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The accumulation of cadmium (Cd) in facility soil is attracting increasing attention.
Reductive soil disinfestation (RSD) is an effective soil disinfectionmethod,while also
having a certain passivating effect on Cd. The application of organic matter is
crucial for the success of RSD, but the reduction efficiencies of different organic
materials vary. Here, five treatments, namely untreated soil (CK), bean dregs (BD),
peanut dregs (PD), sesame dregs (SD), and apple dregs (AD) were applied, and their
performances in Cd immobilization in Cd-contaminated soil were assessed.
Changes in soil properties and microbial communities were monitored. The
results showed that the overall soil pH following RSD treatment decreased
significantly, while organic matter, hydrolyzed nitrogen, available phosphorus,
available potassium, exchangeable calcium, and exchangeable magnesium
increased significantly. Compared to CK, the exchangeable (EX)-Cd contents
after treatments SD and AD significantly decreased by 25.4% and 23.7%,
respectively. RSD led to significant changes in the composition of soil microbial
communities. SD treatment significantly increased the number of soil fungal
operational taxonomic units (OTU), while BD, PD, and SD significantly increased
the relative abundances of Bacteroidetes, Chloroflexi, Deinococus Thermus, and
Basidiomycota in bacterial communities. TheGemmatimonadetesphylumshowed
a highly significant negative correlation with EX-Cd, indicating that it might have a
positive effect on the fixation of Cd in polluted soil. SD significantly reduced the Cd
content in the above-ground parts of lettuce by 74.76%, and had the least impact
on lettuce biomass. It can be inferred that RSD is an ecologically effective method
for the remediation of Cd pollution in facility soil by improving soil characteristics
and altering microbial community composition to reduce Cd activity. However,
further in-depth research is needed to optimize the types and amounts of organic
materials applied.
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1 Introduction

Cadmium (Cd) is a heavy metal element that seriously endangers the health of the food
chain and is listed among the most dangerous metals by the United States Environmental
Protection Agency (Hussain et al., 2020; Shi et al., 2018). According to a survey, 7% of the
surveyed farmland was found to be polluted by Cd, most of which was moderately polluted
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(Ministry of Environmental Protection, Ministry of Land and
Resources of the People’s Republic of China, 2014). Excessive Cd
can inhibit cell elongation and change root morphological
characteristics, thereby seriously affecting plant photosynthesis,
respiration, transpiration, mineral absorption, and other
physiological processes, resulting in a decline in crop yield and
quality (Sun et al., 2019; Huang et al., 2020; Ogunkunle et al., 2020).

The commonly used remediation technologies for Cd-
contaminated soil include physical and chemical remediation
(soil washing, electroremediation, chemical immobilization, etc.)
and bioremediation (phytoremediation and microbial precipitation)
(Mulligan et al., 2001). The former include the application of strong
chelating agents to clean Cd-contaminated soil (Dermont et al.,
2008) and the use of high-surface-area adsorbents to reduce the
mobility of Cd ions (Guo et al., 2006). It has been reported that the
combined deployment of limestone and sepiolite could reduce the
Cd content in rice by 26.1%–56.5% (Yang et al., 2022). Among
bioremediation methods, strain B7 was recently isolated from Cd-
contaminated soil, which was shown to significantly reduce the Cd
content in the upper part of Chinese cabbage by 21.3%–32.9% (Han
et al., 2022). However, physical and chemical methods usually have
high energy requirements, while biological methods are time-
consuming, and heavy metals accumulated in biomass may cause
secondary pollution (Martin and Ruby, 2010; Nareshkumar et al.,
2008). Therefore, the development of eco-friendly and low-cost
remediation methods suitable for reducing Cd pollution in
agricultural land has received significant attention.

