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Abstract: Employing crop cultivars with low cadmium (Cd) accumulation and high yield is
an effective strategy for the sustainable and safe utilization of Cd-contaminated farmland.
However, the current understanding of peanut cultivars, particularly under field condi-
tions, is limited. This study identified low-Cd cultivars and their rhizosphere microbial
characteristics in acidic and alkaline fields with moderate Cd contamination. The results
indicated that cultivars LH11, FH1, LH14, and YH9414 exhibited low Cd accumulation
and high yield, with kernel Cd content reduced by 27.27% to 47.28% and yield increased
by 9.27% to 14.17% compared with cultivar SLH. Among them, FH1 was validated to
achieve safe production in two fields. A unique microbial community was formed by the
recruitment of diverse microbes, such as Alphaproteobacteria, Acidobacteria, Gemmati-
monadetes, and Chloroflexi, to the rhizosphere soil of FH1, which might be associated
with Cd immobilization and the promotion of plant growth. Functional predictions further
validated these findings, revealing enhanced functional pathways in the FH1 rhizosphere
related to microbial proliferation, Cd stabilization, and detoxification. This study provides
valuable germplasm resources for safe agriculture of Cd-polluted soils and elucidates the
rhizosphere microbial characteristics of different peanut cultivars under field conditions.
These findings are important for the targeted management of contaminated farmland and
ensuring safe food production.

Keywords: genotypic variation; cadmium accumulation; bioconcentration factor; rhizosphere
bacterial community; functional predictions

1. Introduction
Cadmium (Cd) is a nonessential element with significant toxicity risks to human. The

increase in industrial activities and widespread agrochemical use have greatly aggravated
Cd contamination in soils [1,2]. Cd can be taken up by plants through their root system,
affecting normal growth, and severely hindering the advancement of sustainable agricul-
ture [3,4]. Cd in crops can enter animals and humans through the food chain, leading to
various health issues [3]. Consequently, various strategies have been adopted to minimize
Cd content in the edible parts of crops [5–7]. Among these strategies, low-Cd-accumulating
cultivars (LACs) stand out due to their advantages of sustainability, no secondary contami-
nation, and low cost [8]. The adoption of LACs effectively reduces the Cd content in the
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grains of crops such as rice, wheat, and soybean [9–11]. However, research on peanuts
remains insufficient, and the selection of suitable peanut cultivars for Cd-contaminated
farmland is still significantly limited.

Peanut (Arachis hypogaea L.) is a widely cultivated oil crop with nutrient-rich kernels
that is known for its high protein content, healthy fat content, and diverse culinary ap-
plications [12]. In China, peanuts hold a crucial position in food and oil production as
well as in agricultural exports. According to the China Statistical Yearbook 2024, China’s
peanut planting area in 2023 reached 4798 thousand hectares, with an annual production
of 19.231 million tons. However, peanuts have been found to be contaminated with vary-
ing levels of potentially toxic elements [13,14]. Studies have indicated that peanuts have
greater accumulation capacity for Cd than other potentially toxic elements, and a greater
capacity in comparison with other crops in polluted areas [15,16]. This phenomenon poses
a consumption risk when peanuts are grown in Cd-contaminated soil. Increasing evidence
suggests that Cd accumulation differs significantly among peanut cultivars [17–19]. This
makes it possible to screen LACs of peanuts. In previous studies, we have made some
progress in screening peanut cultivars with different Cd-accumulation characteristics under
acidic soil conditions [18,20]. However, given the potential uncertainty of Cd-accumulation
characteristics across different environmental conditions, further screening of cultivars in
diverse environments is necessary. More critically, most efforts to screen peanut cultivars
have relied primarily on pot experiments, with limited attention given to field-based screen-
ing in real growing environments [20–22]. Moreover, in actual production, yield is directly
related to farmers’ economic benefits. Therefore, conducting in-depth studies on peanut
cultivars with both low Cd accumulation and high yield under actual field conditions
is essential for safeguarding agricultural production and promoting the sustainability of
agricultural systems.

LACs typically resist Cd in polluted soil by activating their defense mechanisms and
regulating their interaction with the environment [23]. The rhizosphere, as a complex zone
where plant roots, soil, and microbes interact, plays a crucial role in the accumulation
of Cd [24]. Peanuts primarily absorb Cd from the soil through their roots, and peanut
cultivars with varying Cd accumulation characteristics may present significant differences
in rhizosphere environments [25]. Advances in high-throughput sequencing technologies
and analytical approaches have offered powerful tools for the study of rhizosphere microor-
ganisms [26]. Studies on other crops have demonstrated that differences in root exudates
among cultivars can regulate the composition and function of rhizosphere bacterial commu-
nities [27,28]. To cope with Cd stress, LACs may enhance plant Cd tolerance and promote
growth by recruiting beneficial microorganisms [23]. Some microorganisms have been
found to directly or indirectly participate in Cd stabilization, thereby reducing Cd uptake by
plants [28]. However, the rhizosphere soil microbial characteristics of low-Cd-accumulation
peanut cultivars remain poorly understood. An understanding of the rhizosphere microbial
characteristics of peanuts is crucial for advancing peanut cultivar development and the
targeted regulation of Cd uptake in crops.

