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Abstract 

Sludge biochar, as a soil amendment, has demonstrated its capacity to remediate heavy metal-contaminated soil. 
It is frequently utilized to facilitate phytoremediation or as a microbial carrier in remediation strategies, aiming 
to enhance overall remediation efficiency. Nonetheless, there exists a knowledge gap regarding the influence of biochar 
on the migration and accumulation of Pb and Zn within soil-microbe-plant systems, as well as its effects on plant growth 
conditions and microbial community composition. This study constructed a multifunctional microbiome and evalu-
ated the role of microbiome and biochar in phytoremediation under Pb and Zn stress. Biochar immobilized microbiome 
(MB) significantly enhanced phytoremediation and showed synergistic effects by improving root phenotypes up to 2.4 
times compared to the untreated group (CK). Meanwhile, the MB increased Pb root absorption by 56.9% and Zn above-
ground transfer by 30%, and reduced the acid-extractable content of Pb and Zn under high concentrations. In addition, 
microbial community composition and diversity analyses showed that the bacterial and fungal communities of MB were 
more stable while multifunctional microbiome reshaped microbial community with boosted abundance of plant growth 
promoting microorganisms, and fungi of saprotroph and symbiotroph nutritional categories. This study provided a novel 
phytoremediation approach of castor with the combination of multifunctional microbiome and biochar.

Highlights 

•	 Castor effectively transfers Zn to aboveground parts (TFmax = 2.89).
•	 Natural slag was detrimental to root growth, with 60.6% decrease in phenotypes.
•	 MB synergistically enhanced root length, surface area, tip, and volume to 2.4 times.
•	 MB increased Pb root absorption by 56.9% and Zn above-ground transfer by 30%.
•	 Multifunctional microbiome boosted the abundance of PGPRs.
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1  Introduction
Heavy metal (HM) pollution, originating mainly from 
metal smelting and dumping, presents a significant 
threat to global environmental and human health (Liu 
et  al. 2018; Xu et  al. 2021). Soil remediation is impera-
tive due to HM’s high carcinogenic, genotoxic, and neu-
rotoxic properties (Luo et  al. 2023). HMs such as lead 
(Pb) and zinc (Zn) are of concerns as they are top pri-
orities on the United States Environmental Protection 
Agency (US EPA) control list, observed or assumed to be 
highly harmful to humans (Peng et al. 2022). Pb and Zn 
are often found as co-pollutants (Abedi et al. 2022), left 
in topsoil due to industrial activities, ultimately threaten-
ing human health through the food chain (Li et al. 2015). 
Blind mining, tailings, and indiscriminate wastewater 
discharge after ore smelting are the leading causes of Pb 
and Zn contamination in mine soils (Cao et  al. 2022a). 
According to statistics, Pb/Zn mining and smelting activ-
ities release approximately 357 to 857 × 106 kg of Pb and 
462 to 1380 × 106  kg of Zn into the environment every 
year (Zhang et  al. 2012). Pb is considered a potential 
carcinogen and has been linked to the etiology of many 
diseases, especially cardiovascular, liver, kidney, blad-
der, nervous system, blood, and bone disorders (Cai et al. 

2019). Zn is a nutrient available to the human body. It is 
involved in development and metabolic processes in the 
human body, but excessive metal intake can cause fatigue 
and dizziness (Anwar et al. 2016). These metals can cause 
damage to the human reproductive and central nervous 
systems as they can accumulate in the organisms (Xia 
et al. 2019).

As a form of bioremediation, phytoremediation can 
utilize the absorption and accumulation functions of 
plants and associated soil microorganisms to reduce the 
concentration or toxic effects of pollutants in the envi-
ronment (Ali et  al. 2013). Contaminated soil produced 
by smelting and dumping has characteristics such as high 
pH, high salinity, low water retention capacity, high HM 
concentrations, and deficiencies in soil organic matter 
and fertility (Wang et al. 2017). Therefore, it is necessary 
to select reliable in  situ phytoremediation plants. Rici-
nus communist L. (castor) is a typical energy plant that 
has been considered for remediation of contaminated 
soil while providing economic value due to its bioenergy 
production capacity and tolerance to biotic and abiotic 
stresses (Bauddh et al. 2015; Zhang et al. 2016). Previous 
studies have demonstrated that castor exhibits high toler-
ance and accumulation capacity to high concentrations of 
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HMs such as Cd, Zn, Pb, Cu, and Cr (He et al. 2020). In 
this study, castor was selected as the remediation plant of 
Pb–Zn composite contaminated soil.

In recent years, there has been increasing evidence that 
plant rhizosphere-associated microorganisms can pro-
mote plant growth in contaminated soils and improve 
the phytoremediation efficiency of polymetallic-contam-
inated soils (Yao et  al. 2023). Microorganisms that can 
colonize and proliferate within the rhizosphere of plants 
and have the ability to promote plant growth are called 
plant growth-promoting rhizobacteria (PGPR) (Beneduzi 
et  al. 2012). PGPR enhance phytoremediation in sev-
eral ways, such as providing nutrients to plants, releas-
ing growth regulators, inducing systemic resistance, and 
altering the bioavailability of HMs in the soil (Chen et al. 
2022; Fan et al. 2024; Lai-Guo and Yong 2004). Although 
PGPR can adapt to various adverse environments, biore-
mediation efficiency is limited by microbial biomass and 
nutrients (Zhang et al. 2021). Given the potential additive 
or synergistic effects of PGPR in pollutant degradation 
and remediation, the outcomes of phytoremediation can 
be attributed to the total microbiome and its dynamic 
interplay with the host plant rather than to a single 
microorganism (Hibbing et  al. 2010; Thijs et  al. 2017). 
Reasonable selection of microbiome will effectively bring 
out the characteristics of each microorganism (Simmer 
and Schnoor 2022), thus to combine composite PGPRs 
into a multifunctional microbiome which could be a reli-
able option for remediating complex contaminated envi-
ronments (Bertrand et al. 2014).

