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ARTICLE INFO ABSTRACT

Edited by Dr Yong Liang Screening for superior cadmium (Cd) phytoremediation resources and uncovering the mechanisms of plant
response to Cd are important for effective phytoremediation of Cd-polluted soils. In this study, the characteristics

Keywords: of Coreopsis grandiflora related to Cd tolerance and accumulation were analyzed to evaluate its Cd phytor-
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emediation potential. The results revealed that C. grandiflora can tolerate up to 20 mg kg~! of Cd in the soil. This
species showed relatively high shoot bioconcentration factors (1.09-1.85) and translocation factors (0.46-0.97)
when grown in soils spiked with 5-45 mg kg™ Cd, suggesting that C. grandiflora is a Cd accumulator and can
potentially be used for Cd phytoextraction. Physiological analysis indicated that antioxidant enzymes (i.e., su-
peroxide dismutase, peroxidase, and catalase) and various free amino acids (e.g., proline, histidine, and
methionine) participate in Cd detoxification in C. grandiflora grown in soil spiked with 20 mg kg™ of Cd (Cd20).
The overall microbial richness and diversity remained similar between the control (Cd0) and Cd20 soils. How-
ever, the abundance of multiple rhizospheric microbial taxa was altered in the Cd20 soil compared with that in
the CdO soil. Interestingly, many plant growth-promoting microorganisms (e.g., Nocardioides, Flavisolibacter,
Rhizobium, Achromobacter, and Penicillium) enriched in the Cd20 soil likely contributed to the growth and vitality
of C. grandiflora under Cd stress. Among these, some microorganisms (e.g., Rhizobium, Achromobacter, and
Penicillium) likely affected Cd uptake by C. grandiflora. These abundant plant growth-promoting microorganisms
potentially interacted with soil pH and the concentrations of Cd and AK in soil. Notably, potassium-solubilizing
microbes (e.g., Rhizobium and Penicillium) may effectively solubilize potassium to assist Cd uptake by
C. grandiflora. This study provides a new plant resource for Cd phytoextraction and improves our understanding
of rhizosphere-associated mechanisms of plant adaptation to Cd-contaminated soil.

1. Introduction plants and enters the human body via the food chain (Mao et al., 2022).
Therefore, the remediation of Cd-contaminated soils is a significant

Cadmium (Cd) exposure is detrimental to human health. Unfortu- challenge. Among various remediation tools, economically viable and
nately, this toxic metal is found in the environment worldwide (Cui eco-friendly phytoremediation techniques have attracted significant

et al., 2021; Ramlan et al., 2021). Cd in the soil is easily absorbed by attention (Liu et al., 2022). Although phytostabilization is important for

Abbreviations: AK, available potassium; AP, available phosphorus; BCF, bioconcentration factor; CAT, catalase; Cd, cadmium; DW, dry weight; HN, hydrolysable
nitrogen; ICP-MS, inductively coupled plasma-mass spectrometry; MDA, malondialdehyde; OTU, operational taxonomic unit; POD, peroxidase; ROS, reactive oxygen
species; SOD, superoxide dismutase; TF, translocation factor.

* Correspondence to: Xiong Li, Kunming Institute of Botany, CAS, 132# Lanhei Road, Kunming 650201, China.

E-mail address: lixiong@mail kib.ac.cn (X. Li).

https://doi.org/10.1016/j.ecoenv.2022.113739

Available online 14 June 2022
0147-6513/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nec-nd/4.0/).


mailto:lixiong@mail.kib.ac.cn
www.sciencedirect.com/science/journal/01476513
https://www.elsevier.com/locate/ecoenv
https://doi.org/10.1016/j.ecoenv.2022.113739
https://doi.org/10.1016/j.ecoenv.2022.113739
https://doi.org/10.1016/j.ecoenv.2022.113739
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoenv.2022.113739&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

X. Lietal

managing Cd-contaminated soils, phytoextraction, i.e., removing the
accumulated Cd by harvesting the aerial parts of Cd accumulators or
hyperaccumulators (Oladoye et al., 2022), is a safer and more sustain-
able remediation technique for disposing this toxic element. Several
potential accumulators or hyperaccumulators of Cd have been screened
from naturally or artificially Cd-polluted soils (Reeves et al., 2018).

However, Cd phytoextraction efficiency is still limited because: (1)
many identified high-Cd-accumulating plants have slow growth rates
and low biomass (Shen et al., 2021); (2) many plants have limited ability
to transport and detoxify Cd, so they cannot absorb or bear high con-
centrations of Cd; and (3) the availability of nutrient elements and Cd in
soil may be low, restricting plant growth and Cd absorption. To maxi-
mize the value of phytoextraction during the remediation of Cd-polluted
soils, it is necessary to screen or breed high-Cd-accumulating plant re-
sources with large biomass and fast growth rates and to optimize stra-
tegies to enhance Cd absorption and accumulation by such plants.

Uncovering the mechanisms of Cd tolerance and accumulation in
plants is important for improving phytoextraction efficiency. Physio-
logical detoxification strategies form the basis for plants to tolerate Cd
exposure. The main mechanisms of Cd detoxification in plants include
compartmentalization, chelation, antioxidant processes, and osmotic
adjustment (Li et al., 2018). Antioxidant enzymes, such as superoxide
dismutase (SOD), peroxidase (POD), and catalase (CAT), regulate the
accumulation of reactive oxygen species (ROS) to prevent oxidative
stress (Jan et al., 2018; Mahawar et al., 2021). Various amino acids
participate in chelation, antioxidant processes, and osmotic regulation
in response to Cd stress (Zhu et al., 2018). In addition to physiological
Cd tolerance mechanisms in plants (Feki et al., 2021), rhizospheric en-
vironments (e.g., rhizospheric microorganisms) greatly affect Cd phy-
toextraction efficiency (Bian et al.,, 2021). Many rhizospheric
microorganisms are beneficial for enhancing plant growth and miti-
gating the negative effects of Cd on plants (Khanna et al., 2019a; Manoj
et al., 2020). Additionally, rhizospheric microorganisms influence the
chemical forms and bioavailability of Cd (Yuan et al., 2021), which
directly determine Cd accumulation levels in plants (Khanna et al.,
2019a). Li et al. (2021b) determined that induced rhizobacteria asso-
ciated with ABC transporters improved Cd tolerance and accumulation
in Salvia tiliifolia plants in Cd-polluted soils. Yang et al. (2022) found that
various plant growth-promoting bacteria enriched in the rhizosphere of
rhubarbs likely contributed to the growth and vitality of plants under Cd
stress and promoted Cd uptake by plants. These studies indicate that the
dynamics of rhizospheric microorganisms under Cd stress vary consid-
erably among different soil-plant systems. Therefore, a systematic and
unified understanding of the effects and mechanisms of rhizospheric
microorganisms on plant response to Cd is required.

Plants from Asteraceae, the largest angiosperm family, have pro-
nounced heavy metal phytoremediation potential, and the family in-
cludes several heavy metal accumulators or hyperaccumulators (Nikolic
and Stevovic, 2015; Reeves et al., 2018). The genus Coreopsis in the
Asteraceae family comprises approximately 100 species worldwide
(erect annual or perennial herbs). To date, the heavy metal accumula-
tion characteristics have been determined for C. basalis and C. lanceolata
(Lin et al., 2016; Xu et al., 2018). Both the shoot Cd bioconcentration
factors (BCFs) and translocation factors (TFs) of the two Coreopsis spe-
cies exceeded one (Lin et al., 2016; Xu et al., 2018), indicating that these
Coreopsis species have relatively strong Cd absorption and transport
capacities and can be used for Cd phytoextraction. C. grandiflora Hogg., a
perennial herb native to America, can reach a height of up to 1 m. In
China, C. grandiflora is often cultivated in various regions and is some-
times naturalized in the wild. The tall plants and wide distribution of
C. grandiflora indicate its potential advantages in the phytoremediation
of soils polluted with heavy metals. However, the characteristics of
heavy metal accumulation in C. grandiflora remain unexplored. In this
study, the Cd tolerance and accumulation characteristics of
C. grandiflora were systematically analyzed to explore its phytor-
emediation potential in Cd-polluted soils. Moreover, the physiological
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responses and variations in the rhizospheric microenvironments (espe-
cially rhizospheric microorganisms) of C. grandiflora were analyzed to
understand their contribution to Cd tolerance and accumulation char-
acteristics. These findings are expected to provide novel plant resources
for Cd phytoremediation and improve our understanding of the effects of
rhizospheric microorganisms on interactions between Cd and plants.

2. Materials and Methods
2.1. Pre-experiment

To tentatively understand the Cd tolerance capacity of C. grandiflora,
the seeds were randomly sown in Cd-free and Cd-contaminated (Cd
concentration: 16.9 mg kg™) soils, similar to the experiment for Salvia
tiliifolia (Li et al., 2021b). As no visible differences in seed germination
and seedling growth of C. grandiflora were observed between the control
and Cd-contaminated soils (Fig. 1A), further experiments were
conducted.

2.2. Seed and soil preparation

Mature C. grandiflora seeds and experimental soils were purchased
from the Dounan flower market in Kunming, China.