This study investigated the Cd-accumulation characteristics and rhizosphere microen-
vironment of different peanut cultivars with the following aims: (1) to identify valuable
high-yield LACs of peanuts for farmland with low-to-moderate-Cd pollution; (2) to dis-
cover differences in the rhizosphere microenvironment among peanut cultivars; and (3) to
elucidate the rhizosphere microorganisms and their functional characteristics in relation to
LACs. In summary, this study offers germplasm resources for the safe utilization of Cd-
polluted farmland and offers a scientific basis for targeted regulation, which will strongly
safeguard human health and promote sustainable agriculture.
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2. Materials and Methods
2.1. Experimental Setup and Sample Collection

Field trials were conducted over two years in two fields with different soil properties
in Shandong Province, China. The soil texture of Field I was silty loam, with a pH of
8.22 ± 0.04, electrical conductivity (EC) of 150 ± 11 µs cm−1, soil organic matter (SOM)
content of 34.51 ± 1.96 g kg−1, and total Cd content of 1.39 ± 0.20 mg kg−1. The soil texture
of experimental Field II was silty clay loam, with a pH of 5.99 ± 0.79, EC of 45 ± 7 µs
cm−1, SOM content of 25.29 ± 2.66 g kg−1, and total Cd content of 0.36 ± 0.09 mg kg−1.
According to GB15618-2018 [29], both fields were at risk of moderate soil contamination.
In the first year, a screening experiment involving 30 peanut cultivars was conducted in
Field I. Detailed information on the peanut cultivars is listed in Supplementary Table S1.
The experimental farmland was divided into 90 experimental plots (2 m by 3 m each) in
a completely randomized design, with each of the 30 peanut cultivars replicated three
times. Based on previous studies and the results from Field I, the low-Cd cultivar FH1
and the high-Cd cultivar SLH were selected to validate Cd accumulation in Field II. Each
peanut cultivar was replicated three times in a randomized trial design, with Field II
containing six experimental plots (3.25 m × 2.5 m each). Each experimental plot in each
field was configured with two ridges, with two peanut seeds planted per hole on each
side of the ridge. The plots were spaced 0.5 m apart and surrounded by a 2 m buffer zone
to minimize interference from adjacent plots. Both experiments used specialized peanut
fertilizer as a base fertilizer prior to planting, in accordance with local agricultural practices
for peanut management.

After peanut ripening, peanut and corresponding soil samples were collected syn-
chronously via the five-point sampling method (NY/T 395-2012) [30]. Ten peanut plants
were harvested from each experimental plot, and their pods were carefully collected. After
shaking off the bulk soil from the peanut root zone, the soil remaining attached to the roots
was collected [31]. A part of each sample was air-dried to determine the soil properties.
The rest was transported under dry ice conditions and preserved at −80 ◦C for subsequent
microbial analyses.

2.2. Sample Preparation and Analytical Methods

The peanut pods were cleaned and air-dried, and their kernels were collected for
yield determination. The kernels were dried in an oven at 65 ◦C until they reached a
constant weight, and then ground into powder. Approximately 0.3000 g of the sample
was digested with an HNO3–HClO4 mixture (3:1, v/v) [20]. Following the method of
GB 5009.15–2014 [32], the digested solution was then diluted to a final volume of 25 mL and
filtered to determine the Cd concentration via an iCE 3500 atomic absorption spectrometer
(Thermo Scientific, USA). Reference materials GBW(E)100718 (peanut) and P14239 (beans)
were used for quality control, along with blanks.

The air-dried soils were ground through a 10-mesh nylon sieve to determine the soil
pH and EC. The soil pH (HJ 962–2018) [33] and EC [34] were measured via a pH meter and
a conductivity meter, respectively. The soil samples were subsequently ground and passed
through a 60-mesh sieve. A portion of the samples was used to determine the SOM, while the
remainder was further ground through a 100-mesh sieve for total Cd analysis. The SOM was
measured with reference to the method in NY/T 1121.6-2006 [35]. The total Cd was determined
as described by Bai et al. (2023a) [36] and GB/T 17141-1997 [37]. In brief, approximately
0.2000 g of sample was digested in a fully automatic graphite digestion apparatus with
sequential additions of 10 mL HNO3, 5 mL HF, and 2 mL HClO4. After digestion, the solution
was diluted to a final volume of 25 mL and filtered, and the Cd concentration in the filtrate was
determined via the iCE 3500 atomic absorption spectrometer [36]. Soil standard substances



Sustainability 2025, 17, 626 4 of 18

and blank samples were utilized for quality control during the soil analysis procedure. The
soil standards used were GBW07416b (ASA-5b) for the pH, EC, and SOM, and GBW07982
(GSS-40) and GBW07555 (GSS-64) for the total Cd.

