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Abstract

This study investigated the effects of Burkholderia sp. ZF6, a plant growth-promoting bacterium with heavy metal resist-
ance genes (cadA and zntA), on the growth of Chinese cabbage (Brassica rapa subsp. pekinensis) and cadmium (Cd)/zinc
(Zn) removal in contaminated soils. ZF6 inoculation significantly increased root biomass (over twofold) and enhanced soil
Cd and Zn removal efficiencies by approximately 2—4 times (19.9% for Cd and 11.5% for Zn). The abundance of cadA and
zntA genes increased by 1.2-2.7 times, suggesting an enrichment of heavy metal-resistant microbial populations. Microbial
community analysis showed that ZF6 inoculation reshaped the rhizosphere microbiome, increasing the relative abundance
of genera such as Klebsiella, Agrobacterium, Burkholderia, Sphingomonas, and Pseudomonas. Notably, the abundance
of Burkholderia, corresponding to ZF6, exhibited an increasing trend over time. Network analysis further indicated that
microbial interactions became more complex in ZF6-treated soils (1.7-4.5-fold higher connectivity). Correlation analysis
revealed that zntA abundance was associated with selected functional genes (e.g., K04565 and K01534) and inversely related
to soil Cd concentration, suggesting a potential link between microbial functional potential and metal dynamics. Overall,
ZF6 inoculation facilitated the restructuring of soil microbial communities to favor heavy metal-resistant bacteria. These
findings highlight the potential of ZF6 as a scalable microbial-assisted phytoremediation strategy, although further valida-
tion under field conditions is required.

Keywords Burkholderia sp. ZF6 - Chinese cabbage - Heavy metal tolerance genes - Plant growth promotion -
Phytoremediation - Soil bacterial community

Introduction

Certain trace metals, such as copper (Cu), zinc (Zn), and
nickel (Ni), are essential for bacterial metabolic pro-
cesses in soil, whereas highly toxic metals such as cad-
mium (Cd) pose significant environmental threats and
can severely impact microbial diversity (Khatoon et al.
2024). In response, bacteria in contaminated soils have
developed resistance mechanisms, including metal com-
plexation, efflux transport, and gene regulation systems for
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detoxification (Bazzi et al. 2020; Halder et al. 2022). These
resistance traits can spread via horizontal gene transfer
(HGT) and mobile genetic elements, contributing to the
persistence of metal resistance in soil ecosystems (Gendy
et al. 2020; Halder et al. 2022). Heavy metal-resistant
bacteria also play an important role in promoting plant
growth under stress conditions (Liu et al. 2024a). Previ-
ous studies have demonstrated that inoculation with strains
such as Citrobacter werkmanii, Enterobacter cloacae, and
Bacillus sp. enhances plant growth and metal uptake in
contaminated soils (Ajmal et al. 2022; Wang et al. 2022).
In particular, plant growth-promoting bacteria (PGPB),
including Burkholderia and Pseudomonas, contribute to
phytoremediation by improving metal bioavailability, alle-
viating stress, and enhancing plant growth (Ajmal et al.
2022; Wang et al. 2022). However, most studies have
primarily focused on plant-level responses, whereas the
interactions between inoculated PGPB and native soil
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microbial communities remain insufficiently understood
(Dobrzyniski et al. 2025). In particular, the ecological
impacts of microbial inoculation under multi-metal stress
and the dynamics of resistance genes (e.g., cadA and zntA)
in the rhizosphere have been rarely explored (Niegowska
et al. 2021; McCorquodale-Bauer et al. 2025). Addressing
these gaps is essential for improving the effectiveness and
sustainability of phytoremediation strategies.

