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A B S T R A C T

The uptake and accumulation of cadmium (Cd) in Salvia miltiorrhiza (Bge.) negatively affects the quality of its
harvested roots, and seriously threatens human health. This study investigates the effect of a microbial inoculant
(MI) and garbage enzyme (GE) on Cd uptake, the accumulation of bioactive compounds, and the community
composition of microbes in the rhizosphere soil of S. miltiorrhiza under Cd stress. S. miltiorrhiza seedlings were
transplanted to Cd-contaminated pots and irrigated with an MI, GE, a combination of an MI and GE (MIGE) or
water (control). The results indicated that treatments with an MI, GE or MIGE can reduce Cd uptake in S.
miltiorrhiza. The MIGE treatment had greater efficiency in reducing Cd uptake than the control (reduction by
37.90%), followed by the GE (25.31%) and MI (5.84%) treatments. Treatments with an MI, GE and MIGE had no
significant impact on fresh and dry root biomass. Relative to the control, the MI treatment had the highest
efficiency in increasing the accumulation of total tanshinones (an increase of 40.45%), followed by the GE
treatment (40.08%), with the MIGE treatment (9.90%) treatment not having a more favorable effect than the
separate application of an MI or GE. The salvianolic acid content for all groups was higher than the standard
prescribed by Chinese pharmacopoeia, notwithstanding a slightly lower level in the treated groups relative to the
control. In addition, metagenomic analysis indicated changes in the relative abundance of soil microbes asso-
ciated with the bioremediation of heavy metals. The relative abundances of Brevundimonas, Microbacterium,
Cupriavidus and Aspergillus were significantly greater in the treated groups than in the Control. These results
suggest that using MI and GE, either separately or together, may not only improve the quality of S. miltiorrhiza
but may also facilitate the microbial remediation of soil contaminated with Cd.

1. Introduction

The contamination of agricultural soils with cadmium (Cd) has
become a serious global environmental concern. In 2007, the area of
Chinese farmland that was contaminated with Cd exceeded 1300 ha,
largely due to urbanization, rapid industrialization, mining, smelting,
waste disposal, and sewage irrigation (An et al., 2007). Cd is classified
as the seventh most toxic substance on the 2017 Substance Priority List
of Hazardous Substances by the Agency for Toxic Substances and
Disease Registry (2017) due to its high mobility and severe toxicity to
organisms, even at low concentrations (Mezynska and Brzoska, 2018).
The excessive uptake of Cd by medicinal plants is not only extremely
toxic to the plants themselves and associated soil microorganisms but
also threatens the consumer safety when it enters the food chain (Gong

et al., 2017; Nayak et al., 2015; Zhao et al., 2019). Dghaim et al. (2015)
reported that the majority of the 81 samples of seven selected tradi-
tional herbs they collected contained unsafe Cd concentrations that
exceeded the limits set out by the World Health Organization. The dried
root and rhizome of Salvia miltiorrhiza (Bge.), called danshen in Chinese,
is one of the most commonly used herbal medicines in China, largely
due to its wide range of pharmacological effects, including immune-
modulatory (Wei et al., 2017), anti-inflammatory (Choi et al., 2018),
and anti-fibrotic (Zheng et al., 2017) effects. Yan et al. (2012) reported
that 5 of the 13 samples of S. miltiorrhiza they collected from the main
production area in China contained Cd or Cu concentrations above the
limits prescribed by the Chinese Pharmacopoeia Committee of P. R.
China (2015). Similarly, Meng et al. (2009) indicated that the Cd
concentrations of all samples from different production areas exceeded
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the limits prescribed by the Chinese Pharmacopoeia Committee of P. R.
China (2015) (216.00%–872.67% above the limit). Additionally, Li
et al. (2013) indicated that the Cd content in S. miltiorrhiza roots ex-
ceeded the limits after being grown in Cd-contaminated soil
(0.5 mg·kg−1) for 90 days. Thus, it is well documented that the uptake
and accumulation of Cd in S. miltiorrhiza grown in polluted soil poses a
significant threat to human health.