Soil samples preserved at −80 ◦C were used for 16S rRNA gene sequencing. First, the
soil bacterial DNA was extracted via the TIANamp Soil DNA Kit. The V4 region of the
bacterial 16S rRNA gene was amplified via PCR using the primer pairs of 515F/806R (515F:
5′-GTGCCAGCMGCCGCGGTAA-3′, 806R: 5′-GGACTACHVGGGTWTCTAAT-3′) [38].
The PCR conditions involved initial denaturation at 98 ◦C for 1 min, followed by 30 cycles
of 98 ◦C for 10 s, 50 ◦C for 30 s, and 72 ◦C for 30 s, with a final extension at 72 ◦C for 5 min.
The PCR amplicons were purified via magnetic beads and recovered with a Universal DNA
Purification Kit (TIANGEN, Beijing, China). Libraries were constructed via the NEBNext®

UltraTM II DNA Library Prep Kit for Illumina® (New England Biolabs, Ipswich, MA, USA).
The quantified libraries were then sequenced via paired-end (PE250) technology on the
NovaSeq 6000 platform at Novogene Co., Ltd. (Beijing, China).

2.3. Statistical and Bioinformatic Analyses

The bioconcentration factor (BCF) of peanuts was calculated in Microsoft Excel 2019
as the ratio of the Cd content in the kernels to that in the soil. A higher BCF indicates a
greater accumulation capacity and increased consumption risk. The peanut cultivars were
classified according to their BCF values via the hierarchical clustering method implemented
in SPSS 27.0. Normality tests were performed via SPSS 27.0, followed by either Student’s
t-test (parametric) or the Wilcoxon rank-sum test (nonparametric) to compare differences
in various indicators between the two cultivars. Spearman’s correlation analysis was
conducted via R software (v.4.3.3) to elucidate the relationships between environmental
factors and Cd-accumulation characteristics.

The microbiome bioinformatics data were analyzed via EasyAmplicon [39], with se-
quences processed via VSEARCH [40] and USEARCH [41] for merging, primer removal,
quality control, and dereplication. Denoising was conducted via UNOISE3 to generate
amplicon sequence variants (ASVs) (Supplementary Table S3). Taxonomic annotation
was performed via the Silva database [42,43], with the removal of chimeras, mitochon-
dria, chloroplasts, and archaea (Supplementary Table S3c). Principal coordinate analysis
(PCoA) with Bray–Curtis distances was conducted to analyze bacterial differences be-
tween samples, with statistical testing performed via permutational multivariate analysis
of variance (PERMANOVA). Alpha diversity was analyzed via the “vegan” package [44].
Differential ASVs were analyzed using the “EdgeR” package (Benjamini–Hochberg false
discovery rate (FDR) adjusted p < 0.01). Biomarkers distinguishing the peanut cultivars
were identified via the linear discriminant analysis effect size (LEfSe) on the “imageGP”
online platform [45]. Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt2) analysis was conducted on the “Wekemo Bioincloud” online
platform [46]. Subsequent analyses of the output profiles from PICRUSt2 were conducted
via the “ggpicrust2” package [47]. Differential abundance analysis (FDR adjusted p value
< 0.05) was carried out via DESeq2. All the statistical and bioinformatics results were
visualized via Origin 2021 and R software (v.4.3.3).

3. Results
3.1. Identification of High- and Low-Cadmium-Accumulating Peanut Cultivars Based on
Bioconcentration Factors

This study investigated the Cd-accumulation characteristics of 30 peanut cultivars
in Field I, an alkaline Cd-contaminated farmland (Supplementary Figure S1). The results
revealed variations in the Cd content in the kernels and yield characteristics among the
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peanut cultivars (Figure 1a,b). The Cd content in the kernels ranged from 0.11 mg kg−1

to 0.27 mg kg−1, remaining below the standard limit (0.5 mg kg−1, GB 2762-2022 [48])
(Figure 1b). Correlation analysis indicated that the Cd content in the peanut kernels
was significantly positively correlated with the total Cd content in the soil (Figure 1c).
However, the total Cd content in the soil varied across the experimental plots, ranging from
0.98 mg kg−1 to 1.77 mg kg−1 (Supplementary Table S2a). Therefore, the BCF of peanuts in
each experimental plot was calculated to screen the cultivars. Cluster analysis of the BCF
values was performed to classify the cultivars into three categories. The results revealed
that YH9414, WH8, LH14, SNH26, LH11, YH8, HY32, HY16, HH1, FH1, and 9616 were
classified as low-Cd-accumulating cultivars, whereas HY25, SF1580, HY20, YWF, BS1016,
LH8, and SLH were classified as high-Cd-accumulating cultivars. The remaining cultivars
were classified as medium-Cd (Figure 1d). Peanut cultivars in the low-Cd group presented
BCF values below 0.126, whereas those in the high-Cd group had BCF values above 0.160
(Supplementary Table S2b). In combination with yield characteristics (Figure 1a), LH11,
FH1, LH14, and YH9414 were screened as low-Cd and high-yield cultivars and were
recommended for cultivation in alkaline fields with mild to moderate Cd contamination.
Compared with cultivar SLH, the Cd content in the kernels of these cultivars was reduced
by 27.27% to 47.28%, and the yield increased by 9.27% to 14.17%.
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Figure 1. Identification of peanut cultivars with low-Cd-accumulation characteristics. (a) Yield
characteristics and hierarchical clustering of 30 peanut cultivars in Field I. (b) Cd content in the
kernels of 30 peanut cultivars in Field I. (c) Spearman correlation analysis between the cadmium-
accumulation characteristics and soil environmental factors (* p < 0.05, ** p < 0.01, *** p < 0.001).
(d) Bioconcentration factor (BCF) and hierarchical clustering of 30 peanut cultivars in Field I. (e) The
Cd content in kernels and (f) BCF of FH1 were significantly lower than those of SLH (* p < 0.05,
** p < 0.01; t-test). The red line represents the limit value of 0.5 mg kg−1 in GB 2762-2022 [48].
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FH1, identified as a low-Cd-accumulating cultivar, and SLH, identified as a high-Cd
accumulator, were studied under different environmental conditions to determine their
Cd-accumulation stability. The results showed that the kernel Cd content and BCF of both
cultivars were higher in Field II than in Field I. In Field I, FH1 had a significantly lower
kernel Cd content and BCF than did SLH (Figure 1e,f). In Field II, the results indicated that
the average BCF of FH1 was 0.99, which was significantly lower than that of SLH (Figure 1f).
The kernel Cd content of SLH exceeded the standard limit (0.5 mg kg−1, GB 2762-2022 [48])
and was significantly greater than that of FH1 (Figure 1e). The average Cd content in FH1
kernels was 0.34 mg kg−1, indicating safe production in this farmland. In both Field I
and Field II, FH1 consistently presented a lower kernel Cd content and BCF than SLH did.
These findings make the two cultivars promising candidates for further investigation of the
characteristics of rhizosphere microbial differences.