Therefore, this study aims to explore how ZF6 alle-
viates Cd/Zn stress and promotes plant growth by regu-
lating microbial communities and functional genes in
the rhizosphere. This study uses multi-omics analysis to
show how Burkholderia sp. ZF6 enhances plant growth,
alters microbial communities, and increases functional
gene expression. Burkholderia sp. ZF6, a heavy metal-
resistant PGPB isolated from forest soil, was used as the
inoculant strain (Lee and Cho 2025). ZF6 exhibits robust
heavy metal resistance through two key genetic systems.
In particular, ZF6 was selected in this study due to its pre-
viously demonstrated high tolerance to Cd and Zn stress
and its possession of both cadA and zntA genes, which
are key determinants of metal resistance and transport
in bacteria. It also has various plant growth-promoting
abilities, such as indole-3-acetic acid (IAA) production,
phosphate solubilization, and siderophore activity. Due to
these multifunctional properties, ZF6 has the potential to
play an important role in improving phytoremediation effi-
ciency in polluted soils. Compared to previously reported
Burkholderia strains, which often exhibit either plant
growth-promoting traits or metal resistance individually,
ZF6 uniquely combines multiple functional traits, includ-
ing metal resistance, phytohormone production, and nutri-
ent solubilization, suggesting its potential for synergistic
effects in phytoremediation (Gamalero and Glick 2024;
Liu et al. 2024a). Furthermore, Chinese cabbage (Bras-
sica rapa subsp. pekinensis) was selected as the model
plant due to its rapid growth, high biomass production, and
known capacity for heavy metal accumulation, making it
suitable for evaluating phytoremediation efficiency under
controlled conditions (Bortoloti and Baron 2022; Liao
et al. 2023). These characteristics make the ZF6—Chinese
cabbage system an appropriate model for investigating
microbe—plant interactions and their combined effects on
heavy metal removal and soil microbial dynamics.

This study evaluates the effects of ZF6 inoculation in Cd-
and Zn-contaminated soils by assessing plant growth, heavy
metal removal, soil microbial community structure, plant
growth-promoting activities, and the abundance of resist-
ance-related genes. We hypothesize that ZF6 inoculation
will (i) enhance plant growth and metal uptake, (ii) reshape
microbial communities toward beneficial and metal-resistant
taxa, and (iii) increase the abundance of functional genes
associated with heavy metal resistance.

Materials and methods
Experimental design

A pot experiment was conducted under controlled growth
chamber conditions to investigate the effects of Burk-
holderia sp. ZF6 inoculation on Chinese cabbage growth,
Cd and Zn removal in rhizosphere soils, and rhizosphere
microbial responses. The experimental design consisted
of two treatments: (i) a non-inoculated control (Chinese
cabbage only) and (ii) a ZF6-inoculated treatment. Each
treatment was performed in triplicate. Plants were culti-
vated in Cd- and Zn-contaminated soil for 40 days. Soil
and plant samples were collected at O (initial), 20, and
40 days to assess plant growth parameters, soil and plant
heavy metal concentrations, rhizosphere microbial com-
munity structure, and functional gene profiles.

Preparation of heavy metal-contaminated soil

Solutions of 100 mg-L~! Cd and 2000 mg-L ™! Zn were pre-
pared using CdCl,-H,0 and ZnSO,-7H,0 reagents, respec-
tively (Raza et al. 2020; Taeprayoon et al. 2024). Each heavy
metal solution was sterilized using a 0.45-um sterile filter
and syringe. A total of 20 kg of soil for plant cultivation
(Shinsung Mineral Co., Goesan, Chungcheongbuk-do, South
Korea) was thoroughly mixed with 100 mL of each heavy
metal solution. The contaminated soil was then divided
into two portions, sterilized at a low temperature (100 °C,
1 h), and stored in a dark, cool place for 24 h before use in
the experiments. Although heat sterilization may alter or
reduce native soil microbial communities, this approach was
applied to minimize background microbial variability and to
better isolate the effects of ZF6 inoculation under controlled
conditions. Therefore, the experimental design was intended
to evaluate the relative impact of the inoculated strain rather
than to fully represent natural soil ecosystems. The phys-
icochemical properties of the soil prior to contamination
were characterized to ensure reproducibility. The soil was
classified as sandy loam, with an initial pH of 6.85+0.05
and organic matter content of 23.44 +0.13%. These base-
line properties were considered important factors influenc-
ing microbial activity and metal mobility. The background
heavy metal concentration (Arsenic (As), Cd, Cu, Ni, Pb and
Zn) in the soil was investigated and found to be 4.29 +0.04
mg-As-kg-soil ™!, 0.06 +0.01 mg-Cd-kg-soil ™!, 5.72 +0.01
mg-Cu-kg-soil ™!, 7.27 +0.03 mg-Ni-kg-soil ™!, 10.28 +0.08
mg-Pb-kg-soil~!, and 38.24 +0.02 mg-Zn-kg-soil~!. After
contamination, the initial soil contamination concentrations
were 71.76 +20.96 mg-Cd-kg-soil ™! and 1683.36 +175.85
mg-Zn-kg-soil .
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Plant cultivation and ZF6 inoculation