Soil remediation technologies designed to remove and/or recover
heavy metals from polluted environments are becoming increasingly
important. Bioremediation is an eco-friendly and cost-effective tech-
nology that uses the inherent biological mechanisms of microbes and
plants to reclaim environments contaminated by heavy metals
(Ojuederie and Babalola, 2017). Although a wide range of methods of
bioremediation have been developed, microbial remediation, which
employs microorganisms with the proven ability to remediate and tol-
erate heavy metal toxicity, is attracting increasing levels of attention
(Ayangbenro and Babalola, 2017). Microbial inoculants (MIs) consist of
one or more species or strains of beneficial microorganisms that pro-
mote the bioremediation of toxic compounds, enhance plant growth,
and directly or indirectly stimulate microbial activity (Baez-Rogelio
et al., 2017; Trabelsi and Mhamdi, 2013). The most commonly used
beneficial microorganisms are Bacillus species. By virtue of their wide
metabolic capability, these microorganisms can play an important role
in the functions and processes of a soil ecosystem (Calvo et al., 2016). A
range of Bacillus species are resistant to and can immobilize Cd, as well
as being able to reduce the uptake of metals in plants (Dawkar et al.,
2010; Huang et al., 2018). Bacillus megaterium H3 can decrease the
metal (Pb and Cd) uptake of greens and improved vegetable (Brassica
campestris L. var. Aijiaohuang and Brassica rapa L. var. Shanghaiqing)
qualities in metal-contaminated soils (Wang et al., 2018). The in-
oculation of Bacillus cereus for Cd treatment can reduce Cd uptake and
increase antioxidant enzyme activities in rice cultivars (Jan et al.,
2019). Garbage enzyme (GE) is an organic solution produced by the
fermentation of edible medicinal herbs, fruits, vegetables, or other
kitchen waste; water; and brown sugar (Arun and Sivashanmugam,
2017). Many different types of microorganisms are produced during the
natural fermentation process, predominantly lactic acid bacteria (such
as Lactobacillus and Leuconostoc) and yeast (such as Pichia and Candida)
(Du et al., 2017). Lactic acid bacteria are generally recognized as safe
and are the best known probiotic microorganisms for reducing bio-
contamination (Elsanhoty et al., 2016). Yeast can also act as an efficient
bioremediator for a variety of heavy metals, including Cr, Cu and Cd,
largely because it possesses a variety of tolerance mechanisms to metal
toxicity (Fernandez et al., 2017). GE is attracting increasing amounts of
attention in research communities because it has been shown to reduce
pollutant levels in domestic wastewater by removing impurities and
bacteria (Arun and Sivashanmugam, 2015, 2018). GE can remove 90%
of the oil and grease, 50% of the suspended solids, and 25% of the
chemical oxygen demand in palm oil mill effluent (Rasit and Kuan,
2018). GE is also used in agriculture. Li et al. (2016) reported that it can
help increase the contents of soil organic matter, total phosphorus, and
available phosphorus. Additionally, Zhou et al. (2016) found that
spraying it on plants can significantly decrease the Cd content in rice by
47.54–63.08%.

As summarized above, MIs and GE have been successfully used to
reduce Cd uptake in some crops. However, few studies have focused on
their impacts on medicinal plants such as S. miltiorrhiza. Moreover,
unlike most food crops, the contents of bioactive compounds in med-
icinal plants are important indicators that must be paid attention to,
beyond Cd uptake because the accumulation of bioactive compounds is
directly related to the efficacy and quality of medicinal materials. Here
we hypothesized that MIs and GE would help to reduce Cd uptake in S.
miltiorrhiza, without a negative impact on the accumulation of the
bioactive compounds. This study conducted a pot culture experiment to
investigate the impacts of MI and GE on Cd uptake, the synthesis of
bioactive compounds, and the biomass of S. miltiorrhiza roots under Cd

stress. In addition, this study characterized the behavior of soil micro-
bial communities under Cd stress to determine the microbial remedia-
tion effects of MI and GE on soil contaminated with Cd. Metagenomic
analysis was used to investigate the microbial community in the rhi-
zosphere. It was anticipated that this research will help to provide in-
sight into the impact of MI and GE on medicinal plants.

2. Materials and methods

2.1. Pot experiment and plant growth conditions

Soil for the pot trial was collected from an agricultural field located
in a suburb of Beijing, China (N 40°2′0″, E 116°16′4″) Soil was taken
from the top 0–20 cm and dried in the shade to avoid direct contact
with sunlight. Once dry, the soil was passed through a sieve with a
mesh size of< 5 mm. The physical and chemical properties of the soil
were as follows: pH (7.12), organic matter (10.88 mg·kg−1), total ni-
trogen (0.47 g·kg−1), available nitrogen (20.56 mg·kg−1), available
phosphorus (11.17 mg·kg−1), and available potassium
(74.58 mg·kg−1). Cd content was also determined (0.12 mg·kg−1).
Individual pots (32.5 cm in diameter × 30 cm in height) were filled
with 13 kg soil that had previously been thoroughly blended with
cadmium chloride hemi (pentahydrate) (CdCl2·2.5H2O, Haoke
Technology Beijing Co. Ltd., China) powder to a final concentration of
200 mg·kg−1 Shaheen et al. (2018). The soil was equilibrated for 24 h
prior to use. Four treatments were featured: control (water irrigation),
MI (MI irrigation), GE (GE irrigation), and MIGE (combined irrigation
of MI and GE). Three biological replicates were used for each treatment,
and one S. miltiorrhiza seedling was planted in each pot; each of the
seedlings showed uniform growth. Then the seedlings were allowed to
grow for 1 month without any form of treatment. Root irrigation with
an MI, GE, and MIGE was performed once per month for 4 months. The
MI, tianxia diyi jun, was purchased from Chenao Runze Technology
(Chenao Runze Technology Co. Ltd., Beijing, China) and was used in
accordance with the manufacturer's instructions. The manufacturer
states that this product contains effective viable bacteria, including
Bacillus amyloliquefaciens, Bacillus licheniformis and Actinomyces bovis, at
a concentration exceeding two billion·mL−1. GE was prepared using
Aurantii fructus immaturus (the dried young fruits of Citrus aurantium L.),
water, and brown sugar, following a common fermentation principle
described previously (Ouyang and Gu, 2017). The microbial community
composition of GE was investigated prior to the experiment using a
high-throughput sequencing technique. This analysis predominantly
identified lactic acid bacteria (such as Lactobacillus and Leuconostoc)
and yeast (such as Pichia and Candida). Plants were irrigated to main-
tain 60–70% moisture content of the total water-holding capacity of the
soil during the entire cultivation period of 7 months.

