Chemosphere 307 (2022) 136068

Contents lists available at ScienceDirect

Chemosphere

Chemosphere

o %

ELSEVIER journal homepage: www.elsevier.com/locate/chemosphere

Check for

Polyaspartic acid enhances the Cd phytoextraction efficiency of Bidens | e
pilosa by remolding the rhizospheric environment and reprogramming
plant metabolism

Xiong Li*™%!, Liyan Tian®', Boqun Li ¢, Huafang Chen %P Gaojuan Zhao *”, Xiangshi Qin ¢,
Yuanyuan Liu ¢, Yongping Yang “""", Jianchu Xu ™"

 Center for Mountain Futures, Kunming Institute of Botany, Chinese Academy of Sciences, Kunming, 650201, China

® Department of Economic Plants and Biotechnology, Yunnan Key Laboratory for Wild Plant Resources, Kunming Institute of Botany, Chinese Academy of Sciences,
Kunming, 650201, China

¢ Germplasm Bank of Wild Species, Kunming Institute of Botany, Chinese Academy of Sciences, Kunming, 650201, China

4 School of Energy and Environment Science, Yunnan Normal University, Kunming, 650500, China

€ Science and Technology Information Center, Kunming Institute of Botany, Chinese Academy of Sciences, Kunming, 650201, China

f Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, Xishuangbanna, 666303, China

HIGHLIGHTS GRAPHICAL ABSTRACT

PASP added in soils significantly
enhanced plant growth and Cd uptake in
B. pilosa.

PASP recruited many PGPR in the rhizo-
sphere of B. pilosa.

PASP and KSR highly activated available
K in the rhizosphere of B. pilosa.

Organic acids, amino acids, and lipids
contributed to Cd detoxification in
B. pilosa.

ARTICLE INFO ABSTRACT

Handling Editor: T Cutright The green soil chelator polyaspartic acid (PASP) can enhance heavy metal phytoextraction efficiency, but the
potential mechanisms are not clearly understood from the whole soil-plant system. In this study, we explored the
effects and potential mechanisms of PASP addition in soils on plant growth and cadmium (Cd) uptake in the Cd
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hyperaccumulator Bidens pilosa by analysing variations in chemical elements, rhizospheric microbial community,
and plant metabolomics. The results showed that PASP significantly promoted the biomass yield and Cd con-
centration in B. pilosa, leading to an increase in the total accumulated Cd by 46.4% and 76.4% in shoots and
124.7% and 197.3% in roots under 3 and 6 mg kg~! PASP addition, respectively. The improved soil-available
nutrients and enriched plant growth-promoting rhizobacteria (e.g., Sphingopyxis, Sphingomonas, Cupriavidus,
Achromobacter, Nocardioides, and Rhizobium) were probably responsible for the enhanced plant growth after

PASP addition. The increase in Cd uptake by plants could be due to the improved rhizosphere-available Cd,
which was directly activated by PASP and affected by the induced rhizobacteria involved in immobilizing/
mobilizing Cd (e.g., Sphingomonas, Cupriavidus, Achromobacter, and Rhizobium). Notably, PASP and/or these
potassium (K)-solubilizing rhizobacteria (i.e., Sphingomonas, Cupriavidus, and Rhizobium) highly activated
rhizosphere-available K to enhance plant growth and Cd uptake in B. pilosa. Plant physiological and metabolomic
results indicated that multiple processes involving antioxidant enzymes, amino acids, organic acids, and lipids
contributed to Cd detoxification in B. pilosa. This study provides novel insights into understanding how soil
chelators drive heavy metal transfer in soil-plant systems.

1. Introduction

Phytoextraction, an effective phytoremediation technique, is widely
used for the removal of heavy metals from contaminated soils by har-
vesting the aerial parts of heavy metal accumulators or hyper-
accumulators (Wang et al., 2022). Although multiple excellent plant
species (e.g., heavy metal hyperaccumulators) have been identified and
used for phytoextraction (Reeves et al., 2018), the phytoextraction ef-
ficiency can be restricted by the low bioavailability of heavy metals in
soils and/or small plant biomass limited by soil nutrients. Thus, a crucial
strategy for enhancing phytoextraction efficiency is to improve the
bioavailability of heavy metals and/or soil nutrients in soils, which can
be achieved by two main routes: (1) application of soil chelators and (2)
regulation of plant rhizosphere microecosystems (Yu et al., 2020; Wang
et al., 2021a).

Chelators, which mainly include low molecular weight organic acids
and aminopolycarboxylic acids, are effective soil amendments that can
enhance phytoextraction efficiency (Dolev et al., 2020; Thinh et al.,
2021). At present, the potential mechanisms by which soil chelators
promote heavy metal accumulation in plants mainly involve three as-
pects: (1) activating the bioavailability of immobilized heavy metals; (2)
stimulating the structure and activity of plant roots for the improved
absorption of heavy metal ions or chelates; and (3) increasing the
tolerance and bearing capacity of plants to heavy metals or their chelates
(He et al, 2019). As some traditional chelators, such as ethyl-
enediaminetetraacetic acid (EDTA), are difficult to degrade in soils,
which can lead to secondary pollution to the environment, green che-
lators used for enhancing phytoextraction efficiency have attracted
substantial attention in recent years (He et al., 2019; Arshad et al.,
2020).

