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Abstract 

Purpose:  Continuous monoculture leads to deterioration of soil microenvironment, which can severely threat the 
quality and efficiency of Angelica sinensis (A. sinensis), especially for seedlings production. However, little attention has 
been paid to investigate how continuous monocropping affects the growth of A. sinensis seedling, rhizosphere micro-
bial populations, and nutrient status.

Methods:  A field experiment consisting of two different planting patterns — raising A. sinensis seedlings in recla-
mation alpine uncultivated meadow (RW) and 1-year continuous monoculture (CC), was carried out at Min County, 
Gansu province, China.

Result:  The results showed that compared with RW, the growth rate and valid quantity of A. sinensis seedlings were 
significantly reduced by 195.4% and 36.7% in CC, respectively. Continuous monocropping significantly increased 
the rhizosphere soil pH value during the growing season, ranging from 6.18 to 7.10, while reducing the content of 
SOM, total N, and available P and K. Glomalin, AMF spore densities, and the number of actinomycetes, ammonifiers, 
and azotobacter were also decreased by CC. The CC treatment significantly increased the abundance of fungi. The 
diversity and richness of bacteria in CC were lower than RW. Furthermore, the composition and structure of bacte-
rial and fungal flora also changed and that the abundance of beneficial bacteria decreased, while the abundance of 
pathogens increased in CC. Thus, CC appeared to completely upend the relationship between soil nutrient availability 
and microbial activity.

Conclusion:  The results illustrated that continuous monoculture led the flora of bacteria and fungi to changed 
dramatically, with the abundance of beneficial bacteria decreased and the abundance of harmful microbes, such as 
Lasiosphaeriaceae, Vishniacozyma, Myrmecridium, and Hypocreales, increased. The function of microbial population 
has changed from “beneficial bacteria dominated” to “harmful microbes dominant.” We concluded that continuous 
monoculture significantly reduced the growth and the efficiency of A. sinensis seedlings and deteriorated the rhizos-
phere soil microenvironment by increasing pH and decreasing nutrient availability, as well as altering the function of 
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Introduction
Angelica sinensis (Oliv.) Diels (A. sinensis) is an impor-
tant medicinal plant, which is cultivated in Asia, Africa, 
and some areas of South America (Lu et  al. 2020). This 
plant is also a typical geo-authentic medicinal herb, and 
its growth and active components are influenced by soil 
pH, rainfall, temperature, altitude, and other ecological 
factors (Xu et  al. 2020; Katoh et  al. 2011). In China, A. 
sinensis has been cultivated for about 2000 years, mainly 
grown in Gansu, Yunnan, Qinghai, Sichuan, and Shanxi 
(Zhu et  al. 2021). Especially, the Minxian County, in 
Gansu province, is recognized as the region with most 
suitable climatic and soil conditions for the growth of 
A. sinensis (Zhang et al. 2021). The cultivation of A. sin-
ensis in Minxian County was mainly divided into two 
processes: one to raise seedlings from June to October 
and next to harvest and store A. sinensis seedlings in 
sandy soil from November to March. The second pro-
cess of planting is transplanting seedling to the field 
from April to October (Wang 2008). The first process 
is the key factor in determining the yield and quality of 
A. sinensis (Wang et  al. 2018). Therefore, local farm-
ers have gained more from the experience of cultivating 
A. sinensis seedlings and found that reclaiming alpine 
uncultivated meadow to raise A. sinensis seedlings is the 
current way to ensure high quality (Wu et  al. 2009; Cai 
et  al. 2013). Although this method of raising seedlings 
allows avoiding the problem of continuous monoculture, 
it could cause serious damage to turf ecology, ecological 
resources, and environment (Gong et al. 2015; Bai et al. 
2019; Shang et al. 2021).

Deterioration of soil microenvironment is generally 
considered to be the main cause of the continuous crop-
ping obstacles, including disorder of physiochemical 
properties, imbalance of soil microorganisms, and accu-
mulation of autotoxic chemicals. The imbalance of soil 
nutrient utilization and the rhizosphere microbial popu-
lation structure caused by continuous cropping may be 
the main reasons for the weakening of crop growth, yield, 
and quality. Imbalanced ammonia-oxidizing bacterial 
populations may lead to reduced growth of A. sinensis 
(Zhang et al. 2016). The rhizosphere fungal and bacterial 
diversity and core bacterial community were significantly 
affected by continuous cultivation of A. sinensis seedlings 
(An et al. 2020). Previously, we found that inoculation of 
beneficial microbial agents could improve the growth and 

quality of A. sinensis seedlings in continuous cropping 
(Zhu et al. 2017). It is well-known as mycorrhizal effect 
of arbuscular mycorrhizal fungi (AMF) for plant growth 
(Cabral et  al. 2016; He et  al. 2017), which have great 
potential in alleviating continuous cropping obstacles in 
the cultivation of geo-authentic medicinal herbs (He et al. 
2012; Jiang and Wang 2012). However, the obstacles of 
continuous cropping in medicinal herbs mainly focused 
on the possible role of microflora only including bacte-
ria and fungi in A. sinensis continuous cropping (An et al. 
2020); there are few studies on the changes of soil micro-
environment, such as bacteria, fungi and AMF, and soil 
physiochemical properties, and its comprehensive effect 
on the growth of medicinal herbs under field continuous 
cropping conditions. Therefore, it is urgent to elucidate 
the mechanism by which the rhizosphere microenviron-
ment affects the growth of authentic A. sinensis seedlings 
under continuous monoculture conditions and to pro-
vide growers with effective guidelines for cultivating A. 
sinensis seedlings.