The soils were sieved to remove impurities and mixed to obtain
homogeneous composite soil, as previously described (Li et al., 2021b).
Basic parameters, including the pH (5.55), concentrations of organic
matter (313 gkg™), total Cd (0.02mgkg™), total nitrogen
(9.60 g kg™V), total phosphorus (1.24 g kg™), hydrolysable nitrogen
(HN:1.19g kg’l), and available phosphorus (AP: 38.2 mg kg’l), of the
homogenized soil were analyzed prior to the experiment (Li et al., 2016;
Liu et al., 2019). Cd concentration gradients of 0 (Cd0), 5 (Cd5), 20
(Cd20), and 45 (Cd45) mg Cd kg’1 dry soil were set for the experiment
using a previously described method (Li et al., 2021b). These Cd con-
centrations were chosen based on several previous studies (Wu et al.,
2018; Dhaliwal et al., 2020) to understand the Cd tolerance threshold of
plants and to determine whether they can be defined as Cd hyper-
accumulators. The prepared soils were equilibrated for one month (Wu
et al,, 2018) in a greenhouse (light: 12-14 h, 23-25 °C; darkness:
10-12 h, 18-20 °C; humidity: 40-60%) at the Kunming Institute of
Botany, Chinese Academy of Science in Kunming, China. The actual Cd
concentrations in spiked Cd5 (6.84 mg kg_l), Cd20 (20.10 mg kg_l),
and Cd45 (45.40 mg kg™ 1) soils were detected to reflect the reliability of
the experimental treatment.

2.3. Experimental design

Homogenized soils with different Cd concentrations were divided
into 2.0 kg aliquots (wet weight) and loaded into flowerpots (17.5 cm in
height and 18.5 cm in diameter). Soil was padded to a height of 17 cm in
each pot to ensure the same soil density. C. grandifiora seeds were
surface-sterilized and washed using a previously described method
(Yang et al., 2022a). Sterilized seeds were sown in pots filled with soil
(five seeds per pot), which were placed in the aforementioned green-
house. After the seeds were unearthed, one seedling was placed in each
pot. Three biological replicates were used for each experiment.

2.4. Sample collection and treatment

After five months of growth, the plant and soil samples were
collected. Fresh young C. grandiflora leaves were collected for antioxi-
dant enzyme activity analyses. Shoots and roots of the plants were
harvested separately and dried at 80 °C for 48 h to measure biomass,
free amino acids, and Cd concentrations. Cd®* adsorbed on the roots was
removed using a previously reported method (Wu et al., 2018). Soils that
naturally adhered to the root systems after gentle shaking were collected
as rhizospheric soils (Li et al., 2022) to analyze the soil physicochemical
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Fig. 1. Cd tolerance and accumulation characteristics of Coreopsis grandiflora. (A) Morphology of C. grandiflora seedlings sown in control and Cd-polluted
(16.9 mg kg™) soils. (B) Plant height of C. grandifiora seedlings sown in control and Cd-polluted soils. Biomass yields (C), Cd concentrations (D), bio-
concentration factors (E), translocation factors (F), Cd contents (G), and proportion of Cd contents (H) in shoots and/or roots of C. grandiflora in soils spiked with
0 (Cdo0), 5 (Cd5), 20 (Cd20), and 45 mg kg'1 Cd (Cd45). Data represent means =+ standard deviations (B-G: n = 3 or 10) or means (H: n = 3). The same-colored bars
labeled with different letters indicate significant differences at the P < 0.05 level among different groups according to Tukey’s test. DW: dry weight; FW:

fresh weight.

indices and microbial community composition.

2.5. Determination of Cd concentration

Cd concentrations in plant shoots and roots were digested with HNO3
and measured using inductively coupled plasma-mass spectrometry
(ICP-MS), as reported previously (Li et al., 2017). The Cd detection limit
of ICP-MS was 0.002 mg kg™, and the limit for Cd quantitative deter-
mination was 0.005 mg kg™! in this study. The BCFs, TFs, and total Cd
content accumulated in the plant shoots and roots were calculated as
follows:

BCF = shoot (root) Cd concentration/soil Cd concentration (Acosta et al.,
2018; Chen et al., 2021a),

TF = shoot Cd concentration/root Cd concentration (Acosta et al., 2018; Chen
et al., 2021a),

Cd content in the shoot (root) = shoot (root) Cd concentration X shoot (root)
biomass.

2.6. Antioxidant system assay

The activities of SOD, POD, and CAT in C. grandiflora leaves were
measured using the corresponding assay kits (Solarbio, Beijing, China),
as described previously (Li et al., 2021a, 2021c), which were detected at
wavelengths of 560, 340, and 240 nm using an ultraviolet-visible
spectrophotometer, respectively (Youke, Shanghai, China). One SOD
activity unit was defined as the activity of the sample when the
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inhibition rate of the xanthine oxidase coupling reaction system was
50%; one POD activity unit was defined as the change in absorbance by
0.01 in a 1 mL reaction system per minute per gram of sample, and one
CAT activity unit was defined as the catalytic degradation of 1 nmol
H,0; in the reaction system per minute per gram of sample.

The malondialdehyde (MDA) concentration was measured using an
MDA assay kit (BC0020; Solarbio, Beijing, China). In brief, approxi-
mately 0.1 g of plant sample was mixed for 30 min with 4 mL of
extracting solution. After the mixture was centrifuged at 10,000 xg for
15 min, 0.1 mL of the supernatant was mixed with 4 mL of the reaction
solution. The mixture was heated in a water bath at 95 °C for 30 min,
and then cooled to room temperature. Absorbance values were
measured at wavelengths of 450, 532, and 600 nm.

2.7. Determination of free amino acids

Dry shoot samples were used to measure the concentration of 17 free
amino acids (Li et al., 2018) in this study. Approximately 2 g of each
sample was dissolved in 10 mL HCI (0.02 M). The C18 chromatographic
columns were activated using 5 mL methanol and deionized water.
Sample solutions (2.5 mL) added to 1.5 mL HCI (0.02 M) were flowed
through the columns, and the volume was set to 5 mL using HCIL
(0.02 M). The sample solutions were filtered through 0.45 um filtering
membranes and then detected using an automatic amino acid analyzer
(LA8080, EEM, Tokyo, Japan).

2.8. Determination of soil physicochemical indices

In this study, soil pH and the concentrations of Cd, HN, AP, and
available potassium (AK) were determined using the methods intro-
duced in the corresponding detection standards in China (Cha et al.,
2020; Li et al., 2020; Zhang and Luo, 2020; Yang et al., 2022a). The
methods and corresponding detection standards for these soil indices are
listed in Supplementary Table S1.

2.9. Soil microbial community composition analysis

Soil microbial DNA extraction, 16S rDNA/ITS amplification,
sequencing, and bioinformatics analyses were performed as previously
described (Li et al., 2021b). For bacterial diversity analysis, the V3-V4
region of the 16S rDNA gene was amplified by PCR using primers
341 F-CCTACGGGNGGCWGCAG and 806R-GGACTACHVGGGTATC-
TAAT. For fungal diversity analysis, the ITS1 region of ribosomal DNA
was amplified by PCR using the primers ITS1_F KYO2-TAGAGGAAG
TAAAAGTCGTAA and ITS86R-TTCAAAGATTCGATGATTCAC. The raw
reads were deposited in the NCBI Sequence Read Archive (SRA) data-
base (Accession Number: PRJINA799148), which should be released on
July 31, 2022, or upon publication of this study.

2.10. Statistical analysis

The Statistical Package for the Social Sciences version 18.0 was used
for statistical analysis. One-way analysis of variance with Tukey’s test
was used to determine significant differences (P < 0.05) among three or
more groups, and an independent-sample t-test was used to determine
significant  differences (0.01 <P < 0.05, 0.001 <P < 0.01, or
P < 0.001) between the two groups. Correlation network analysis be-
tween soil indices and microorganisms was performed using the online
Omicsmart platform (http://www.omicsmart.com).

3. Results
3.1. Cd tolerance and accumulation characteristics of C. grandiflora

In this study, a preliminary experiment was conducted to predict the
Cd tolerance capacity of C. grandiflora, which is the basis for evaluating
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the suitability of plants for phytoremediation. As shown in Fig. 1A and B,
the C. grandiflora seeds were able to germinate, and the seedlings grew
normally in the Cd-polluted soil (16.9 mg Cd kg™ soil), which exhibited
little difference in plant size and biomass compared to those sown in
control soil. The results indicated that C. grandiflora has some degree of
Cd tolerance, and subsequent experiments were conducted. Although
the C. grandiflora plants did not show symptoms of leaf chlorosis or
injury under the 5-45 mg kg™ Cd treatment for 5 months, the biomass
yields of shoots and roots in Cd45 soil decreased by 38.0% and 52.0%
(P < 0.05) compared with those in CdO soil, respectively (Fig. 1C). The
average Cd concentrations in the C. grandiflora shoots were 0.01, 7.52,
32.60, and 83.80 mg kg™!, whereas those in the roots were 0.02, 7.75,
42.47, and 180.67 mg kg’1 in the CdO, Cd5, Cd20, and Cd45 soils,
respectively (Fig. 1D).

Under Cd treatment, the average shoot Cd BCFs of C. grandiflora
increased from 1.09 to 1.85, whereas the root Cd BCFs increased from
1.13 to 3.98 in soils spiked with different concentrations of Cd (Fig. 1E).
However, the Cd TFs declined from 0.97 to 0.46 in C. grandiflora under
5-45 mg kg™! Cd treatment (Fig. 1F). The total Cd contents accumulated
in the individual plants are shown in Fig. 1G. The Cd contents in both the
shoots (195.70-1,307.27 ug plant™) and roots (15.52-214.51 pg
plant™) of C. grandifiora significantly increased (P < 0.05) with
increasing soil Cd concentrations. Notably, approximately 85.7-92.7%
of the total Cd accumulated in the C. grandifiora shoots under different
Cd concentrations (Fig. 1H).

Because C. grandiflora could tolerate up to 20 mg kg™* Cd treatment,
the plant physiological responses and changes in rhizospheric micro-
environments between the Cd0 and Cd20 groups were analyzed to un-
derstand the potential mechanisms of Cd tolerance and accumulation in
C. grandiflora.