Seedlings of Chinese cabbage, a species known for its toler-
ance to stress conditions and classification as a heavy metal
hyperaccumulator, were planted in contaminated soil-filled
pots, with eight seedlings per pot (Byunsan Seedling Farm,
Buan, Jeollabuk-do, South Korea) (Matecka et al. 2021).
Burkholderia sp. ZF6 was cultured in 1/10 LB medium at
35 °C and 130 rpm for two days (Lee and Cho 2025). The
cultured cells were collected by centrifugation (13,000 rpm,
10 min), washed with sterile water, and resuspended in
sterile water to achieve an ODg, of 0.6 (approximately
108 CFU-mL™!). The bacterial suspension was applied
directly to the rhizosphere to ensure effective coloniza-
tion. Inoculation was performed once at the beginning of
the experiment, and uniform distribution was achieved by
carefully applying the suspension around the root zone.
Details on the isolation of ZF6, its heavy metal resistance,
and its plant growth-promoting (PGP) properties have been
presented in previous studies (Lee and Cho 2025), while
additional data on ZF6 growth under varying metal concen-
trations and its metal adsorption capacity are provided in
the Supplementary Materials (Table S1, Figs. S1 and S2).

Plastic pots (W 59 cm XL 33 cmxH 18 cm) were pre-
pared by layering 1-2 cm of coarse gravel at the bottom for
drainage and filling each pot with 10 kg of contaminated
soil. A 100 mL suspension of ZF6 cells was applied around
the roots of the Chinese cabbage seedlings in each pot. For
the untreated control pots, 100 mL of distilled water was
added instead. The pots were placed in an indoor plant incu-
bator (VS-5GC, Vision Scientific Co., Ltd., South Korea)
for a 40-day experiment. Water was added every 3 days to
prevent soil desiccation.

Soil sampling and analysis of physical and chemical
properties

At 20 and 40 days, loosely attached soil was removed by
gently shaking the root system. In addition to the soil tightly
adhering to the root surface, soil located in the immediate
root-adjacent zone (within a few millimeters of the root
surface) was also collected by gentle brushing and manual
sampling. This combined fraction was operationally defined
as rhizosphere soil. Approximately 100 g of soil was col-
lected, air-dried for more than 12 h, and sieved through a
2-mm mesh. Portions of the soil samples were stored at 4 °C
for residual heavy metal concentration and enzyme activity
analysis and at—23 °C for DNA extraction and microbial
community analysis. The physical and chemical properties
of the sieved soil were analyzed according to the Soil Pol-
lution Process Test Methods (Korean Ministry of Environ-
ment 2018).
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Soil pH was measured by mixing 5 g of soil with 25 mL
of distilled water at room temperature, allowing the mixture
to settle for 30 min, and measuring the pH with a pH meter
(420A, Thermo Orion, USA). Moisture content was deter-
mined by drying 2 g of soil in a constant-temperature oven
(VS-4150ND, Vision Scientific Co., Ltd., South Korea) at
110 °C until a constant weight was achieved, then calculat-
ing the percentage relative to the dry weight. Organic matter
content was measured by placing the dried soil in a cruci-
ble, igniting it in a muffle furnace (DH.WF11.27 Furnace,
DAIHAN Scientific Co., Ltd., South Korea) at 550 °C for 1
h, and calculating the percentage relative to the dry weight.