Reductive soil disinfestation (RSD), originally developed by
researchers in the Netherlands and Japan, is an effective method
for eradicating soil-borne pathogens during the continuous
cropping of crops (such as flowers and strawberries) (Butler
et al., 2012). Earlier, researchers had created anaerobic
environments by using easily degradable organic matter such as
sugarcane bagasse (SB) and bean dregs (BD), and achieved strongly
reducing soil environments by irrigating to saturation and laying
plastic film, thereby achieving a good bactericidal effect (Blok et al.,
2000; Momma et al., 2013). RSD can significantly improve soil
chemical properties and microbial community composition and
structure, which is beneficial to crop seedling growth (Li et al., 2021).
Studies have shown that RSD can increase the pH of the soil
environment (Liu et al., 2019), and should have a significant
effect on the solubility and morphological composition of metals
(Zhao et al., 2010). RSD treatment has the potential to alter the
composition of the soil microbial community, which could
ultimately impact the morphological distribution and
bioavailability of Cd. For example, RSD treatment has been
shown to increase the relative abundances of Plantomycetes and
Gemmatimonadetes and to decrease the exchangeable Cd content in
soil (Li et al., 2021). In a recent study, the key genera Blastococcus
and Gemmaticonas were found to play important ecological roles in
triggering resistance to Cd toxicity (Wang Y. et al., 2019). Cheng
et al. (2020) proved that the strain Serratia liquefaciens CL-1 could
effectively reduce the available Cd and Pb contents in metal-
contaminated soil under anaerobic conditions (similar to the
environmental conditions imparted by RSD treatment).

However, to the best of our knowledge, few studies have
explored the effects of RSD technology on Cd speciation and
microbial community changes in continuous cropping facility soil

through microbiome sequencing. The change of soil microbial
community caused by RSD may be another factor affecting Cd
immobilization. In our study, the effects of five RSD treatments
[untreated soil (CK), bean dregs (BD), peanut dregs (PD), sesame
dregs (SD), and apple dregs (AD)] were studied by soil culture
experiments. The effects of RSD on Cd immobilization by linking
microbial communities and microbial metabolites in Cd-
contaminated soil were probed. We assessed whether the RSD
method could limit the bioavailability of Cd by changing the
composition of microbial communities and the physical and
chemical properties of soil.

The objectives of this study were as follows: 1) to explore the effect
of RSD treatment on the characteristics of Cd-contaminated soil in
continuous cropping facilities; 2) to determine the distributions of Cd
fractions in Cd-contaminated soil following RSD treatment; 3) to
determine the differences in soil microbial compositions between
different treatments; and 4) to delineate the correlation between soil
properties, microbial community, and Cd immobilization. The results
of this study are expected to further deepen our understanding of RSD-
mediated soil Cd fixation mechanisms and to provide a potential
biotechnological approach for the healthy utilization of Cd-
contaminated soil in continuous cropping facilities.

2 Materials and methods

2.1 Site description, sample collection, and
experimental design

Experiments were conducted in a greenhouse at the core
experimental base of the Vegetable Institute of the Shandong
Academy of Agricultural Sciences. The tested soil (0–20 cm) was
taken from a tomato greenhouse in Changqing District, Jinan City,
Shandong Province, China (116° 51′ 44″ E, 36° 33′ 54″ N). The
properties of the soil were analyzed. Specifically, its pH was 7.93, its
organic matter content was 42.8 g kg−1, its total nitrogen content was
1.84 g kg−1, its available phosphorus was 102.6 mg kg−1, and its
available potassium was 1.53 g kg−1.

Experiments were carried out in pots. The total Cd content in
the soil was set at 5 mg kg–1 as the target value. The requisite amount
of CdCl2 was calculated according to the dry weight and Cd content
of the soil. The accurately weighed CdCl2 was evenly mixed with the
soil sample, which was then watered. The soil moisture content was
adjusted to 60% of the maximum field capacity. All treatments were
performed in polyethylene pots of 17 cm × 24.8 cm × 17.1 cm, with
4 kg of soil per pot (water content 13.5%, w/w). 1) Untreated soil
(CK), 2) bean dregs (BD), 3) peanut dregs (PD), 4) sesame dregs
(SD), and 5) apple dregs (AD) were selected and mixed with the
balanced soil as appropriate. Each material was mixed with the
balanced soil at a loading of 150 g (dry weight) per pot, and the final
mixture was irrigated and covered with plastic film (moisture
content 12.5%, w/w). A randomized block design was used, with
four replicates per treatment. Anaerobic soil conditions at
30°C–35°C were maintained for 30 days. Subsequently, the lettuce
seedlings were transplanted into pots, five plants per pot, and grown
in a solar greenhouse environment for 60 days. Lettuce plants and
soil samples were then collected. Some lettuce plants and fresh soil
samples were treated with liquid nitrogen and kept at −80°C prior to
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determination. Some lettuce plants and soil samples were dried and
air-dried, respectively, and sieved prior to further testing.