Except for composed microbiome, biochar was chosen 
as a soil amendment in many cases. Regarded as a car-
bon-rich material produced by the combustion of organic 
raw materials under pure heat and limited oxygen, bio-
char is commonly used to improve soil fertility and car-
bon sequestration (Joseph et  al. 2021; Li et  al. 2023b). 
Biochar remains stable and unaffected by biological and 
chemical degradation when applied to the soil, promotes 
plant growth, enhances microbial activity, and is believed 
to improve the phytoremediation efficiency of hyperac-
cumulators (Ghosh and Maiti 2021; Kiran and Prasad 
2019). Compared to other commonly used biomass-
derived biochar, sludge biochar is attractive due to its 
phosphorus and silica rich properties (Chen et al. 2019). 
Sludge, produced during wastewater treatment, is a solid 
waste that requires treatment and disposal; however, it 
is a promising feedstock for biochar production, and the 
resulting biochar is known as sludge biochar. (Wang and 
Wang 2019). It has been reported that sludge biochar 
can stabilize HMs directly through chemical action or 
phytostabilization, leading to improved tailings’ pH, TC, 
and TN contents (Li et al. 2023a). Previous studies have 
found that sludge biochar is effective in improving soil 

quality and nutrients and can increase crop productiv-
ity (Chen et al. 2020; Figueiredo et al. 2019; Singh et al. 
2020). Despite the significant role of sludge biochar in 
improving soil fertility and nitrogen fixation, there are 
few studies on the enhancement of HM accumulation in 
plants by sludge biochar and the combined application of 
sludge biochar with multifunctional microbiome (Kiran 
and Prasad 2019; Zhang et al. 2021).

To expand the understanding of the advantages of mul-
tifunctional microbiomes and their interactions with 
biochar in contaminated soils, this study isolated and 
screened rhizosphere microorganisms with high HM 
tolerance and PGPR potential from the rhizosphere soil 
of pioneer plants in HM-polluted tailings to construct 
a efficient multifunctional microbiome. Additionally, 
the study explored the synergistic effects of the mul-
tifunctional microbiome and sludge biochar on phy-
toremediation under various Pb–Zn stress conditions, 
particularly under the extreme values of natural Pb–Zn 
pollution represented by slag. This research provides 
novel insights into the mechanisms governing Pb–Zn 
transport, transformation, and bioavailability, emphasiz-
ing the significant impact of integrating sludge biochar 
and microbiomes in the phytoremediation of Pb–Zn con-
taminated soils.

2 � Materials and methods
2.1 � Sampling, strain isolation, and screening
The soil samples for strain isolation in this study were 
taken from the rhizosphere soils of phytoremediation 
plants (Paulownia tormentosa Thunb. (paulownia), Koe-
lreuteria paniculata Laxm. (goldenrain), Cinnamomum 
camphora Linn. (camphor), and Boehmeria nivea L. 
(ramie) used in the Pb–Zn mine tailing, located at the 
southeast of Chenzhou, Hunan, China (113°09′00ʺ E, 
25°44′46ʺ N).

The soil tightly bound to the plant roots is collected as 
rhizosphere soil (Supplementary S1). Fresh rhizosphere 
soils of the four phytoremediation plants were mixed 
with sterile water and diluted into 10−4 soil solutions. 
Aliquots (0.1  mL) were plated onto five isolation media 
(WA, TWYE, MS, IPS4 and HV) (Table S1), incubated at 
28 °C for 3 days. Colonies showing different characteris-
tics were isolated and subcultured on PDA medium and 
LB medium, respectively, depending on their fungal or 
bacterial nature.

2.2 � HM tolerance test
Microorganisms from rhizospheres were tested for MICs 
of Pb and Zn according to standard protocols (Wiegand 
et  al. 2008). Strains that tolerated both Pb and Zn con-
centrations exceeding 600 mg  L−1 were selected for fur-
ther study.
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2.3 � DNA extraction and identification of bacteria 
and fungi

The 16S and ITS rRNA methods for identification of 
bacteria and fungi were carried out separately. Bacte-
rial samples underwent denaturation and PCR ampli-
fication with primers 27F (5′-AGA​GTT​TGA​TCC​TGG​
CTC​AG-3′), 1492R (5′-GGT​TAC​CTT​ACG​ACTT-3′), 
while fungal samples used primers ITS1 (5′-TCC​GTA​
GGT​GAA​CCT​GCG​G-3′), ITS4 (5′-TCC​TCC​GCT​
TAT​TGA​TAT​GC-3′). Genomic DNA underwent PCR 
amplification with the respective primers, followed by 
bidirectional sequencing and BLAST analysis on the 
NCBI database for identification (Boratyn et al. 2013).

2.4 � Characterization of strains’ plant growth promoting 
(PGP) traits

2.4.1 � Phosphate solubility
The phosphorus solubilizing ability of the strains was 
determined by inoculating 20 μL of the bacterial suspen-
sion in the center of the NBRIP medium test medium, 
incubating at 28 °C within 6 days, and observing whether 
a hyaline ring formed around the strain (Nautiyal 1999).

