between the soil samples from continuous cropping and
main cropping by the first dimension, which represented about 68.94% of the total variance
(Figure 3A). Simultaneously, HCA was applied, and it was convenient to find that all
samples grouped into two major clusters corresponding to the two different regimes
(continuous cropping and main cropping) (Figure 3B). Three subgroups corresponding to
sampling time could be distinctly identified in the two major clusters.
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Figure 3. Principal coordinate analysis (PCoA) (A) and hierarchical clustering (B) of bacterial communities based on the
weighted unifrac algorithm for six different soil sites. LZ1, FLZ, LZ2, FLZ2, LZ3 and FLZ3 represent the soil samples
collected from continuous cropping (LZ) and main cropping (FLZ) at the 4 May (LZ1 and FLZ1), 14 July (LZ2 and FLZ2)
and 19 September (LZ3 and FLZ3), 2016.
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A heat map analysis of the top 50 most abundant genera in six different treatments
was performed at the genus level, (Figure 4). The color gradient reflects the high and low
abundances of bacterial community structure across the samples. It showed that main
cropping soil formed different communities than continuous cropping soil, regardless of
the sampling time.
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3.6. Shifts in Soil Bacterial Community Composition

The phylogenetic classification of sequences, at phylum, class, and genus levels,
from the six treatments is summarized in Figure 5. The bacteria OTUs were comprised
mainly of seven phyla, including Proteobacteria, Acidobacteria, Gemmatimonadetes, Chloroflexi,
Actinobacteria, Bacteroidetes, and Nitrospirae. Proteobacteria was the first dominant phylum,
both at the continuous cropping and main cropping sites, representing 38.54% and 40.21%,
respectively. Chloroflexi was a dominant phylum in the main cropping site, representing
10.37%, whereas it was only 5.96% in the continuous cropping site. The percentage of
Acidobacteria was only 17.20% in the main cropping site, which reached 23.48% in the
continuous cropping site (Figure 5A, Supplementary Table S1).

The dominant classes in both the sites include Alphaproteobacteria, Betaproteobacteria,
Gammaproteobacteria, Deltaproteobacteria, Gemm-1, Gemmatimonadetes, and Actinobacteria,
whereas their distribution was different significantly (Figure 5B). Alphaproteobacteria was
the first dominant class both at the continuous cropping and main cropping sites, represent-
ing 22.32% and 18.25%, respectively (Supplementary Table S2). At the main cropping site,
Betaproteobacteria and Acidobacteria-6 were the second and the third dominant classes with
percentages of 9.10% and 8.92%, respectively. At the continuous cropping site, Acidobac-
teria was the second dominant class with a percentage of 8.65%, and Gammaproteobacteria
became the third dominant class with a percentage of 7.47%. At the main cropping site,
Acidobacteria-6 and Anaerolineae were the main dominant classes, representing 8.92% and
5.62%, respectively. In contrast, all the percentages at continuous cropping site were 1.04%
and 0.88%, respectively. In addition, the percentages of Acidobacteriia, Solibacteres, and
DA052 were only 0.66%, 1.71%, and 0.11%, respectively in the main cropping site, whereas
it reached 8.65%, 5.45%, and 6.29%, respectively, in the continuous cropping site (Figure 5B,
Supplementary Table S2).

The first three dominant genera in the main cropping site were Rhodoplanes, Nitrospira,
and Sphingobium with the percentages of 3.24%, 2.43%, and 1.68%, respectively. For the
continuous cropping site, the first four genera included Candidatus Koribacter, Rhodanobacter,
Candidatus Solibacter, and Rhodoplanes with the percentages of 3.59%, 3.10%, 2.88%, and
2.23%, respectively (Figure 5C, Supplementary Table S3). In addition, there are a large
number of unclassified OTUs distributed in different genera. Approximately 80% of all
bacterial strains have not been identified at genus level (Figure 5C). In conclusion, obvious
differences were noted both in composition and distribution of the microbial community
between the main cropping and continuous cropping sites.