Herein, we hypothesized that continuous monoculture 
had a direct effect on the soil microenvironment, which 
then resulted in the inhibition of A. sinensis seedlings. 
A field experiment was therefore conducted to test this 
hypothesis, by comparing the strategy of raising A. sinen-
sis seedlings in reclamation alpine uncultivated meadow 
(RW) with 1-year continuous monoculture (CC). Our 
main goals were (1) to investigate the effects of continu-
ous cropping on A. sinensis seedlings growth and qual-
ity grades, (2) to analyze the changes of rhizosphere soil 
physical-chemical properties drove by continuous mon-
oculture, and (3) to reveal the possible mechanism of 
rhizosphere soil microbial population succession dragged 
by continuous monoculture.

Materials and methods
Study site and sample collection
Experiments were performed at a tree-lined hillside 
shady slope (28°) in Wagougou, Min County, Gansu prov-
ince, China (N 34° 15′ 50″, E104° 5′ 55″, elevation 2570 
m). It represented a typical cool and semi-humid cli-
mate with an average annual temperature of 5.2–5.8 °C 
and annual average precipitation of 508.6–782.5 mm. 
The frost-free period of the whole year was about 120–
125 days from June to October, and the soil type was 
chernozem.

interactions between soil nutrients and microbial populations, thereby resulting in an unsuitable microenvironment 
for A. sinensis seedlings growth.

Keywords:  Angelica sinensis seedlings, Monoculture, Rhizosphere soil nutrients, Microbial populations, Bacterial 
diversity, Fungal diversity, Glomalin
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Treatments for RW and CC were randomly distributed 
in ten 1 m × 5 m plots, and each treatment was replicated 
five times. The time of seedling cultivation was from June 
to October each year. The widely used cultivar A. sinen-
sis (c.v. Hetuo) was chosen as the test material. Each plot 
was planted with 6 g/m2 seeds to obtain a sowing density 
of about 200 plants per m2. At harvest, A. sinensis seed-
lings of 1 m × 1 m were randomly sampled from each 
plot, the total number of seedlings, seedling weights were 
determined, and the seedling grades were further classi-
fied according to the criteria described in detail in Zhu 
et al. (2017). For each treatment, the rhizosphere soil and 
root system were collected from 5 plots and mixed thor-
oughly; 3 biological replicates were randomly collected 
at each treatment. There were 3 soil samples and 3 root 
system had been obtained for each treatment, and then, 
all of soil samples were divided into two subsamples for 
storage in icebox for transporting to the laboratory. One 
part was stored at 4 °C to determine the culturable micro-
bial populations and physical and chemical parameters, 
and the other was stored at −80 °C for further analysis of 
high-throughput sequencing.

Culturable microbial populations of rhizosphere soil
The culturable microbial populations of bacteria, fungi, 
actinomycetes, ammonifiers, and azotobacter were deter-
mined by dilution plate coated method. Firstly, 1 g of 
fresh sample was diluted with 9 mL distilled water and 
mixed evenly, and then, 1 mL mixture was taken into 9 
mL distilled water for gradient dilution. After dilutions 
were obtained, 0.1 mL appropriate concentration of dilu-
tion was taken into plate coated with the medium of 
Luria Bertani, Martin, modified Gao1, peptone agar, and 
modified Waxman 77, respectively. Then, each colony 
count was determined as log number per gram (fresh) 
soil (Zhu et al. 2018).

The AMF spore densities were extracted from rhizos-
phere soil by wet sieving decantation-sucrose centrifuga-
tion method. The number of spores was recorded under 
a Zeiss-50× stereomicroscope (Bi and Wu 2007) and 
expressed as the spore number per 10-g dry soil.

DNA extraction and high‑throughput sequencing 
of rhizosphere soil
Genomic DNA was extracted from approximately 0.25 
g of soil samples using the E.Z.N.A.® soil DNA Kit 
(Omega Bio-tek, Norcross, GA, USA) according to the 
instructions. The quality and concentration of DNA were 
determined by 1.0% agarose gel electrophoresis and a 
NanoDrop® ND-2000 spectrophotometer (Thermo Sci-
entific Inc., USA) and kept at −80 °C prior to further use. 
The hypervariable region (V3-V4) of the bacterial 16S 
rRNA gene was amplified with primer pairs 338F and 

806R (Table  1) (Liu et  al. 2016), and the fungal internal 
transcribed spacer (ITS) region was amplified with the 
primer pairs ITS1F and ITS2R (Table  1). PCR was per-
formed on an ABI GeneAmp® 9700 PCR thermocycler 
(ABI, CA, USA). The PCR reaction mixture includes 4 
μL of 5 × Fast Pfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL 
each primer (5 μM), 0.4 μL Fast Pfu polymerase, 10 ng 
of template DNA, and ddH2O to a final volume of 20 μL. 
PCR amplification cycling conditions (Wang et al. 2022a) 
were as follows: initial denaturation at 95 °C for 3 min, 
followed by 27 and 35 (27 for primer 338F_806R and 35 
for primer ITS1F_ITS2R) cycles of denaturing at 95 °C 
for 30 s, annealing at 55 °C for 30 s and extension at 72 °C 
for 45 s, and a final extension at 72 °C for 10 min, and end 
at 4 °C. All samples were amplified in triplicate. The PCR 
products were extracted from 2% agarose gels, and puri-
fied using the AxyPrep DNA Gel Extraction Kit (Axygen 
Biosciences, Union City, CA, USA) according to manu-
facturer’s instructions and quantified using Quantus™ 
Fluorometer (Promega, USA). The purified amplifica-
tion products were quantitatively mixed, and paired-end 
sequencing was performed with a MiSeq PE300 platform 
(Illumina, San Diego, USA) according to the standard 
protocols by Majorbio Bio-Pharm Technology Co. Ltd. 
(Shanghai, China).