2.4.2 � Nitrogen fixation capacity
The nitrogen fixation capacity of the strains was deter-
mined by inoculating 20  μL of bacterial suspension in 
the center of Ashby’s medium, incubating at 28  °C for 
72  h, and observing the growth size and color of the 
strains (Kizilkaya 2009).

2.4.3 � IAA production capacity
The determination of IAA production is based on col-
orimetric assay (Fan et  al. 2018). Strains were inocu-
lated on LB agar medium with 0.5  mg  L−1 tryptophan 
and incubated at 28 °C with agitation for 2 days (bacte-
ria) or 7 d (fungi). After centrifugation, 1 mL of super-
natant was mixed with Sackowski’s reagent. A red color 
indicates IAA production.

2.4.4 � ACC deaminase activity
A 20 μL spore solution (108 CFU mL−1) of fungus was 
inoculated into DF medium and incubated at 28 °C for 
7 days (Penrose and Glick 2003). ACC deaminase-pos-
itive fungi showed significant growth in DF medium. 
Bacterial solutions were added to DF and DFa media at 
a 1:100 ratio and incubated at 28 °C. OD600 values were 
measured at 12, 24, and 48 h to assess bacterial growth, 
with DF medium as the control.

2.5 � HM removal rates of strains
Bacteria (OD600 ≈ 1.0) and fungi (1012 CFU mL−1) were 
inoculated into LB broth and PDB medium containing 

5 mL 4000 mg L−1 Pb2+ and Zn2+ , respectively at 28 °C. 
Sampling was performed every 12  h. After the sample 
was filtered through a 0.44 um cellulose acetate mem-
brane, flame atomic absorption spectrophotometry 
(FAAS) was used to determine the Pb and Zn concen-
trations of the filtrate.

To calculate the removal efficiency of HMs from the 
soil, the following equation was used (Wang et al. 2019):

where C0 and C represent the initial and equilibrium Pb/
Zn concentration in the solution, respectively.

2.6 � Strain antagonism test and composite colonies 
construction

2.6.1 � Strain antagonism experiments
Microbial antagonism among 18 screened resistant 
strains was evaluated on PDA agar medium (Figure S1). 
Inhibition zones were measured to determine antagonis-
tic activity. Distances greater than 3 cm indicated strong 
antagonism, while those between 1.5 and 2.5  cm were 
considered moderate, and distances less than 1.5  cm 
indicated no antagonism (Arasu et al. 2013).

2.6.2 � Multifunctional microbiome preparation
A total of 5 strains of microorganisms were selected as 
the foundational strains for constructing a multifunc-
tional microbiome. The bacterial cultures were prepared 
to reach an OD600 of 1, while the fungal cultures were 
prepared to contain 1012 CFU mL−1 of spores. The resus-
pensions of different strains were mixed in equal volumes 
to prepare a multifunctional microbiome.

2.7 � Biochar used in the experiment
The sludge biochar applied in the experiment was pre-
pared by pyrolysis of sludge using a stationary pyrolysis 
bed at 700 °C. The properties of the biochar are shown in 
Table S3.

2.8 � Biochar immobilized microbiome
The biochar passed through a 60-mesh sieve and the 
microbiome suspension was mixed at a ratio of 1:10 
(m/v), cultured at 30  °C for 24  h, filtered, fully washed, 
and vacuum freeze-dried for 24  h to obtain biochar-
immobilized microbiome (Ji et al. 2022).

2.9 � Pot experiment
Pots with 18  cm diameter and 12  cm height containing 
1.5 kg of soil matrix were used. Quartz sand (1:1, v/v) to 
increase permeability was added. Each pot was trans-
planted with three sterile castor seedlings. The treat-
ments for the pot experiment were as follows: single 

q =

C0 − C

C
× 100%
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Pb2+ stress (concentration mg kg−1): CK (0), PCK1 (100), 
PCK2 (300), PCK3 (700); single Zn2+ stress (concentra-
tion mg  kg−1): CK (0), ZCK1 (250), ZCK2 (400), ZCK3 
(800); Pb–Zn composite contaminated soil (mg  kg−1): 
TCK1 (200Pb2+, 400Zn2+), TCK2 (400Pb2+, 600Zn2+), 
TCKD (1090Pb2+, 2268Zn2+). D stands for natural slag 
(Table S4). Four different treatments were designed under 
each concentration: CK is the blank control (plants only); 
M stands for the addition of multifunctional microbiome 
(4 mL inoculum per 20 d); B represents the treatment of 
adding 5% (w/w) biochar; MB is the treatment of adding 
5% biochar-immobilized microbiome. Each treatment 
had 6 replications. Plants were grown under natural light 
conditions with a soil moisture content maintained at 
60%. All plants were harvested after 60 d.

2.10 � Plant analysis
2.10.1 � Plant biomass determination
Whole plants were uprooted, washed, and placed in 
sealed bags for analysis. Root length, plant height, and 
biomass were measured with precision stainless steel 
tape measures. Fresh and dry weights were determined 
after rinsing and desiccation (Figure S2, Table S6).

2.10.2 � Pb and Zn uptake, translocation and accumulation
Prior to plant Pb/Zn determination, plants were washed, 
dried, and powdered. A 0.25 g sample was digested with 
concentrated nitric acid and perchloric acid (HNO3–
HClO4) until colorless (Afonso et  al. 2019). Pb and Zn 
contents were analyzed by flame atomic absorption 
spectrophotometry.

Transfer factor (TF), the ratio of HM concentration in 
the stem to the root of the plant was calculated using the 
following equation (Suo et al. 2021):

where HMshoot and HMroot are HM concentrations in the 
aboveground and belowground, respectively.