2.2 Analysis of soil characteristics and Cd
components

Soil pH was measured using a pH meter (Mettler-Toledo
International, Inc., China) at a soil/water ratio of 1:5 (v/v). Available
phosphorus (AP) was determined on an automated colorimeter (Zhong
et al., 2010) after extraction with 0.5 M NaHCO3 solution at a 1:10 soil-
to-NaHCO3 ratio. Available potassium (AK) was extracted with
NH4OAc solution and determined by a flame photometric method.
Exchangeable calcium (ECa) and exchangeablemagnesium (EMg)were
extracted with 1 M NH4OAc solution at pH 7.0 and analyzed by means
of an atomic absorption spectrophotometer (AAS, TAS-990, China).
Hydrolyzable nitrogen (AN) was measured by UV/Vis
spectrophotometry. Tessier’s sequential extraction method was used
to measure the contents of five different forms of Cd, namely the
exchangeable component (EX), the carbonate-bound Cd fraction (CB),
the Fe/Mn oxide-bound Cd fraction (OX), the organic-matter-bound
Cd fraction (OM), and the residual Cd fraction (RS) in soil (Tessier
et al., 1979). After centrifugation and filtration of the suspension at each
extraction stage, the extract was examined by AAS (ContrAA800,
Analytik Jena AG, Germany) and inductively coupled plasma mass
spectrometry (ICPMS; ICAP RQ, United States). The correlation
coefficient of the standard plot was >0.999, and three parallel
measurements were performed on each soil sample.

2.3 DNA extraction, PCR assay, and high-
throughput illumina sequencing

Total genomic DNA was extracted from approximately 5 g of soil
using the PowerSoil DNA Isolation Kit (MoBio Laboratories Inc.,
United States), following the manufacturer’s specifications and stored
at −70°C until further use. Samples were sent to Biomarker Co., Ltd.
(Biomarks, Beijing, China) and sequenced with reference to the Illumina
HiSeq platform (Illumina, San Diego, CA, United States). The raw data
were classified and analyzed according to the standard process. Primers
338F/806R and ITS1F/ITS2R were used to amplify the V3-V4 and

ITS1 regions of bacterial and fungal DNA, respectively. The polymerase
chain reaction (PCR) amplification procedure was performed as follows:
initial denaturation at 95°C for 5 min, followed by 35 cycles of
denaturation at 95°C for 30 s, annealing at 55°C for 30 s, extension
at 72°C for 1min, 35 cycles, and finally cooling to 4°C. Thereafter, 4 μL of
5× TransStart FastPfu buffer, 2 μL of 2.5 mM dNTPs (5 μM per primer),
0.4 μL of TransStart FastPfu DNA polymerase, template DNA (10 ng),
and doubly distilled H2O (up to 20 μL in three PCR runs) were added.
The PCR product was extracted from 2% agarose gel, purified with an
AxyPrep DNA gel extraction kit (Axygen Biosciences, Union City, CA,
United States) according to the manufacturer’s instructions, and then
purified with Quantus™. Quantification was performed with a
fluorescence analyzer (Promega, United States). MiSeq sequencing
was conducted at Majorbio Biomedical Technology Co., Ltd., in
Shanghai, using the Illumina MiSeq PE300 platform. Sequence data
were stored in the NCBI Sequence Read Archive (SRA) database.