Analysis of total heavy metal concentration in soil

Soil samples stored at 4 °C were dried at 110 °C for 4 h,
finely ground using a mortar and pestle, and used for heavy
metal analysis. The total Cd and Zn concentrations in
the contaminated soil were determined by modifying the
USEPA 3050B method and previously described protocols
(Mapanda et al. 2005; Huang et al. 2007; Long et al. 2021;
Yahaya et al. 2021). Heavy metal concentrations were quan-
tified using an inductively coupled plasma mass spectrom-
eter (ICP-MS) (7850 ICP-MS, Agilent, USA). A standard
calibration curve was established using Cd and Zn solutions
ranging from O to 100 mg/L to determine metal concentra-
tions. The heavy metal removal efficiency was calculated
using the following equation:

Removal efficiency(%) =

Ci B Ce
% 100

G

where C; represents the initial concentration of the total
Cd and Zn concentrations in the contaminated soil (mg-kg-
soil "), and C, represents the concentration of the total Cd
and Zn concentrations in the contaminated soil after cultiva-
tion (mg-kg-soil !).

Evaluation of IAA, phosphatase, and siderophore
activity of soil

The production of IAA, a key plant growth-promoting hor-
mone, was assessed as described by Benitez et al. (Benitez
et al. 2004). Two grams of soil were placed in a conical
flask and mixed with 6 mL of phosphate buffer (pH 7.5)
containing 1% (w/v) glucose and 4 mL of 0.06% (w/v)
L-tryptophan solution. For the control group, triple-distilled
water was used instead of L-tryptophan. After incubation
at 37 °C in the dark for 24 h, the mixture was transferred
to a 15 mL centrifuge tube and centrifuged at 4000 rpm for
5 min. Three milliliters of the supernatant were transferred
to a test tube, and 2 mL of Salkowski’s reagent (composed
of 98 mL HCIO, (35%, v/v) and 2 mL 0.2 M FeCl;-6H,0)



Environmental Science and Pollution Research (2026) 33:7498-7516

7501

was added. After incubation at 25 °C in the dark for 30 min,
the resulting red color was measured at 535 nm.

Phosphatase activity, which facilitates phosphorus
hydrolysis in soil (Chen et al. 2024; Campdelacreu Roca-
bruna et al. 2024), was evaluated by mixing 1 g of soil with
4 mL of Modified Universal Buffer (MUB), 0.25 mL of tolu-
ene, and 1 mL of 0.115 M p-nitrophenyl phosphate hexahy-
drate (PNP) solution in a conical flask. The MUB solution
contained 12.1 g-L~! Tris-hydroxymethyl aminomethane
(THAM), 11.6 g-L ™! maleic acid, 14.0 g-L ™! citric acid, and
6.6 g-L_l boric acid, all dissolved in 1 N NaOH and adjusted
to pH 6.5 with 0.1 N HCI. For the control group, distilled
water was used instead of the PNP solution. Following 24-h
incubation at 37 °C, 1 mL of 0.5 M CaCl,-2H,0 and 4 mL
of 0.5 M NaOH were added, mixed, and centrifuged at
4,000 rpm for 5 min. The resulting pale yellow supernatant
was measured at 400 nm.

Siderophore secretion, which acts as a heavy metal che-
lator, was analyzed following Hwang and Song (2020) and
Nagarajkumar et al. (2004). Soil samples were inoculated
with 20 mL of sterile nutrient broth (NB) containing 1 g-L~!
meat extract, 5 g-L.™! peptone, 5 g-L ™! sodium chloride, and
2 g:.L7! yeast extract, then incubated at 30 °C with shaking
(120 rpm) for 24 h. For the control group, distilled water
was used instead of NB. After incubation, 14 mL of the
culture medium was centrifuged at 4000 rpm for 5 min, and
10 mL of the supernatant was adjusted to pH 2-3 using 1 M
HCI. For siderophore extraction, an equal volume of ethyl
acetate was added to the supernatant mixed with 1 M HCIL.
After phase separation, 2 mL of the upper organic layer was
transferred to a test tube and mixed with Hathway reagent
(containing 1 mL of 0.1 M potassium ferricyanide, 1 mL of
0.1 M FeCl; in 0.1 M HCI, and 98 mL of distilled water).
The resulting bluish-green solution was incubated at 30 °C
in the dark for 30 min, and absorbance was measured at
700 nm.