2.11 � Acid extractable state of Zn and Pb in rhizosphere soil
The determination of acid-extractable Pb and Zn in soil 
was carried out by acetic acid extraction method. Soil 
samples (0.5  g) were added to 0.11  M acetic acid at a 
solid-to-water ratio of 1:40 (w/v) in centrifuge tubes. The 
suspensions were shaken at 180  rpm for 16  h at 25  °C, 
then centrifuged and filtered through a 0.45-μm filter 
membrane. Pb and Zn concentrations were measured by 
inductively coupled plasma optical emission spectrom-
eter (ICPOES, PerkinElmer, Optima 5300 DV, USA).

2.12 � Statistical analysis
The data were presented as means ± standard devia-
tion (SD) from a minimum of 3 replicates. Data were 

TF = HMshoot/HMroot.

processed using Excel and Minitab 9.0 and presented as 
mean ± standard deviation (SD) of the three datasets. Dif-
ferences between treatments were assessed using one-
way analysis of variance (ANOVA) followed by Tukey’s 
test. Significance was denoted by different lowercase 
letters above the bar graphs at p < 0.05. Graphs were 
generated using Origin 9.0. Functional composition of 
bacterial communities was predicted using PICRUSt2, 
while FUNGild was utilized to predict functional guilds 
of fungal communities.

3 � Results and discussion
3.1 � Isolation, identification of strains and microbiome 

construction
3.1.1 � Characterization of the MB
Figure 1 presents SEM images of sludge biochar and MB. 
The porous structure on the surface of sludge biochar 
provides a good habitat for microbial colonization, pro-
tecting microorganisms from the direct toxicity of Pb and 
Zn. Furthermore, SEM images of MB recovered under 
high stress concentrations showed noticeable fungal 
hyphae and bacterial cells, indicating the effective immo-
bilization of the multifunctional microbial consortium.

FTIR spectra (Fig. 2) provided information on the func-
tional groups present on the surface of biochar and MB 
under different metal stress conditions. Due to the high 
content of aromatic structures and phenolic compounds 
in sludge biochar, the peak at 992 cm−1 may be attributed 
to the C–O bond and the stretching vibration of C–C in 
aromatic rings (Singh et al. 2020). The peak at 1620 cm−1 
is due to the C=O stretching vibration, indicating the 
presence of carbonyl groups (Zhang et  al. 2020b). The 
peak at 777 cm−1 is assigned to aromatic C–H (Tian et al. 
2021). After HM stress treatment, the peaks at 1620, 992, 
and 777  cm−1 in MB all weakened, suggesting that Pb2+ 
and Zn2+ interacted with C=O, C–C, and C–H in the 
aromatic rings, indicating the physical adsorption of Pb2+ 
and Zn2+ by MB (Chen et al. 2023; Zhang et al. 2019).

3.1.2 � Screening of Pb and Zn tolerant strains
There were 78 strains isolated from the rhizosphere soil 
in the mining area, including 38 fungi and 40 bacte-
ria (Table  S2). Fifteen strains with high tolerance were 
identified (Table  1). The maximum MIC values of the 
strain are 2000  mg  L−1 for Pb and 1600  mg  L−1 for Zn. 
Four strains were found to have the highest HM removal 
capacities, i.e. Klebsiella pneumoniae P1, Klebsiella pneu-
moniae P2, and Bacillus sp. P3, with 75.33%, 66.00%, and 
64.67% removal rates of Pb, and 65.67%, 60.33%, and 
71.67% of Zn, respectively. Fungi strain Aspergillus niger 
L4 removed 57.33% of Pb and 77.33% of Zn. Strains were 
screened for Pb and Zn tolerance, with those tolerating 
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higher than 600  mg  L−1 values were selected for PGP 
traits evaluation.

3.1.3 � Plant‑promoting characterization of tolerant strains
The expression of PGP traits will provide further basis 
for the construction of multifunctional microbiome. As 
shown in Table 1, Klebsiella pneumoniae P1, Bacillus sp. 
P3, Aspergillus niger L4, Purpureocillium lilacinum L9, 
Purpureocillium lilacinum L10, and Penicillium sp. nov. 
L12 had good phosphorus solubilization, nitrogen fixa-
tion, IAA production, and ACC production performance. 

To enhance the diversity of strains, HM-resistant strains 
N16 (Methylobacterium), N5 (Talaromyces marneffei), 
and N8 (Trichoderma asperellum) with robust growth-
promoting properties were introduced for subsequent 
experiments. The effectiveness of phosphorus in soil is 
usually low, and those strains with phosphorus solubili-
zation capacity can increase the bioavailability of phos-
phorus for plant uptake (Deng et al. 2024; Etesami et al. 
2021). Nitrogen is the most limiting element in ecosys-
tems and crop production, and more than 60% of fixed 
nitrogen comes from biological nitrogen fixation. Thus, 