2.2. Plant and soil sample collection

Experimental plants were harvested after 7 months, and the fresh
and dry biomasses of the roots were determined. The roots were dried
in an oven at 45 °C and then ground to a fine powder. At harvest, a
rhizospheric soil sample, defined as the soil that was tightly adherent
onto the root surfaces, was collected. The plants were removed from the
pots, and their roots were gently shaken to remove the loosely adhering
soil. Then, soil that tightly adhered to the surface of roots was brushed
and pooled into sterile plastic bags. All soil samples were homogenized
by being passed through a 2–mm sieve and then being stored at −80 °C
to await molecular analysis.

2.3. Transmission electron microscopy observation and the determination of
Cd concentrations in S. miltiorrhiza roots

Fresh roots from all experimental groups were imaged using trans-
mission electron microscopy (TEM) to observe Cd uptake. The samples
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for TEM were prepared following the methodology described by Zhang
et al. (2012). Root apices were prefixed in 2.5% glutaraldehyde for at
least 2 h, dehydrated in ethyl alcohol, and then embedded in Spurr's
resin. Ultrathin sections (90 nm) were created using an ultramicrotome
(Leica Co., EM UC 7, Germany) with a diamond knife and were
mounted onto a Cu grid. A TEM (FEI Co., Tecnai G2 20 S–TWIN, USA)
with energy dispersive X–ray spectroscopy (EDS) (Oxford, INCA MAX
20, UK) was used at 80 KV to determine whether Cd had entered the
root cells. The concentration of Cd in S. miltiorrhiza roots was then
determined by inductively coupled plasma mass spectrometry (ICP-
MS). In brief, the dry samples were ground to a fine powder using an
agate mortar and pestle and were digested with a mixture of con-
centrated plasma pure HNO3 and H2O2 (v/v, 6:1) using a microwave-
accelerated reaction system (Speedwave MWS-2, Berghof, Germany).
The heating program was as follows: 0–5 min, 25–160 °C; 6–10 min,
160–200 °C and 200 °C for 20 min. Then the digested samples were
diluted with ultrapure water and analyzed using ICP-MS (Thermo X7,
Waltham, MA, USA) (Rui et al., 2008).

2.4. Determination of bioactive compounds in S. miltiorrhiza

Next, the concentration of 4 main bioactive compounds (salvianolic
acid [SA]: salvianolic acid B, and total tanshinones [TTs]: tanshinone I,
tanshinone IIA, and cryptotanshinone) in S. miltiorrhiza were de-
termined. The samples and standards were prepared in accordance with
guidelines set out by the Chinese Pharmacopoeia (Pharmacopoeia
Committee of P. R. China, 2015). The standards for salvianolic acid B,
tanshinone I, tanshinone IIA, and cryptotanshinone were purchased
from the National Institutes for Food and Drug Control, Beijing, China.
High-performance liquid-phase (HPLC) –grade acetonitrile (A) (Fisher,
Emerson, IA, USA) and Wahaha purified water were used for the HPLC
analysis. The other chemicals and solvents used were of an analytical
grade and were obtained from Siaopharm Chemical Reagents, Beijing,
China. HPLC analysis was carried out on a PerkinElmer HPLC–Class
system (Flexar, PerkinElmer, USA.), equipped with a binary solvent
delivery pump, an auto sampler, and a photodiode array detector.
Chromatographic separation was performed on an Agilent ZORBAX
Extend-C18 column (4.6 × 250 mm, 5 μm). For TTs, the mobile phase
consisted of A and 0.02% aqueous phosphoric acid (B) with a gradient
elution as follows: 0–6 min, 61% A; 6–11 min, 61–71% A; 11–15 min,
71–75% A; 15–22.5 min, 75–90% A; 22.5–30 min, 90-61% A. Finally,
the column was reconditioned isocratically with 61% A for 5 min. The
flow rate was 1 mL/min, and the photo-diode array (PDA) detection
wavelength was set at 270 nm. The injection volume of the sample was
10 μL, and the column temperature was set at 28 °C. For salvianolic
acid, the mobile phase consisted of A and 0.1% B. Analysis involved a
gradient program (0–22 min and 22% A). The flow rate was 1 mL/min,
and the PDA detection wavelength was set at 286 nm. The sample in-
jection volume was 20 μL and the column temperature was set at 28 °C.