Physical and chemical indices of rhizosphere soil
Soil organic matter (SOM) was determined by the 
H2SO4-K2Cr2O7 oxidation method (Wu and Chen 2016). 
Total nitrogen (total N) of rhizosphere soil was deter-
mined by Kjeldahl method (Zhang et al. 2015). Available 
phosphorus (available P) was determined by ultraviolet 
spectrophotometry. A total of 2.5 g of dry soil sample 
was leached with 50 mL 0.5 mol L−1 sodium bicarbonate 
solution shaking for 30 min at 150 rpm and filtered with 
phosphorus-free filter paper. Then, 10 mL of filtrate was 
taken, and 5 mL of color developing solution (ascorbic 
acid solution) was added to the filtrate for 30-min color 
reaction. After the filtrate was colored, 10 mL of distilled 
water was added, and the OD value of reaction solution 
was estimated at 880 nm by an eight-cell-UV spectropho-
tometer (TU-1950, Beijing spectral analysis). Available 
potassium (available K) was determined by flame pho-
tometry method (Dai and Li 1997).

Table 1  The sequence informations of primer pairs

Measurements Primer pairs Sequence informations

Bacteria 338F 5′-ACT​CCT​ACG​GGA​GGC​AGC​AG-3′

806R 5′-GGA​CTA​CHVGGG​TWT​CTAAT-3′

Fungi ITS1F 5′-CTT​GGT​CAT​TTA​GAG​GAA​GTAA-3′

ITS2R 5′-GCT​GCG​TTC​TTC​ATC​GAT​GC-3′
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The contents of easily extractable glomalin (EEG) and 
total glomalin (TG) were measured by ultraviolet spec-
trophotometry (Janos et  al. 2008). EEG was extracted 
from 1 g of ground dry-sieved soil with 8 mL of 20 mmol 
L−1 citrate solution (pH 7.0) at 121 ° for 30 min. TG was 
obtained from 1 g of ground dry-sieved soil with 8 mL 
of 50 mmol L−1citrate solution (pH 8.0) at 121 °C for 60 
min, and the extraction was repeated twice. The extrac-
tion solution was centrifuged at 10,000 rpm for 15 min, 
and the supernatant was collected and pooled after each 
glomalin extraction cycle. Then, 0.5 mL supernatant was 
added to 5 mL of Coomassie brilliant blue G-250 stain. 
Finally, the content of glomalin was estimated using an 
eight-cell-UV spectrophotometer at 595 nm. In order to 
calculate the contents of EEG and TG, a standard curve 
was prepared with the bovine serum albumin (BSA) 
standard solution at the same time.

Root colonization rate
After removing the attached soil, root samples were cut 
into 10–20 mm segments and put into FAA fixed solu-
tion. The root sample was submerged into 8% potassium 
hydroxide solution in 90 °C water bath for 40 min and 
washed with fresh water for three times. Then, the root 
samples were immersed in 2% hydrochloric acid solu-
tion for 5 min, stained with 0.05% trypan blue solution 
at 90 °C for 40 min, and finally washed by lactic acid (Liu 
and Chen 2007). Root colonization was detected under 
microscope. The colonization rate was scored according 
to the amount and density of AMF hyphae in root of A. 
sinensis seedling.

Bioinformatic and statistical analysis
Raw FASTQ files were de-multiplexed using an in-house 
perl script and then quality filtered by fastp version 
0.19.6 (Chen et al. 2018) and merged by FLASH version 
1.2.7 (Tanja et al. 2011) with the following criteria: reads 
with any ambiguous bases or with average quality scores 
lower than 20 were discarded using a 50-bp sliding win-
dow. The resulting quality sequences were classified into 
the same OTUs (operational taxonomic units) using 
UPARSE (v. 7.1) with a 97% similarity cutoff value (Edgar 
2013). The most abundant sequence for each OTU was 
selected as a representative sequence. The OTU table 
was manually filtered, i.e., chloroplast sequences in 
all samples were removed. To minimize the effects of 
sequencing depth on alpha and beta diversity measure, 
the number of gene sequences from each sample was 
rarefied, which still yielded an average good’s coverage 
of 97.00%, respectively. In this study, based on the OTUs 
information, the OTUs Venn analysis of biological com-
munities under different treatments and the statistical 
analyses of unique and common OTUs were performed 

with Mothur v1.30.1 (Schloss et  al. 2009) in Majorbio 
Cloud platform (https://​cloud.​major​bio.​com). The data of 
A. sinensis seedlings growth, root colonization rate, cul-
turable microbial populations, and physical and chemi-
cal indices of rhizosphere soil were analyzed by one-way 
analysis of variance (ANOVA) using the SPSS 22.0 (IBM, 
USA) software for Windows (Song et al. 2018). Student’s 
t-test was used in ANOVA for each parameter include 
A. sinensis seedlings growth and soil physiochemical and 
microenvironment parameters in RW and CC. The dif-
ferences between RW and CC treatment were examined 
using least significant differences (LSD ≤ 0.05). Multiples 
comparison analysis was used to test differences among 
A. sinensis seedlings growth and soil microenvironments 
parameters. Bivariate correlation analysis was performed 
in the correlation analysis of soil microenvironments 
parameters, and the correlation is expressed by Pearson’s 
correlation coefficient. The effects of continuous mono-
culture (CME, %) were expressed by the value of each 
parameter (Kong et  al. 2021) and were calculated using 
the following formula:

Where CME is the effect of continuous monoculture 
index, SAi is the mean value of CC index, and SAck is the 
mean value of RW index. Figures were drawn by the Ori-
gin Pro 2019 software (Origin Lab Corporation, USA).