Fig. 1  SEM images of a sludge biochar, b MB under Pb (700 mg kg−1) stress, c MB under Zn (800 mg kg−1) stress, d MB under slag stress
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microorganisms’ nitrogen fixation capacity is significant 
for plant growth in phytoremediation (Soumare et  al. 
2020). Microorganisms with IAA-producing ability have 
been found to improve plant growth by promoting root 
and shoot development (Lobo et al. 2022; Shahzad et al. 
2017). Strains P3 and L4 were observed to possess higher 
levels of IAA production, phosphorus solubilization, and 
nitrogen fixation abilities, and will be considered for sub-
sequent potting experiments. Another critical mecha-
nism by which plant growth-promoting fungi promote 
the growth of plant is the reduction of ethylene levels in 
plants via ACC deaminase (Glick et al. 2007). Therefore, 
strains N16, N5, and N8 with higher ACC deaminase 
activity may have the potential to promote plant growth. 
These strains will be considered as foundational compo-
nents for constructing multifunctional microbiome. A 
total of 18 strains were subjected to plate confrontation 
experiments (Table 1, Fig. S1), since to construct micro-
biome, individual strains should share common substrate, 
and their spatial proximity to each other is preferably 
synergistic interactions (Mille-Lindblom and Tranvik 
2003). The results showed that except for the antagonis-
tic effect observed among L12, M14 and P1, there was no 
significant mutual inhibitory effects observed between 
the remaining strains. We hypothesized that competi-
tion for organic energy and the production by bacteria 
of fungal-inhibiting volatiles led to antagonism between 
bacteria and fungi (Hannula et  al. 2017; Li et  al. 2020). 
However, certain interactions between them may be 
mutually beneficial, such as when bacteria stimulate fun-
gal growth and enhance fungal diversity (Baudy et  al. 
2021). Based on their growth-promoting performance, 
HM removal rates, and antagonistic effects, strains P3, 
L4, N16, N5, and N8 were selected as foundational com-
ponents for constructing multifunctional microbiome. 

These strains were subsequently introduced into soil for 
potting experiments.

3.2 � Enhancement of castor plant growth and resistance 
to Pb and Zn

3.2.1 � Effects on root development of castor
Figure  3 depicts the variations in root length, surface 
area, tip number, and volume of castor plants across 
different treatment groups. Each root index was fur-
ther subdivided into four treatment groups to illustrate 
changes within each group as HM concentrations var-
ied. Notably, MB treatment consistently enhanced root 
indexes compared to other treatments under varying 
HM stress. The observed patterns highlight the syner-
gistic effects of biochar and multifunctional microbiome 
in promoting plant growth. The introduction of biochar 
(Table S3) improves soil physicochemical properties and 
promotes plant growth (Wang et al. 2020), while the mul-
tifunctional microbiome with good PGP performance 
(Table  1) further promotes plant root cell division and 
nutrient utilization (Goswami et al. 2016; Vacheron et al. 
2013).

Under Pb and Zn stress, a trend of “low promotion and 
high inhibition” was noted. Specifically, under single Pb 
stress (Fig.  3a), optimal root development occurred at 
a Pb concentration of 300  mg  kg−1, beyond which root 
parameters were suppressed. Similarly, under Zn stress 
(Fig.  3b), optimal root development was observed at 
400  mg  kg−1 Zn, with severe inhibition at 800  mg  kg−1. 
Subsequently, we examined plant root growth under 
combined Pb–Zn stress (Fig.  3c). The TCK1 treatment 
group, exposed to a compound pollution treatment, 
exhibited the most favorable root development, followed 
by TCK2. Conversely, as Pb–Zn concentration increased, 
the TCKD group experienced inhibited root develop-
ment indices, with a decrease averaging 60.64%, 49.95%, 
39.69%, and 53.09% across each root index compared to 
the control group. The combined stress induced by slag, 
characterized by higher concentrations of Pb and Zn, 
has obvious adverse effects on plant root phenotypes. 
This phenomenon is likely related to the biotoxicity of Pb 
and Zn, which inhibits cell division in the root tip at high 
concentrations (Fahr et al. 2013; Kaur and Garg 2021).

In this study, we observed a significant plant root 
growth and development promotion by adding micro-
biome with biochar at specific stress concentrations. 
Roots are one of the most crucial nutrient organs of 
plants and a significant location for productive sym-
biosis between microorganisms and plants (Ghahrem-
ani and MacLean 2021). In response to environmental 
stresses, rhizosphere microorganisms often establish 
beneficial interactions with plants and help regulate 
root meristem plasticity (Li et al. 2024). It explains the 

Fig. 2  FTIR spectra of MB under different stresses
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inclusion of a complex microbiome assisted by bio-
char, which showed varying degrees of response in 
root length, root surface area, root tip number, and 
root volume compared to the control. These rhizos-
phere microorganisms are also known as plant growth-
promoting rhizobacteria (PGPR). PGRP promote 
plant growth through nitrogen fixation and competi-
tion with pathogenic bacteria (Adesemoye et  al. 2009; 
Lugtenberg and Kamilova 2009). In addition, various 
phytohormones produced by PGRP have been widely 
reported as microbial chemicals that regulate plant 
root development (Khan et  al. 2020). IAA is the most 
typical phytohormone produced during this growth-
promoting process, and the production of IAA has 
been implicated as one of the significant factors in the 
microbial induction of root development and growth 
promotion (Aloni et  al. 2006; Spaepen et  al. 2007; van 
Loon 2007). Therefore, we inferred that the process 
of increased root indexes in castor is the result of the 
additional nutrition provided by sludge biochar and the 

dominance of microbiome in the performance of nitro-
gen fixation, IAA production, and other pro-growth 
functions.

3.2.2 � Impact on the accumulation of Pb and Zn in castor
Under singular stress conditions (Fig.  4a), plants exhib-
ited markedly distinct uptake patterns for Pb and Zn. Spe-
cifically, Pb tends to be sequestered in the belowground 
parts of plants, with a positive correlation observed 
between stress concentration and root-fixed concen-
tration. Notably, compared to CK (195.49 mg  kg−1), the 
highest root fixation level (398.52 mg kg−1) was recorded 
in the MB treatment under a Pb stress concentration of 
700  mg  kg−1. Conversely, Zn demonstrates a preference 
for aboveground translocation, with the highest above-
ground accumulation level (240.20  mg  kg−1) attained 
under the MB treatment at a stress concentration of 
800 mg kg−1.