2.5. DNA extraction, and polymerase chain reaction (PCR) amplification
and sequencing

A soil genomic DNA kit (Tiangen Biotech Beijing Co., China) was
used in accordance with the manufacturer's instructions to extract
genomic DNA from 0.25 g of each rhizosphere soil sample. The suc-
cessful extraction and purity of the extracted genomic DNA was
checked using 0.8% agarose gel electrophoresis, and then the DNA was
stored at −20 °C to await further analysis. For each sample, the 16 S
rRNA gene was amplified using the bacterial primers 515 F (5′-GTGC
CAGCMGCCGCGG) and 907 R (5′-CCGTCAATTCMTTTRAGTTT) (Xiong
et al., 2012). The internal transcribed spacer (ITS) region of the rRNA
gene was amplified using the fungal-specific primer pair ITS1F (
5′-CTTGGTCATTTAGAGGAAGTAA) and ITS2R (5′-GCTGCGTTCTTCA
TCGATGC) (Mueller et al., 2014). PCR amplification and purification
were performed as described previously (Rodrigues et al., 2013). The

purified PCR products were quantified using a QuantiFluor™-ST system
(Promega, USA), and the amplicons were pooled in equimolar ratios for
sequencing. The DNA products were paired-end sequenced (2 × 250)
on an Illumina HiSeq platform (Shanghai Biozeron Co. Ltd., China)
following standard protocols (Caporaso et al., 2012).

2.6. Statistical analysis

Metagenomic data were demultiplexed and quality filtered using
QIIME, according to the standard pipeline (Caporaso et al., 2010a,
2010b); after trimming, the FASTQ files were transformed to the fasta
format. Sequences with 97% identity were assigned to the same op-
erational taxonomic unit (OTU) using UPARSE (Edgar, 2013). Chimeric
sequences were identified and removed using UCHIME. The taxonomic
identities of the bacteria and fungi were determined using the Silva
(http://www.arb-silva.de) (Quast et al., 2013) and Unite databases
(http://unite.ut.ee/index.php) (Koljalg et al., 2013), respectively.
Alpha diversity analysis was performed for the bacterial and fungal
communities to determine diversity indices, including the Shannon (H′)
and Chao I indices, using a modified version of the procedure pre-
viously described (Schloss et al., 2009). Principal component analysis
(PCA) was performed using R software (Version 3.5.1). The linear dis-
criminant analysis (LDA) effect size (LEfSe) (Quagliariello et al., 2018;
Segata et al., 2011) was used to further identify bacterial and fungal
genera among all OTUs with statistically different abundances in dif-
ferent groups. Differences were considered significant at an LDA
score> 2 and P < 0.05. The data represent means of three re-
plicates ± standard errors. Statistical analysis was performed using
one-way analysis of variance (ANOVA) and an independent samples t-
test using SPSS 22.0 software (SPSS 21.0 package, Chicago, IL, USA).
Values of P < 0.05 were considered significant in all statistical ana-
lyses.

3. Results

3.1. Root biomass

The effects of MI and GE on S. miltiorrhiza growth were determined
using root fresh and dry biomasses. There were no significant differ-
ences in the fresh and dry root biomass among the MI, GE, and MIGE
treatments and the control group (Fig. S1).

3.2. MI and GE application reduced Cd uptake in S. miltiorrhiza roots under
Cd stress

TEM was used to investigate the distribution of Cd aggregates in the
root cells of S. miltiorrhiza. Many dark spots were observed, and the
elemental composition of the selected areas for each image was then
confirmed by EDS. High Cd concentrations were detected for each of
the selected areas. Then, ICP-MS was used to precisely determine the
concentrations of Cd in the roots (Fig. 1). The highest Cd contents were
observed in the control group, followed by the MI and GE groups. The
lowest Cd contents were identified in the MIGE group. The contents of
Cd in the MI, GE, and MIGE groups were 5.84%, 25.31%, and 37.90%
lower than the control, respectively. The combined MIGE treatment
resulted in significantly larger reductions of Cd content in S. miltiorrhiza
than in the application of an MI and GE separately. Overall, the ap-
plication of an MI and GE, either separately or in combination, reduced
the Cd content in S. miltiorrhiza.

3.3. Effects of MI and GE on the concentration of bioactive compounds in S.
miltiorrhiza under Cd stress

The calibration equations, correlation coefficient, and linear ranges
for the standard solution, TTs and salvianolic acid B are shown in Table
S1. All of the marker substances showed good linearity, with
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determination coefficients (R2) ranging from 0.9994 to 0.9997 in a
relatively wide concentration range. The TT content was quantified in
terms of cryptotanshinone, tanshinone I, and tanshinone IIA. The
chromatograms and contents of salvianolic acid and TTs in the ex-
perimental S. miltiorrhiza samples are shown in Fig. 2. The highest
content of TTs was detected in the MI group, followed by the GE and
MIGE groups; the lowest content of TTs was observed in the control
group. The contents of TTs in the MI, GE, and MIGE groups were
40.45%, 40.08%, and 9.90% greater than the control group, respec-
tively. The combined MIGE treatment did not result in higher TTs in S.
miltiorrhiza than the separate MI and GE treatments. The highest sal-
vianolic acid content in S. miltiorrhiza roots was observed in the control
group, followed by the GE and MIGE groups; the lowest salvianolic acid
content was detected in the MI group. All of the samples conformed to
the Chinese Pharmacopoeia standard with respect to the content of TTs
and salvianolic acid.