Results
Response of seedlings growth and grades of A. sinensis 
to RW and CC treatments
The CC treatment inhibited A. sinensis seedlings growth 
and reduced quality grades (Fig. 1). Compared to RW, CC 
treatment reduced seedling weight per plant by 195.4% 
(Fig.  1A), and the index of seedling number, which 
reflects if the soils are suitable for seed emergence, was 
also significantly decreased by 36.7% (Fig. 1B). Similarly, 
CC treatment also reduced both the top grade (33.4% in 
RW to 31.8% in CC) and second-grade seedlings (32.9% 
in RW to 27.3% in CC) (Fig.  1C). The results indicated 
that continuous monoculture was detrimental to the 
quantity and quality of available A. sinensis seedlings.

Changes of culturable microbial populations 
of rhizosphere soil between RW and CC treatments
Culturable microbial counts were affected by RW and 
CC treatments (Fig.  2). Bacteria counts were signifi-
cantly increased in CC compared to RW, and the same 
trend appeared in fungi counts. However, the counts 
of actinomycetes, ammonifiers, and azotobacter were 
significantly decreased in RW, indicating the weak-
ening function of microorganisms in the continuous 

CME =

SAi − SAck

SAck
× 100

https://cloud.majorbio.com
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monoculture land. The results demonstrated that con-
tinuous monoculture affected the culturable microbial 
populations and weakened the quantity of beneficial 
functional bacteria in rhizosphere soil.

Changes of bacterial and fungal diversity of rhizosphere 
soil between RW and CC treatments
In this study, we employed molecular biology meth-
ods to further identify the bacterial and fungal diversity 

changed driven by continuous monoculture. The results 
demonstrated an obviously differences between RW and 
CC (Fig. 3). There were 26 phyla, 69 classes, 167 orders, 
257 families, 405 genera, and 784 species with a total bac-
terial OTUs of 1389 and 6 phyla, 21 classes, 47 orders, 92 
families, 142 genera, and 182 species with a total fungal 
OTUs of 255. The common and unique OTUs showed 
that 634 bacterial OTUs were shared by RW and CC with 
361 bacterial OTUs of CC and 394 bacterial OTUs of RW 

Fig. 1  Comparisons of the growth and grade proportion of A. sinensis seedlings between RW and CC. Significant differences were determined 
using least significant differences (LSD ≤ 0.05) of the Student’s t-test after one-way ANOVA, n = 5, (*P < 0.05; ***P < 0.001). A Seedling weight in RW 
and CC. B Seedling numbers in RW and CC. C Grade proportion of seedling in RW and CC

Fig. 2  Comparisons of the cultural microbial populations in rhizosphere soil of A. sinensis seedlings between RW and CC. Significant differences 
were determined using least significant differences (LSD ≤ 0.05) of the Student’s t-test after one-way ANOVA, n = 9, (*P < 0.05; **P < 0.01; ***P < 
0.001)
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(Fig. 3A), while 121 fungal OTUs were shared by RW and 
CC with 80 fungal OTUs of CC and 54 fungal OTUs of 
RW (Fig. 3B). It can be argued that rhizosphere soil bac-
terial and fungal diversities were dramatically effected by 
continuous monoculture.

The relative abundances of beneficial bacteria Pseu-
domonas and Lactococcus in genus with 17.92% and 
14.84% in RW were sharply decreased to 0.87% and 7.28% 
in CC, while those of harmful bacteria Flavobacterium 
and Comamonas in genus with only 0.98% and 0.29% in 
RW were sharply increased to 8.10% and 7.18% in CC 
(Fig. 3C). On the other hand, the relative abundances of 

beneficial fungi Alternaria, Mortierella, and Ceratuba-
sidium in genus with 28.72%, 18.57%, and 8.08% in RW 
were sharply decreased to 10.29%, 10.23%, and 0.54% 
in CC, while those of harmful fungi Lasiosphaeriaceae, 
Vishniacozyma, Myrmecridium, and Hypocreales in 
genus with only 2.44%，1.33%，0.19%, and 0.00% in 
RW were sharply increased to 11.93%, 6.95%, 7.58%, and 
2.05% in CC (Fig. 3D). The results suggested that bacte-
rial and fungal communities and functions were dramati-
cally changed by continuous monoculture.

Fig. 3  Venn plots and relative abundance of bacteria and fungi in RW and CC, n = 3. A Venn plot of bacterial OTUs between RW and CC, B Venn 
plot of fungal OTUs between RW and CC, C relative abundance of bacteria community at genus level in RW and CC (others < 0.01), and D relative 
abundance of fungi community at genus level in RW and CC (others < 0.02)
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Differences of AMF and related indices between RW and CC 
treatments
Rhizosphere soil AMF spore densities and related 
indices, such as root colonization rate, TG, and EEG, 
were significantly reduced by continuous monoculture 
(Fig.  4). The AMF spore densities were 37.8% higher 
in RW (41.1 g−1 dry soil) than in CC (Fig.  4A). Cor-
respondingly, CC treatment reduced root coloniza-
tion rate by 16.8%, from 96.7% in RW to 82.8% in CC 
(Fig.  4B). The contents of TG and EEG were signifi-
cantly reduced by 135.9% and 143.1% in CC treatment 
respectively (Fig. 4C and D). The results indicated that 
continuous monoculture negatively affected mycorrhiza 

formation and soil AMF spore densities, resulting in 
lower TG and EEG, and finally soil degradation.