Polyaspartic acid (PASP) is a completely biodegradable polymer that
is widely used in environmental and agricultural fields. Previous studies
have shown that PASP can enhance the nutrient uptake, growth rate,
and biomass yield of plants (Deng et al., 2019; Ji et al., 2021). PASP has
also been demonstrated to act as a soil chelator to enhance the phy-
toextraction efficiency of heavy metals in several recent studies (He
et al., 2019; Liu et al., 2019; Li et al., 2020a; Wang et al., 2021b). He
et al. (2019) found that PASP significantly improved plant growth and
Cd accumulation, resulting in an increase in accumulated Cd and Pb in
Solanum nigrum shoots and roots. Liu et al. (2019) reported that nickel
(Ni) absorption in Bidens pilosa was significantly promoted by the
chelating agents PASP and aminotriacetic acid. Li et al. (2020a) found
that PASP treatment could not only significantly increase the biomass of
Pennisetum sp. but also maintained a high Cd uptake capacity by acti-
vating the stable fractions. Wang et al. (2021b) reported that the addi-
tion of PASP increased Cd accumulation in stems and roots of Iris sibirica
and exhibited better comprehensive efficacy than humic acid, rhamno-
lipid, and sodium tripolyphosphate. These studies jointly confirmed the
promoting effect of PASP on heavy metal phytoextraction efficiency, but
none of them explored the potential mechanisms. As PASP has many

carboxyl and hydroxyl groups that can chelate heavy metals (Hou et al.,
2020), the direct activation of heavy metal bioavailability by PASP in
soils should be a main reason for PASP enhancing heavy metal accu-
mulation in plants (Wang et al., 2020a). However, adding PASP to soil
means that PASP likely interacts with other soil factors, leading to
multiple processes and effects. For example, Liu et al. (2019) found that
the addition of PASP significantly improved the activities of microor-
ganisms in soils. Many rhizospheric microorganisms can mitigate the
negative effects of Cd on plants or influence the chemical forms and
bioavailability of Cd (Khanna et al., 2019; Manoj et al., 2020; Yuan et al.,
2021), which directly determine Cd accumulation levels in plants.
Therefore, we wondered whether and how PASP interacts with other soil
factors, especially with the soil microbial community, to affect heavy
metal phytoextraction. Moreover, the mechanism by which plants co-
ordinate their growth and increase heavy metal uptake under PASP
addition is unclear. In this study, we explored the effects of PASP on
plant growth and Cd accumulation in the potential Cd hyper-
accumulator B. pilosa (Zhang et al., 2021) in a Cd-contaminated soil. On
this basis, we analysed changes in the physiological and metabolic re-
sponses of B. pilosa and the dynamics of the rhizosphere soil micro-
ecosystem under PASP addition. The results of this study can help us
understand the mechanisms by which PASP enhances Cd phytoex-
traction efficiency in the entire soil-plant system and provide theoretical
guidance to further improve the phytoextraction efficiency in
Cd-polluted soils.

2. Materials and methods
2.1. Preparation of experimental materials

Mature seeds of B. pilosa were collected from the Kunming Botanical
Garden (Kunming, China). The PASP solid reagent was purchased from
Shanghai Macklin Biochemical Co., Ltd. (Macklin, Shanghai, China).

Cd-polluted soils from an earlier study (Li et al., 2021b) were used for
the experiments. After being sieved through a 4-mm sieve, the soils were
mixed to obtain a homogeneous soil mixture. The basic parameters of
this homogenized soil (pH: 5.51; organic matter: 213 g kg~ *; electrical
conductivity (EC): 588 pS cm™!; total nitrogen (N): 7.55 g kg™'; total
phosphorus (P): 1.13 g kg™ ; total Cd: 19.0 mg kg™ ; total copper (Cu):
18.0 mg kg~ %; total zinc (Zn): 96.0 mg kg™ 1) were analysed.

2.2. Experimental design

Seeds of uniform plumpness and size were first surface sterilized and
cleaned using a previously described method (Li et al., 2021c). The
sterilized seeds were then germinated in Cd-free soils in a temperature-
and humidity-controlled greenhouse (Li et al., 2021b). The homoge-
nized soil samples were divided into 2.0 kg (wet weight) aliquots placed
into flowerpots (h = 17.5 cm, d = 18.5 cm) with a uniform height of 17
cm. The flowerpots were placed on impermeable plastic trays to hold the
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leachate. After 2 weeks of sowing, B. pilosa seedlings of the same size
were transferred into flowerpots (four seedlings per pot) and placed in
the same greenhouse for 20 days. Based on the dry weight of the soil in
the pots, the plants were divided into three groups that were separately
treated with 0 (OP), 3 (3P),and 6 g kg‘1 (6P) PASP. The PASP dosages
were chosen based on previously reported studies (Zhang et al., 2013,
2019c). PASP was added to the soil samples twice at an interval of 1
week, in accordance with previous methods (He et al.,, 2019; Zhang
et al., 2019c¢). For each addition, half the amount of PASP for the tar-
geted dosages was dissolved in 150 ml of deionized water and poured
evenly around the plant roots. Deionized water was used for the control
(OP) group. This liquid amount prevented leakage from the bottom of
the flowerpot. The experiment ended after one month of plant growth
following the first PASP addition. Three biological replicates for each
treatment were analysed for all parameters.

2.3. Sample collection and biomass measurement

The second and third leaves from the top of B. pilosa plants for each
treatment were collected and stored at —80 °C to detect their physio-
logical indices. To measure biomass and element concentrations, the
roots and shoots of B. pilosa plants were harvested separately. Root
samples were cleaned following a previously described method (Wu
et al., 2018). The plant samples were oven-dried at 80 °C for 48 h and
then weighed. Moreover, the rhizospheric soil, which naturally adheres
to the root systems after hand shaking corresponding to each plant
sample (Li et al., 2022b), was collected and stored at —80 °C to measure
the physicochemical indices and microbial community composition.

2.4. Detection of Cd and nutrient element concentrations in plants

The concentrations of Cd, Cu, Zn, and iron (Fe) in B. pilosa shoots
and/or roots were measured using inductively coupled plasma-mass
spectrometry as described previously (Li et al., 2017). The digestion
processes of all these elements were identical, but they were identified
and quantified according to their respective detection wavelengths and
standard curves.

The Cd bioconcentration factor (BCF), translocation factor (TF), and
total Cd accumulation in the shoots and roots of B. pilosa plants in a pot
were calculated as previously described (Li and Yang, 2020).