2.4 Statistical analyses

Coverage, richness (Chao and ACE indices), and diversity (Shannon
and Simpson indices) were used to estimate the alpha diversity of each
sample. Principal component analysis (PCA) and redundancy analysis
(RDA) were performed using Canoco 5.0. To explore co-occurrence
patterns of bacterial and fungal phyla and five different Cd fractions,
Spearman’s correlations were analyzed through an online website
(https://www.omicstudio.cn). The data of soil physiochemical
properties are presented as mean ± standard deviation. Analysis of
variance and Pearson’s correction analysis were performed using SPSS
statistical software (version 17.0, IBM SPSS Inc.).

3 Results

3.1 Changes in soil physical and chemical
properties and soil cadmium fractions

Each treatment had significant effects on soil physicochemical
indices (Table 1). Compared with CK, the pH after treatments BD,
PD, and SD decreased by 6.52%, 7.82%, and 7.94%, respectively. EC,
OM, AN, AP, AK, ECa, and EMg were significantly increased

TABLE 1 Physicochemical properties of soil under different treatments.

Treatments
pH EC

(μS/cm)
OM
(mg/kg)

AN
(mg/kg)

AP
(mg/kg)

AK
(g/kg)

ECa
(cmol/kg)

EMg
(cmol/kg)

CEC
(cmol/kg)

CK 7.93 ±
0.17a

2171.3 ±
83.9e

42.8 ± 0.09e 180.5 ± 1.10e 102.6 ± 0.80e 1.53 ±
0.03d

35.9 ± 0.60d 5.28 ± 0.03e 4.57 ± 0.06b

BD 7.41 ±
0.01b

7151.7 ±
56.9a

46.1 ± 0.22d 273.7 ± 1.28b 138.1 ± 1.70c 3.12 ±
0.03a

42.7 ± 1.19a 7.88 ± 0.04b 4.60 ± 0.10b

PD 7.31 ±
0.06b

6760.7 ±
148.7b

82.8 ± 0.89a 250.5 ± 6.62c 123.1 ± 1.55d 2.26 ±
0.03b

42.1 ± 0.71 ab 7.37 ± 0.03c 4.69 ± 0.07b

SD 7.30 ±
0.03b

5148.0 ±
7.9c

56.9 ± 0.66b 389.5 ± 0.90a 176.3 ± 1.29a 2.28 ±
0.02b

39.9 ± 0.70c 8.69 ± 0.03a 5.07 ± 0.04a

AD 7.94 ±
0.11a

2647.3 ±
8.5d

49.8 ± 0.59c 220.1 ± 5.27d 143.7 ± 2.34b 1.97 ±
0.03c

40.9 ± 0.70bc 6.94 ± 0.07d 4.56 ± 0.08b

EC: conductivity, OM: organic matters, HN: hydrolyzable nitrogen, AP: available phosphate, AK: available available potassium, ECa: exchangeable calcium, EMg: exchangeable magnesium,

CEC: cation exchange capacity. Error represents the standard deviation; Different letters in the same line indicate significant differences at the P < 0.05 level.
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following treatments BD, PD, SD, and AD. In particular, BD
significantly increased EC, AK, and ECa, while SD significantly
increased AN, AP, EMg, and CEC.

The EX-Cd contents following treatments SD and AD were
significantly lower than that in the case of CK by 25.4% and 23.7%,
respectively, and the OX-Cd content following SD was 30.0% higher
than that in the case of CK (P < 0.05). Treatment PD significantly
increased the EX-Cd content compared with CK (P < 0.05). There
were no significant differences in the contents of CB-Cd, OM-Cd,
and RS-Cd components among the treatments (P > 0.05) (Figure 1).

Correlation analysis showed that EX-Cd was significantly
positively correlated with EC and negatively correlated with AP
(P < 0.05, Figure 2). RS-Cd was significantly positively correlated
with ECa. CB-Cd was significantly negatively correlated with OM,
AP, CEC, AN, and EMg, while significantly positively correlated
with pH. OM-Cd was significantly negatively correlated with ECa,
AK, and EC. OX-Cd was significantly negatively correlated with
ECa, Cd and EC, but significantly positively correlated with AP.