Furthermore, we evaluated the TF index (Table  S5), 
which reflects the root crown’s capacity for HM 

Fig. 3  The root length, root surface area, number of root tips, and root volume of castor under different treatments from left to right. a and b 
represent the single stress of Pb and Zn, respectively, and c represents the combined stress of Pb and Zn, and each root index was divided into four 
treatment groups in order to show the trend of changes within each treatment group when HM concentrations were varied
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transport. Notably, in the treatment group exposed 
to 300  mg  kg−1 Pb, the maximum TF index of 71.46% 
was recorded, whereas TF values in the subsequent 
treatments decreased to 47.15% (M), 48.95% (B), and 
42.79% (MB). This suggests that biochar and multifunc-
tional microbiome treatments rendered castor plants 
more susceptible to Pb limitation below ground than 
above ground, a trend observed at Pb concentrations of 
300 mg kg−1 and higher.

Under Zn stress, the uptake of Zn by plant roots and 
aboveground parts was comparable (Fig.  4b). When 
exposed to the same Zn concentration, compared with 
the control (CK), the application of M and B had little 
effect on the Zn content in the aboveground part, but 
increased the Zn content in the underground part. In 
the treatment group at 800 mg kg−1, the application of M 
and B increased belowground Zn content by 35.53% and 

40.39%, respectively. Notably, the MB treatment was the 
most effective, resulting in a 46.74% increase in below-
ground Zn content in castor plants. Overall, the uptake 
of Zn by plants remained proportional to Zn concentra-
tion. At higher Zn concentrations (> 400 mg kg−1), the TF 
index indicated Zn limitation in the castor, with a subse-
quent decrease observed in the TF index following M, B, 
and MB treatments.

Based on the single stress of Pb and Zn, we explored 
the compound stress of Pb and Zn (Fig. 4c). The uptake 
of Pb by castor did not show a significant difference com-
pared to the case of single stress. However, the TF index 
showed a significant (p < 0.05) decrease at a particu-
lar stage (Pb > 400 mg  kg−1), with the highest level of TF 
index at 25.35% (TBD) and the lowest at 9.84% (TCK2), 
which suggests that the belowground part of castor was 
further inhibited under the compound stress,  resulting 

Fig. 4  a Pb uptake by castor under Pb stress and transport factors. b Zn uptake by castor under Zn stress and transport factors. c Accumulation 
of Pb and Zn by castor under combined Pb and Zn stress and transport factors
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in decreased transport capacity. The phenomenon that 
plants showed reduced translocation rates for HMs above 
a specific concentration indicates that the mobility of 
HMs in plants is limited (Deng et  al. 2004). In contrast, 
castor showed a fantastic effect on Zn uptake, with above-
ground and belowground Zn contents of 3902.67 mg kg−1 
and 3406.04  mg  kg−1 in the TMBD group, and the TF 
indexes exceeded 156%, with a maximum of 289.31%. The 
significant difference between Pb and Zn may be related 
to their specific roles in plants, where Zn is involved in 
protein synthesis, photosynthesis, and plant growth. Zn 
is involved in some protein synthesis and photosynthesis 
in plants. At the same time, Pb is not only strongly bio-
toxic to plants but also inhibits the synthesis and uptake 
of nutrients in plants (Zhang et  al. 2020a). Combin-
ing the results of single and compound stresses, similar 
to the accumulation of Pb and Zn in other plants, Pb is 
more inclined to accumulate in the roots of plants. At the 
same time, Zn content is much higher than Pb content in 
stems, indicating that Zn has a higher mobilizing capacity 
than Pb (Li et al. 2023c; Zou et al. 2011). It was found that 
the HM concentration in plants was proportional to the 
HM concentration in the environment. However, the rate 
of HM transport from plant roots to stems was reduced, 
suggesting high plant availability of these HMs (Yang et al. 
2021). The significant difference in TF index under com-
pound stress also reveals that castor has a more substan-
tial capacity for Zn uptake and transport.

In conclusion, the utilization of both biochar and 
multifunctional microbiome effectively augmented the 
concentrations of Pb and Zn in castor roots and stems. 
Furthermore, the combined application of these treat-
ments yielded superior outcomes compared to their indi-
vidual application.

3.3 � Impacts on the rhizosphere microenvironment 
of castor

3.3.1 � Effect on bioavailable Pb and Zn of the rhizosphere soil
The bioavailability of HMs is an important indicator for 
evaluating their plant availability, and their extractable 
state has a better correlation with soil function, ecotoxic-
ity, and plant absorption (Kumpiene et  al. 2014). Under 
single Pb stress (Fig. 5a), as the treatment concentration 
increased, the acid-extractable content of Pb generally 
increased compared with the CK. Under high concentra-
tion stress (700  mg kg−1), the acid-extractable Pb content 
in the MB treatment group was the highest, increasing 
by 18% compared with CK, followed by the M treatment 
group, increasing by 15%. Under single Zn stress (Fig. 5b), 
the acid-extractable Zn content also showed a similar 
trend. Under high-concentration Zn stress (800 mg kg−1), 
the M and MB treatment increased the acid-extractable 
Zn content to 36% and 34%, respectively compared with 

the CK. Studies have shown that rhizosphere microor-
ganisms can increase the extractable content of HMs by 
producing organic acids, hyphae chelation, and produc-
ing reductases, thereby improving the efficiency of phy-
toremediation (Jackson et al. 2015; Park et al. 2011; Wu 
et al. 2006). From the similarity of the trends of Pb and 
Zn stress, it can be inferred that high concentrations of 
HM stress will induce the above functions of rhizosphere 
microorganisms.