The concentrations of magnesium (Mg) in plant shoots were detected
by inductively coupled plasma-optical emission spectrometry
(ICP-OES). In brief, approximately 0.5 g samples were digested by 5 mL
HNOj3 under a temperature gradient (100 °C, 3 min; 140 °C, 3 min;
160 °C, 3 min; 180 °C, 3 min; 190 °C, 15 min). The digestion solutions
were then transferred to a 50 ml volumetric flask, and the volume was
fixed using ultrapure water. The Mg concentrations were detected using
an inductively coupled plasma spectrometer (Optima 8000, Perki-
nElmer, US).

The concentrations of total N in plant shoots were detected by the
micro-Kjeldahl method. In brief, approximately 0.5 g samples were
added to 0.4 g CuSOy, 6 g K2SO4, and 20 ml H5SO4 in the digestion tube
for digestion. When the temperature reached 420 °C (the liquid in the
digestion tube appeared blue-green and clear), the mixture continued to
digest for 1 h. The digestion tube was removed, cooled, added to 20 ml
water, and then distilled for 7 min on an automatic Kjeldahl nitrogen
analyser (Haineng K9840, Jinan, China). The distillate was injected into
a receiving bottle with 1-2 drops of indicator mixture (volume ratio of 1
g L' methyl red ethanol solution and 1 g L™! bromocresol green ethanol
solution = 1:5) and 10 ml boric acid solution (20 g L~1) to reach 200 mL.
The mixture was then titrated to light grayish red with HCI standard
solution (0.1 mmol L™1). The total N concentration was calculated ac-
cording to the corresponding formula.
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2.5. Antioxidant system assay

The activities of the antioxidant enzymes superoxide dismutase
(SOD) and catalase (CAT), as well as malondialdehyde (MDA) concen-
trations, in B. pilosa leaves were measured using the corresponding assay
kits (Solarbio, Beijing, China) as described previously (Li et al., 2021a,
2021c, 2022a).

2.6. Widely targeted metabolomic analysis

Widely targeted metabolomics technology (Chen et al., 2013) was
used in this study to understand the metabolic response in B. pilosa
leaves after PASP addition. The main experimental procedures,
including sample preparation and extraction, ultra-performance liquid
chromatography-electrospray ionization tandem mass spectrometry
(UPLC-ESI-MS/MS) analysis, identification and quantification of me-
tabolites, differential metabolite analysis, and KEGG annotation and
enrichment analysis, were performed according to the methods
described in previous studies (Chen et al., 2013; Li and Song, 2019; Zhao
et al., 2021) that carried out similar metabolomic analysis.

2.7. Determination of soil physicochemical indices

In this study, soil pH and the concentrations of hydrolysable N (HN),
available P (AP), K (AK), Cd (ACd), Cu (ACu), Fe (AFe), Zn (AZn), and
exchangeable Mg (EMg) were detected using the methods introduced in
the corresponding detection standards in China (Guan et al., 2017; Cha
et al., 2020; Li et al., 2020b). In short, the soil pH was determined using
the potentiometric method (LY/T 1239-1999). Soil HN was hydrolyzed
using a 1.8 M NaOH solution, absorbed by a boric acid solution, and then
titrated using a 0.01 M HCl standard solution (LY/T 1228-2015). Soil AP
(LY/T 1232-2015) and AK (LY/T 1234-2015) were extracted using HCI
(0.05 M)-H3SO4 (0.025 M) extractant and detected by ICP-OES. Soil
EMg was exchanged using an ammonium acetate solution (1 M, pH 7.0)
and detected by atomic absorption spectrophotometry (LY/T
1245-1999). The concentrations of available ACd, ACu, AFe, and AZn
were extracted from the soils using diethylenetriamine pentaacetic
acid-calcium chloride-triethanolamine (DTPA-CaCl,-TEA) buffer solu-
tion and then detected by ICP-OES (HJ 804-2016).

2.8. Soil microbial community composition analysis

Soil microbial DNA extraction, 16S rDNA amplification, sequencing,
and bioinformatics analyses were performed as previously described (Li
et al., 2021b).

2.9. Statistical analyses

Statistical analysis was conducted using the Statistical Package for
the Social Sciences (version 18.0). Significant differences (significance
level 0.05) among the three groups were determined using one-way
analysis of variance (ANOVA) with Tukey’s test. Principal component
analysis (PCA), correlation analysis, and redundancy analysis (RDA)
were performed via the online platform Omicsmart (http://www.omic
smart.com).

3. Results
3.1. Effects of PASP addition on plant growth

As shown in Fig. 1a, the growth status of B. pilosa was markedly
different in PASP-added (3P and 6P) soils compared to the control (OP)
soil. The average biomass yields of B. pilosa plants treated with PASP
were significantly higher (p < 0.05) than those of the control plants for
both shoots and roots (Fig. 1b and c). However, the biomass yields of
B. pilosa plants did not differ significantly between the 3P and 6P groups
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Fig. 1. Plant growth and Cd accumulation characteristics of Bidens pilosa growing in Cd-polluted soils supplemented with 0 (OP), 3 (3P), and 6 g kg™ (6P) poly-
aspartic acid. (a) Representative plant morphology. (b) Shoot biomasses (dry weight). (¢) Root biomasses (dry weight). (d) Shoot Cd concentrations (dry weight). (e)
Root Cd concentrations (dry weight). (f) Shoot Cd contents. (g) Root Cd contents. Data represent means =+ standard deviations (n = 3); bars labelled with different
letters indicate significant differences among different groups at the p < 0.05 level (b-g).

(Fig. 1b and c¢), indicating that there are potential factors that limit the
continuous growth of B. pilosa under higher PASP dosages (e.g., 6 g
kg’l).