3.4. Total bacterial and fungal community structure

In 16s rRNA gene sequencing, a total of 250,261 classifiable bac-
terial sequences were obtained from 12 soil samples after quality con-
trol filtering, with a mean number of 62,565 classifiable sequences per

sample (dominant length: 351–400). The alpha diversity of the bac-
terial microbiome for each sample was estimated using the community
richness Chao I and H′ indices. The results showed that the application
of MI and GE, either separately or in combination, led to alterations in
soil microbial diversity relative to the control (Fig. 3A and B). Venn
diagram analysis indicated that the number of bacterial OTUs shared by
the control, MI, GE, and MIGE groups was 2850, and that the numbers
of OTUs found exclusively in the control, MI, GE, and MIGE groups
were 174, 132, 128, and 234, respectively. PCA revealed differences in
the bacterial communities of different groups (Fig. 4A). The second
principal component (15.77% contribution) showed that the bacterial
communities in the MI and MIGE groups varied from those present in
the control and GE groups. The bacterial communities in the MI and
MIGE groups were separated from each other. The bacterial commu-
nities in the control and GE groups were close to each other and
strikingly different from those in the MI and MIGE groups. The bacterial
profiles are presented in Fig. 5A. The predominant phyla in all samples
were Proteobacteria, Actinobacteria, Acidobacteria, Chloroflexi, Bac-
teroidetes, Gemmatimonadetes, Planctomycetes, Firmicutes, Verruco-
microbia, and Patescibacteria, with mean abundances of 34.56%,
18.85%, 10.68%, 10.36%, 8.36%, 4.99%, 3.47%, 2.92%, 1.32%, and
0.81%, respectively. The relative abundances of Proteobacteria,

Fig. 1. Concentrations and transmission electron
microscopy images of Cd in the roots of Salvia mil-
tiorrhiza under Cd stress. The plots labelled Control,
MI, GE, and MIGE represent the control, microbial
inoculant application, garbage enzyme application,
and combined treatment with a microbial inoculant
and garbage enzyme, respectively. The values re-
present the means (± standard errors) of three re-
plicates.

Fig. 2. Total tanshinone (A) and salvianolic acid (B) contents in the roots of Salvia miltiorrhiza under Cd stress. (C) High-performance liquid-phase chromatogram of
total tanshinones (TTs) and (D) salvianolic acid (SA). The plots labelled Control, MI, GE, and MIGE represent the control, microbial inoculant application, garbage
enzyme application, and combined treatment with a microbial inoculant and garbage enzyme, respectively. TT, total tanshinone; SA, salvianolic acid. Values
represent the means (± standard errors) of three replicates. The peaks shown are as follows: C: 1, cryptotanshinone; 2, tanshinone I; 3, tanshinone IIA; D: 1,
salvianolic acid B.
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Bacteroidetes, Firmicutes, and Patescibacteria were greater in the
treatment groups (MI, GE, and MIGE) than in the control group, to
varying degrees, although the opposite was true for Chloroflexi and
Planctomycetes. These results provide important insights into shifts in
the structure of bacterial communities in response to MI and GE under
Cd stress.

ITS sequencing identified a total of 260,404 classifiable fungal se-
quences from the 12 soil samples after quality control filtering, with a
mean of 65,101 classifiable sequences per sample (dominant length:
201–250 bp). Next, the Chao I and H′ indices in the rhizosphere soil
fungal microbiome under different treatments were analyzed. The

results showed that when applied separately or in combination, MI and
GE made significant contributions to variations in soil microbial di-
versity (Fig. 3C and D). Venn diagram analysis revealed that the con-
trol, MI, GE, and MIGE groups shared 326 fungal OTUs, while 109, 152,
75, and 72 OTUs were featured exclusively in the control, MI, GE, and
MIGE groups, respectively. The results of the PCA revealed a difference
in fungal communities from different groups (Fig. 4B). Similarly, the
fungal communities in the MI and MIGE groups were strikingly
different from other groups. The first principal component (31.55%
contribution) differentiated the fungal communities of MIGE group
from those of the GE and Control groups. Taxonomic information at the

Fig. 3. Bacterial and fungal diversity in the control, MI, GE, and MIGE soils. (A) and (B) show the Chao I and H′ values for the bacterial community, respectively. (C)
and (D) show the Chao I and H′ values for the fungal community, respectively. All values represent means ± standard errors (n = 3). *Significant differences at the
0.05 level. **Significant differences at the 0.01 level.