Effects of rhizosphere soil pH value and nutrients 
under continuous monoculture
Rhizosphere soil pH value and soil nutrients were sig-
nificantly changed by 1-year continuous monoculture 
(Table  2), with pH value 7.1 in CC compared to 6.18 
in RW. Compared to RW, CC treatment reduced SOM 
by 10.2%, total N by 99.5%, available P by 45.3 %, and 
available K by 143%. The results suggested that con-
tinuous monoculture led to the increase of pH value, 
which was accompanied with the reduction in soil 
nutrients.

Fig. 4  Comparisons of the rhizosphere AMF and their related parameters in A. sinensis seedlings between RW and CC. Significant differences 
were determined using least significant differences (LSD ≤ 0.05) of the Student’s t-test after one-way ANOVA, n = 3, (*P < 0.05; **P < 0.01). A 
Spore densities in rhizosphere soil of seedlings in RW and CC. B Root colonization rate of seedlings in RW and CC. C Total extractable glomalin in 
rhizosphere soil of seedlings in RW and CC. D Easily extractable glomalin in rhizosphere soil of seedlings in RW and CC
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Correlations of rhizosphere soil parameters 
under continuous monoculture
The correlations between physicochemical parameters 
and microbes could reflect the function of microbes in 
driving nutrient turnover. In this study (Table  3), there 
were no significant correlations between six nutrients 
(SOM, total N, available K, available P, EEG, and TG) and 
six kinds of microorganisms in RW treatment, while EEG 
was significant negative relations with fungi and ammon-
ifiers in CC. The correlations of fungi and SOM were 
derived from positive in RW to negative in CC, and the 
same with correlations with EEG, but the contrary cor-
relation to available P, which indicated that fungi might 

play more dominant function in CC. Ammonifiers had 
the similar correlations to fungi. Actinomycetes and azo-
tobacteria had the same correlation trends with total N, 
available K, and TG: continuous monoculture enhanced 
the positive correlations between the two microbial pop-
ulations and total N, from 0.164 and 0.137 in RW to 0.805 
and 0.718 in CC respectively, but obviously decreased 
the positive correlations of the two microbial popula-
tions with available P and TG. The positive correlations 
of AMF spore densities with total N and available K 
were elevated by continuous monoculture, from −0.680 
to −0.948 in RW to 0.929 and 0.786 in CC respectively, 
while the positive correlations with SOM were sharply 

Table 2  Comparisons of the rhizosphere soil pH value and nutrient concentration in A. sinensis seedlings between RW and CC

DATA means ± SE, n = 3. Significant differences were determined using least significant differences (LSD ≤ 0.05) of the Student’ s t-test after one-way ANOVA

SOM soil organic matter, total N total nitrogen, available P available phosphorus, available K available potassium

*, **, and *** indicate significant difference at P-values in 0.05, 0.01, and 0.001 level of probabilities, respectively

Treatment pH value SOM (g·kg−1) Total N (mg·kg−1) Available P (mg·kg−1) Available K (mg·kg−1)

RW 6.18 ± 0.01 58.4 ± 1.9* 3759.3 ± 7*** 55.5 ± 0.7*** 791.3 ± 4.3***

CC 7.10 ± 0.01** 53.0 ± 1.5 1884.7 ± 6 38.2 ± 0.6 325.1 ± 3.1

Table 3  Correlations of rhizosphere soil microbial populations with physicochemical parameters of RW in blue and CC in pink

Values were presented in table as the Pearson’s correlation coefficient, n = 3. Bivariate correlation analysis was performed in correlation analysis

SOM soil organic matter, total N total nitrogen, available P available phosphorus, available K available potassium, EEG easily extractable glomalin, TG total extractable 
glomalin

* and ** indicate significance at the 0.05 and 0.01 level of probabilities in correlations between rhizosphere soil microbial populations and physicochemical 
parameters of RW and CC



Page 9 of 15Gong et al. Annals of Microbiology           (2022) 72:34 	

reduced from 0.953 in RW to −0.867 in CC. The results 
suggested that continuous monoculture induced changes 
in the microenvironments and affected the nutrients 
cycling by microorganisms.

The pH value directly affected soil culturable microbial 
populations and functions. As shown in Table 3, pH value 
was significantly positive correlation with bacteria and 
significantly negative correlation with fungi, ammonifi-
ers, and AMF spore densities both in RW and CC. The 
negative correlations of pH value with AMF spore den-
sities were declined by continuous monoculture from 
−0.842 in RW to −0.327 in CC. However, continuous 
monoculture completely subverted the correlation coeffi-
cients of pH value with actinomycetes and azotobacteria, 
which were significant positive correlations with 1.000 
and 0.999 in RW and negative correlations with −0.976 
and −0.996 in CC. The results indicated that changes in 
culturable microbial populations were induced by con-
tinuous monoculture, which result in the soil pH value 
alteration from 6.18 in RW to 7.10 in CC (Table 2). Con-
sequently, the continuous monoculture changed the 
soil pH value significantly, and the changes of cultur-
able microbial populations were more derived from the 
changes of soil pH value.