3.2. Changes in the antioxidant system of C. grandiflora leaves

In this study, the activities of three important antioxidant enzymes
SOD, POD, and CAT in the C. grandifiora leaves in the Cd20 soil
increased by 13.7%, 48.2%, and 24.6% (0.01 < P < 0.05 or P < 0.001)
compared to those in the CdO soil (Fig. 2A—C), indicating that the
antioxidant system of the C. grandiflora leaves was activated under Cd
treatment. Interestingly, MDA concentrations in the leaves of
C. grandiflora were not significantly different between the Cd0 and Cd20
groups (Fig. 2D).

3.3. Response of amino acid metabolism in C. grandiflora shoots

The concentrations of 17 major free amino acids in the C. grandiflora
shoots are shown in Table 1, which exhibited various change trends
between the Cd0 and Cd20 groups. In brief, the average concentrations
of serine, valine, methionine, isoleucine, leucine, histidine, and proline
in the Cd20 group increased by 22.9%, 15.8%, 125.1%, 41.9%, 29.7%,
28.1%, and 44.7% (0.01 < P < 0.05, 0.001 < P < 0.01, or P < 0.001)
compared to those in the CdO group, respectively, whereas the average
concentration of glutamic acid in the Cd20 group decreased by 9.1%
(0.001 < P < 0.01) (Table 1). The concentrations of the remaining
amino acids (aspartic acid, threonine, glycine, alanine, cysteine, tyro-
sine, phenylalanine, lysine, and arginine) in C. grandiflora shoots were
not significantly different between the Cd0 and Cd20 groups (Table 1).
These results indicate that amino acid metabolism in C. grandiflora is
regulated by Cd and that several amino acids are likely to play an
important role in Cd detoxification.

3.4. Changes in physicochemical indices of rhizosphere soils of
C. grandifiora

In this study, the changes in the rhizospheric microenvironments of
C. grandiflora under control (Cd0) and Cd stress (Cd20) conditions were
analyzed to understand how it copes with Cd stress. Table 2 presents the



Ecotoxicology and Environmental Safety 241 (2022) 113739

B Fig. 2. Antioxidant enzyme activities and malondialde-

hyde (MDA) concentrations in leaves of Coreopsis grandi-

ora grown in soils spiked with 0 (Cd0) and 20 m, &
flora g in soils spiked with 0 (Cd0) and gkg! Cd

S (Cd20). (A) Superoxide dismutase (SOD) activities. (B)

Peroxidase (POD) activities. (C) Catalase (CAT) activities.
(D) MDA concentrations. Data represent means + standard
deviations (n =3). *and *** indicate significant differ-
ences at the 0.01 <P <0.05 and P < 0.001 Ilevels,
respectively, between two groups according to an

independent-sample t-test.

Cd20

D

X. Lietal
120 450
‘Ts: * ‘_:
£ g 360
) 80 ~
(o] fe)]
=) =) 270
2 2
= = 180
© 40 ©
© ©
a a
o o 20
7] o
0 0
Cdo Cd20 Cdo
400 < 60
— >
T: * [e)
E 300 E
- £ 40
(o]
2 s
> 200 'E
= c
B g 20
(]
100 S
& 8
(&) <
o
0- = 0
Cdo Cd20 Cdo
Table 1

Concentrations (g 100 g' DW) of 17 free amino acids in Coreopsis grandiflora
shoots grown in soils spiked with 0 (Cd0) and 20 mg kg™ Cd (Cd20). Data
represent means =+ standard deviations (n = 3). *, **, and *** indicate signi-
ficant differences at the 0.01 < P < 0.05, 0.001 < P < 0.01, and P < 0.001
levels, respectively, between two groups according to an independent sample t-
test. DW: dry weight.

Cd20

Table 2

Physicochemical properties in the rhizospheric soils (dry weight) of Coreopsis
grandiflora grown in soils spiked with 0 (Cd0) and 20 mg kg™ Cd (Cd20). Data
represent means =+ standard deviations (n=3); *, ** and ***indicate
0.01 <P < 0.05, 0.001 < P < 0.01, P <0.001, respectively, according to an
independent sample t-test. EC: electrical conductivity; HN: hydrolyzable nitro-

gen; AK: available potassium; AP: available phosphorus.

Amino acid Concentrations (g 100 g~! DW) Indices Unit cdo Cd20

cdo cd20 cd mg kg ? 0.02 + 0.01 18.10 + 0.57 ***

H 5.77 + 0.03 5.63 + 0.04 *

Aspartic acid 0.63 + 0.01 0.66 + 0.02 EN fn - g et 3
Threonine 1.65 + 0.07 1.82 £ 0.06 AR mg kg,l 15616 o131
Serine 0.77 £ 0.03 0.95 4 0.03 ** p s ool s 504015
Glutamic acid 0.95 + 0.01 0.86 + 0.02 ** %8 iallies il
Glycine 0.11 £ 0.00 0.12 + 0.00
Alanine 2.23 £ 0.10 2.19 £+ 0.06 .
Cysteine 012 + 0.02 013 £ 0.01 between the Cd0 and Cd20 soils (Table 2).
Valine 1.37 + 0.06 1.59 + 0.06 **
Methionine 0.06 + 0.05 0.14 +0.01 *
Isoleucine 0.86 + 0.06 1.22 £ 0.06 *** 3.5. Dynamics of the microbial community in the rhizosphere of
Leucine 0.93 £+ 0.06 1.21 + 0.09 ** C. grandiﬂora
Tyrosine 0.43 £ 0.03 0.43 + 0.01
Phenylalanine 0.72 £ 0.06 0.80 + 0.04 . . . .. . . ce .
Lysini 0.48 + 0.03 0.46 + 0.02 3.5.1. Richness, diversity, and composition of microbial communities in
Histidine 0.21 £ 0.00 0.27 + 0.02 ** different soils
Arginine 1.02 + 0.08 0.93 + 0.08 High-throughput sequencing was performed to analyze the dynamics
Proline 6-49 + 0.30 9-39 £0.32 of the microbial community in rhizospheric soils to understand the ef-

differences in physicochemical indices (i.e., total Cd, pH, HN, AK, and
AP) between the Cd0 and Cd20 soils after 5 months of plant growth. The
difference in soil Cd concentrations between the Cd0O and Cd20 soils was
still large (Table 2). The average rhizosphere pH of the Cd20 soil (5.63)
showed a decreasing trend (0.01 < P < 0.05) compared with that of the
CdO soil (5.77) (Table 2). The average AK concentration significantly
increased (0.001 < P < 0.01) in the Cd20 soil compared with that in the
Cdo soil (Table 2). However, the HN and AP concentrations were similar

fects of rhizospheric microorganisms on plant growth and Cd accumu-
lation in C. grandiflora. The results showed that 16S rDNA and ITS
sequencing generated 120,446-137,455 and 121,979-137,581 raw
sequencing paired-end reads in different samples, respectively,
approximately 99.5—-99.7% of which were effective reads (Supplemen-
tary Tables S2 and S3). These reads yielded 4,072-4,521 and 556-652
total operational taxonomic units (OTUs), respectively (Supplementary
Tables S2 and S3). Approximately 99.8-99.9% and 83.0-86.7% of these
OTUs were annotated to bacteria (4,067—4,511) and fungi (482—547)
in different samples, respectively (Supplementary Tables S2 and S3).
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Alpha indices (Sobs, Shannon, Simpson, and Chaol) for both bacterial
and fungal communities exhibited no significant differences between the
Cd0 and Cd20 soils (Supplementary Tables S4 and S5), indicating
similar richness and diversity of the microbial community between the
two rhizospheric soils.

Twenty-nine bacterial phyla were identified in this study, most (26)
of which were shared by Cd0 and Cd20 soils (Fig. 3A). Only three spe-
cific bacterial phyla were identified in the Cd20 soil (Fig. 3A). Fourteen
bacterial phyla (Supplementary Table S6) with a relative abundance of
> 0.1% in at least one sample were identified in both soils. The top 10
bacterial phyla followed the order of relative abundance: Proteobacteria
(41.7% and 44.6%) > Patescibacteria (10.2% and 8.9%) > Firmicutes
(6.9% and 7.4%) > Acidobacteria (7.4% and 6.7%) > Actinobacteria
(6.9% and 6.9%) > Bacteroidetes (6.8% and 5.9%) > Planctomycetes
(5.8% and 5.1%) > Chloroflexi (4.8% and 4.1%) > Gemmatimonadetes
(4.1% and 4.1%) > Verrucomicrobia (2.0% and 2.1%) (Fig. 3B; Sup-
plementary Table S6), which accounted for approximately 95% of the
total bacterial community (Fig. 3B; Supplementary Table S6). The
abundance of 14 bacterial phyla in the two soils showed a complex
correlation network (Supplementary Fig. S1). The phyla Proteobacteria
and Firmicutes, which were highly abundant, showed significant nega-
tive correlations (P < 0.05) with several other phyla (Supplementary
Fig. S1), indicating that they had a significant effect on these bacterial
taxa. In addition, the phyla Patescibacteria, Actinobacteria, Bacter-
oidetes, Armatimonadetes, and Planctomycetes exhibited high connec-
tivity (Supplementary Fig. S1), indicating the complex interactions
among these bacterial taxa.

One hundred and fifty-three fungal genera were identified in this
study, most (99) of which were shared by the Cd0 and Cd20 soils
(Fig. 3C). Twenty-three and thirty-one specific fungal genera were
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identified in the CdO and Cd20 soils, respectively (Fig. 3C). Sixty-five
fungal genera (Supplementary Table S7) with a relative abundance of
> 0.1% in at least one sample were identified in both the soils. The top
20 fungal genera are shown in Fig. 3D and account for approximately
50% of the total fungal community (Fig. 3D; Supplementary Table S7).
The abundance of 61 fungal genera in the two soils showed a complex
correlation network (Supplementary Fig. S2). Unlike the bacterial
community (Supplementary Fig. S1), the fungal genera with high
abundance showed low connectivity (Supplementary Fig. S2), indi-
cating that interactions among the different fungal genera were rela-
tively weak.