Fig. 4. Principal component analysis (PCA) plot based on the bacterial (A) and fungal (B) community from the control, MI, GE, and MIGE soil samples. The scatter
plot is of principal coordinate 1 (PC1) vs. principal coordinate 2 (PC2).
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phylum level is shown in Fig. 5B. The predominant phyla across all
samples were Ascomycota, Mucoromycota, and Basidiomycota ac-
counting on average for 84.81%, 6.30%, and 5.73% of the total popu-
lation of all soil samples, respectively. Compared to the control groups,
the relative abundances of Ascomycota, Mucoromycota, and Basidio-
mycota showed fluctuation in the MI, GE, and MIGE samples. The
highest relative abundance for Ascomycota was identified in the com-
bined MIGE group, followed by the Control and MI groups; the lowest
relative abundance for Ascomycota was observed in the GE group. The
highest relative abundances of both Mucoromycota and Basidiomycota
were detected in the GE group, followed by the control and MI groups,
and the lowest relative abundances for both Mucoromycota and Basi-
diomycota were detected in the combined MIGE group.

3.5. Relative abundances of specific bacterial and fungal genera

The LEfSe algorithm was used to identify bacterial genera from all
OTUs, showing statistically different abundances between different
groups (Fig. 6). At the genus level, the groups that were more abundant
in the MI samples than in the control samples and the relative abun-
dances were Blastococcus (52.32%), Brevundimonas (264.06%), Micro-
bacterium (86.96%), Pseudonocardia (118.52%), Qipengyuania
(114.61%), Friedmanniella (600.00%), and Actinomycetospora (77.78%).
The relative abundances of Devosia, Cupriavidus, Pseudactinotalea,
Afipia, and Pelagibacterium in the MIGE samples to the control samples

were 64.14%, 199.15%, 500.00%, 272.55%, and 1762.50% greater,
respectively. In addition, Rhizobacter, Nordella, and Neorhizobium were
more abundant in the control samples than in the MIGE samples. The
soil samples in the treated groups (MI, GE, and MIGE) featured sig-
nificant changes in the relative abundances of specific bacterial genera.
In addition, the mean relative abundance of Bacillus in the MI group
was 21.21% greater than in the control group, and the mean relative
abundance of Leuconostoc in the GE group was 45.45% greater than in
the control group.

LEfSe analysis also detected fungal genera that showed significant
differences in abundance between different soil samples (Fig. 7). Neo-
nectria (70.02%) and Pseudombrophilain (114.43%) were more abun-
dant in the GE group than in the control group. The relative abundance
of Aspergillus was 177.94% greater in the MIGE group than in the
control group. However, Cylindrocarpon and Monodictys were more
abundant in the control than in the treated groups. These results in-
dicated that MI, GE, and MIGE led to significant differences in the re-
lative abundance of specific fungi genera from the abundance in the
control. Likewise, the mean relative abundance of Candida in the GE
group was 611.11% greater than in the control group.

Fig. 5. Taxonomic classification of bacterial (A) and fungal (B) reads retrieved from the control, MI, GE, and MIGE soils at the phylum level. The bar marked Others
represents the relative abundance of all other phyla that are not specifically listed.
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4. Discussion

4.1. Potential of MI and GE to improve S. miltiorrhiza quality

This study found that MI and GE reduced Cd uptake in S. miltiorrhiza
roots and that a combined treatment of MI and GE was more effective
than either was separately. Many beneficial microorganisms, such as
strains from the genera Lactobacillus, Pichia, and Bacillus (B. amyloli-
quefaciens and B. licheniformis), are contained in the MI and GE used in
this research, and many of those microorganisms show the potential
bioremediation ability of Cd. Bacillus amyloliquefaciens SAY09 can in-
crease cadmium resistance in plants by activating auxin-mediated sig-
naling pathways (Zhou et al., 2017). The extracellular polysaccharides
extracted from isolated B. licheniformis NSPA5 show the strong bio-
sorption ability of Cd and have potential application to the treatment of
Cd-contaminated waters (Shameer, 2016). Pichia hampshirensis 4Aer
can remove Cd by surface adsorption as well as intracellular accumu-
lation, as was confirmed by Fourier transform infrared spectroscopy,
EDS, scanning electron microscopy, and TEM (Khan et al., 2016).
Kirillova et al. (2017) assessed the resistance and bioremediation ability
of Lactobacillus strains to Cd and proposed a metabolism-dependent

accumulation mechanism for Cd removal. Therefore, in this study, the
reduction of Cd uptake in S. miltiorrhiza roots would mainly be ascribed
to the inoculation of these beneficial microorganism. At present, GE is
mainly used in polluted wastewater treatment due to its ability to re-
move impurities, harmful sludge, and bacteria. For example, Rasit and
Kuan (2018) indicated that GE solution with 10–15% dilution applied
to palm oil mill effluent can remove 50% of the chemical oxygen de-
mand, 25% of the suspended solids, and 90% of the oil and grease.
However, few reports have focused on the application of GE to the
treatment of agricultural soil that is contaminated with heavy metals.
To the best of our knowledge, this study is the first report on the effects
of GE on the reduction of heavy metal uptake in medicinal plants.