Microorganisms and their synergies were the key 
bio-stimulants to keep soil healthy and accelerated soil 
nutrients turnover. The correlation between microbial 
populations was further analyzed (Table  4). Continuous 
monoculture completely subverted the correlation coeffi-
cients of bacteria with fungi, ammonifiers, azotobacteria, 
and AMF spore densities, which were significant posi-
tive correlations with 0.998, 1.000, and 0.850 in RW and 
negative correlations with −0.998, −0.999, and −0.324 
in CC. The correlations of fungi with actinomycetes and 
azotobacteria were changed dramatically by continu-
ous monoculture too, with the negative coefficients of 
−0.995 and −0.992 in RW alternating to the significant 

positive that is 0.987 and 1.000 in CC respectively and the 
same trends in correlation between actinomycetes and 
AMF spore densities. The negative correlation between 
ammonifiers and azotobacteria with −0.997 in RW was 
converted into significant positive correlations with 0.998 
in CC and similar to the correlation between azotobac-
teria and AMF spore densities. The results demonstrated 
that continuous monoculture had reshaped the relation-
ships among functional microbial populations.

Principal component analysis and treatment average effect 
of rhizosphere soil parameters
Biplot of treatments with principal component analysis 
(PCA) of rhizosphere parameters was further designed 
to show the effects of continuous monoculture (Fig. 5A). 
Two principal components accounted for 100% of the 
variations with 99.85% by first axis and 0.15% on the sec-
ond axis, which could fully represent the original infor-
mation. The analysis of PCA showed that the parameters 
of AMF spore densities and available K were far away 
from the PC1, while the other rhizosphere soil vari-
ables distributed on or near the PC1, which indicated 
continuous monoculture, dramatically changed these 
indices. Furthermore, the parameters of pH value, cultur-
able microbial populations, and available P overlapped 
together, which suggested that there was close interplay 
between these parameters. The treatments of RW and 
CC distributed in the fourth and first quadrants, and the 
angle between RW and CC was obtuse, indicating that 
CC had a negative impact on rhizosphere soil parameters 
of A. sinensis seedlings compared to RW. Consequently, 
CC had great influence in the rhizosphere soil of A. sin-
ensis seedlings.

The continuous monoculture effect (CME) was to eval-
uate the influence effects of rhizosphere soil parameters 
of continuous monoculture (Fig. 5B). Culturable bacteria 
and fungi populations, OTUs of fungi and pH value, were 

Table 4  Correlations between rhizosphere soil microbial populations of RW in blue and CC in pink

Values were presented in table as the Pearson’s correlation coefficient, n = 3. Bivariate correlation analysis was performed in correlation analysis

* and ** indicate significant difference at 0.05 and 0.01 level of probabilities in correlations between rhizosphere soil microbial populations of RW and CC
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positive effects by CC, with the coefficients of 24.69%, 
7.53%, 14.89%, and 14.86%, respectively. Positive effects 
of culturable fungi in sync with OTUs of fungi indicated 
that fungi could play a dominant role under CC. The 
effects of culturable actinomycetes and azotobacteria 
populations, total nitrogen and available potassium, and 
EEG and TG were sharply reduced by CC, with the coef-
ficients of 41.49%, 47.94%, 49.87%, 58.92%, 58.88%, and 
57.59%, respectively. The high negative coefficients indi-
cate that CC disrupted the rhizosphere physiochemical 
properties and microbial balance of A. sinensis seedlings.

Discussion
Previous studies have shown that continuous monocul-
ture can severely inhibit the growth of medicinal plants 
and reduce the yield and medicinal active ingredients 
(Sui et al. 2019; Song et al. 2018; Zhang et al. 2018). Con-
tinuous monoculture significantly inhibited the growth 
of Salvia miltiorrhiza or even led to the failure of har-
vest, as well as the dramatic reductions (up to 35%) in 
the active component of dihydrotanshinone (Liu et  al. 
2013). Results from 4 years of Salvia miltiorrhiza con-
tinuous monoculture showed that yield and concentra-
tion of active compounds were decreased year by year 
with the extension of continuous monoculture time (Liu 
et al. 2020a). Raising medicinal plant seedlings had a fur-
ther negative impact on the yield and quality of typical 
geo-authentic medicinal herb, so high-quality medici-
nal seedlings play the key role in the efficient produc-
tion of medical plants. Our observations showed that the 

seedling weight and seedling number, which reflected 
the health quality and effectiveness of A. sinensis seed-
lings, were significantly reduced by 195.4% and 36.7% 
under 1-year continuous monoculture land (Fig. 1A and 
B); correspondingly, the high-quality seedlings declined 
sharply (Fig. 1C), which obviously affected the efficiency 
of raising A. sinensis seedlings. Our findings were con-
sistent with previous research that number and health 
index of surviving seedlings were significantly decreased 
under continuous monoculture of Panax quinquefolius L. 
(Chen et  al. 2012). These results demonstrated that the 
practice of continuous monoculture reduced the quality 
and efficiency of typical geo-authentic medicinal herb 
seedlings.