Plant sample collection and analysis

After collecting rhizosphere soil, the plants were gently
washed under running tap water to remove any remaining
debris. The number of leaves on each plant was counted,
and chlorophyll content was measured using a chlorophyll
meter after removing surface moisture from the leaves.
Plant length was recorded in centimeters after air-drying at
room temperature as much as possible, and fresh weight was
measured using an electronic scale (WBA-220, DATHAN
Scientific Co., Ltd., South Korea). For biomass analysis,
dry weight was determined after drying the samples in a
constant-temperature oven (VS-4150ND, Vision Scientific
Co., Ltd., South Korea) at 70 °C for 72 h.

For heavy metal analysis, 0.2 g of dried plant stems and
roots were separately treated with 2 mL of 30% (v/v) H,0,

as the first extraction solution and heated on a hot plate (DH.
WHP03024, DAIHAN Scientific, South Korea) at 150 °C
for 30 min to facilitate decomposition. Next, 2 mL of nitric
acid was added as the second extraction solution and heated
under the same conditions for another 30 min. Finally, 2 mL
of perchloric acid was added as the third extraction solution
and subjected to identical heating conditions. Between each
step, distilled water was used to evaporate the previous acid
solution completely by heating at 130 °C for 4 h. After cool-
ing to room temperature, the digested samples were trans-
ferred to a 50 mL test tube and diluted with a 5% (v/v) nitric
acid solution. Heavy metal concentrations in plant samples
were quantified using ICP-MS, following the same proce-
dure as for soil heavy metal analysis.

DNA extraction of functional genes and quantitative
real-time polymerase chain reaction

Pretreated soil samples were thawed before DNA extraction.
A 0.3 g portion of thawed soil was then placed in a 1.5 mL
microcentrifuge tube, and genomic DNA (gDNA) was
extracted using the NucleoSpin® Soil Kit (Macherey—Nagel,
Germany) and the BeadBeater (MP, FastPrep 24 Homog-
enizer) according to the manufacturer’s instructions. The
gDNA was eluted with 50 pL of elution buffer and quantified
using a SpectraMax QuickDrop Spectrophotometer (Molec-
ular Devices, San Jose, CA, USA). The extracted gDNA was
stored at —23 °C until analysis. To compare the abundance
of functional genes in soil, quantitative real-time polymerase
chain reaction (qQPCR) was performed to quantify total bacte-
rial 16S rRNA, cadA, and zntA genes (Manzoor et al. 2019;
Lee et al. 2021). The 16S rRNA gene was amplified using
primers 340F (5'-TCC TAC GGG AGG CAG CAG-3') and
805R (5'-GAC TAC HVG GGT ATC TAA TCC-3") (Lee
et al. 2021), while primers for the cadA and zntA genes were
obtained from previous studies (Manzoor et al. 2019). The
gPCR reaction mixture consisted of 2 uL of DNA template,
1 uL of each primer (10 uM), and 10 pL. of SYBR Green
gPCR Master Mix 2X (BioFact, South Korea), with sterile
distilled water added to a final volume of 20 uL. The PCR
conditions consisted of a pre-denaturation step at 95 °C for
15 min, followed by 35 cycles of denaturation at 95 °C for
20 s, annealing at 50 °C for 40 s, and extension at 72 °C
for 30 s. The final reading step was performed at 82 °C for
30 s. The qPCR was conducted using the CFX96™ Real-
Time System (Bio-Rad Laboratories, Hercules, CA, USA).
A standard curve for quantitative detection was generated
using the Escherichia coli 16S rRNA gene as a reference
(Lee et al. 2021). DNA standards ranging from 10 to 10°
gene copies were used, and the standard curve is shown in
Fig. S3b. Relative expression of the cadA and zntA genes
was quantified using the comparative Ct method (2 ~2A¢t
method) (Schmittgen and Livak 2008).
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Soil bacterial community analysis