Previous studies have reported that the inoculation of beneficial
microorganisms enhances the biomass production of crops and vege-
tables (Assainar et al., 2018). However, in this study, MI and GE did not
significantly affect root biomass in S. miltiorrhiza. This difference may
be caused by the experimental cycle (this study was a life-cycle study),
differences in treatments (such as heavy metal stress), differences in
dosage and application frequency of inoculants, or other factors. In
addition, the aboveground biomass should also be included in further
study of S. miltiorrhiza. Importantly, S. miltiorrhiza is well-known

Fig. 6. Linear discriminant analysis effect size analysis of bacterial taxa for the control, MI, GE and MIGE soils. (A) Cladograms showing significantly enriched
bacterial taxa (from the phylum to the genus level). (B) Bar chart showing linear discriminant analysis (LDA) scores for the bacterial taxa. Significance was defined as
P < 0.05 and LDA score>2.0.

X. Wei, et al. Ecotoxicology and Environmental Safety 192 (2020) 110311

7



globally as a medicinal plant, so the effects of MI and GE on the ac-
cumulation of bioactive compounds is a focal point of concern. This
study showed that MI and GE treatments improved the synthesis of TTs
by 40.45% and 40.08%, respectively. The synthesis of secondary me-
tabolites in medicinal plants is closely related to microbes, including
rhizospheric bacteria and fungi. These microbes, especially endophytic
fungi, may trigger a complex network of reactions that lead to the
biosynthesis and accumulation of secondary metabolites in medicinal
plants. For example, Zhai et al. (2018) indicated that Chaetomium glo-
bosum D38 could significantly stimulate the secondary metabolism in S.
miltiorrhiza and increase the production of tanshinones, especially di-
hydrotanshinone I and cryptotanshinone. Microbes can also affect the
accumulation of active compounds in medicinal plants by influencing
the expression of genes related to the secondary metabolite biosynthetic
pathway. For example, it was found that the transcriptional activity of
genes involved in the tanshinone biosynthetic pathway was sig-
nificantly greater under treatment of polysaccharide fraction from the
endophytic fungus Trichoderma atroviride (Ming et al., 2013). The ef-
fects of microbes on plants, such as promoting plant growth, the ac-
cumulation of secondary metabolites, and plant protection, do not ne-
cessarily result from a direct effect of the inoculated strains and may be
related to the induction or repression of resident microbial populations
(Trabelsi and Mhamdi, 2013). Although the above-mentioned strains
were not directly inoculated in this experiment, the beneficial micro-
organisms in MI and GE may trigger a series of complex reactions

through direct effects on the soil community and/or indirect effects
mediated by the plant–microbes system. This may be the mechanism by
which MI and GE have favorable effects on tanshinone accumulation in
S. miltiorrhiza.

However, a combined treatment of MI and GE (MIGE) led to only a
9.90% greater synthesis of TTs than Control group, meaning that the
combined treatment did not have a more favorable effect. This supports
previous studies indicating that a combination of inoculants will not
necessarily produce an additive or synergic effect, but rather a com-
petitive one, on plant protection and plant growth promotion. The
combination of Bacillus subtilis and Azospirillum brasilense had no sy-
nergistic or comparable effects on plant biomass in their single appli-
cations (Felici et al., 2008). A co-inoculation of Phaseolus vulgaris with
two indigenous rhizobia strains showed no additive effect on plant
growth promotion and nitrogen turnover processes but rather a reduced
efficacy (Trabelsi et al., 2011). Therefore, the results of this study were
in agreement with these previous researches. The application of MIs in
agriculture is promising, and the number of MI products has been
steadily increasing, as it has become known that MIs can reduce the use
of chemical fertilizers and pesticides. However, in the absence of re-
search to confirm that co-inoculation has additive or synergic effects, it
is not recommended to use MI combinations casually. Among MI, GE,
and MIGE, GE was found to be the most effective for reducing Cd up-
take and simultaneously increasing the accumulation of tanshinones.
Thus, GE could be used in Cd-contaminated farmland to improve the

Fig. 7. Linear discriminant analysis effect size analysis of fungal taxa in the control, MI, GE, and MIGE soils. (A) Cladograms showing significantly enriched fungal
taxa (from the phylum to the genus level). (B) Bar chart showing the linear discriminant analysis (LDA) score of fungal taxa. Significant differences are defined as
P < 0.05 and LDA score>4.0.
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quality of the S. miltiorrhiza grown there and to ensure consumer safety.
MIs and GE are most effective for increasing tanshinones and reducing
Cd uptake, respectively, so specific needs should be evaluated. How-
ever, studies under real field conditions (not just pot experiments) are
needed to validate these inferences.

In addition, the contents of salvianolic acid were slightly lower after
MI, GE, and MIGE treatments than in the control, but they were higher
than the standard prescribed by Chinese pharmacopoeia. The biosyn-
thetic pathways of phenolic acids and tanshinones are very different, so
one biotic elicitor may not affect the accumulation of two secondary
metabolites. For example, SmMYB36, a novel R2R3-MYB transcription
factor, enhances tanshinone accumulation but decreases phenolic acid
content in the hairy roots of S. miltiorrhiza. (Ding et al., 2017). In ad-
dition, phenolic acids and tanshinones possess different chemical
properties. Tanshinones have much stronger antimicrobial activity than
phenolic acids, with DT-I and CT being the strongest antimicrobial
components among the tanshinones in the hairy roots of S. miltiorrhiza.
These may explain why, in the present study, MI and GE were asso-
ciated with dramatically greater biosynthesis of tanshinones but lower
accumulations of salvianolic acid.