Soil microenvironments, such as disorder of soil physi-
ochemical properties and microbial imbalance, are the 
major causes for continuous cropping obstacles (Zhao 
et al. 2018). Previous studies suggested that the functions 
of microbial populations were changed by continuous 
monoculture from “bacteria-dominated type” to “fungi-
dominated type,” with the raise of fungi count and the 
decline of actinomyces counts (Xiong et  al. 2014; Sun 
et  al. 2014). Our investigations were in part consistent 
with previous results that continuous monoculture signif-
icantly increased fungi count and significantly decreased 
actinomycetes, ammonifiers, and azotobacteria counts 
(Fig.  2). Compared with RW, rhizosphere soil nutrients, 
SOM, total N, and available P and K of CC were signifi-
cantly decreased (Table 2), and the correlations of micro-
bial populations and nutrients in CC were dramatically 

Fig. 5  Principal component analysis (PCA) of rhizosphere parameters and continuous monoculture effect in A. sinensis seedlings between RW and 
CC, n = 3. SOM, soil organic matter; total N, total nitrogen; available P, available phosphorus; available K, available potassium; EEG, easily extractable 
glomalin; TG, total extractable glomalin; root C, root colonization rate; AMF SD, AMF spore densities. A principal component analysis (PCA) of 
rhizosphere parameters in A. sinensis seedlings between RW and CC. B Continuous monoculture effect (CME) of rhizosphere parameters in A. 
sinensis seedlings between RW and CC
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altered (Table  3). The results suggested that the prac-
tice of 1-year continuous monoculture had dramatically 
caused A. sinensis seedlings rhizosphere soil nutrients 
declined and the microbial populations disturbed.

Soil degradation is usually accompanied by overexploi-
tation of nutrients such as SOM, nitrogen, and phospho-
rus, changes in soil pH value, and imbalance of microbial 
populations (Huang et  al. 2019; Liu et  al.  2020b). Our 
results showed that continuous monoculture deterio-
rated soil quality by increasing pH value and reducing the 
nutrients (Table  2). Correlation analysis results showed 
that pH value was significantly negative with AMF spore 
densities (Table  3), suggesting that elevated pH value 
reduced root colonization (Fig. 3B), and has also the sig-
nificantly negative correlations with culturable fungi and 
ammonifiers and positive correlations with culturable 
bacteria. Moreover, the correlations among five cultur-
able microbial populations and rhisphere soil nutrient 
parameters were also dramatically changed from RW to 
CC (Table 4). The results indicated that elevated pH value 
not only modulated rhizosphere soil microbial popula-
tion but also altered the functions of interplay between 
nutrients and microbial populations (Tables 3 and 4). The 
bacterial and fungi diversities analysis results showed 
that the abundances of harmful microbes were increased 
under CC (Fig.  3), meaning that healthy microbial bal-
ance was broken down. With the deteriorating microbial 
community diversity and function, soil quality under con-
tinuous monoculture became degradated and unhealthy 
(Sun et al. 2021), resulting in the reduction of plant yield 
and quality (Zhang and Zhang 2008; Li et al. 2021).

Biochemical factors of rhizosphere are the microenvi-
ronment for the survival of microfloral population and 
shape the microbial populations and functions. The pH 
value, which is easily regulated by rhizosphere microen-
vironments, is one of key biochemical factors to impact 
the microbial populations and functions. Root exudates 
as a nutrient play an important role for rhizosphere 
microbial recruitment (Reinhold-Hurek et  al. 2015). 
As rhizosphere exudates contain lots of organic acids, 
which have the ability to buffer the rhizosphere pH value 
(Peter and Mark 1993; Zhang et  al. 2017), the soil pH 
value could be altered with the amount of rhizosphere 
exudates changing (Li et al. 2022). The smaller A. sinen-
sis seedlings in CC reduced the content of rhizosphere 
exudates, which could lead to rhizosphere microbial pro-
liferation disturbed and pH value increased. Moreover, 
soil pH value was the important drivers for the bacte-
rial and fungal community composition, and changes in 
soil pH cause change in microbial groups (An et al. 2020; 
Liu et al. 2022). The dramatically degenerated microflo-
ral populations in this study could be attributed to in the 

combined effects of the nutrients decreased and the pH 
value increased in CC.

Microfloral population types were also driven by the 
changes of soil nutrients and pH value, especially soluble 
carbon from root exudates, which are the carbon sources 
for most of microbial growth (Yao et  al. 2006). The soil 
organic matter (SOM) was significantly decreased in CC 
(Table 1), indicating the total amount of carbon sources 
available to microorganisms was reduced. The reduc-
tion of SOM could cause the reduction of the number of 
microorganisms (Bonner et  al. 2020). Continuous crop-
ping also caused excessive consumption of soil nutrients 
(Yang et  al. 2014; Wang et  al. 2013). In this study, the 
contents of soil organic matter (SOM), total nitrogen, 
available phosphorus, and available potassium were sig-
nificantly reduced in CC (Table 1), and the depletion of 
nutrients could lead to the reduction of the soil micro-
bial populations (Martina et al. 2003; Wang et al. 2021). 
Besides, the OTU and taxa of microorganisms were also 
impacted by the depletion of nutrients in soil, which were 
more likely to cause the instability of the bacterial com-
munity (Wang et al. 2022b), and then led to the bacterial 
OTU reduced and fungal OTU increased significantly. 
The results further illustrated that continuous monocul-
ture induced the microbial quantity and populations of 
rhizosphere degenerated (Fig. 5B).