3.5.2. Variations in microbial taxa between Cd0O and Cd20 soils

LEfSe analysis was used to identify the dominant microbial taxa
(linear discriminant analysis score > 2) between the Cd0 and Cd20 soils
(Supplementary Tables S8 and S9). As shown in Fig. 4A and B, the
cladogram circles indicate the phylogenetic relationships between the
dominant taxa from phylum to species. The numbers of dominant bac-
terial and fungal taxa in the different rhizospheric soils are shown in
Fig. 4C and Fig. 4D, respectively. Generally, more bacterial taxa were
enriched in the Cd20 soil than in the CdO soil, whereas more fungal taxa
were enriched in the CdO soil than in the Cd20 soil (Fig. 4C and D). The
dynamics of the rhizospheric microbial taxa may be attributed to their
different sensitivities or tolerances to Cd and other soil factors. Inter-
estingly, several microbial genera (bacteria or fungi) enriched in the
Cd20 soil were plant growth-promoting microorganisms (Fig. 5), sug-
gesting their key roles in regulating Cd tolerance and accumulation in
C. grandiflora plants.
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Fig. 3. Rhizospheric microbial community composition of Coreopsis grandiflora grown in soils spiked with 0 (Cd0) and 20 mg kg™ Cd (Cd20). (A) Venn diagram of
the identified bacterial phyla between the CdO and Cd20 soils. (B) Stacked diagram showing the relative abundance of the top 10 bacterial phyla identified in
different soils. (C) Venn diagram of the identified fungal genera between the Cd0 and Cd20 soils. (D) Stacked diagram showing the relative abundance of the top 20

fungal genera identified in different soils.
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Fig. 4. LEfSe analysis results with linear discriminant analysis scores > 2 between the rhizosphere of Coreopsis grandiflora grown in soils spiked with 0 (Cd0) and
20 mg kg™ Cd (Cd20). (A) Cladogram showing dominant bacteria between the Cd0 and Cd20 soils. Identifiers labeled on the cladogram correspond to those in
Supplementary Table S8. (B) Cladogram showing dominant fungi between the CdO and Cd20 soils. Identifiers labeled on the cladogram correspond to those in
Supplementary Table S9. Cladogram circles indicate phylogenetic taxa from phylum to species; the diameter of each circle is proportional to the abundance of the
group; only the dominant groups are exhibited in the cladograms (A and B). (C) Numbers of dominant bacteria at different classification levels between the Cd0 and
Cd20 soils. (D) Numbers of dominant fungi at different classification levels between the Cd0 and Cd20 soils.

3.5.3. Correlations between soil indices and rhizospheric microorganisms

Interactions between the altered soil indices (i.e., pH, AK, and Cd)
(Table 2) and the dominant plant growth-promoting microorganisms
with high abundance (Fig. 5) were further analyzed through a correla-
tion network in this study. Several plant growth-promoting microor-
ganisms were significantly correlated with each other (Fig. 6). Soil pH
was significantly negatively correlated (P < 0.05) with Flavisolibacter
and Achromobacter, whereas soil Cd and AK were significantly positively
correlated (P < 0.05) with Nocardioides, Flavisolibacter, Rhizobium, and
Penicillium (Fig. 6; Supplementary Table S10). These results indicate that
soil Cd, pH, and AK may directly or indirectly affect changes in the
abundance of different plant growth-promoting microorganisms. How-
ever, these microorganisms may also be a driver of changes in soil
indices (e.g., pH and AK).

4. Discussion
4.1. Cd phytoextraction potential of C. grandiflora

The pot experiments in this study (Fig. 1) indicated that C. grandiflora

has a relatively strong capacity to tolerate approximately 20 mg kg™! Cd
in soils. Although soil properties or Cd forms and bioavailability in
different soils may lead to different tolerance limits of plants to Cd, the
results still indicate that C. grandiflora can cover a wide range of actual
Cd-contaminated soils in China according to the statutory limits of
0.3 mg kg™! Cd (GB 15618—2018), suggesting that C. grandiflora has a
broad application space if used for Cd phytoremediation.

Cd concentration in plant tissues is a direct indicator for under-
standing the strategies of plants to deal with Cd stress and determine
whether they are suitable for phytoremediation. In this study, Cd con-
centrations in C. grandiflora increased considerably with increasing soil
Cd concentrations (Fig. 1D), indicating that C. grandiflora can employ
effective strategies for Cd detoxification until the defense system col-
lapses at higher soil Cd concentrations (e.g., 45 mg kg™"). BCFs and TFs
are important indices that reflect Cd absorption and transport capacity
in plants. In this study, the Cd BCFs in both the shoots and roots of
C. grandiflora were greater than one (Fig. 1E), suggesting a strong Cd
absorption capacity of C. grandiflora. These results are consistent with
those of previous reports on other Coreopsis species (Lin et al., 2016; Xu
et al.,, 2018). Notably, the increased Cd BCFs of C. grandiflora with
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Fig. 5. Relative abundance of the dominant bacteria (A) and fungi (B) at genus
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potential plant growth-promoting microorganisms, and microbial genera
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increasing soil Cd concentrations are contrary to those of several pre-
vious studies (Wang et al., 2012; Wu et al., 2018), indicating the special
Cd accumulation characteristics of C. grandiflora, the mechanisms of
which are worthy of future research. The Cd TFs of C. grandiflora, which
were lower than one (Fig. 1F), were lower than those of other reported
Coreopsis species (Lin et al., 2016; Xu et al., 2018). This may be because
the shoot biomass of C. grandiflora was several times larger than the root
biomass (Fig. 1C), leading to a greater dilution of Cd concentrations in
the shoots. The decrease in Cd TFs with increasing soil Cd concentrations
(Fig. 1F) suggests that Cd transport rates from roots to shoots in
C. grandiflora plants may be inhibited by increasing Cd concentrations,
which is consistent with previous studies (Eisazadeh et al., 2019; Li
et al., 2021b).

Based on the values of shoot Cd concentrations, shoot BCFs, and TFs,
C. grandiflora does not meet all the characteristics of Cd hyper-
accumulators (shoot Cd concentration > 100 mg kg™, shoot BCF > 1,
and TF > 1) (Li et al., 2018); however, this species can be designed as a
Cd accumulator. The total Cd content and distribution, which depend on
both the Cd concentration and biomass yield of plants, determines the
phytoremediation type and efficiency of plants. In this study, more than
85% of the total Cd accumulated in C. grandiflora shoots at each soil Cd
concentration (Fig. 1H). These results indicated that C. grandiflora can
potentially be used for Cd phytoextraction from a suitable range of
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Cd-contaminated soils. However, actual soils are usually not as rich in
organic matter and nutrients as the soils used in this study, and plant
growth conditions in the field may be worse than those in the green-
house. These differences indicate that the plant growth rate and Cd
accumulation capacity of C. grandiflora in actual soils may be reduced.
Therefore, the Cd phytoextraction potential of C. grandiflora should be
further verified in actual Cd-contaminated soils. In addition, because
polluted soils generally contain multiple heavy metals, the phytoex-
traction potential of C. grandiflora for other heavy metals should be
evaluated.

4.2. Physiological Cd detoxification mechanism in C. grandiflora plants

Uncovering the mechanisms of Cd tolerance and accumulation in
C. grandifiora is potentially useful for improving the phytoextraction
efficiency. In plants, one of the main consequences of Cd toxicity is
excessive generation of ROS, which can lead to membrane system
damage and cell injury if they are not scavenged in time (Song et al.,
2016). The induced antioxidant systems (i.e., antioxidant enzymes and
non-enzymatic antioxidants) can effectively regulate ROS homeostasis
under Cd stress (Li et al., 2021a, 2021c¢). For example, SOD catalyzes the
dismutation of superoxide radicals (O3) to decompose into O3 and H205,
and Hy0; can be further decomposed into HoO and O; under CAT
catalysis (Faizan et al., 2021; Mahawar et al., 2021). Moreover, POD can
catalyze the oxidation of substrates (e.g., phenols and amines) using
H30, as an electron acceptor (Chen et al., 2021b; Yue et al., 2021),
leading to the elimination of H0». In this study, the higher activities of
SOD, POD, and CAT (0.01 < P < 0.05 or P < 0.001) in the C. grandiflora
leaves in the Cd20 soil compared with those in the CdO soil (Fig. 2A—C)
suggest that they are induced to control ROS accumulation in the
C. grandiflora plants under Cd stress. The unchanged concentrations of
the lipid peroxidation product MDA, which acts as an indicator of the
degree of oxidative stress (Hnilickova et al., 2021), between the Cd0 and
Cd20 groups (Fig. 2D) further proved the effectiveness of the antioxidant
system in C. grandifiora leaves.

Free amino acids in plants can contribute to the detoxification of
toxic elements by regulating ion transport and chelation and by func-
tioning as osmoregulators (Okunev, 2019; Lwalaba et al., 2020; Koca-
man, 2022). In this study, the concentrations of serine, valine,
methionine, isoleucine, leucine, histidine, and proline in C. grandiflora
shoots significantly increased under Cd stress (Table 1), which is
partially consistent with several previous studies (Li et al., 2018; Kato
et al., 2020). Several of these amino acids play important roles in plant
Cd tolerance. Proline participates in Cd detoxification through its direct
function (e.g., adjusting osmotic potential and serving as an antioxidant
and chelator) or through the biosynthesis of chelating peptides (Borgo
et al., 2021; Garcia de la Torre et al., 2022; Lwalaba et al., 2020). Our
results showed that proline was the most abundant free amino acid
detected in this study, and its abundance was significantly elevated
(P < 0.001) under Cd stress (Table 1), indicating its key role in coping
with Cd toxicity in C. grandiflora. Histidine and methionine also play
important roles in plant responses and adaptations to Cd stress (Zema-
nova et al., 2014; Kato et al., 2020). Histidine participates in chelation
and transport of metal ions (Xu et al., 2012a; Kato et al., 2020). Xu et al.
(2012) found that a high accumulation of histidine promotes Cd uptake
and root-to-shoot transport in Solanum species. Methionine, as the pre-
cursor of compounds associated with metal homeostasis (e.g., nicotin-
amide) and antioxidant defense (e.g., polyamines), is also likely to be
involved in protecting plants against Cd toxicity (Kato et al., 2020). The
increase in histidine and methionine concentrations (0.001 < P < 0.01
or 0.01 < P < 0.05) in our study (Table 1) indicates their significance in
the response of C. grandifiora to Cd. Additionally, increased concentra-
tions of serine, valine, isoleucine, and leucine have also been found in
other plants exposed to Cd (Li et al., 2018; Kocaman, 2022); however,
the roles of these amino acids in plant responses to Cd stress are not yet
clearly understood.
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In summary, the antioxidant system and amino acid metabolism may
play important roles in Cd detoxification in C. grandiflora, which con-
forms to the unchanged plant biomass observed under Cd stress.