The soil bacterial community was analyzed using the Illu-
mina MiSeq platform, following the method described by
Lee et al. (Lee et al. 2023). A 0.3 g soil sample was trans-
ferred into a 1.5-mL microcentrifuge tube, and gDNA was
extracted using the NucleoSpin® Soil Kit (Macherey—Nagel,
Germany) and a BeadBeater (MP, FastPrep 24 Homog-
enizer), according to the manufacturer’s instructions. The
gDNA was eluted in 50 pL of elution buffer and quantified
using a SpectraMax QuickDrop Spectrophotometer (Molec-
ular Devices, San Jose, CA, USA). The extracted gDNA
was stored at — 20 °C until further analysis. For bacterial
community profiling, a two-step PCR was performed using a
T100™ Thermal Cycler (Bio-Rad Laboratories, USA). The
first PCR targeted the 16S rRNA gene using the amplicon-
515F (5'-TCG TCG GCA GCG TCA GAT GTG TAT AAG
AGA CAG GTG CCA GCM GCC GCG GTA A-3') and
amplicon-806R (5'-GTC TCG TGG GCT CGG AGA TGT
GTA TAA GAG ACA GGG ACT ACH VGG GTW TCT
AAT-3") primer pair. Each primer contained a 5’ pre-adapter,
sequencing primer sequence, and a V4 region-specific tar-
get sequence. The PCR reaction mixture included 2 puL of
DNA template, 1 uL of each primer (10 pM), 4 puL. of dNTPs
(2.5 mM), 5 uL of 10X PCR buffer with MgCl,, and 0.25 pL
of Taq polymerase (Genenmed Inc., Seoul, South Korea),
with sterile distilled water added to a final volume of 50 pL.
The PCR thermal profile consisted of a pre-denaturation step
at 94 °C for 3 min; 35 cycles of denaturation at 94 °C for
30 s, annealing at 55 °C for 30 s, and extension at 72 °C for
30 s; followed by a final extension at 72 °C for 5 min. The
amplification product was verified via electrophoresis on a
1.5% agarose gel.

In the second PCR round, index primers (index1 N7XX
and index2 S5XX) from a Nextera XT Index Kit (FC-
131-1001, Illumina Inc., CA, USA) were used according
to the manufacturer’s protocol. The index primer sequences
for N7XX and S5XX were 5'-CAAGCAGAAGACGGC
ATACGAGAT-XXXXXXX-GTCTCGTGGGCTCGG-3'
and 5'-AATGATACGGCGACCACCGAGATCTACAC-
XXXXXXX-TCGTCGGCAGCGTC-3', respectively. Each
primer consisted of an adapter sequence, a multiplex identi-
fier tag, and a pre-adapter sequence. The PCR mixtures were
prepared in the same way as for the first reaction, and the
thermal profile included an initial denaturation at 95 °C for
3 min, followed by 30 cycles of 95 °C for 30 s, 55 °C for
30 s, and 72 °C for 30 s, with a final extension at 72 °C for
5 min. The amplified products were visualized on 2% melt-
ing agarose gels and purified using a QIAquick Gel Extrac-
tion Kit (Qiagen Inc., Valencia, CA, USA). Purified ampli-
cons were pooled and submitted to Macrogen Inc. (Seoul,
South Korea) for sequencing using an [llumina MiSeq plat-
form (Illumina Inc.).
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Raw sequences were processed using QIIME software
(version 1.9). Adapter sequences were removed using Fastp,
and paired-end reads were merged with FLASH (version
1.2.11). Only merged reads between 200 and 400 bp were
retained; sequences outside this range were discarded.
Sequencing data were deposited in the NCBI Sequence Read
Archive (SRA) database (accession number: SRP352503).
To identify bacterial biomarkers influenced by untreated
conditions or ZF6 inoculation in Chinese cabbage rhizo-
sphere samples, linear discriminant analysis effect size
(LEfSe) was performed at the genus level, using data col-
lapsed to that taxonomic rank. Statistical analysis was con-
ducted using the Kruskal-Wallis test, with an LDA score
threshold of >4.0 (Duan and Li 2023). Functional changes
in the microbial community in response to environmental
variables were inferred using PICRUSt2 based on 16S rRNA
gene data, with annotations derived from the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database (Wang
et al. 2021; Duan and Li 2023). These predictions represent
potential functional profiles rather than direct measurements
of gene expression. Data visualization and statistical tests
(p <0.05) were conducted using the STAMP software (Duan
and Li 2023). To ensure reproducibility and comparability
among samples, sequencing depth was normalized across all
samples prior to downstream analysis (Duan and Li 2023).
Quality filtering, chimera removal, and OTU clustering were
conducted using standardized pipelines, and all parameters
were applied consistently across treatments.