3.2. Effects of PASP addition on Cd accumulation and nutrient intake in
B. pilosa

In this study, Cd concentrations in both shoots and roots of B. pilosa
significantly increased (p < 0.05) with increasing PASP dosages (Fig. 1d
and e), indicating a similar change in the trend of Cd BCFs in both shoots
and roots (Supplementary Fig. S1a and b). However, the Cd TFs of the 3P
and 6P groups were significantly lower (p < 0.05) than those of the OP
group (Supplementary Fig. S1c). As both biomass yields and Cd con-
centrations increased after PASP addition, the total Cd content accu-
mulated in B. pilosa plants significantly increased. In the samples from
the 3P and 6P groups, the total Cd contents in the shoots increased by
46.4% and 76.4% (p < 0.05), respectively (Fig. 1f), whereas those in
roots increased by 124.7% and 197.3% (p < 0.05), respectively (Fig. 1g),
compared with those in the OP group.

Compared with the OP group, the concentrations of several nutrient
elements, including macroelements (i.e., N and Mg) and microelements
(i.e., Cu, Fe, and Zn), in B. pilosa shoots were significantly increased (p <
0.05) (Supplementary Table S1).

3.3. Changes in the antioxidant system in leaves of B. pilosa under PASP
addition

The changes in the antioxidant system were assayed to understand
Cd detoxification in B. pilosa under PASP addition. Both SOD and CAT
activities in the 6P group were significantly higher (p < 0.05) than those
in the OP and 3P groups (Supplementary Figs. S2a and b). However,
MDA concentrations did not change significantly among the different
groups (Supplementary Fig. S2c).

3.4. Metabolomics dynamics in leaves of B. pilosa

The UPLC-ESI-MS/MS-based metabolomics approach was used to
understand the whole metabolic network of B. pilosa under different
PASP inoculation dosages. The PCA results showed that the distribution
areas of the OP, 3P, and 6P samples were clearly separated (Fig. 2a),
indicating that there were significant changes in the metabolic

compositions among the different samples. Overall, 741 metabolites,
mainly flavonoids (210), phenolic acids (132), lipids (101), amino acids
and derivatives (75), organic acids (58), nucleotides and derivatives
(48), etc., were detected and quantified using mass spectrometric data
(Fig. 2b; Supplementary Table S2).

Based on the screening conditions for identifying differential me-
tabolites (variable importance-of-the-projection score >1 and absolute
value of logs (fold change) > 1), a total of 120 (84 upregulated and 36
downregulated) and 178 (109 upregulated and 69 downregulated) dif-
ferential metabolites were identified in the 3P and 6P groups compared
to the OP group, respectively (Supplementary Fig. S3 and Tables S3 and
S4). The Venn diagram reflects the common and specific differential
metabolites between the 3P and 6P groups. As shown in Fig. 2c, there
were 24 and 82 specific differential metabolites in the 3P and 6P groups,
respectively. Interestingly, these 96 common differential metabolites
(64 upregulated and 32 downregulated) exhibited similar changes in
both the 3P and 6P groups (Fig. 2¢). These differential metabolites were
enriched in a number of KEGG pathways related to substance meta-
bolism and biosynthesis (Supplementary Figs. S4 and S5), indicating
that the addition of PASP resulted in the reprogramming of the meta-
bolic process of B. pilosa. The number of up- and downregulated me-
tabolites for each substance category in the 3P and 6P groups is shown in
Fig. 2d and e. Notably, in both the 3P and 6P groups, the upregulated
metabolites belonging to amino acids and derivatives, lipids, and
organic acids accounted for more than 80% of the total differential
metabolites (Fig. 2d and e), suggesting that they were primarily induced
by the addition of PASP.

3.5. Changes in physicochemical indices in rhizospheric soil of B. pilosa

To explore the effects of PASP addition on the rhizosphere, we
examined the changes in the important indices in the rhizosphere soils of
B. pilosa. The average rhizosphere pH values (5.81-5.98) were similar
among the OP, 3P, and 6P soils (Supplementary Table S5). In contrast,
the EC of the 6P soil was significantly higher (p < 0.05) than those of the
OP and 3P soils (Supplementary Table S5). The concentrations of ACd,
HN, AP, EMg, ACu, and AFe were not markedly different among the
three soils (Supplementary Table S5), whereas the AZn concentrations in
the 3P soil were significantly higher (p < 0.05) than those in the OP and
6P soils (Supplementary Table S5). It should be noted that the concen-
trations of AK in the 3P and 6P soils were 3.7 and 21.7 times higher (p <
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yaspartic acid. (a) Principal component analysis (PCA) of metabonomic data from the three groups. (b) Number of identified metabolites for different substance
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0.05), respectively, than that of the OP soil (Supplementary Table S5).

As shown in Supplementary Fig. S6, the correlation analysis of soil
physicochemical properties indicated that these soil properties were
divided into two major clusters. Cluster 1 included pH, EMg, ACu, AZn,
and AFe, whereas Cluster 2 included EC, AK, PASP, ACd, AP, and HN
(Supplementary Fig. S6). Soil indices (excluding HN) in Cluster 2
showed an obvious positive correlation (p < 0.001, 0.001 < p < 0.01,
and p < 0.05) with each other (Supplementary Fig. S6). These correla-
tions indicate the complex interrelationship among the soil physico-
chemical properties after PASP addition. Of these, the ACd
concentration was significantly positively correlated (p < 0.05) with EC
and concentrations of AK and PASP but significantly negatively corre-
lated (p < 0.05) with pH (Supplementary Fig. S6).

3.6. Variations in microbial community composition in rhizospheric soils
of B. pilosa

As soil microorganisms act not only as responders to soil environ-
mental changes but also as promoters of plant growth or heavy metal
uptake by plants, 16S rDNA sequencing was employed to analyse the
variations in soil bacterial community composition in this study. The
raw sequencing reads were deposited into the Sequence Read Archive

(SRA) database of NCBI (Accession Number: PRINA751709), which was
released on 2021.12.31.