3.2 Effects of different RSD treatments on
soil microbial communities

Totals of 1,600,693 and 1,600,225 high-quality sequences of
bacterial 16S rRNA and fungal ITS were obtained by Illumina
NovaSeq sequencing. The alpha diversity index of each treatment
was statistically analyzed. At the 97% similarity level, the coverage of
each treatment was above 99.7%, indicating sufficient sequencing depth.
The operational taxonomic units (OTU) and the ACE and
Chao1 indices of soil bacterial communities following BD, PD, and
SD treatments were significantly lower than those in the case of CK (p >
0.05) (Table 2). SD was the highest in fungal community (Table 3).

Compared with CK, different organic material treatments
significantly regulated the composition of soil bacterial and fungal
communities at the phylum and genus levels (Figures 3, 4). At the
bacterial phylum level (Figure 3A), BD, PD, and SD significantly increased
the relative abundances of Bacteroidetes, Chloroflexi, and Deinococcus
Thermus, while those of Actinobacteria, Acidobacteria, and Patescibactera
were significantly decreased. At the genus level (Figure 3B), BD, PD, and
SD significantly increased uncultured-bacterium_f-anaerobic-bacterium-
MO-CFX2, uncultured-bacterium_f-Pseudomonadaceae, uncultured-
bacterium_f-Rhodothermaceae, Luteimonas (Abyssal Vine Yellow
Monascus), and uncultured-bacterium_o-SBR1031, while Chryseolinea,
uncultured-bacterium_cSubsgroup_6, and uncultured-bacterium_
cSubsgroup_6 um_cAlphaproteobject were slightly decreased. At the
phylum level (Figure 4A), the relative abundances of Basidiomycota
following BD, PD, and SD treatments were increased, while the
relative abundances of Ascomycota and Rozellomycota were decreased.
In terms of fungal genus level (Figure 4B), the relative abundances of
Acremonium and Mortierella following BD, PD, and SD treatments
increased, while the relative abundances of Botryotinia and
Remersonia decreased.

3.3 Correlation between soil
physicochemical composition or Cd fraction
and soil microbial community composition
at the phylum and genus levels

RDA was used to analyze the correlations between soil
environmental variables and microbial community structure
(Figure 5). In terms of environmental factors, pH was negatively
correlated with other environmental factors. In terms of soil
bacterial communities (Figure 5A), OM, EC, AK, and ECa were

FIGURE 1
Variation of five Cd fractions in all treatments. EX, exchangeable Cd fraction; CB, carbonate-boundCd fraction; OX, Fe/Mn oxide-boundCd fraction;
OM, organic-matter-bound Cd fraction; RS, residual Cd fraction.
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positively correlatedwith Planctomycetes, Firmicutes, andDeinococcus
Thermus. CEC, AN, AP, and EMg were positively correlated with
Bacteroidetes and Chloroflexi. There was a positive correlation

between pH and Proteobacteria, Gemmatimonadetes, Acidobacteria,
Actinobacteria, and Patescibacteria. In terms of soil fungal
communities (Figure 5B), EC, OM, and ECa showed highly

FIGURE 2
Pearson’s correlation analysis between environmental parameters and the Cd of five fractions. *Correlation is significant at the 0.05 level,
**Correlation is significant at the 0.01 level. EX, exchangeable Cd fraction; CB, carbonate-bound Cd fraction; OX, Fe/Mn oxide-bound Cd fraction; OM,
organic-matter-bound Cd fraction; RS, residual Cd fraction.

TABLE 2 The α diversity of soil bacterial community in each treatment.

Treatments OTU ACE Chao1 Simpson Shannon Coverage

CK 1144.5 ± 11.9a 1178.4 ± 10.7a 1195.6 ± 10.7a 0.9924 ± 0.0006a 8.582 ± 0.056a 0.9986 ± 0.0001a

BD 933.5 ± 34.4c 1045.4 ± 49.8b 1066.0 ± 46.9b 0.9705 ± 0.00437c 6.765 ± 0.169d 0.9973 ± 0.0003c

PD 978.5 ± 11.9b 1041.1 ± 15.3b 1058.8 ± 14.8b 0.9708 ± 0.0037c 7.008 ± 0.121c 0.9980 ± 0.0001b

SD 996.5 ± 23.4b 1052.2 ± 19.0b 1060.2 ± 21.5b 0.9770 ± 0.0022b 7.265 ± 0.082b 0.9982 ± 0.0002b

AD 1140.5 ± 28.9a 1170.5 ± 28.0a 1182.0 ± 24.3a 0.9924 ± 0.0011a 8.532 ± 0.098a 0.9987 ± 0.0002a

Error represents the standard deviation; Different letters in the same line indicate significant differences at the P < 0.05 level.