4.3. Effects of the rhizospheric microenvironment on the response of
C. grandiflora to Cd

The rhizosphere is the most dynamic area where roots interact with
heavy metals and soils (York et al., 2016), which determines heavy
metal tolerance and accumulation in plants. In this study, the rhizo-
sphere pH of C. grandifiora significantly decreased (P < 0.05) under Cd
stress (Table 2), which is consistent with the decreased pH of the
rhizosphere of Salvia tiliifolia under Cd stress (Li et al., 2021b). The
potential reason for the decrease in pH may be that Cd changes the ion
balance in the rhizosphere or induces root and/or rhizosphere micro-
organisms to secrete more organic acids (Mo et al., 2022). With a
decrease in pH, excess H" can be exchanged with other adsorbed metal
cations, leading to an increase in the availability of some metals (Vo
et al., 2022). This mechanism can also partially explain the increase in
AK concentration in the Cd20 soil (Table 2). An increase in AK con-
centration can improve the nutrition and vitality of C. grandiflora plants
under Cd stress, which enhances plant tolerance to Cd. Moreover, soil
AK concentration is closely related to Cd migration and transportation in
soil-plant systems (de Anicésio and Monteiro, 2019; He et al., 2021; Shi
etal., 2020). For example, de Anicésio and Monteiro (2019) found that K
fertilizers can increase NH4NOs-extractable Cd concentrations in soils
and enhance Cd accumulation in plants. He et al. (2021) reported that
enhanced K™ concentrations induce the expression of Cd**-transporting
proteins and inhibit the expression of Cd>* efflux proteins, leading to an
increase in Cd uptake by Microcystis aeruginosa. These studies suggest
that an increase in AK likely contributes to Cd uptake by C. grandifiora.
In this study, rhizospheric HN and AP concentrations did not differ be-
tween CdO and Cd20 soils (Table 2), indicating a dynamic equilibrium
for nitrogen and phosphorus cycles.

Rhizosphere-associated microorganisms play an important role in
promoting heavy metal tolerance and accumulation in plants (Hakim
et al., 2021). In this study, the differences in the rhizospheric microbial
communities between Cd0 and Cd20 soils were compared to understand
their role in plant growth and Cd accumulation characteristics of
C. grandiflora based on 16S/ITS high-throughput sequencing.

The similar alpha indices (Supplementary Tables S4 and S5) indi-
cated that there was no significant difference in the richness and di-
versity of both bacterial and fungal communities between the two soils,
which was consistent with a previous study (Li et al., 2021b). Most of the
dominant bacterial phyla (e.g., Proteobacteria, Acidobacteria, Actino-
bacteria, Chloroflexi, Gemmatimonadetes, and Verrucomicrobia) in the
rhizosphere of C. grandifiora (Fig. 3B) have often been identified in the
rhizosphere of plants grown in heavy metal-polluted soils (Jiang et al.,
2019; Li et al., 2021b). The dominant fungal genera identified in the
rhizosphere of C. grandiflora (Fig. 3D) were distinct from those identified
in the rhizospheres of other plants in heavy metal-polluted soils (Chen
et al., 2021c; Solis-Hernandez et al., 2022), which may be attributed to
multiple factors.

LEfSe analysis showed that the abundance of many microbial taxa
differed between the CdO and Cd20 soils (Fig. 4), which may be related
to Cd and the soil environments remolded by Cd (Li et al., 2021b).
Interestingly, the abundance of many important plant
growth-promoting microorganisms, including Nocardioides, Flavisoli-
bacter, Rhizobium, Achromobacter, Variovorax, Dyadobacter, Penicillium,
Purpureocillium, and Chrysosporium (Hamayun et al., 2009; Kumar et al.,
2018; Baron et al., 2020; Efe, 2020; Chen et al., 2021d; Imran et al.,
2021; Kumawat et al., 2022), was enriched in the Cd20 soil, whereas
only one plant growth-promoting bacterial taxon, Flavobacterium, was
enriched in CdO soil (Fig. 5). Plant growth-promoting microorganisms
allow plants to resist extreme heavy metal concentrations through
multiple mechanisms (Khanna et al., 2019a, 2019b; Yang et al., 2022b),
indicating that the presence of these Cd-tolerant plant
growth-promoting microorganisms, especially those with relatively high
abundance (i.e., Nocardioides, Flavisolibacter, Rhizobium, and Penicillium)
(Fig. 5), in the rhizosphere assists C. grandiflora in tolerating Cd stress.
These results were similar to those reported for other plants (Wang et al.,
2020; Li et al, 2021b; Yang et al., 2022a). However, the plant
growth-promoting microorganisms recruited to the rhizosphere vary
greatly in different soil-plant systems (Wang et al., 2020; Li et al.,
2021b; Yang et al., 2022a). This difference may be partially attributed to
the different soil types and/or specific root exudates of different plants.

Many plant growth-promoting microorganisms (e.g., Rhizobium,
Achromobacter, and Penicillium) can improve metal solubility and
ameliorate soil physicochemical conditions to maximize phytor-
emediation (Wang et al., 2021; He et al., 2022). Rhizobium can improve
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the absorption of various heavy metals (e.g., Cd) by plants by releasing
small organic molecules (e.g., phytosiderophores) to form complexes
with them (Sahito et al., 2022). However, several Achromobacter species
and strains can effectively adsorb and immobilize Cd (Zhang et al., 2019;
Liang and Hu, 2021). Penicillium is a common Cd-tolerant fungus, and
many species can adsorb Cd to remediate Cd-polluted soils (Xu et al.,
2012b, 2015; Yuan et al., 2012). The good Cd adsorption characteristics
of Penicillium species indicate that these fungi tend to stabilize soil Cd
and reduce Cd uptake by plants. However, Penicillium janthinellum ZZ-2
promotes plant growth and Cd uptake by producing indole acetic acid or
solubilizing Cd in soils (Xie et al., 2021). These studies indicate that
Rhizobium, Achromobacter, and Penicillium enriched in Cd20 soil may
facilitate Cd uptake by C. grandifiora plants. These potential plant
growth-promoting microorganisms in the rhizosphere of C. grandiflora
need to be screened and identified to explore their functions, which are
helpful in assisting Cd phytoextraction by C. grandiflora and other plants.

Recruiting plant growth-promoting rhizosphere microorganisms is
an important strategy for heavy metal accumulators in response to
heavy metal stress (Wang et al., 2020; Chen et al., 2021d; Yang et al.,
2022a). However, the mechanisms underlying this process are not
clearly understood, as changes in rhizosphere microbial community
composition are determined by multiple factors (Islam et al., 2022). In
this study, the correlation analysis (Fig. 6) indicated that soil Cd con-
centration, pH, and AK concentration may have significant effects
(P <0.05) on different plant growth-promoting microorganisms
(Fig. 6). For example, Cd stress had a selective effect on these
Cd-tolerant plant growth-promoting microorganisms (e.g., Nocardioides,
Flavisolibacter, Rhizobium, and Penicillium), leading to significantly pos-
itive correlations (P < 0.05) between them (Fig. 6). Significantly posi-
tive correlations (P < 0.05) between AK and Rhizobium and Penicillium
abundance values indicate that these microorganisms may effectively
solubilize potassium (Sattar et al., 2019). In addition, correlations be-
tween these microorganisms (Fig. 6; Supplementary Figs. S1 and S2)
indicated that they interacted with each other. However, direct drivers
of the dynamics of these plant growth-promoting microorganisms are
difficult to determine and require definite evidence.

5. Conclusions

In this study, Cd tolerance and accumulation characteristics of
C. grandiflora were investigated. C. grandiflora tolerated up to
20 mg kg™! Cd in soils and was designed as a Cd accumulator based on
appreciable Cd BCFs (shoot: 1.09-1.85, root: 1.13-3.98) and TFs
(0.46-0.97) in soils spiked with different concentrations of Cd. Com-
bined with its large biomass, C. grandiflora shows potential for Cd
phytoextraction in Cd-polluted soils. The physiological response of
C. grandiflora to Cd was also investigated. The increased activities of
antioxidant enzymes (i.e., SOD, POD, and CAT) in C. grandifiora leaves
grown in Cd20 soil indicated that the antioxidant system was activated
to prevent oxidative stress, leading to the stabilization of the lipid
membrane peroxidation product MDA. Moreover, various free amino
acids (e.g., proline, histidine, and methionine) in C. grandiflora may play
important roles in Cd detoxification. The 16S rDNA/ITS high-
throughput sequencing results showed that the abundance of a few
rhizospheric microorganisms was altered in the Cd20 soil compared
with that in the CdO soil, although the overall bacterial and fungal
richness and diversity remained similar between the two soils. Many
plant growth-promoting microorganisms that were enriched in the Cd20
soil, such as Nocardioides, Flavisolibacter, Dyadobacter, Rhizobium, Vari-
ovorax, Achromobacter, Penicillium, Purpureocillium, and Chrysosporium,
likely contributed to the plant growth and vitality of C. grandiflora under
Cd stress. Additionally, some microorganisms (e.g., Rhizobium, Achro-
mobacter, and Penicillium) may facilitate Cd uptake by C. grandiflora.
Abundant plant growth-promoting microorganisms in the rhizosphere of
C. grandiflora showed potential interactions with soil pH and concen-
trations of Cd and AK. Notably, potassium-solubilizing microbes (e.g.,
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Rhizobium and Penicillium) effectively solubilize potassium to assist Cd
uptake by C. grandifiora. In this study, we identified a new Cd accu-
mulator, C. grandiflora, for Cd phytoextraction and revealed the poten-
tial Cd tolerance mechanism of C. grandiflora grown in Cd-polluted soils.
However, some of the unclear problems derived from this study need to
be explored further. For example, the phytoextraction potential of
C. grandiflora in natural soils requires further verification. Moreover, the
accumulation characteristics of other heavy metals in C. grandiflora are
worth investigating. Additionally, potential rhizospheric plant growth-
promoting microorganisms can be screened and identified to assist Cd
phytoremediation.