3.6.1. Analysis of rhizosphere microbial community composition

The number of tags and OTUs obtained from the 16S rDNA
sequencing of each sample are shown in Supplementary Table S6. On
average, 4868, 4797, and 4812 OTUs were identified in the OP, 3P, and
6P soils, respectively, which were not significantly different among the
three soils (Supplementary Table S6). The three soils shared 2928 core
OTUs (Fig. 3a), which accounted for 60.1%-61.0% of their total OTUs.
The unique OTUs (580-972) in the three soils (Fig. 3a) accounted for
12.1%-20.0% of their total OTUs. Consistent with similar OTU numbers,
none of the alpha indices (i.e., Shannon, Simpson, Chaol, and Ace)
showed significant differences among the three soils (Supplementary
Table S7).

The number of identified bacterial taxa at different classification
levels in the soil is shown in Supplementary Fig. S7, and the relative
abundance of the top 19 bacterial phyla with a relative abundance >
0.1% in at least one sample is presented in Supplementary Table S8. The
abundance of 17 bacterial phyla among the three soils showed a com-
plex correlation network (Fig. 3b). The phyla Patescibacteria (11),
Hydrogenedentes (11), Kiritimatiellaeota (11), and Omnitrophicaeota
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Fig. 3. Microbial community composition based on 16S rDNA sequencing in rhizosphere soils of Bidens pilosa supplemented with 0 (OP), 3 (3P), and 6 g kg~' (6P)
polyaspartic acid. (a) Venn diagram of operational taxonomic units among different soils. (b) Pearson correlation network among the top 19 bacterial phyla. The
solid and dotted lines represent positive and negative correlations, respectively. (¢) Circos diagram showing the relative abundance of the top 10 bacterial phyla

identified in different soils.

(10) exhibited the highest connectivity (Fig. 3b), indicating that they
may affect a large number of other bacterial taxa. The top 10 bacterial
phyla followed the order of relative abundance: Proteobacteria (31.0%—
41.1%) > Acidobacteria (10.8%-11.6%) > Actinobacteria (10.0%-—
11.1%) > Patescibacteria (6.9%-11.7%) > Chloroflexi (6.5%-8.1%) >
Planctomycetes (6.0%-7.3%) > Bacteroidetes (4.8%-6.0%) > Gemma-
timonadetes (4.4%-4.8%) > Firmicutes (1.3%-5.6%) > Verrucomicro-
bia (1.6%-2.6%), which accounted for approximately 95% of the
bacterial abundance in each soil (Fig. 3c; Supplementary Table S8).

3.6.2. Correlations between soil indices and the soil bacterial community

RDA was applied to assess the potential correlations between soil
indices and bacterial phylum and genus community composition. The
top 20 bacterial phyla and bacterial genera were used as response var-
iables. Seven soil indices (i.e., pH, EC, PASP, AZn, ACd, AK, and ACu),
which were altered among different soils or potentially affected the soil
environment, were used as explanatory variables. As the actual PASP
concentrations in the rhizosphere were challenging to measure, the
initial addition dosages were used for RDA in this study.

The seven soil indices accounted for 91.03% (first axis: 70.78%,
second axis: 20.25%) of the total variation in bacterial phyla (Fig. 4a).

The main soil indices affecting the bacterial phylum variation included
PASP (envfit analysis, R?= 0.7741, p = 0.002), pH (envfit analysis, R?=
0.8320, p = 0.016), and AK (envfit analysis, R? = 0.54109, p = 0.041)
(Fig. 4a; Supplementary Table S9). Approximately 91.3% (first axis:
76.09%, second axis: 15.21%) of the total variation in bacterial genera
could be explained by the seven selected variables (Fig. 4b). The main
soil indices affecting the bacterial genus variation were PASP (envfit
analysis, R? = 0.7299, p = 0.025) and pH (envfit analysis, R? = 0.8310,
p = 0.026) (Fig. 4b; Supplementary Table S10). Correlation network
analysis largely supported the RDA results. As shown in Fig. 4c, PASP
dosage and pH in soils were significantly correlated with the abundance
of several bacterial phyla. At the genus level, PASP also had the highest
connectivity to the bacteria (Fig. 4d). These results indicate that PASP
may directly or indirectly affect other soil indices (e.g., pH and AK) to
regulate rhizospheric bacterial composition.

3.6.3. Variations in rhizobacteria

Although the alpha indices showed no significant difference among
the three soils (Supplementary Table S7), LEfSe analysis showed that the
abundance of many specific bacterial taxa was altered (LDA > 2.5) in 3P
and 6P soils in comparison with OP soil (Fig. 5a and b; Supplementary
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Fig. 4. Redundancy analysis (RDA) and correlation network results showing the correlations between the soil indices and rhizobacteria in rhizospheric soils of Bidens
pilosa supplemented with 0 (OP), 3 (3P), and 6 g kg ™! (6P) polyaspartic acid (PASP). RDA results showing the influence of soil indices on the variation in the bacterial
community at the phylum (a) and genus (b) levels. Correlation network results showing the correlations between soil indices and bacterial phyla (c) and genera (d).
The red solid lines and green dotted lines indicate significantly (p < 0.05) positive correlations and negative correlations, respectively; the thickness of lines is
negatively correlated with p value; the size of node shapes for environmental factors and bacteria indicate their connectivity and relative abundance, respectively (c

and d). ACd: available Cd; ACu: available Cu; AK: available K; AZn: available Zn;

Tables S11 and S12). A total of 33 and 48 bacterial taxa were
abundance-altered in the 3P and 6P soils, respectively (Fig. 5¢). Among
them, 26 bacterial taxa showed consistent change trends in abundance
between 3P and 6P soils, whereas 7 and 22 bacterial taxa were sepa-
rately altered in 3P and 6P soils, respectively (Fig. 5¢). Common and
specific differential bacteria were observed between 3P and 6P soils at
both the phylum and genus levels (Fig. 5d and e). These results indicate
the dose effect of PASP on the rhizobacteria of B. pilosa.