TABLE 3 The α diversity of soil fungal community in each treatment.

Treatments OTU ACE Chao1 Simpson Shannon Coverage

CK 391.3 ± 22.5b 408.6 ± 22.3b 422.9 ± 22.7a 0.9248 ± 0.0096a 4.807 ± 0.216a 0.9995 ± 0.0000ab

BD 412.8 ± 19.0ab 428.9 ± 18.4ab 442.9 ± 22.6a 0.8265 ± 0.1279ab 4.384 ± 0.893ab 0.9995 ± 0.0002ab

PD 403.3 ± 22.3 ab 435.9 ± 18.1 ab 441.3 ± 17.2a 0.8985 ± 0.0463a 4.520 ± 0.611ab 0.9993 ± 0.0002b

SD 431.8 ± 30.0a 446.4 ± 26.6a 459.4 ± 30.0a 0.8879 ± 0.0892a 4.999 ± 1.187a 0.9996 ± 0.0001a

AD 385.0 ± 18.5b 414.8 ± 25.6ab 423.2 ± 23.1a 0.7424 ± 0.0501b 3.491 ± 0.282b 0.9993 ± 0.0002b

Error represents the standard deviation; Different letters in the same line indicate significant differences at the P < 0.05 level.
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positive correlations with Basidiomycota, Mortierellomycota, and
Rozellomycota. AP, AN, AK, EMg, and CEC were positively
correlated with Basidiomycota and Olpidiomycota, but negatively
correlated with Ascomycota. pH was positively correlated with
Ascomycota and Chytridiomycota, and negatively correlated with
other phylum species.

The 11 phyla of Bacteriae were divided into four subclasses
(Figure 6A), among which subclass 1 was negatively correlated
with RS-Cd, while subclasses 2 and 4 were positively correlated
with RS-Cd. Gemmatimonadetes showed a significant negative

correlation with EX-Cd, while Proteobacteria showed a
significant positive correlation with EX-Cd. Firmicutes were
negatively correlated with OM-Cd. OX-Cd was significantly
positively correlated with Chloroflexi and negatively correlated
with Actinobacteria. As regards the phyla (Figure 6B), RS-Cd was
significantly negatively correlated with Basidiomycota and
positively correlated with Ascomycota. EX-Cd was positively
correlated with Basidiobolomycota. OX-Cd was significantly
positively correlated with Basidiomycota and negatively
correlated with Ascomycota.

FIGURE 3
Taxonomic composition of bacterial communities. (A) Classification composition of soil bacterial communities at phylum level under different
treatments; (B) taxonomic composition of soil bacterial communities at genus level under different treatments.

FIGURE 4
Taxonomic composition of fungal community. (A) Taxonomic composition of soil fungal communities at phylum level under different treatments;
(B) taxonomic composition of soil fungal communities at genus level under different treatments.
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3.4 Plant biomass and element uptake status

As can be seen from Figures 7, 8, the addition of all organic
materials significantly decreased the biomass of lettuce (P < 0.05),
with decreases in the range 14.31%–83.77%. Treatment SD showed
the smallest decline.