3.2. Differences in Rhizosphere Bacterial Communities Between Peanut Cultivars
3.2.1. Bacterial Diversity and Composition Differences

The rhizosphere bacterial communities of FH1 (low-Cd) and SLH (high-Cd) cultivars
were analyzed to explore diversity and composition differences. The rarefaction curve
leveled off, suggesting that the sequencing depth was sufficient for capturing the bacterial
diversity (Supplementary Figure S2a). PCoA and PERMANOVA revealed significant
distinctions in the community structures of FH1 and SLH (Figure 2c). The ACE, Shannon,
and Chao1 indices demonstrated that the α diversity in FH1 was greater than that in
SLH, reaching statistical significance in Field I (Figure 2a,b and Supplementary Figure S2b).
These findings indicated that the FH1 rhizosphere recruited more microbial species than
did the SLH rhizosphere. Furthermore, FH1 showed no significant differences in the
Shannon and ACE indices between fields, while SLH exhibited significant differences
(p < 0.05). The dominant bacterial phyla (with relative abundance > 1%) are shown in
Figure 2d. Results indicated that these phyla accounted for more than 95% of the total
abundance. Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, Planctomycetes,
Bacteroidetes, and Gemmatimonadetes were identified as the major dominant bacterial
phyla in the rhizosphere of FH1 and SLH across both fields. Additionally, in Field I, the
dominant bacterial phyla of FH1 also included Nitrospirae and Verrucomicrobia, while
Firmicutes were dominant in SLH. In Field II, the dominant bacterial phyla of FH1 also
included Verrucomicrobia, Nitrospirae, Saccharibacteria, and Armatimonadetes, whereas
SLH included Verrucomicrobia, Firmicutes, Armatimonadetes, and Saccharibacteria.

There were differences in the abundance of the dominant bacterial phyla between
different peanut cultivars in the two fields (Figure 3). For FH1, the relative abundance of
Actinobacteria was more abundant in Field II, while for SLH, the relative abundance of
Proteobacteria was more abundant in Field I, and Gemmatimonadetes was more abundant
in Field II. The results showed that, regardless of whether in Field I or Field II, the relative
abundance of Proteobacteria in the FH1 rhizosphere was lower than that of SLH, while
the relative abundances of Acidobacteria, Actinobacteria, Chloroflexi, Planctomycetes, and
Gemmatimonadetes were higher in FH1. In Field I, significant differences (p < 0.05) in the
relative abundances of bacterial phyla between the two cultivars were observed for Pro-
teobacteria (FH1: 36.43 ± 2.06%, SLH: 81.93 ± 12.12%), Acidobacteria (FH1: 22.37 ± 1.02%,
SLH:3.25 ± 2.12%), Bacteroidetes (FH1: 5.31 ± 1.26%, SLH: 1.89 ± 0.48%), Chloroflexi (FH1:
6.96 ± 1.08%, SLH: 1.36 ± 1.05%), Planctomycetes (FH1: 5.95 ± 0.78%, SLH: 1.56 ± 0.99%),
and Gemmatimonadetes (FH1: 8.05 ± 0.19%, SLH: 1.39 ± 0.76%). In Field II, a significant
difference was observed for Chloroflexi (FH1: 8.62 ± 1.98%, SLH:3.96 ± 1.53%).
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3.2.2. Bacterial Composition Differences at the ASV Level