4.2. Use of MIs and GE is an effective microbial remediation strategy

MI and GE are two types of bioremediation-based agents, which are
attracting increasing levels of research attention. To evaluate the
bioremediation effects of MI and GE, this study used high-throughput
sequencing to determine the response of the rhizosphere microbial
community to the application of MI and GE. The results of this study
showed that MI and GE treatments not only had an effect on the mi-
crobial community structure but also on microbial abundance. LEfSe
analysis further revealed that the relative abundance of some genera
(including bacteria and fungi) was significantly greater in soils treated
with MI, GE, or MIGE than in the control group, including
Brevundimonas, Cupriavidus, Rhizobacter, Aspergillus, Microbacterium,
Pseudonocardia, and Neonectria. This study found that many of these
genera were associated with the bioremediation of heavy metals, such
as Brevundimonas, Microbacterium, Cupriavidus, and Aspergillus. The use
of an MI increased the relative abundance of Brevundimonas and
Microbacterium by 264.06% and 86.96%, respectively. The combined
treatment with an MI and GE had relative abundances of Cupriavidus
and Aspergillus that were 199.15% and 177.94% greater than the con-
trol, respectively. A number of previous studies have reported that
isolates from the genera Brevundimonas possess Cu resistance and the
potential for phytoremediation of soils polluted by Cu (Kepenek et al.,
2019; Rathi and Nandabalan, 2017). Fierros-Romero et al. (2017) re-
ported that Microbacterium liquefaciens is a nickel-vanadium-resistant
bacterium than can remove nickel and vanadium from liquid media.
According to Jiang et al. (2017), Cupriavidus strains are tolerant of Cd
up to a maximum concentration of 200 mg·L−1. Recent research has
also reported that strains of the Aspergillus genus are Cd-resistant and
are an eco-friendly and highly efficient biosorbent material for the re-
moval of Cd from aqueous solutions (Li et al., 2017; Mahmoud et al.,
2017). The increasing abundance of these beneficial microorganisms
(Brevundimonas, Microbacterium, Cupriavidus, and Aspergillus) confirmed
the effective remediation effects of MI and GE in soil contaminated by
Cd. We suggest that these effects were driven by improvements in
micro-ecology. The present study indicated that the application of MI
and GE should be considered to be effective microbial remediation
strategies for soils contaminated with Cd. Microorganisms play a key
role in the remediation of environments contaminated with heavy
metal due to their ability to sequester, precipitate or change the oxi-
dation state of numerous heavy metals (Ojuederie and Babalola, 2017).
However, several studies have confirmed the negative influences of
heavy metal pollution on soil microorganisms (Etesami, 2018; Guo
et al., 2017; Wang et al., 2007). For example, Chen et al. (2014) de-
monstrated that heavy metal pollution (such as with Cd, Cu, and Pb)

reduces the abundance, diversity, and activity of microbes. Conse-
quently, bioremediation has become an innovative and en-
vironmentally friendly technique for the removal and recovery of heavy
metal ions from polluted areas, capitalizing on the activities of algae,
bacteria, fungi, or plants (Manasi et al., 2018).

It has been extensively reported that microbial-based inoculants,
such as plant-growth-promoting rhizobacteria (PGPRs), have the ca-
pacity to stimulate plant growth by increasing nutrient uptake and that
heavy metal-resistant bacteria or fungi can be efficient bioremediators
of metals because they possess numerous mechanisms that allow them
to endure metal toxicity (Naz et al., 2016). The microbial-based in-
oculant used in present study, tianxia diyi jun, predominantly consists of
a range of PGPRs, including B. amyloliquefaciens, B. lincheniformis, and
Actinomyces bovis. Even though microbial-based inoculants with Bacillus
spp. have been commercialized, little research has been conducted on
their potential use in the cultivation of medicinal plants. This study
provides important insights into the shifts created in the rhizosphere
microbial community and Cd content of roots in a medicinal plant (S.
miltiorrhiza) in response to an MI and in 4 effective components. The
predominant microorganisms detected in the GE samples were lactic
acid bacteria and yeast, which supports the research published by Du
et al. (2017) on the microbial diversity of the papaya enzyme. However,
the composition of the microbial community at the species level in
using GE has not been identified, and it is essential to identify effective
strains that have heavy metal tolerance and a high capacity for the
removal of heavy metals.

Although the results of this study clearly show that GE treatment
reduces the concentration of Cd in roots, further research is needed to
verify bioremediation effects in soils contaminated with other heavy
metals or in other soils with different physical and chemical properties.

5. Conclusions

The application of an MI and GE, either separately or in combina-
tion, can reduce Cd uptake by 5.84–37.90% and increase tanshinone
accumulation by 9.90–40.45% in S. miltiorrhiza. In addition, the relative
abundance of specific microbial genera that have a high capacity for
heavy metal removal significantly increased. Thus, it appears that MI
and GE can be applied in Cd-contaminated farmland to improve the
quality of S. miltiorrhiza and facilitate microbial remediation.
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