What’s more, the dominant genera Pseudomonas 
was the common soil beneficial bacteria with the func-
tion of alleviating diseases in plants (Liu et  al. 2020a, 
b; Peng et  al. 2014; Qiu et  al. 2021) and had the func-
tion of promoting the growth and quality of A. sinensis 
(Xie et  al. 2022), sharply decreased from 17.92 in RW 
to 0.87% in CC (Fig.  3C). While Flavobacterium, which 
is usually regarded as plant pathogen (Mou et al. 2021), 
dramatically increased from 0.98% in RW to 8.10% in 
CC (Fig.  3C). The results suggested that both diversity 
and abundance of beneficial bacteria were decreased by 
continuous monoculture. Alternaria is known as probi-
otic fungal with the functions of inhibiting pathogenic 
microbes and secreting metabolites to promote plant 
growth (Qiu et  al. 2021), Mortierella has the functions 
of dissolving soil phosphorus and providing nitrogen 
nutrition to promote plant growth and disease resist-
ances (Tan et al. 2022; Kanse et al. 2015), and Ceratuba-
sidium not only increases the plant chlorophyll contents 
but also secretes IAA to improve plant growth (Chen 
et al. 2011). However, the abundances of Alternaria, Mor-
tierella, and Ceratubasidium were sharply decreased by 
continuous monoculture in this study. The abundances 
of Lasiosphaeriaceae, Vishniacozyma, Myrmecridium, 
and Hypocreales, which were considered as pathogen 
fungi (Meng et al. 2021; Sun et al. 2022; Yu et al. 2022; Sa 
et al. 2017; Bao et al. 2021), were dramatically increased 
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by CC treatment. These findings were in consistent with 
previous results (Tan et  al. 2022; Liu et  al. 2020b). The 
bacterial and fungal diversities analysis provided critical 
evidences that the practice of continuous monoculture 
not only reduced the richness and diversity of bacteria 
and increased the richness and diversity of fungi (Figs. 3 
and 5B) but also changed the compositions and struc-
tures of bacteria and fungi from beneficial type to harm-
ful type with plants, which supported the conclusion of 
continuous monoculture driving the soil microbes from 
“beneficial bacteria dominated” to “harmful microbes 
dominant.”

The arbuscular mycorrhizal fungi can establish symbio-
sis with most of terrestrial plants, helping plant to absorb 
nutrients from soil to plant and to transport photosyn-
thetic carbon from plant aboveground to rhizosphere 
soils (Cabral et  al. 2016; He et  al. 2017). Photosynthetic 
carbon resources, which are easily utilized by soil micro-
organisms, seem to be much faster by the mycorrhizal 
pathway than that of root exudates pathway (Kaiser et al. 
2014). AMF could provide as much as 15% soil carbon 
resources by forming network of extramatrical mycorrhi-
zal hyphae and producing glomalin-related soil protein 
(He et al. 2020). Thus, AMF is the important soil healthy 
indicator by acting as bio-regulators, bio-protectors, and 
bio-fertilizers (Rehman et  al. 2022). Our results showed 
that AMF spore densities and root colonization rate were 
significantly declined in CC. The key glomalin param-
eters of EEG and TG were also decreased in CC. We also 
found that even though AMF spore densities could not 
directly affect EEG and TG content, which was far from 
PC1 (Fig.  5A) and no significant correlation between 
AMF spore densities and glomalin (Table 3), it was shown 
that root colonization rate almost overlapped with SOM 
in PCA (Fig. 5A), suggesting that AMF and their product 
glomalin had potential applications in maintaining soil 
health and restoring degraded land (Singh et  al. 2020). 
Furthermore, our study showed that continuous mono-
culture significantly decreased TG and EEG content, not 
only because it reduced the AMF spore densities and root 
colonization (Fig. 4) but also because the poorer growth 
A. sinensis seedlings were (Fig. 1), the less AMF hyphae 
distributed in rhizosphere soil. The results suggested 
that the AMF extrametrical hyphal growth was nega-
tively impacted (Jiang et al. 2020; He et al. 2020), which 
lead to less glomalin secreted. Consequently, the symbi-
otic relationship between AMF and A. sinensis seedlings 
was weakened, which led to the poor growth A. sinensis 
seedlings under CC (Chen et al. 2022; Wang et al. 2022a). 
These results demonstrated that continuous monoculture 
caused the degradation of A. sinensis seedling production 
fields, partly by negative regulating the activity of AMF 
(Fig.  5B), reducing the symbiotic relationship between 

AMF and the host, and affecting the supply of rhizos-
phere carbon resources, so as to cause the degradation of 
bacterial and fungal populations and functions.

Conclusion
Consistent with our hypotheses, continuous monoculture 
caused the rhizosphere soil microenvironments degrada-
tion and finally reduced the efficiency and effectiveness 
of available A. sinensis seedlings. Compared to raising 
A. sinensis seedlings in reclamation wasteland, continu-
ous monoculture significantly inhibited the growth and 
available quantity of A. sinensis seedlings owing to soil 
microenvironments changed. With the contents of soil 
nutrients and glomalin decrease, the culturable microbial 
populations, bacterial and fungal richness, and diversities 
changed dramatically, and the microbial abundance and 
function developed from beneficial type to harmful type 
with plants. Enhanced soil pH value due to continuous 
monoculture significantly changed the correlations with 
five culturable microbial populations. Moreover, inter-
plays of microbe-soil nutrient and microbe to microbe 
were also dramatically altered with culturable microbial 
populations change causing by continuous monoculture. 
These findings suggested that continuous monoculture 
could deteriorate microenvironments by enhancing soil 
pH value and reducing SOM, total N, available P and K, 
beneficial culturable microbial populations, and AMF 
spore densities, thus leading to the failure of A. sinensis 
seedlings raising in continuous monoculture land. Con-
sequently, continuous monoculture problems could be 
effectively alleviated by application of microbial agents 
or organic and microbial fertilizer to regulate the rhizos-
phere microenvironments.
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