Further analysis indicated that many of these upregulated bacterial
genera in 3P and/or 6P soils belonged to plant growth-promoting rhi-
zobacteria (PGPR) (Fig. 6). Among them, some PGPR were involved in
solubilizing/insolubilizing Cd or solubilizing K (Fig. 6). Most of these
PGPR were enriched in both 3P and 6P soils, whereas only Sphingomonas
was specifically enriched in the 6P soil (Fig. 6). These PGPR likely play
important roles in promoting Cd phytoextraction efficiency by B. pilosa.

EC: electrical conductivity.

4. Discussion
4.1. Application of PASP for enhancing Cd phytoextraction efficiency

The phytoextraction efficiency of heavy metals is determined by both
plant biomass and heavy metal concentrations in plants. In this study,
PASP addition not only improved the biomass yield of B. pilosa but also
increased the Cd concentrations in plants, thereby greatly enhancing the
Cd phytoextraction efficiency (Fig. 1). These results agree with the
promoting effect of PASP on Cd phytoextraction efficiency for several
other plant species (Zhang et al., 2013, 2019a, 2019¢; He et al., 2019;
Xie et al., 2021), suggesting that PASP can act as a universal soil chelator
to enhance Cd phytoextraction efficiency.

PASP has minimal adverse effects on soil functions because it is
nontoxic and highly susceptible to biodegradation (Mu’azu et al., 2018).
Moreover, PASP can be mass produced because of its green chemical
synthesis process (e.g., fermentation and thermal polymerization) (Yang
et al., 2018). These advantages allow PASP to be practically applied for
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enhancing Cd phytoextraction efficiency. However, the results of this
study showed that greater amounts of PASP did not continue to increase
plant biomass yields (Fig. 1a—c). This may be attributed to the fact that
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Fig. 5. LEfSe analysis showing indicator bacteria
with linear discriminate analysis (LDA) scores >2.5 in
rhizospheric soils of Bidens pilosa supplemented with
0 (OP), 3 (3P), and 6 g kg’1 (6P) polyaspartic acid.
(a) Cladogram showing the phylogenetic distribution
of the indicator bacteria between OP and 3P soils. The
identifiers labelled on the cladogram correspond to
those in Supplementary Table S11. (b) Cladogram
showing the phylogenetic distribution of the indicator
bacteria between OP and 6P soils. The identifiers
labelled on the cladogram correspond to those in
Supplementary Table S12. The diameter of each circle
is proportional to the abundance of the taxa (a and b).
(c) Venn diagram of indicator bacteria between 3P
and 6P soils compared with the OP soil. (d) Venn
diagram of indicator bacterial phyla between 3P and
6P soils compared with the OP soil. (e) Venn diagram
of indicator bacterial genera between 3P and 6P soils
compared with the OP soil. “+” and “-” represent up-
and downregulated bacterial taxa in 3P and 6P soils,
(e) respectively (c-e).
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more Cd accumulated in the plants and began to inhibit plant growth
under higher PASP addition. Alternatively, an overdose in PASP addi-
tion may cause high N stress for plants to inhibit plant growth according
to a previous study (Cao et al., 2021). Therefore, the application of PASP
should be controlled within a reasonable dose range to maximize the Cd
phytoextraction efficiency. The optimal PASP dosage for specific soil—
plant systems needs to be investigated practically.

In this study, PASP addition was found to significantly remodel the
rhizospheric environment (Fig. 5) and reprogram the plant metabolism
of B. pilosa (Fig. 2). These results indicate that there are complex pro-
cesses that regulate plant growth, Cd uptake, and Cd detoxification in
B. pilosa under PASP addition.

4.2. Mechanisms of growth improvement in B. pilosa under PASP
addition

Nutrient elements are the basis of plant growth and development. In
this study, the uptake of both macroelements (i.e., N and Mg) and mi-
croelements (i.e., Cu, Fe, and Zn) in B. pilosa shoots was enhanced under
PASP addition (Supplementary Table S1), which conformed to the
increased biomass yields of B. pilosa plants. These results can be inter-
preted as PASP effectively enhances the availability of soil nutrients
through its adsorption and chelation function (Cao et al., 2021; Ji et al.,
2021). In addition to the potential activation effect of PASP on N
nutrition, the degradation of PASP in soils may directly provide an N
source for plants. However, in the rhizospheric soils, the availa-
ble/exchangeable fractions of most nutrient elements (i.e., N, P, Mg, Cu,
and Fe) did not change with increasing PASP dosages (Supplementary
Table S5). This can be attributed to trade-offs among the activation,
immobilization, and intake by organisms (including plants and mi-
crobes) for these elements under different dosages of PASP addition. It
should be noted that soil K availability was greatly activated with
increasing PASP dosage in this study (Supplementary Table S5). This
result indicates that sufficient K was provided for the growth of B. pilosa
under PASP addition, but the specific mechanism of K activation is un-
known and needs further exploration. These results indicate that PASP
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has various activation effects on different elements in the soils, which
may be related to the fractional compositions of elements in the original
soils.