Funding

This study was financially supported by the Youth Innovation Pro-
motion Association CAS (2020387).

CRediT authorship contribution statement

Xiong Li: Conceptualization, Methodology, Validation, Formal
analysis, Investigation, Writing — original draft, Writing — review &
editing, Visualization, Funding acquisition. Boqun Li: Investigation,
Writing - review & editing. Yan Zheng: Investigation, Writing — review
& editing. Landi Luo: Investigation, Writing — review & editing.
Xiangshi Qin: Investigation. Yongping Yang: Writing — review &
editing, Supervision. Jianchu Xu: Writing - review & editing,
Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ecoenv.2022.113739.

References

Acosta, J.A., Abbaspour, A., Martinez, G.R., Martinez-Martinez, S., Zornoza, R.,
Gabarron, M., Faz, A., 2018. Phytoremediation of mine tailings with Atriplex halimus
and organic/inorganic amendments: A five-year field case study. Chemosphere 204,
71-78.

Baron, N.C., Pollo, A.S., Rigobelo, E.C., 2020. Purpureocillium lilacinum and Metarhizium
marquandii as plant growth-promoting fungi. PeerJ 8, €9005.

Bian, F.Y., Zhong, Z.K., Li, C.Z., Zhang, X.P., Gu, L.J., Huang, Z.C., Gai, X., Huang, Z.Y.,
2021. Intercropping improves heavy metal phytoremediation efficiency through
changing properties of rhizosphere soil in bamboo plantation. J. Hazard. Mater. 416,
125898.

Borgo, L., Rabelo, F.H.S., Budzinski, I.G.F., Cataldi, T.R., Ramires, T.G., Schaker, P.D.C.,
Ribas, A.F., Labate, C.A., Lavres, J., Cuypers, A., Azevedo, R.A., 2021. Proline
exogenously supplied or endogenously overproduced induces different nutritional,
metabolic, and antioxidative responses in transgenic tobacco exposed to cadmium.
J. Plant Growth Regul. https://doi.org/10.1007/s00344-021-10480-6.

Cha, L.J., Zhao, S.Y., Feng, H.J., Zhou, D.D., 2020. Study on influencing factors of heavy
metal forms in wild fungi growth soil. Ecol. Environ. Sci. 29, 2457-2464.

Chen, D., Li, B.Q., Yang, Y.P., He, Z.R., Li, X., 2021a. Cadmium accumulation
characteristics of four herbs. Environ. Sci. 42, 448-454.

Chen, L., Li, X, Li, Z., Liu, K., Xie, J., 2021b. Peroxidase catalytic activity of carbon
nanoparticles for glutathione detection. RSC Adv. 12, 595-601.

Chen, S.P., Zhuang, Q.Q., Chu, X.L., Ju, Z.X., Dong, T., Ma, Y., 2021c. Transcriptomics of
different tissues of blueberry and diversity analysis of rhizosphere fungi under
cadmium stress. BMC Plant Biol. 21, 389.

Chen, Z.J., Tian, W., Li, Y.J., Sun, L.N., Chen, Y., Zhang, H., Li, Y.Y., Han, H., 2021d.
Responses of rhizosphere bacterial communities, their functions and their network
interactions to Cd stress under phytostabilization by Miscanthus spp. Environ. Pollut.
287, 117663.

Cui, X.F., Zhang, Q., Wang, J.K., Tian, S.L., Huang, J.H., 2021. Status of paddy soil Cd
pollution and probabilistic health risk via agricultural contact in China. China
Environ. Sci. 41, 3878-3886.


https://doi.org/10.1016/j.still.2022.105460
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref1
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref1
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref1
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref1
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref2
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref2
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref3
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref3
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref3
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref3
https://doi.org/10.1007/s00344-021-10480-6
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref5
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref5
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref6
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref6
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref7
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref7
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref8
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref8
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref8
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref9
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref9
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref9
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref9
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref10
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref10
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref10

X. Lietal

de Anicésio, E.C.A., Monteiro, F.A., 2019d. Potassium affects the phytoextraction
potential of Tanzania guinea grass under cadmium stress. Environ. Sci. Pollut. R. 26,
30472-30484.

Dhaliwal, S.S., Taneja, P.K., Singh, J., Bhatti, S.S., Singh, R., 2020. Cadmium
accumulation potential of Brassica species grown in metal spiked loamy sand soil.
Soil Sed. Contam. 29, 638-649.

Efe, D., 2020. Potential plant growth-promoting bacteria with heavy metal resistance.
Curr. Microbiol. 77, 3861-3868.

Eisazadeh, S., Kapourchal, S.A., Homaee, M., Noorhosseini, S.A., Damalas, C.A., 2019.
Chive (Allium schoenoprasum L.) response as a phytoextraction plant in cadmium-
contaminated soils. Environ. Sci. Pollut. R. 26, 152-160.

Faizan, M., Bhat, J.A., Hessini, K., Yu, F., Ahmad, P., 2021. Zinc oxide nanoparticles
alleviates the adverse effects of cadmium stress on Oryza sativa via modulation of the
photosynthesis and antioxidant defense system. Ecotoxicol. Environ. Saf. 220,
112401.

Feki, K., Tounsi, S., Mrabet, M., Mhadhbi, H., Brini, F., 2021. Recent advances in
physiological and molecular mechanisms of heavy metal accumulation in plants.
Environ. Sci. Pollut. R. 28, 64967-64986.

Garcia de la Torre, V.S., Coba de la Pena, T., Lucas, M.M., Pueyo, J.J., 2022G. Transgenic
Medicago truncatula plants that accumulate proline display enhanced tolerance to
cadmium stress. Front. Plant Sci. 13, 829069.

Hakim, S., Naqqash, T., Nawaz, M.S., Laraib, L., Siddique, M.J., Zia, R., Mirza, M.S.,
Imran, A., 2021. Rhizosphere engineering with plant growth-promoting
microorganisms for agriculture and ecological sustainability. Front. Sustain. Food
Syst. 5, 617157.

Hamayun, M., Khan, S.A., Igbal, 1., Na, C.I,, Khan, A.L., Hwang, Y.H., Lee, B.H., Lee, L.J.,
2009. Chrysosporium pseudomerdarium produces gibberellins and promotes plant
growth. J. Microbiol 47, 425-430.

He, T., Xu, Z.J., Wang, J.F., Wang, F.P., Zhou, X.F., Wang, L.L., Li, Q.S., 2022. Improving
cadmium accumulation by Solanum nigrum L. via regulating rhizobacterial
community and metabolic function with phosphate-solubilizing bacteria
colonization. Chemosphere 287, 132209.

He, Y.X., Liu, M.Z., Wang, R.L., Salam, M., Yang, Y.C.A., Zhang, Z.X., He, Q., Hu, X.B.,
Li, H., 2021. Potassium regulates cadmium toxicity in Microcystis aeruginosa.

J. Hazard. Mater. 413, 125374.

Hnilickova, H., Kraus, K., Vachova, P., Hnilicka, F., 2021. Salinity stress affects
photosynthesis, malondialdehyde formation, and proline content in Portulaca
oleracea L. Plants 10, 845.

Imran, M., Abulreesh, H.H., Monjed, M.K., Elbanna, K., Samreen, Ahmad, I., 2021.
Multifarious functional traits of free-living rhizospheric fungi, with special reference
to Aspergillus spp. isolated from North Indian soil, and their inoculation effect on
plant growth. Ann. Microbiol. 71, 31.

Islam, M.S., Kormoker, T., Idris, A.M., Proshad, R., Kabir, M.H., Ustaoglu, F., 2022. Plant-
microbe-metal interactions for heavy metal bioremediation: a review. Crop Pasture
Sci. 73, 181-201.

Jan, S., Alyemeni, M.N., Wijaya, L., Alam, P., Siddique, K.H., Ahmad, P., 2018.
Interactive effect of 24-epibrassinolide and silicon alleviates cadmium stress via the
modulation of antioxidant defense and glyoxalase systems and macronutrient
content in Pisum sativum L. seedlings. BMC Plant Biol. 18, 146.

Jiang, B., Adebayo, A., Jia, J.L., Xing, Y., Deng, S.Q., Guo, L.M., Liang, Y.T., Zhang, D.Y.,
2019. Impacts of heavy metals and soil properties at a Nigerian e-waste site on soil
microbial community. J. Hazard. Mater. 362, 187-195.

Kato, F.H., Carvalho, M.E.A., Gaziola, S.A., Azevedo, R.A., 2020. Maize plants have
different strategies to protect their developing seeds against cadmium toxicity.
Theor. Exp. Plant Phys. 32, 203-211.