3.7. Effects of Soil Chemical Properties on Bacterial Community Abundance

The result of redundancy analysis (RDA) is showed in Figure 6. RDA of the OTU data
and soil chemical properties revealed remarkable variations in bacterial community structure,
both in the continuous cropping and main cropping sites. The first two RDA components
(RDA1 and RDA2) could explain 83% and 10% of the total variance, respectively. The first
RDA component (RDA1) separated the main cropping soils (FLZ) from the continuous
cropping soils (LZ). The continuous cropping soil samples were positively correlated with the
higher organic matter content (OMC) and higher available nitrogen (AN) content. The main
cropping soil samples were positively correlated with soil pH (Figure 6).
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Figure 5. Bacterial community structures at (A) phylum, (B) class and (C) genus level at the six
different soil sites. The relative abundance was defined as the percentage of the in total effective
bacterial sequences in sample, classified using SILVA databank. Phyla, classes and genera making
up less than 1% of total composition in both the libraries were classified as ‘other’. LZ1, FLZ, LZ2,
FLZ2, LZ3 and FLZ3 represent the soil samples collected from continuous cropping (LZ) and main
cropping (FLZ) at the 4 May (LZ1 and FLZ1), 14 July (LZ2 and FLZ2) and 19 September (LZ3 and
FLZ3), 2016.
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Figure 6. Redundancy analysis (RDA) of the OTUs data and soil chemical properties for individual
sample from different treatments. LZ1, FLZ, LZ2, FLZ2, LZ3 and FLZ3 represent the soil samples
collected from continuous cropping (LZ) and main cropping (FLZ) at the 4 May (LZ1 and FLZ1), 14
July (LZ2 and FLZ2) and 19 September (LZ3 and FLZ3), 2016. OMC and AN represent organic matter
contents and available nitrogen, respectively.

4. Discussion

Most of the medicinal plants are obtained by cultivation; C. tangshen is a rare plant
resource. One of the most common problems in crop cultivation is the obstacle of con-
tinuous cropping [3]. In recent years, with the expansion of planting area for Chinese
medicinal herbs, deterioration of the environment and damage of soil due to continuous
cultivation of medicinal plants has increased remarkably. Continuous cropping obstacles
have become the bottleneck of many Good Agricultural Practice (GAP) based constructions,
seriously affecting the sustainable production of Chinese medicinal materials. Continuous
cropping obstacles are involved in 70% of medicinal roots and rhizome herbs [24], such as
ginseng [25], notoginseng [26], and Salvia miltiorrhiza [27]; C. tangshen is no exception in the
process. In Banqiao C. tangshen, continuous cropping reduced the yield, reduced its quality,
and aggravated its root diseases and insect pests. Our results also showed that continuous
cropping led to yield reduction, with significant increase in root fresh weight (Table 1).
As a primary metabolite, lobetyolin performs one of the most important pharmacological
functions of C. tangshen; when the content of lobetyolin is higher, the quality of C. tangshen
is better [3]. In the current study, the content of lobetyolin extracted from continuous
cropping of C. tangshen roots was found to be significantly improved by more than twice of
that from main cropping. Results demonstrated that continuous cropping is accompanied
by significant plant yield reduction and lobetyolin accumulation in C. tangshen.

Recently, the role of the underground microbial community has been emphasized in
overall plant performance [28,29]. Microbes are the most invisible in soil and are the most
important drivers of plant health and productivity [30,31]. Bacteria, an important group of
microbes in the soil ecosystem, are crucial for soil functions and plant health [32,33]. In
this study, the significant difference of bacterial composition in soil from main cropping
and continuous cropping of C. tangshen was discovered by 454 pyrosequencing analysis.
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The count of phylum, class, order, and family was significantly higher in main cropping
cultivation than in continuous cropping in three time-spans (Table 3). This result suggested
obvious differences both in the distribution and composition of microbial community
at phylum, class, and genus levels across the main cropping and continuous cropping
conditions. Moreover, there exist a variety of richness and diversity indices to reflect
the alpha diversity of bacterial community. Different indices have different emphases on
measuring community diversity. Richness (ACE and Chao) and diversity (Shannon and
Simpson index) in the continuous cropping site were lower than those in the main cropping
site (Table 4). The suppression of bacterial population in continuous cropping soil may be
due to long-term continuous cropping system, toxicity, and accumulation of antimicrobial
substances [34,35]. Soil bacterial abundance and diversity played an important role in
soil function, quality, and sustainability. Hence, the loss of soil microbial abundance and
diversity might have contributed to the poor growth of C. tangshen.