Rhizospheric microbial communities strongly influence the physi-
ology and development of plants (Kumawat et al., 2022). In this study,
although PASP scarcely affected the overall microbial diversity and
richness in the rhizospheric soils of B. pilosa (Supplementary Table S7),
the abundance of some bacterial taxa markedly changed (p < 0.05)
under PASP addition (Fig. 5). Similar phenomena have also been
observed in several previous studies (Li et al., 2021b, 2022a), which can
be attributed to the reduction of bacteria sensitive to the soil environ-
ment but the proliferation of tolerant bacteria. Changes in the abun-
dance of these bacterial taxa were closely related to PASP in soils
according to the RDA results (Fig. 4). The results corroborated several
recent reports that the addition of soil chelators, such as EDTA, ethyl-
enediamine disuccinic acid, citric acid (CA), and oxalic acid, could affect
the soil bacterial community (Liang et al., 2019; Huang et al., 2021).
Nevertheless, this study provides a deeper analysis of the driving factors
of soil microbial community dynamics and their effects on plant
response to Cd. The results showed that many rhizobacteria, such as
Sphingopyxis, Sphingomonas, Cupriavidus, Achromobacter, Nocardioides,
Rhigobium, Variovorax, Burkholderia, Pseudomonas, and Pandoraea,
enriched in 3P and/or 6P soils (Fig. 6) were important PGPR (Aeron
et al., 2020; Efe, 2020; Chen et al., 2021). These PGPR recruited by
PASP, especially those with relatively high abundance (e.g., Sphingo-
pyxis, Sphingomonas, Cupriavidus, Achromobacter, and Nocardioides)
(Fig. 6), can improve plant growth of B. pilosa under Cd stress through
various mechanisms, such as the production of phytohormones, side-
rophores, 1-aminocyclopropane-1-carboxylate deaminase, volatile
organic compounds, biological N fixation, phosphate solubilization, and
antifungal activity (Hakim et al., 2021). Moreover, the abundance of
several potential K solubilizing rhizobacteria (KSR), including Sphingo-
monas, Cupriavidus, Rhizobium, Burkholderia, and Pseudomonas (Sattar
et al.,, 2019; Han et al., 2021), was upregulated under PASP addition
(Fig. 6), which can partially explain the increase in AK concentration in
the soils (Supplementary Table S5). These results indicate that the
remodelling of rhizobacteria by PASP may also play an important role in
enhancing plant growth, in addition to the direct activation of nutrients
by PASP (Hu et al., 2019). Based on this, combining PASP and the
aforementioned PGPR may further improve the Cd phytoextraction ef-
ficiency by hyperaccumulators.

4.3. Mechanisms of enhanced Cd uptake by B. pilosa under PASP
addition

In this study, PASP addition significantly promoted Cd uptake by
B. pilosa (Fig. 1d—g), but the decrease (p < 0.05) in Cd TFs of B. pilosa
after PASP addition (Supplementary Fig. S1c) suggests that PASP greatly
improves Cd entry into plant roots but has a smaller contribution to Cd
transport from roots to shoots. The results partially agreed with a similar
study conducted in rapeseed, in which the authors considered that
inhibiting Cd transportation from roots was a significant strategy for
PASP alleviating Cd stress in rapeseed leaves (Wu et al., 2021b). The
increased Cd accumulation should be attributed to the activated Cd
bioavailability by PASP in soils (Wang et al., 2018), which can be ach-
ieved via acid dissolution, ion exchange, and surface complexation
(Wang et al., 2020a).

However, in this study, the ACd concentrations in the 3P and 6P soils
were not significantly higher than those in the OP soil at the end of the
experiment (Supplementary Table S5), although it showed a signifi-
cantly positive correlation with PASP addition dosage (Supplementary
Fig. $6). This can be interpreted as a result of trade-offs among soil Cd
activation, Cd uptake by plants, and Cd immobilization through bio-
logical or physicochemical processes. The correlation analysis results
(Supplementary Fig. S6) suggest that several soil indices (e.g., pH, EC,
and AK concentration) have potential impacts on Cd availability, which
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may lead to changes in different Cd fractions, thereby determining Cd
availability. This observation is consistent with the results of previous
studies (Iranpour et al., 2014; de Anicésio and Monteiro, 2019; Yang
et al., 2021). Among these soil indices, the high increase in AK con-
centration (Supplementary Table S5) after PASP addition has attracted
substantial attention. Soil K concentration can affect Cd migration and
transportation in soil-plant systems (de Anicésio and Monteiro, 2019;
Shi et al., 2020a; He et al., 2021). Although Shi et al. (2020a) found that
an increase in total K and AK concentrations in the soil was negatively
correlated with bioavailable Cd concentrations in the soil and Cd con-
centrations in Panax notoginseng, de Anicésio and Monteiro (2019) re-
ported that K fertilizers improve NH4NOs-extractable Cd concentrations
in soils and Cd concentrations in plants. A recent study found that
enhanced K' concentrations induce the upregulation of Cd*" trans-
porting proteins and downregulation of Cd** efflux proteins to increase
Cd uptake by Microcystis aeruginosa (He et al., 2021). These studies
suggest that the increase in AK likely played a role in improving Cd
uptake by B. pilosa.

Soil microorganisms also play important roles in the regulation of Cd
bioavailability. In this study, several PGPR (e.g., Sphingomonas, Cupria-
vidus, Achromobacter, Rhizobium, Burkholderia, and Pseudomonas)
enriched in 3P and/or 6P soils (Fig. 6) are likely involved in immobi-
lizing/mobilizing Cd in soils according to previous reports (Rajkumar
etal., 2010; Wang et al., 2019; Zhang et al., 2019b; Shi et al., 2020b; Wu
et al., 2020). Inoculation with Sphingomonas SaMR12 (Wang et al.,
2019), Cupriavidus sp. WS2 (Shi et al., 2020b), Achromobacter sp. ZXH21
(Zhang et al., 2019b), and Burkholdria SaMR10 (Wang et al., 2019) have
been found to modulate the uptake of various heavy metals by different
plants. Many Pseudomonas species/stains have been shown to enhance
heavy metal uptake by plants (Wu et al., 2020; Wang et al., 2021a),
although several species and stains have been reported to immobilize
heavy metals (Shahid et al., 2017). Rhizobium can improve the absorp-
tion of various heavy metals (e.g., Cd and Pb) by plants by releasing
small organic molecules (e.g., phytosiderophores) to form complexes
with them (Rajkumar et al., 2010). Interestingly, almost all of these
PGPR involved in immobilizing/mobilizing Cd are potential KSR
(Fig. 6). These results indicate multiple interactions between Cd and K in
the soils.