Khanna, K., Jamwal, V.L., Kohli, S.K., Gandhi, S.G., Ohri, P., Bhardwaj, R., Abdjtllah, E.
F., Hashem, A., Ahmad, P., 2019a. Plant growth promoting rhizobacteria induced Cd
tolerance in Lycopersicon esculentum through altered antioxidative defense
expression. Chemosphere 217, 463-474.

Khanna, K., Jamwal, V.L., Sharma, A., Gandhi, S.G., Ohri, P., Bhardwaj, R., Al-Huqail, A.
A., Siddiqui, M.H., Ali, H.M., Ahmad, P., 2019b. Supplementation with plant growth
promoting rhizobacteria (PGPR) alleviates cadmium toxicity in Solanum lycopersicum
by modulating the expression of secondary metabolites. Chemosphere 230, 628-639.

Kocaman, A., 2022. Combined interactions of amino acids and organic acids in heavy
metal binding in plants. Plant Signal. Behav. https://doi.org/10.1080/15592324.2
022.2064072.

Kumar, S., Suyal, D.C., Bhoriyal, M., Goel, R., 2018. Plant growth promoting potential of
psychrotolerant Dyadobacter sp for pulses and finger millet and impact of inoculation
on soil chemical properties and diazotrophic abundance. J. Plant Nutr. 41, 1035.

Kumawat, K.C., Nagpal, S., Sharma, P., 2022. Potential of plant growth-promoting
rhizobacteria-plant interactions in mitigating salt stress for sustainable agriculture: a
review. Pedosphere 32, 223-245.

Li, X., Zhang, X.M., Yang, Y., Li, B.Q., Wu, Y.S., Sun, H., Yang, Y.P., 2016. Cadmium
accumulation characteristics in turnip landraces from China and assessment of their
phytoremediation potential for contaminated soils. Front. Plant Sci. 7, 1862.

Li, X., Zhang, X.M., Li, B.Q., Wu, Y.S., Sun, H., Yang, Y.P., 2017. Cadmium
phytoremediation potential of turnip compared with three common high Cd-
accumulating plants. Environ. Sci. Pollut. R. 24, 21660-21670.

Li, X., Zhang, X.M., Wu, Y.S., Li, B.Q., Yang, Y.P., 2018. Physiological and biochemical
analysis of mechanisms underlying cadmium tolerance and accumulation in turnip.
Plant Divers 40, 19-27.

Li, X., Chen, D., Li, B.Q., Yang, Y., Yang, Y.P., 2021a. Combined transcriptomic,
proteomic and biochemical approaches to identify the cadmium hyper-tolerance
mechanism of turnip seedling leaves. Environ. Sci. Pollut. R. 28, 22458-22473.

11

Ecotoxicology and Environmental Safety 241 (2022) 113739

Li, X., Chen, D., Li, B.Q., Yang, Y.P., 2021b. Cd accumulation characteristics of Salvia
tiliifolia and changes of rhizospheric soil enzyme activities and bacterial communities
under a Cd concentration gradient. Plant Soil 463, 225-247.

Li, X., Chen, D., Yang, Y., Liu, Y., Luo, L., Chen, Q., Yang, Y., 2021c. Comparative
transcriptomics analysis reveals differential Cd response processes in roots of two
turnip landraces with different Cd accumulation capacities. Ecotoxicol. Environ. Saf.
220, 112392.

Li, Y.J., Ma, J.W,, Li, Y.Q., Xiao, C., Shen, X.Y., Chen, J.J., Xia, X.H., 2022. Nitrogen
addition facilitates phytoremediation of PAH-Cd cocontaminated dumpsite soil by
altering alfalfa growth and rhizosphere communities. Sci. Total Environ. 806,
150610.

Li, Z.J., Shen, Y.X., Zhao, G.J., Yu, Z.F., Chen, F.J., Xiao, G.Y., 2020. Changes of soil fungi
and bacteria after forest mother soil transplantation. Microbiol. China 47,
3196-3205.

Liang, D.H., Hu, Y., 2021. Application of a heavy metal-resistant Achromobacter sp. for
the simultaneous immobilization of cadmium and degradation of sulfamethoxazole
from wastewater. J. Hazard. Mater. 402, 124032.

Lin, X., Xu, C., Gong, Y., Tang, B., Yang, S., Huang, L., Zhao, L., Xu, J., Li, H., Liu, D.,
2016. Repairing effect of different plant species and their combination on lead-zinc
tailings. Environ. Eng. 34, 983-987+949.

Liu, K.H., Guan, X.J., Li, C.M., Zhao, K.Y., Yang, X.H., Fu, R.X,, Li, Y., Yu, F.M., 2022.
Global perspectives and future research directions for the phytoremediation of heavy
metal-contaminated soil: A knowledge mapping analysis from 2001 to 2020. Front.
Environ. Sci. Eng. 16, 73.

Liu, S., Ali, S., Yang, R., Tao, J., Ren, B., 2019. A newly discovered Cd-hyperaccumulator
Lantana camara L. J. Hazard. Mater. 371, 233-242.

Lwalaba, J.L.W., Zvobgo, G., Mwamba, T.M., Louis, L.T., Fu, L.B., Kirika, B.A.,
Tshibangu, A.K., Adil, M.F., Sehar, S., Mukobo, R.P., Zhang, G.P., 2020. High
accumulation of phenolics and amino acids confers tolerance to the combined stress
of cobalt and copper in barley (Hordeum vulagare). Plant Physiol. Biochem. 155,
927-937.

Mahawar, L., Popek, R., Shekhawat, G.S., Alyemeni, M.N., Ahmad, P., 2021. Exogenous
hemin improves Cd?* tolerance and remediation potential in Vigna radiata by
intensifying the HO-1 mediated antioxidant defence system. Sci. Rep. 11, 2811.

Manoj, S.R., Karthik, C., Kadirvelu, K., Arulselvi, P.I., Shanmugasundaram, T., Bruno, B.,
Rajkumar, M., 2020. Understanding the molecular mechanisms for the enhanced
phytoremediation of heavy metals through plant growth promoting rhizobacteria: A
review. J. Environ. Manag. 254, 109779.

Mao, P., Wu, J.T., Li, F., Sun, S., Huang, R., Zhang, L.L., Mo, J.M., Li, Z.A., Zhuang, P.,
2022. Joint approaches to reduce cadmium exposure risk from rice consumption.
J. Hazard. Mater. 429, 128263.

Mo, S.Q., Cao, Y.N., Tan, Q., 2022. Research progress on root exudates and their effects
on ecological remediation of heavy metal contaminated soil. Chin. J. Ecol. 41,
382-392.

Nikolic, M., Stevovic, S., 2015. Family Asteraceae as a sustainable planning tool in
phytoremediation and its relevance in urban areas. Urban For. Urban Green. 14,
782-789.

Okunev, R.V., 2019. Free amino acid accumulation in soil and tomato plants (Solanum
Lycopersicum L.) associated with arsenic stress. Water Air Soil Pollut. 230, 253.
Oladoye, P.O., Olowe, O.M., Asemoloye, M.D., 2022. Phytoremediation technology and
food security impacts of heavy metal contaminated soils: A review of literature.

Chemosphere 288, 132555.

Ramlan, Basir-Cyio, M., Napitupulu, M., Inoue, T., Anshary, A., Mahfudz, Isrun,
Rusydi, M., Golar, Sulbadana, Bakri, R., 2021. Pollution and contamination level of
Cu, Cd, and Hg heavy metals in soil and food crop. Int. J. Environ. Sci. Technol. 19,
1153-1164.

Reeves, R.D., Baker, A.J.M., Jaffre, T., Erskine, P.D., Echevarria, G., van der Ent, A.,
2018. A global database for plants that hyperaccumulate metal and metalloid trace
elements. New Phytol. 218, 407-411.

Sahito, Z.A., Zehra, A., Chen, S.N.,, Yu, S., Tang, L., Ali, Z., Hamza, S., Irfan, M., Abbas, T.,
He, Z.L., Yang, X.E., 2022. Rhizobium rhizogenes-mediated root proliferation in Cd/
Zn hyperaccumulator Sedum alfredii and its effects on plant growth promotion, root
exudates and metal uptake efficiency. J. Hazard. Mater. 424, 127442.

Sattar, A., Naveed, M., Ali, M., Zahir, Z.A., Nadeem, S.M., Yaseen, M., Meena, V.S.,
Farooq, M., Singh, R., Rahman, M., Meena, H.N., 2019. Perspectives of potassium
solubilizing microbes in sustainable food production system: A review. Appl. Soil
Ecol. 133, 146-159.

Shen, X., Dai, M., Yang, J., Sun, L., Tan, X., Peng, C., Ali, L., Naz, L., 2021. A critical
review on the phytoremediation of heavy metals from environment: Performance
and challenges. Chemosphere 291, 132979.

Shi, Y., Pu, R.F., Guo, L.P., Man, J.H., Shang, B.P., Ou, X.H., Dai, C.Y., Liu, P.F., Cui, X.
M., Ye, Y., 2020. Formula fertilization of nitrogen and potassium fertilizers reduces
cadmium accumulation in Panax notoginseng. Arch. Agron. Soil Sci. 66, 343-357.

Solis-Hernandez, A.P., Chavez-Vergara, B.M., Rodriguez-Tovar, A.V., Beltran-Paz, O.1.,
Santillan, J., Rivera-Becerril, F., 2022. Effect of the natural establishment of two
plant species on microbial activity, on the composition of the fungal community, and
on the mitigation of potentially toxic elements in an abandoned mine tailing. Sci.
Total Environ. 802, 149788.

Song, L.L., Wang, J.H., Shafi, M., Liu, Y., Wang, J., Wu, J.S., Wu, A.M., 2016. Hypobaric
treatment effects on chilling injury, mitochondrial dysfunction, and the ascorbate-
glutathione (AsA-GSH) cycle in postharvest peach fruit. J. Agr. Food Chem. 64,
4665-4674.