Under combined stress (Fig. 5c, d), the acid-extractable 
contents of Pb and Zn were significantly different among 
different treatment groups. The effect of biochar on the 
bioavailability of HMs varies with the type and concen-
tration of metals (Wu et  al. 2019), but it shows a good 
synergistic effect with microorganisms under high-con-
centration stress. Under high-concentration combined 
stress (TCKD), the acid-extractable Pb and Zn contents 
of the MB treatment reached 35% and 30%, respectively, 
both of which were the highest contents under the same 
metal types. The results show that under combined stress 
conditions, the synergistic effect of microorganisms and 
biochar is most significant. This may be because bio-
char, as a carrier, provides a safe habitat for microorgan-
isms, and the functional groups between biochar and the 
microbiome help resist HM stress.

3.3.2 � Diversity and structure of rhizosphere soil microbial 
community

Soil microorganisms are critical components of harm-
ful substances and nutrient transformations in soil (Li 
et  al. 2022). Given the results of Fig.  4, the accumula-
tion of Pb was much higher in the plant below ground 
than above ground, which was more evident under 
high concentrations of Pb stress. Therefore, we inves-
tigated the effects of different treatments on the diver-
sity of rhizosphere soil microbial communities under 
high concentrations of Pb stress (700  mg  kg−1). From 
Fig.  6a, it can be found that the composition of the 
rhizosphere soil microbial community was complex 
and numerous, and the proportion of the top ten gen-
era in relative abundance to the total sequence was 
36.23% on average. It is worth mentioning that Lac-
tobacillus appeared in the rhizosphere soil under the 
M treatment and became the dominant genus under 
the M treatment group, with a relative abundance of 
17.09%. Lactobacillus are Gram-positive bacteria that 
have previously been found to have a wide range of 
plant growth-promoting properties and can increase 
the nutrient utilization of compost and other organic 
materials (Afanador-Barajas et  al. 2021). Lactobacil-
lus can also remove HMs through electrostatic inter-
actions between HMs and bacterial functional groups 
(Hasr Moradi Kargar and Hadizadeh Shirazi 2020). We 
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hypothesize that adding multifunctional microbiome 
reshaped the soil microbial community composition. 
At the same time, Lactobacillus was increased to fully 
utilize their phosphorus solubilizing and nitrogen fix-
ing properties to promote plant growth while mitigat-
ing Pb stress on plants (Giassi et al. 2016). Meanwhile, 
the abundance of Sphingomonas, Arthrobacter, Sino-
monas, and Streptomyces was significantly reduced 
in the M treatment, accounting for only 2.49% of the 
total abundance, while in the B and MB treatments, 
Arthrobacter, Sinomonas and Streptomyces were not 

significantly different from those in  CK, while Sphin-
gomonas increased its abundance by 11.71% under B 
treatment.

Figure 6b illustrates the variability in the relative abun-
dance of the top ten fungal genera across different treat-
ments of Pb-contaminated soil. The predominant genera 
in each treatment included Aspergillus, Cladosporium, 
Alternaria, Saitozyma, and Candida, collectively con-
stituting over 56.38% of the total sequences, with the 
most abundant genus representing 73.80% of the total 
sequences. Notably, significant differences were observed 
in the relative abundance of dominant genera among 

Fig. 5  Percentage of acid-extractable HMs in rhizosphere soil under different treatments. a and b represent the single stress of Pb and Zn, 
respectively, c and d represent the combined stress of Pb and Zn
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soils treated differently, with a notable feature being the 
variation in dominant genera across treatments. Alter-
naria, the dominant genus in the CK treatment (com-
prising 38.80% abundance), exhibited a substantial 
decrease of 37.10% in abundance in the B treatment, and 
its abundance was completely absent in the M and MB 
treatments.

Meanwhile, Cladosporium significantly increased its 
abundance by 26.15% in the B treatment and became the 
dominant genus with 43.74% abundance in the B treat-
ment. In contrast, in the M and MB treatments, it was the 
dominant genus in the B treatment. The dominant genus 
significantly decreased by 11.80% and 16.83% under M 
and MB treatments. The average increase in abundance 
of Saitozyma was 10.33% under B, M, and MB treat-
ments, with insignificant differences between groups; the 
relative abundance of Aspergillus significantly increased 
by 30.80% and 22.86% under M and MB treatments, 

respectively, and became the dominant genus in the M 
and MB groups. The function of a fungal community 
is not the sum of its components but the result of the 
interaction of each component with the plant (Sun et al. 
2022). Aspergillus is one of the most common genera of 
soil fungi, which is remarkably tolerant to highly stressful 
environments. While Aspergillus can secrete amylases, 
xylanases, and pectinases to degrade polymers in the 
substrate into molecules that can be taken up as nutrients 
(Krijgsheld et al. 2013; Nji et al. 2023). The increase in the 
abundance of Aspergillus may be related to the nutrient 
enrichment of the soil after the addition of biochar.