The differences at the ASV level between the FH1 and SLH bacterial communities
were analyzed to highlight specific compositional variations. First, the volcano plot
demonstrated the number of ASVs enriched in the rhizosphere of FH1 and SLH (FDR
adjusted p < 0.01). The number of ASVs enriched in the FH1 rhizosphere greatly ex-
ceeded that enriched in the SLH rhizosphere in both Field I and Field II (Figure 4a,b and
Supplementary Table S4a,b). Second, the taxonomy of the enriched ASVs was analyzed
and illustrated via Manhattan plots (Figure 4c,d). The results showed that in Field I, a total
of 229 bacterial ASVs were enriched in the FH1 rhizosphere. The predominant microbial
taxa (with more than 3 ASVs) were Proteobacteria (71 ASVs), Acidobacteria (53 ASVs),
Chloroflexi (21 ASVs), Actinobacteria (19 ASVs), Gemmatimonadetes (19 ASVs), Plancto-
mycetes (13 ASVs), Bacteroidetes (12 ASVs), Nitrospirae (7 ASVs), and Armatimonadetes
(5 ASVs). In the SLH rhizosphere, a total of 54 bacterial ASVs were enriched, with the
predominant microbial taxa being Firmicutes (16 ASVs), Proteobacteria (15 ASVs), Acti-
nobacteria (10 ASVs), and Bacteroidetes (4 ASVs). In Field II, a total of 125 bacterial ASVs
were enriched in the FH1 rhizosphere. The dominant microbial taxa were Acidobacteria
(43 ASVs), Proteobacteria (31 ASVs), Chloroflexi (13 ASVs), Gemmatimonadetes (11 ASVs),
Bacteroidetes (8 ASVs), Verrucomicrobia (6 ASVs), and Planctomycetes (4 ASVs). In the SLH
rhizosphere, a total of 22 bacterial ASVs were enriched, with the predominant microbial
taxa being Proteobacteria (10 ASVs), Bacteroidetes (6 ASVs), and Firmicutes (4 ASVs).

 
  Figure 4. Differences in the abundances of rhizosphere bacteria between FH1 and SLH at the ASV
level. (a–d) Volcano and Manhattan plots displaying the number and taxonomic annotations of
enriched ASVs in the FH1 and SLH rhizospheres in Field I (a,c) and Field II (b,d), respectively. Each
dot or triangle represents an ASV, with differential analysis results performed via edgeR. Different
colors in the volcano plot and various triangular shapes in the Manhattan plot represent enriched
ASVs in FH1 or SLH rhizospheres (FDR-adjusted p < 0.01). The ASVs in the Manhattan plot are
colored according to their phylum level.

3.3. Biomarkers Among Different Cultivars

Linear discriminant analysis was used to estimate the relative influence of species
that exhibited statistically significant differences between FH1 and SLH (Figure 5 and
Supplementary Table S5). A cladogram was constructed to illustrate these differential
species and their evolutionary relationships (Supplementary Figure S3). Specifically, in
Field I, Gemmatimonadetes (from phylum to family Gemmatimonadaceae), Acidobacteria
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(from phylum to order Subgroup_6), and Alphaproteobacteria (class) were enriched in the
FH1 rhizosphere, whereas Proteobacteria (from phylum to genus Achromobacter and genus
Escherichia_Shigella) were enriched in the SLH rhizosphere. In Field II, Nitrosomonadales
(order), Nitrosomonadaceae (family), Subgroup_6 (order), and Chloroflexi (phylum) were
enriched in the FH1 rhizosphere, whereas Proteobacteria (from phylum to genus Burkholde-
ria) and Gammaproteobacteria (class) were enriched in the SLH rhizosphere. In both fields,
Subgroup_6 (order) was enriched in the FH1 rhizosphere, whereas Proteobacteria (from
phylum to order Burkholderiales) and Gammaproteobacteria (class) were enriched in the
SLH rhizosphere. 

2 

 
  Figure 5. Biomarkers in the rhizosphere of FH1 and SLH in Field I (a) and Field II (b). Microbes

marked with an asterisk (*) are unassigned at that taxonomic level and indicate their highest assigned
taxonomic level.

3.4. Functional Prediction Among Different Cultivars

To explore the functional potential of soil bacterial communities, we employed PI-
CRUSt2, an advanced bioinformatics tool, to enhance functional prediction analysis on
the basis of 16S rRNA gene amplicon data [49]. In this study, a total of 7303 functions
were predicted and arranged into a three-level hierarchy of related functional pathways
via the KEGG database (Supplementary Table S6a,b). The first classification level consisted
of 6 functional pathways, which included 47 s-level functional pathways (Figure 6a and
Supplementary Figure S4). PCoA revealed functional separation among the rhizosphere
bacterial communities of different peanut cultivars (Figure 6b). The analysis revealed
262 and 68 differential functional pathways between FH1 and SLH in Field I and Field II,
respectively (BH correction, p < 0.05) (Supplementary Table S6c,d). The overlap of these
differential functional pathways in FH1 or SLH across both fields is shown in Supple-
mentary Table S6e. Figure 6c highlights the overlapping differential pathways with an
average relative abundance exceeding 0.4%, specifically those related to environmental
information processing, metabolism, and genetic information. Among these pathways,
those with relatively high relative abundances of SLH across both fields included ABC
transporters, sulfur metabolism, beta-Alanine metabolism, and limonene and pinene degra-
dation. In FH1, significant differences were observed in several key genetic information
and metabolic pathways. Specifically, the genetic information pathways included DNA
replication and repair (encompassing homologous recombination, nucleotide excision
repair, and mismatch repair), RNA degradation, protein export, aminoacyl-tRNA biosyn-
thesis, and ribosome (Figure 6c and Supplementary Table S6e). In terms of metabolic,
functional pathways involved in the synthesis of amino acids and secondary metabo-
lites, carbohydrate metabolism, energy metabolism, and the metabolism of cofactors and
vitamins were significantly enriched in FH1 (Figure 6c and Supplementary Table S6e). Ad-
ditionally, the overlap of FH1-enriched ASVs (Supplementary Figure S5a) or SLH-enriched
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ASVs (Supplementary Figure S5b) was detected across both fields. The correlation anal-
ysis revealed a consistent relationship between the relative abundance of overlapping
functional pathways and ASVs (Supplementary Figure S5c), which will be a key focus of
future research.