The contents of the main elements in the ground parts following
each treatment were analyzed (Figure 9). For Cd (Figure 9A), the
contents after treatment were: AD (2.65 g kg–1) > CK (2.33 g kg–1) >
SD (0.59 g kg–1) > BD (0.24 g kg–1) > PD (0.33 g kg–1). Thus,

treatments BD, PD, and SD reduced the Cd content by 89.75%,
85.91%, and 74.76%, respectively, compared with CK. Each
treatment significantly increased the P content in lettuce
compared with CK (Figure 9B), by 46.71%, 79.05%, 33.84%, and
38.41% with BD, PD, SD, and AD, respectively. The Fe content
following AD treatment increased compared with that in the case of
CK (Figure 9C), whereas the other treatments decreased it by
20.09%–55.02%. Compared with CK, treatments BD, PD, and SD
significantly increased the Ca contents by 338.02%, 363.02%, and
92.19% (P < 0.05), respectively (Figure 9D). The trends in Mg and

FIGURE 5
Redundancy analysis (RDA) at the phylum level. (A) RDA of bacterial communities based on relative abundances at phylum level and soil properties of
individual samples; (B) RDA of fungal communities based on relative abundances at phylum level and soil properties of individual samples. Each value
represents the mean of three replicates.

FIGURE 6
Heat maps of the Spearman correlation coefficient. (A) Heat map of the Spearman correlation coefficient between Cd fractions and abundant
bacterial phyla; (B) heat map of the Spearman correlation coefficient between Cd fraction and abundant fungal phyla. UC denotes unclassified.
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Ca contents following each treatment were similar (Figure 9E).
Treatments BD, PD, and SD significantly increased the Mg contents
by 212.26%, 226.32%, and 117.53%, respectively. The contents of Fe
and Cu following each treatment showed no significant changes
(Figures 9F, G). There was no significant difference between BD and
CK, except that Zn content was increased following BD
treatment (Figure 9F).

4 Discussion

4.1 Relationship between soil
physicochemical parameters changed by
RSD treatment and Cd composition

By adding organic matter and subjecting mixtures to anaerobic
fermentation, RSD can significantly change the physical and
chemical properties of soil in a short time (Zhu et al., 2022). The

physical and chemical properties of soil are closely related to the Cd
content, and pH has been found to be one of the key influencing
factors that seriously affects its immobilization process (Chen et al.,
2019; Muhammad et al., 2012). In this study, with the exception of
AD, the other three RSD treatments reduced the pH of alkaline soil
(Table 1), most notably SD treatment. This is contrary to previous
results of a pH increase after RSD treatment of acidic soil (Li et al.,
2021; Meng et al., 2019). In accordance with previous studies, it was
found that the change of soil pH after RSD treatment depended on
its original pH. That is to say, after RSD treatment, the pH of a soil
with an initially high value (pH > 6.0) tended to decrease (Momma
et al., 2006; Huang et al., 2015), whereas that of a soil with an initially
low value (pH < 5.0) tended to increase (Butler et al., 2012; Butler
et al., 2014; Meng et al., 2019). Anaerobic decomposition of organic
matter to produce organic acids may lead to a decrease in pH,
especially in sandy soils with low buffering capacity (Butler et al.,
2012). Therefore, RSD plays an important role in regulating soil pH.
OM was seen to be significantly negatively correlated with CB-Cd.

FIGURE 7
Comparison of lettuce biomass among different treatments. Error bars indicate the standard deviations of the means of four replicates. Different
letters represent significant differences at P < 0.05 according to Duncan’s multiple range test.

FIGURE 8
Growth status of lettuce among different treatments.

Frontiers in Environmental Science frontiersin.org08

Sun et al. 10.3389/fenvs.2024.1465882

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1465882


Shen et al. (2020) also proved that after adding organic fertilizer, the
redox state of soil changed, and the Cd contents of EX-Cd, CB-Cd,
and other components decreased significantly. It was further found
that soil pH significantly affected the differences in soil enzyme

activity and bacterial community or function, which eventually led
to changes in soil Cd immobilization and Fe or S reaction (Wang
et al., 2020). Suleiman et al. (2013) found that changes in soil
pH could directly or indirectly affect many soil characteristics