Statistical analysis

All results are presented as the mean of three replicates. Sig-
nificant differences between mean values were determined
using one-way analysis of variance (ANOVA), followed by
Bonferroni post-hoc tests at a confidence level of p <0.05.
Variation partitioning analysis (VPA) was conducted using
R (version 4.0.1) to evaluate the relative contributions of
ZF6 inoculation, heavy metal contamination, and PGP
enzyme activity in soil. Co-occurrence network analysis
was used to assess changes in microbial connectivity pat-
terns influenced by ZF6 inoculation, with significance set
at p<0.01. Network topology and graphical visualizations
were generated using the open-source software Gephi (ver-
sion 0.9.2). Analyses were primarily performed using the
“phyloseq,” “vegan,” and “microeco” packages in R. A
heatmap showing the classification of soil bacterial com-
munities was generated in R, and cluster analysis based on
principal component analysis (PCA) was conducted using
the “FactoMineR” package (Lee et al. 2023). Additionally,
network analysis incorporating soil heavy metal concentra-
tions, plant growth-promoting enzyme activity (IAA, phos-
phatase, and siderophore), and microbial communities was
performed using extended local similarity analysis (eLSA).
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Local similarity (LS) values and corresponding p-values
were calculated, and the resulting networks were visualized
using Cytoscape (version 3.9.1) (Lee et al. 2023).

Results

Effects of ZF6 inoculation on Chinese cabbage
growth and PGP abilities of soil microorganisms

The effects of ZF6 inoculation on Chinese cabbage growth
are shown in Fig. S4. Shoot length did not differ signifi-
cantly among treatments, whereas root biomass showed
a clear increasing trend under ZF6 inoculation over time.
Root length and shoot biomass increased during the experi-
ment; however, these changes were not significantly different
between treatments. In contrast, root biomass increased in
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Fig.2 Plant growth-promoting traits of Burkholderia sp. ZF6, includ-
ing indole-3-acetic acid (IAA) production (a), phosphatase activ-
ity (b), and siderophore production (c). Treatments include w/o ZF6

contrast, siderophore production showed only transient dif-
ferences and was not consistently enhanced by ZF6 inocula-
tion (Fig. 2¢). Correlation analysis of PGP traits indicated
that IAA production (r=0.46, p=0.001) and phosphatase
activity (r=0.38, p=0.003) were positively associated with
ZF6 inoculation, whereas siderophore production showed no
significant relationship.

The modest correlation coefficients observed (e.g.,
r=0.33 for ZF6 inoculation vs. root biomass) align with
typical ranges in ecological studies involving multifacto-
rial systems. For instance, Muratova et al. 2023 reported
comparable correlations (r=0.28-0.69) between microbial
inoculation and plant biomass in multi-metal-contaminated
soils, attributing this to the complex interplay of abiotic
and biotic factors. The statistical significance of these rela-
tionships (p < 0.05) despite their moderate strength under-
scores ZF6’s measurable, albeit partial, role in shaping
plant-microbe-metal dynamics. Overall, these results sug-
gest that ZF6 inoculation selectively enhanced specific plant
growth parameters and microbial functions, particularly root
biomass and enzymatic activities, rather than uniformly
affecting all growth indicators.