 

3 

 

Figure 6. Predicted functions of the bacterial communities in the FH1 and SLH rhizospheres.
(a) Integrated overview of functional pathways at level 2 predicted by PICRUSt2. The data represent
the average relative abundance across all samples. Different colors correspond to their respective
functional pathways at the first-level classification, with the names displayed in the upper right corner
of the rectangle. (b) Principal component analysis (PCA) revealing the variations in the abundance of
microbial functional pathways in the FH1 and SLH rhizospheres across two fields. (c) Differential
abundance of predicted functional pathways between the FH1 and SLH rhizospheres, highlighting
overlapping features across the two fields. The error bar plots and corresponding labels display a
direct comparison of pathway abundance at level 3 between the FH1 and SLH rhizospheres (DESeq2,
adjusted p value < 0.05). The side bar plots display log2-fold changes in pathway abundance.

4. Discussion
4.1. Identification and Application of Low-Cadmium Cultivars for Safe Agriculture on Cd-Polluted Farmland

The selection of crop cultivars is crucial for ensuring safe agricultural production in
contaminated soils. Our findings confirm that the use of the BCF as a basis for identifying
low-Cd cultivars in field environments is scientifically justified (Figure 1). This is primarily
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due to soil heterogeneity; even within the same field (Field I), variability in soil properties
was observed among the experimental plots (Supplementary Figure S1). Notably, spatial
variation in the soil Cd content significantly influenced Cd accumulation in peanut kernels
(Figure 1c). Therefore, assessing cultivars solely on the basis of kernel Cd content may be
limiting. This observation is consistent with recent findings, emphasizing the importance
of using the BCF as a key parameter for evaluating Cd accumulation in different cultivars
across varying soil conditions, as it could somewhat mitigate the influence of total soil
cadmium variation [50,51]. Cluster analysis further supports the scientific rigor and effec-
tiveness of cultivar screening, a method widely applied to staple crops such as rice and
wheat [52,53]. By integrating cluster analysis results of the BCF and yield characteristics
(Figure 1a,d), this study offers cultivar screening strategies and valuable resources for
optimizing safe peanut production in Cd-contaminated soils.

Our results further validated FH1 as an LAC with strong potential for practical appli-
cation. FH1 was previously identified as an LAC in acidic pot experiments [20] and has
been studied under pot or hydroponic conditions; however, its field application remains
limited [54–56]. In this study, FH1 presented both low Cd accumulation and high yield in
Field I (Figure 1a,b,d). The yield performance was superior to that in previous reports on
FH1 [20], likely due to resource limitations and the influence of exogenously applied Cd in
pot experiments. This implies potential discrepancies between pot experiments and field
performance, emphasizing the importance of field-based validation for accurate cultivar
evaluation. In the acidic soil of Field II, FH1 consistently presented a low-Cd-accumulating
advantage, with a significantly lower BCF than did SLH (Figure 1f), indicating its potential
for safe production in Cd-contaminated soils. However, FH1 exhibited significant differ-
ences in the kernel Cd content and BCF between the two fields. This variation is primarily
attributed to the distinct soil properties of the two fields, particularly soil pH [57]. Previous
studies have shown that the crop BCF and kernel Cd content generally decrease as soil pH
increases, which aligns with our findings [36]. These findings highlight the necessity of
multi-site field validation across diverse soil types and the exploration of thresholds for
safe production.

The low Cd accumulation observed in FH1 may be attributed to several potential mech-
anisms, including the specific root traits, metal ion transport mechanisms, and interactions
with rhizosphere microorganisms [23,58,59]. Studies have shown that the biomass and fine
root structure of peanuts influence Cd accumulation, with LACs tending to have greater
biomass and fewer fine roots [60,61]. Moreover, LACs may possess specific mechanisms
that limit Cd translocation, as demonstrated by FH1, which showed lower root-to-shoot
Cd translocation than SLH did [9,62]. Rhizosphere microorganisms play a crucial role in
regulating Cd accumulation in crops. Therefore, further exploration of the diversity and
functional characteristics of rhizosphere microorganisms in FH1 and SLH will provide a
theoretical basis for understanding the ecological mechanisms of LACs.