4.4. Cd detoxification processes in B. pilosa under PASP addition

In this study, the plant growth of B. pilosa significantly increased
under PASP addition despite the higher Cd concentrations in plants
(Fig. 1), indicating that effective Cd detoxification processes were
stimulated in B. pilosa plants. The potential mechanisms (e.g., chelation
and antioxidant processes) of Cd detoxification in B. pilosa were ana-
lysed and discussed according to the physiological and metabolic results.

The change in antioxidant enzyme activity can be regarded as an
indicator of plants fighting against heavy metal stresses (Li et al., 2021c;
Wu et al., 2021b). Several antioxidant enzymes can effectively scavenge
reactive oxygen species (ROS) accumulation under Cd stress (Li et al.,
2018). In this study, the activities of SOD and CAT significantly
increased (p < 0.05) in the 6P group compared to those in the OP group
(Supplementary Figs. S2a and b), suggesting that these enzymes are
involved in the scavenging of ROS (e.g., H20O2 and O3) on the basis of
their catalytic functions (Li et al., 2021c). Similar concentrations of the
lipid peroxide MDA, an indicator of oxidative stress in cells (Hnilickova
et al.,, 2021), in the three groups (Supplementary Fig. S2¢) directly
indicated the effective antioxidant process in the leaves of B. pilosa. The
results were consistent with a previous study (Wu et al., 2021b), in
which the authors found that PASP can alleviate Cd toxicity in rapeseed
leaves by activating the antioxidant system.

Amino acids in plants can contribute to Cd detoxification by regu-
lating ion transport, ion chelation, and N metabolism under heavy metal
stress (Wang et al., 2020c). In this study, most (> 80%) of the differ-
ential amino acids were upregulated under PASP addition (Fig. 2d and
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e). The increase in these amino acids under PASP addition may be
closely related to the increase in N intake and likely participate in
various metabolic processes. Moreover, some of them (e.g., proline,
histidine, and methionine) should play important roles in Cd detoxifi-
cation (Wang et al., 2020b). Proline is involved in Cd detoxification by
directly adjusting osmotic potential and serving as an antioxidant or
through the biosynthesis of chelating peptides (Borgo et al., 2021; de la
Torre et al., 2022). Histidine is involved in the chelation and transport of
metal ions (Xu et al., 2012; Kato et al., 2020). For example, Xu et al.
(2012) found that a high accumulation of histidine promoted Cd uptake
and root-to-shoot transport in Solanum species. Methionine, as the pre-
cursor of compounds associated with antioxidant defense (e.g., poly-
amines) and metal homeostasis (e.g., nicotinamide), is also likely to be
involved in protecting plants against Cd toxicity (Kato et al., 2020). In
this study, the relative abundance of these three amino acids increased
several times under PASP addition (Supplementary Tables S3 and S4),
indicating their important roles in Cd detoxification in B. pilosa. Addi-
tionally, the increase in some other amino acids (e.g., aspartic acid,
lysine, glutamine, tryptophan, and arginine) (Supplementary Tables S3
and S4) may also have multiple effects on Cd tolerance in B. pilosa,
which were also induced by Cd in other plants (Li et al., 2018; Mengdi
et al., 2020).

Organic acids, which are mainly produced in the mitochondria
through the tricarboxylic acid cycle, are an important class of metal li-
gands in plants and participate in the absorption, transportation, stor-
age, and detoxification of heavy metals (Yang et al., 2020). In this study,
the increase in malic acid (MA) abundance after the addition of 3 g kg’1
PASP (Supplementary Table S3 and Table S4) likely plays an important
role in Cd detoxification in B. pilosa because MA and CA have been
considered to be the main organic acids that chelate heavy metals in
plants (Yang et al., 2020). Additionally, the induction of some other
organic acids in B. pilosa (Fig. 2d and e) may also contribute to Cd
tolerance in this study, although their specific functions are not clearly
understood.

In addition to amino acids and organic acids, most (> 80%) of the
differential lipids were also upregulated under PASP addition (Fig. 2d
and e). A recent review indicates the possibility of membrane protein-
lipid-metal ion interactions in regulating metal homeostasis in plant
cells (Wu et al., 2021a). Lipids can act as metal ion recognizers to first
sense metal ion stimulation, and then ion channels and transporters
specifically bind to the metal ions to control their movements and ac-
tivities (Wu et al., 2021a). These previous findings suggest that the
upregulated lipids in this study are also likely involved in plant re-
sponses to Cd, but the specific functions of different lipids need to be
further explored.

5. Conclusions

This study found that the Cd phytoextraction efficiency of B. pilosa
was promoted by 46.4% and 76.4% upon the addition of 3 and 6 mg
kg~! PASP in soils, respectively, owing to its Cd activation and plant
growth-promoting effect. PASP recruited many PGPR to promote plant
growth under Cd stress, and some of these PGPR were involved in Cd
mobility and likely contributed to Cd uptake by B. pilosa. Notably, the
increased AK concentrations in the rhizosphere, which were activated
by PASP and/or KSR, might also assist in plant growth and Cd uptake in
B. pilosa. Moreover, PASP induced plants to initiate complex Cd detox-
ification processes involving antioxidant enzymes, amino acids, organic
acids, and lipids to improve Cd-bearing capacity. This study provides
comprehensive insight into understanding the mechanisms of PASP for
enhancing Cd phytoextraction efficiency. The results suggest that the
combination of PASP-PGPR and/or PASP-K fertilizer can be employed to
further enhance the Cd phytoextraction efficiency. However, further
research is warranted on this topic. For example, the effect of PASP on
plant root exudates and its relationship with Cd availability and mi-
crobial community composition in the soil have not yet been revealed. In

10

Chemosphere 307 (2022) 136068

addition, whether the mechanisms uncovered in this study have simi-
larities in different soil-heavy metal-plant systems needs to be deter-
mined in future studies.
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