Wang, G.B., Zhang, Q.Q., Du, W.C., Ai, F.X,, Yin, Y., Ji, R., Guo, H.Y., 2021. Microbial
communities in the rhizosphere of different willow genotypes affect
phytoremediation potential in Cd contaminated soil. Sci. Total Environ. 769,
145224.


http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref11
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref11
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref11
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref12
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref12
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref12
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref13
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref13
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref14
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref14
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref14
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref15
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref15
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref15
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref15
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref16
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref16
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref16
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref17
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref17
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref17
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref18
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref18
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref18
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref18
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref19
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref19
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref19
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref20
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref20
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref20
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref20
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref21
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref21
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref21
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref22
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref22
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref22
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref23
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref23
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref23
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref23
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref24
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref24
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref24
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref25
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref25
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref25
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref25
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref26
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref26
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref26
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref27
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref27
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref27
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref28
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref28
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref28
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref28
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref29
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref29
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref29
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref29
https://doi.org/10.1080/15592324.2022.2064072
https://doi.org/10.1080/15592324.2022.2064072
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref30
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref30
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref30
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref31
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref31
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref31
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref32
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref32
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref32
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref33
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref33
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref33
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref34
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref34
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref34
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref35
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref35
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref35
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref36
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref36
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref36
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref37
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref37
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref37
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref37
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref38
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref38
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref38
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref38
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref39
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref39
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref39
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref40
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref40
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref40
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref41
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref41
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref41
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref41
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref42
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref42
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref43
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref43
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref43
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref43
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref43
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref44
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref44
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref44
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref45
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref45
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref45
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref45
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref46
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref46
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref46
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref47
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref47
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref47
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref48
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref48
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref48
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref49
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref49
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref50
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref50
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref50
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref51
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref51
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref51
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref51
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref52
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref52
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref52
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref53
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref53
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref53
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref53
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref54
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref54
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref54
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref54
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref55
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref55
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref55
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref56
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref56
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref56
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref57
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref57
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref57
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref57
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref57
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref58
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref58
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref58
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref58
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref59
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref59
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref59
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref59

X. Lietal

Wang, R.Z., Hou, D.D., Chen, J.Z., Li, J.H., Fu, Y.Y., Wang, S., Zheng, W., Lu, L.L., Tian, S.
K., 2020. Distinct rhizobacterial functional assemblies assist two Sedum alfredii
ecotypes to adopt different survival strategies under lead stress. Environ. Int. 143,
105912,

Wang, Y.B., Yan, A.L,, Dai, J., Wang, N.N., Wu, D., 2012. Accumulation and tolerance
characteristics of cadmium in Chlorophytum comosum: a popular ornamental plant
and potential Cd hyperaccumulator. Environ. Monit. Assess. 184, 929-937.

Wu, M., Luo, Q., Liu, S., Zhao, Y., Long, Y., Pan, Y., 2018. Screening ornamental plants to
identify potential Cd hyperaccumulators for bioremediation. Ecotoxicol. Environ.
Saf. 162, 35-41.

Xie, Y., Bu, H., Feng, Q., Wassie, M., Amee, M., Jiang, Y., Bi, Y., Hu, L., Chen, L., 2021.
Identification of Cd-resistant microorganisms from heavy metal-contaminated soil
and its potential in promoting the growth and Cd accumulation of bermudagrass.
Environ. Res. 200, 111730.

Xu, D., Sun, Q., Shen, Z., Chen, Y., 2018. Analyses on contents of heavy metal elements in
rhizosphere tailings and plants of Coreopsis lanceolata in copper tailings and their
correlations. J. Plant Resour. Environ. 27, 27-36.

Xu, J., Zhu, Y.Y., Ge, Q., Li, Y.L., Sun, J.H., Zhang, Y., Liu, X.J., 2012a. Comparative
physiological responses of Solanum nigrum and Solanum torvum to cadmium stress.
New Phytol. 196, 125-138.

Xu, X., Xia, L., Huang, Q., Gu, J.D., Chen, W., 2012b. Biosorption of cadmium by a metal-
resistant filamentous fungus isolated from chicken manure compost. Environ.
Technol. 33, 1661-1670.

Xu, X., Xia, L., Zhu, W., Zhang, Z., Huang, Q., Chen, W., 2015. Role of Penicillium
chrysogenum XJ-1 in the detoxification and bioremediation of cadmium. Front.
Microbiol. 6, 1422,

Yang, J.Y., Huang, Y.Q., Zhao, G.J., Li, B.Q., Qin, X.S., Xu, J.C., Li, X., 2022a.
Phytoremediation potential evaluation of three rhubarb species and comparative

12

Ecotoxicology and Environmental Safety 241 (2022) 113739

analysis of their rhizosphere characteristics in a Cd- and Pb-contaminated soil.
Chemosphere 296, 134045.

Yang, L., Xin, J.P.,, Tian, R.N., 2022b. Research progress in the mitigative effects of
rhizosphere microorganisms on heavy metal stress in plants and their mechanisms.
Biotechnol. Bull. 38, 213-225.

York, L.M., Carminati, A., Mooney, S.J., Ritz, K., Bennett, M.J., 2016. The holistic
rhizosphere: integrating zones, processes, and semantics in the soil influenced by
roots. J. Exp. Bot. 67, 3629-3643.

Yuan, C.P., Gao, B.L., Peng, Y.T., Gao, X., Fan, B.B., Chen, Q., 2021. A meta-analysis of
heavy metal bioavailability response to biochar aging: Importance of soil and
biochar properties. Sci. Total Environ. 756, 144058.

Yuan, X.Z., Jiang, L.L., Zeng, G.M., Liu, Z.F., Zhong, H., Huang, H.J., Zhou, M.F., Cui, K.
L., 2012. Effect of rhamnolipids on cadmium adsorption by Penicillium
simplicissimum. J. Cent. South Univ. Technol. 19, 1073-1080.

Yue, Y., Su, L., Hao, M., Li, W., Zeng, L., Yan, S., 2021. Evaluation of peroxidase in herbal
medicines based on an electrochemical sensor. Front. Chem. 9, 709487.

Zemanova, V., Pavlik, M., Pavlikova, D., Tlustos, P., 2014. The significance of
methionine, histidine and tryptophan in plant responses and adaptation to cadmium
stress. Plant Soil Environ. 60, 426-432.

Zhang, K.X., Luo, Z.J., 2020. Migration characteristics of typical anions in the process of
electrokinetic remediating Cr(VI)-contaminated soil. Chin. J. Environ. Eng. 14,
3515-3526.

Zhang, X.H., Sun, B., Wei, Z.M., Zhao, C.Y., Xu, Y.Z., Zhang, L.H., Xu, L., 2019. Screening
of two cadmium tolerant microorganisms and their differences in adsorption and
immobilization of cadmium. J. Nanjing Agric. Univ. 42, 869-876.

Zhu, G., Xiao, H., Guo, Q., Zhang, Z., Zhao, J., Yang, D., 2018. Effects of cadmium stress
on growth and amino acid metabolism in two Compositae plants. Ecotoxicol.
Environ. Saf. 158, 300-308.


http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref60
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref60
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref60
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref60
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref61
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref61
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref61
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref62
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref62
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref62
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref63
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref63
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref63
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref63
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref64
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref64
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref64
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref65
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref65
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref65
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref66
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref66
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref66
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref67
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref67
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref67
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref68
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref68
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref68
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref68
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref69
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref69
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref69
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref70
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref70
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref70
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref71
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref71
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref71
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref72
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref72
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref72
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref73
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref73
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref74
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref74
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref74
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref75
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref75
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref75
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref76
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref76
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref76
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref77
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref77
http://refhub.elsevier.com/S0147-6513(22)00579-6/sbref77

	Physiological and rhizospheric response characteristics to cadmium of a newly identified cadmium accumulator Coreopsis gran ...
	1 Introduction
	2 Materials and Methods
	2.1 Pre-experiment
	2.2 Seed and soil preparation
	2.3 Experimental design
	2.4 Sample collection and treatment
	2.5 Determination of Cd concentration
	2.6 Antioxidant system assay
	2.7 Determination of free amino acids
	2.8 Determination of soil physicochemical indices
	2.9 Soil microbial community composition analysis
	2.10 Statistical analysis

	3 Results
	3.1 Cd tolerance and accumulation characteristics of C. grandiflora
	3.2 Changes in the antioxidant system of C. grandiflora leaves
	3.3 Response of amino acid metabolism in C. grandiflora shoots
	3.4 Changes in physicochemical indices of rhizosphere soils of C. grandiflora
	3.5 Dynamics of the microbial community in the rhizosphere of C. grandiflora
	3.5.1 Richness, diversity, and composition of microbial communities in different soils
	3.5.2 Variations in microbial taxa between Cd0 and Cd20 soils
	3.5.3 Correlations between soil indices and rhizospheric microorganisms


	4 Discussion
	4.1 Cd phytoextraction potential of C. grandiflora
	4.2 Physiological Cd detoxification mechanism in C. grandiflora plants
	4.3 Effects of the rhizospheric microenvironment on the response of C. grandiflora to Cd

	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Appendix A Supporting information
	References