4.2. Differences in Bacterial Diversity and Composition Between Peanut Cultivars

Exploring the potential contributions of rhizosphere microorganisms in peanut Cd
accumulation under field conditions can contribute to the scientific regulation of the rhizo-
sphere environment [63]. The diversity and composition of rhizosphere microorganisms
are jointly shaped and influenced by the soil environment and plant cultivars [27,64]. The
results of this study revealed significant differences in the microbial community charac-
teristics of rhizosphere soils between the FH1 and SLH, with distinct responses observed
for the two cultivars under different field conditions. In both Field I and Field II, the
Shannon, ACE, and Chao1 indices of rhizosphere microorganisms in FH1 were consistently
higher than those in SLH. This indicates that the rhizosphere of FH1 comprises more
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diverse and abundant microorganisms, in agreement with results from similar previous
research [65,66]. Increased microbial diversity is known to favor the stability of community
structure [67]. Furthermore, the FH1 rhizosphere presented a greater number of enriched
ASVs (Figure 4a,b). These findings confirmed that the FH1 rhizosphere comprised a wider
variety of microorganisms, which was proposed as a potential Cd-resistance mechanism
in LACs. The bacterial diversity in FH1 rhizospheres exhibited no significant differences
across the two field environments, potentially indicating that FH1 possesses strong envi-
ronmental adaptability and microbial regulatory capacity. This stability may be associated
with the specific root exudates of FH1, which consistently promote the enrichment of a
diverse and abundant microbial community in the rhizosphere, regardless of environmental
changes [68]. Compared with FH1, the lower bacterial diversity in the SLH rhizosphere
might be attributed to the selective recruitment of specific Cd-tolerant microbial taxa by
root exudates, such as members of the phylum Proteobacteria [68,69]. This selective recruit-
ment process appears to be sensitive to soil conditions, leading to significant variations in
bacterial diversity within SLH rhizospheres across the two field environments [64,69].

The bacterial communities in the FH1 and SLH rhizospheres presented significant
compositional differences across both fields (Figures 2 and 3). These results indicated
that both field environments and crop cultivars significantly influenced the composition
of rhizosphere microbial communities. The variation in dominant bacterial taxa for the
same peanut cultivar (FH1 or SLH) across different fields may reflect a synergistic interac-
tion between soil environment and specific microbial communities [57]. Between the two
cultivars, the low-Cd cultivar FH1 tended to recruit beneficial microorganisms, forming
a distinct microbial community. The enrichment of beneficial microorganisms such as
Gemmatimonadetes, Chloroflexi, and Alphaproteobacteria in the FH1 rhizosphere aligns
with findings from studies on LACs of wheat [66]. In addition, Acidobacteria (phylum),
Subgroup_6 (order), Nitrosomonadaceae (family), and Nitrosomonadales (order) were
also enriched in the FH1 rhizosphere (Figure 5). These potentially beneficial bacteria are
commonly associated with growth promotion and Cd resistance in plants [67,70]. For
example, Alphaproteobacteria have been reported to be positively correlated with wheat
biomass and negatively correlated with the grain Cd concentration [64]. Key microbial taxa
such as Acidobacteria, Chloroflexi, Planctomycetes, Gemmatimonadetes, and Subgroup_6
within the Acidobacteria phylum play a crucial role in enhancing crop productivity [71,72].
It has been found that certain microorganisms participated in Cd stabilization through com-
plexation and adsorption mechanisms, thereby improving crop resistance to Cd stress and
supporting plant growth under heavy metal-contaminated conditions [72–74]. This process
varies depending on the specific genus or species of microorganism involved. Among
them, Acidobacteria are recognized as important players in iron (Fe) cycling, and their
abundance may influence Cd bioavailability in rice rhizosphere soil, potentially reducing
Cd content in grains [75,76]. Earlier research has indicated that Fe conditions are also key
factors influencing Cd accumulation in peanuts [77]. However, the underlying mechanisms
by which Acidobacteria influence Cd accumulation in peanuts require further research.

On the other hand, the FH1 rhizosphere exhibited a lower abundance of microorgan-
isms potentially involved in Cd activation, such as members of Proteobacteria. Although
the number of ASVs annotated as Proteobacteria was greater in FH1 than that in SLH
(Figure 4c,d), their overall abundance was lower (Figure 3). These findings suggest that
FH1 selectively recruits a more diverse yet lower-abundance array of Proteobacteria. Stud-
ies in other crops have shown that a reduced abundance of Proteobacteria is correlated
with lower Cd accumulation [71], consistent with the findings of this study. LEfSe analysis
further revealed that the abundances of Gammaproteobacteria and Betaproteobacteria
were notably lower in the FH1 rhizosphere than in the SLH rhizosphere (Figure 5). This
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result aligns with findings from studies on wheat and rice, which reported that members of
Gammaproteobacteria and Betaproteobacteria were more abundant in high-Cd cultivars
compared with low-Cd cultivars [66,68]. This may be attributed to the role of certain
members in Cd activation. For example, the genus Burkholderia (belonging to the Betapro-
teobacteria) is abundantly recruited in the rhizosphere of high-Cd plant cultivars, which
aligns with the findings for SLH in this study [78]. Previous research has demonstrated
that members of this genus can colonize the root system to facilitate plant growth and
Cd absorption through the secretion of IAA and siderophores and the overexpression
of Cd transporter proteins [79,80]. Additionally, the genus Achromobacter (belonging to
Betaproteobacteria), which was enriched in the SLH rhizosphere, has also been found
to be enriched in the rhizosphere of high-Cd crops such as S. alfredii [81]. This genus is
considered a key player in promoting plant growth and enhancing Cd tolerance [81].