Many studies have reported that the continuous cropping obstacle problem of plants
result from shifts in the soil microbial community induced by root exudates [17,18]. In
this study, Proteobacteria (Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, and
Deltaproteobacteria) and Acidobacteria were the most abundant phyla. These results are
consistent with those in another study that demonstrated Proteobacteria and Acidobac-
teria as the most common phyla in different agricultural systems or soil types [33,36,37].
Significant differences in bacterial community composition were observed between main
cropping soils and continuous cropping soils. Some researchers showed β-Proteobacteria to
be copiotrophic and associated with large amounts of available nutrients [37]. Acidobacte-
ria were the most abundant in soils with very low resource availability [38]. Our results
indicated that continuous cropping soils possess higher nutrient content than main crop-
ping soils (Table 2). However, high relative abundance of Acidobacteria and low relative
abundance of β-Proteobacteria were observed in continuous cropping soils. The results are
inconsistent with those of previous studies [37,38]. Interestingly, a previous study had
found Bacteroidetes to be a very important indicator of soil health [39]. Our results showed
that the relative abundance of Bacteroidetes phyla was lower in continuous cropping soils
than in main cropping soils, which agreed with several previous observations [39,40]. At
the genus level, high relative abundance of Rhodanobacter and Pseudomonas (γ-Proteobacteria)
was observed in continuous cropping soils; other studies also showed Pseudomonadaceae
and Rhodanobacter to be less abundant in conducive soil than in suppressive soil [41]. As
an effective antagonistic endophyte for biological control, the density of Pseudomonas was
closely related to plant growth [42,43]. In addition, the high relative abundance of Candida-
tus Koribacter and Candidatus and the low relative abundance of Nitrospira were observed
in continuous cropping soils. However, the relationship between the above microbial
species and continuous cropping barrier remains unclear, and their interactions in the local
ecosystem would require further studies.

PCoA and HCA analyses showed that continuous cropping of C. tangshen strongly
affected the variation in bacterial community structure. This result was consistent with
previous studies, which had indicated that soil microbial community structure and compo-
sition and structure were significantly different across continuous cropping histories [44].
Therefore, we speculated that soil microbial community could be greatly affected by long-
term continuous cropping of C. tangshen. RDA analysis of the OTU data and soil chemical
properties revealed remarkable variations in bacterial community structure, both in the
continuous cropping and main cropping sites, as soil variables influence the microbial
community structure. Moreover, the composition and structure of the soil microbial com-
munity in the continuous cropping soils were positively correlated with the higher organic
matter content (OMC) and higher available nitrogen (AN) contents.
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5. Conclusions

In conclusion, continuous cropping of C. tangshen is accompanied by significant plant
yield reduction and lobetyolin accumulation. Analysis of 16S rRNA genes of bacterial
communities in continuous cropping and main cropping soils revealed that members of soil
bacterial community and their structure were significantly affected by long-term continuous
cropping of C. tangshen. All these changes might finally result in the poor growth of C.
tangshen in continuous cropping soil. On analyzing the influence of soil properties on
bacterial community structure in continuous cropping soils, we found organic matter
content (OMC) and available nitrogen (AN) content to have the strongest effect on bacterial
community structure of the analyzed soil.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13070317/s1, Figure S1: Sampling plan design drawing. Table S1: The relative abundances
(%) of the bacteria at the Phylum level. Table S2: The relative abundances (%) of the bacteria at the
class level. Table S3: The relative abundances (%) of the bacteria at the genus level.
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