FIGURE 9
Contents of main elements in lettuce. (A)Cd; (B) P; (C) K; (D)Ca; (E)Mg; (F) Fe; (G)Cu; (H) Zn. Different letters represent significant differences at P <
0.05 according to Duncan’s multiple range test.
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(such as nutrient availability, cationic metal solubility, and organic
carbon characteristics), and that these factors might further drive
changes in microbial community composition. This is consistent
with our finding that RSD reduces soil pH while also enhancing the
availability of N, P, K, Ca, and Mg. The increase of macronutrients
and their availability may stem directly from the anaerobic
degradation of organic materials (Meng et al., 2019), or indirectly
from the enhancement of nutrient cycling (Yang et al., 2021).
Changes in soil chemical properties after RSD treatment may be
related to soil background, the type of organic matter applied, and
the application amount (Di Gioia et al., 2017). Therefore, we
hypothesize that different types of organic materials in these
experiments have different effects on soil properties (such as pH)
and nutrient availability and total, as well as microbial communities,
resulting in differences in lettuce growth and nutrient
element contents.

4.2 Effects of microbial community changes
on Cd speciation following RSD treatment

Microorganisms are an important part of soil ecosystems and a
key factor in the functional stability and integrity of soil (Kennedy
and Smith, 1995). In this study, we found that BD, PD, and SD
treatments reduced the richness and diversity of bacteria, at variance
with the results of previous studies (Yao et al., 2016). According to
previous studies, the decrease in bacterial diversity may be caused by
an increase in the proliferation of some dominant microorganisms
(Huang et al., 2017). For example, some strains can produce
compounds that are toxic to pathogens under anaerobic
conditions, such as indole, cresol, and some other phenolic
compounds (Mowlick et al., 2013). In contrast, the fungal
diversity following BD, PD, and SD treatments increased
significantly, which may have been due to an increase in some
functional fungal populations, such as Basidiomycota members
(Messiha et al., 2007). In addition, RSD led to marked changes in
microbial community composition, which in this study were driven
by changes in soil environmental factors such as pH, EC, TN, and
AN. Previous studies have indicated that Fe(III) minerals can be
reduced by Fe(III)-reducing bacteria (FeRB) (such as Firmicutes)
(Burkhardt et al., 2010; Burkhardt al., 2011; Francis and Dodge,
1990; Muehe et al., 2013). Our study indicated that the abundances
of Bacteroidetes, Firmicutes, Gemmatimonadetes, and Chloroflexi
following RSD treatment were significantly higher than in the case of
CK. Studies have shown that bio-bacterial fertilizer can effectively
alleviate Cd toxicity and promote the growth of beneficial groups
such as Proteobacteria, Bacteroidetes, Gemmatimonadetes, and
Firmicutes (Wang M. et al., 2019), thereby significantly increasing
rice biomass and reducing Cd concentration in tissues. These results
suggest that microorganisms involved in Firmicutes and
Gemmatimonadetes may partake in the fixation of Cd in co-
contaminated soil by promoting the reduction of Fe(III) after
RSD treatment or resisting Cd, which is similar to the conclusion
of Li et al. (2021). Furthermore, RDA showed pH to be an important
factor affecting microbial community changes (Figure 5), consistent
with the results of Kim et al. (Kim et al., 2016), indicating that soil
pH is strongly correlated with microbial richness and diversity.
Interestingly, we found Gemmatimonadetes to be significantly

negatively correlated with EX-Cd (Figure 6), further suggesting
that it may have a positive effect on the fixation of Cd in
contaminated soil, which was also surmised by Wang M.
et al. (2019).

5 Conclusion

In general, the four organic materials selected for these
experiments all reduced the pH of alkaline soil, increased the soil
organic matter, and increased the availability of the pertinent
elements. SD and AD treatments significantly reduced the EX-Cd
contents in soil by 25.4% and 23.7%, respectively. SD treatment
significantly increased the number of soil fungal OTU, and
Gemmatimonadetes showed a significant negative correlation with
EX-Cd, indicating that it may have a positive effect on Cd fixation in
contaminated soil. SD treatment significantly reduced the Cd
content of lettuce by 74.76%, without affecting the crop yield.
This study has shown that RSD can reduce Cd activity by
improving soil characteristics and changing microbial community
composition. In particular, SD treatment reduced Cd accumulation
with no reduction in lettuce crop yield, offering good
application prospects.
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