The rhizosphere microbial community characteristics of the low-Cd cultivar FH1 could
be summarized as follows: (1) the formation of a diverse microbial community; (2) the
recruitment of beneficial microorganisms that promote plant growth in Cd-contaminated
environments; and (3) the selective enrichment of Cd-stabilizing microbes, which en-
hance plant resistance to Cd stress. Future studies should integrate field and controlled
experiments for multidimensional investigation to deeply elucidate the mechanisms of
rhizosphere microorganisms in low-Cd accumulation in peanuts.

4.3. Predicted Functional Characteristics of the Bacterial Community in the Rhizosphere of the
Low-Cd Cultivar FH1

Differences in KEGG pathways associated with functional genes in bacterial communi-
ties reflect underlying biomolecular mechanisms in response to specific environments [82].
This study demonstrated that the predicted functional profiles of rhizosphere bacteria
differed among peanut cultivars (Figure 6b). These differences may result from the unique
rhizosphere microenvironments shaped by root secretions, suggesting that the two cultivars
may detoxify Cd through different mechanisms [83]. The number of functional classifica-
tions significantly enriched in the FH1 rhizosphere was greater than that enriched in the
SLH rhizosphere (Figure 6c and Supplementary Table S6e). In FH1, the enriched pathways
related to carbohydrate and energy metabolism as well as genetic information processing
play crucial roles in microbial cell growth and reproduction [82]. The enhancement of these
pathways in the FH1 rhizosphere may suggest an overall proliferation of microorganisms,
which is consistent with the observed trends in bacterial diversity and community compo-
sition (Figures 2 and 3). Furthermore, peptidoglycan biosynthesis, amino acid metabolism,
and other pathways may be key pathways involved in Cd stabilization and detoxification
in the FH1 rhizosphere (Figure 6c). Peptidoglycan biosynthesis is associated with the
production of extracellular polymeric substances (EPSs) in microbial cells, which may
contribute to Cd adhesion [84]. EPS, a complex biopolymer, contains a matrix rich in func-
tional groups capable of sequestering trace metal ions such as Cd2+, thereby limiting their
uptake by plants from the soil [85]. Amino acids have been shown to contribute to soil Cd
stabilization by forming complexes with Cd, which facilitate its immobilization [86]. Amino
acid metabolism can regulate reactive oxygen species (ROS) homeostasis and increase Cd
tolerance when microbes accumulate excess intracellular Cd [82]. In addition, pathways
such as terpenoid backbone biosynthesis, folate biosynthesis, and lipoic acid metabolism
are crucial for enhancing crop resistance to environmental stress [87–89].

Conversely, FH1 showed downregulated functional pathways associated with ABC
transporters (Figure 6c), which is consistent with previous findings [64,90]. ABC trans-
porters play crucial roles in mediating the transmembrane transport of various substrates,
including essential nutrients and metals [91]. Studies by Fajardo et al. (2019) [92] and Li
et al. (2021) [93] further emphasized the critical role of bacterial ABC transporters in Cd
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transport under stress conditions. In conclusion, the upregulation of mechanisms related to
Cd immobilization, detoxification, and energy supply, coupled with the downregulation of
Cd transport-related pathways, may represent key functional adaptations of FH1 to its spe-
cific microenvironment. Future research should employ techniques such as metagenomics
to characterize the taxonomic functions of the rhizosphere microbiota more accurately.

5. Conclusions
This study identified FH1 as a low-Cd-accumulating and high-yield peanut cultivar

capable of achieving safe production in both alkaline and acidic Cd-contaminated fields.
FH1 recruited a diverse array of rhizosphere microorganisms, forming a unique micro-
bial community. The enriched beneficial microbes, including Alphaproteobacteria, Aci-
dobacteria, Chloroflexi, and Gemmatimonadetes, likely contributed to Cd immobilization,
detoxification, and plant growth. In contrast, the abundance of potentially Cd-activating
microbes such as Gammaproteobacteria and Betaproteobacteria was reduced. Functional
predictions further suggested that the low Cd accumulation in FH1 may be attributed
to the upregulation of pathways related to Cd immobilization, detoxification, and en-
ergy metabolism, coupled with the downregulation of Cd transport-related pathways.
In summary, FH1 represents a promising cultivar for mitigating Cd risk in agriculture,
with distinct rhizosphere microbial interactions that provide valuable insights into sustain-
able crop management in contaminated soils. Future research should prioritize in-depth
metagenomic analyses to further elucidate the functional mechanisms underpinning these
beneficial microbial interactions.
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SLH rhizospheres; Supplementary Figure S3: Biomarkers in the rhizosphere of FH1 and SLH in
Field I (a) and Field II (b); Supplementary Figure S4: Integrated overview of functional pathways
at level 2 predicted by PICRUSt2; Supplementary Figure S5: The ASVs enriched in the FH1 or SLH
rhizospheres in the two fields and Spearman correlation with the predicted functions; Supplementary
Table S1: Basic soil properties and peanut cultivars planted in two experimental fields; Supplementary
Table S2: Analysis of the properties of soil and peanut samples from each experimental plot in
two fields; Supplementary Table S3: Sample information, representative sequences of ASVs, ASVs
table, and taxonomy annotation; Supplementary Table S4: Differential analysis at ASVs level between
FH1 and SLH in two fields; Supplementary Table S5: Information on rhizosphere biomarkers of
FH1 and SLH in two fields; Supplementary Table S6: Annotation results and differential analysis of
functional pathways of FH1 and SLH in two fields.
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