Plant-associated rhizosphere microbial communi-
ties reveal more fully the effects of different treatments 
of plants on HM remediation. PCA analysis revealed the 
effects of different treatments on microbial community 
structure. Axes PC1 and PC2 explained 51.51% of the 
total variation in bacterial community composition and 

Fig. 6  Principal component analysis of bacterial community (a) and fungal community (b) as well as bacterial (c) and fungal (d) communities 
in rhizosphere microorganisms under Pb stress (700 mg kg−1). Where PC1 and PC2 represent the two selected principal component axes, 
and the percentage indicates the value of the degree of explanation of differences in sample composition by the principal component
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70.08% of the total variation in fungal community com-
position (Fig.  6c, d). Bacterial communities showed dif-
ferent clustering patterns under different treatments, 
with denser aggregations in the M, B, and MB treat-
ments compared to the control. From Fig. 6d, MB treat-
ment appeared to stably affect the microbial community 
structure and reduce intra-group differences compared 
to the control. It is worth noting that despite differences 
in microbial community composition at the genus level 
among the treatment groups, there was overlap in the 
PCA results due to the similarity of some features on 
the principal component axes. Figure  6 shows that MB 
treatment can effectively reduce the differences in soil 
microbial communities and make the structure of soil 
microbial communities stable. We believe that there are 
two reasons for such a significant effect of MB treat-
ment: on the one hand, the sludge biochar changed the 
soil nutrient system, which altered the original soil eco-
logical balance; on the other hand, the introduction of 

multifunctional microbiome altered the homogeneity 
and abundance of the original soil microbial community, 
and formed a new equilibrium (He et al. 2022; Song et al. 
2021).

3.3.3 � Functional prediction of bacterial and fungal 
communities in soil

To better understand the microecological functions of 
microorganisms in the rhizosphere soil of castor, we 
used PICRUSt2 to predict the functional composition 
of the bacterial community (Fig. 7a). Based on the COG 
database, we compared sequencing data and performed 
direct functional annotation of sequenced genomes 
(Galperin et  al. 2019). Bacterial COG functional cat-
egorization showed that among the 23 categories of 
COG functional annotation results (Figure S3), there 
was a wide variety of metabolism-related functions, 
including amino acid transport and metabolism, energy 
production and conversion, translation, ribosomal 

Fig. 7  Functional characteristics of microbial communities in castor soil under Pb stress (700 mg kg−1) in different treatments. a Functional 
characteristics of bacterial community and b functional characteristics of fungal community. Horizontal coordinates represent COG functional 
classification and vertical coordinates represent functional abundance
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structure and biogenesis, carbohydrate transport and 
metabolism, transcription, inorganic ion transport, and 
metabolism, cell wall/membrane/envelope biogenesis. 
All sample loci in the COG analysis were associated 
with having a similar enrichment function related to 
bacterial community structure. The relative functional 
abundance of the main functional characteristics of the 
bacterial community was highest under the B treatment 
and lowest under the M treatment. The M treatment 
promotes specific functional characteristics within the 
bacterial community, highlighting its targeted impact 
compared to broader enhancements seen with biochar.

Next, the function of the fungal community was pre-
dicted using FUNGuild analysis (Fig.  7b), based on 
which information on the functional classifications 
of the fungi in the samples and the abundance of each 
functional classification in different samples could be 
obtained. The OTUs of fungi were classified based on 
different nutritional modes and further classified by 
how fungi take on the uptake and utilization of envi-
ronmental resources. The relative abundance of Unde-
fined Saprotroph was dominant in all four treatment 
species, followed by Animal Pathogen-Endophyte-Plant 
Pathogen-Wood Saprotroph (CK, 14.45%), Animal 
Pathogen-Endophyte-Lichen Parasite-Plant Pathogen-
Wood Saprotroph (B, 22.72%), and  Fungal Parasite-
Undefined Saprotroph (M,14.61%; MB,17.10%). This 
result indicates that the trophic pattern of the castor’s 
dominant rhizosphere fungal community differed in 
different treatments. Out of 792 fungal OTUs, 31 had 
highly probable confidence rankings. These OTUs with 
high confidence belonged to four trophic modes: sap-
rotroph (48.39%), symbiotroph (45.16%), pathotroph 
(0.03%), pathotroph-saprotroph (0.03%). Furthermore, 
most of these symbiotrophs were composed of clump-
ing mycorrhizal fungi (57.14%). Clumping mycorrhizal 
fungi are associated with more than 80% of terrestrial 
plant species due to their ability to form extensive 
mycelial networks that help plants absorb nutrients 
from the soil (Armada 2017; Cao et  al. 2022b). In soil 
ecosystems, saprotrophic fungi play an essential role in 
organic matter decomposition, carbon cycling, nutri-
ent mobilization, and the creation of soil structure 
(Schmidt et  al. 2019). Previous studies have demon-
strated that AMF will colonize in the presence of sap-
rotrophic fungi, absorbing nutrients from plant litter 
and to the host plant while indirectly stimulating the 
decomposition of organic matter by saprotrophic bac-
teria (Cao et al. 2022b). In this study, the abundance of 
saprotroph decreased in B and MB treatments after the 
introduction of the multifunctional microbiome, indi-
cating that the original microbial community of the soil 

was changed. At the same time, the nutritional mode of 
the microbial community was also adjusted.

4 � Conclusion
In this study, sludge biochar was confirmed to be an 
effective microbial carrier, and the composite microbial 
agent prepared from it can effectively improve the phy-
toremediation efficiency. Castor demonstrated efficient 
aboveground Zn transport in simulated remediation 
experiments. At the same time, phenotypic damage to 
plant roots caused by natural slag was observed under 
conditions of high-level composite stress, whereas, 
the synergistic effects of MB treatment significantly 
enhanced root morphological parameters and the uptake 
of Pb and Zn, indicating their positive impact on plant 
growth and metal absorption. From a microscopic per-
spective, the microbiome boosted abundance of PGPRs 
to promote plant growth and resist HM stress. In sum-
mary, the combination of sludge biochar and microbiome 
provides a novel approach to remediate HMs in soil.
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