Effect of ZF6 inoculation on the removal of heavy
metals from soil and their transfer to plants

The total concentrations of residual Cd and Zn in soil and
plant tissues during phytoremediation of heavy metal-con-
taminated soils are presented in Fig. S5a and b. The absence
of a consistent decrease in soil metal concentrations at day
20 relative to day O may be attributed to temporary fluc-
tuations in metal availability and redistribution within the
rhizosphere (Lee et al. 2024). In untreated Chinese cabbage
(without ZF6 inoculation), the total soil Cd concentration
significantly decreased to 60.8 mg-kg-soil ™! after 40 days
compared to day 0, but the removal efficiency was only 5.1%
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(Chinese cabbage only) and w/ZF6 (Chinese cabbage with Burk-
holderia sp. ZF6). Each value represents the mean of triplicate data,
with error bars indicating the standard deviation

(Fig. S5a). In contrast, ZF6-inoculated soil showed a greater
reduction in Cd concentration, with a removal efficiency of
19.9%, indicating a substantially enhanced removal perfor-
mance compared to the non-inoculated treatment. As shown
in Fig. S5b, Zn concentration in soil increased after 20 days
compared to the initial concentration, likely due to natural
soil fluctuations (Sliwa-Cebula et al. 2020). Although Zn
concentrations in ZF6-inoculated soil decreased slightly by
day 40, this change was not statistically significant. Never-
theless, the removal efficiency (11.5%) was higher than that
in the non-inoculated treatment, suggesting a potential con-
tribution of ZF6 to Zn removal. Correlation analysis (Fig. 1)
revealed a negative relationship between ZF6 inoculation
and soil Cd concentration (r=—0.46), whereas the relation-
ship with Zn was weak (r=-0.11).

Residual Cd and Zn concentrations in plant tissues are
shown in Fig. S5c and d. ZF6 inoculation was associated
with increased Cd accumulation in both shoots and roots,
particularly at day 40 (p < 0.05). Similarly, Zn concentration
in shoots was higher in the ZF6-inoculated group at day 20,
whereas root Zn concentrations showed inconsistent trends
between treatments over time (Fig. S5d). Correlation analy-
sis indicated a generally weak relationship between ZF6
inoculation and metal accumulation in plant tissues, with
most correlations not being statistically significant, except
for Zn in shoots. Overall, these results suggest that ZF6
inoculation may enhance Cd removal and influence metal
accumulation in plants, although the effects on Zn dynamics
were more variable and less consistent.

Effect of ZF6 inoculation on the abundance of heavy
metal resistance genes in soil

The temporal dynamics of cadA and zntA gene copy num-
bers revealed distinct patterns between ZF6-inoculated and
non-inoculated soils during the 40-day phytoremediation
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period (Fig. 3a and b). For cadA, both treatments started
with similar gene copy numbers on day 1. In the non-
inoculated treatment, the cadA copy number gradually
declined, reaching about 40% of its initial value by day
40, suggesting a loss of Cd resistance potential in the
absence of ZF6. In contrast, ZF6-inoculated soils exhibited
a progressive increase in cadA copy number, culminat-
ing in a 2.7-fold higher value than the control at day 40
(p <0.05). The cadA/16S rRNA ratio also remained stable
or increased in the ZF6 treatment, indicating a sustained
or enhanced proportion of Cd-resistant bacteria within the
microbial community. For zntA, both treatments showed
an overall increase in gene copy number over time, likely
reflecting adaptation to persistent Zn stress. However, the
increase was significantly pronounced in the ZF6-inoc-
ulated soils, where the zntA copy number was 1.2-fold
higher than the control at day 40 (p <0.05). Notably, the
zntA/16S rRNA ratio in the ZF6 treatment rose more than
fourfold by day 40, while it remained relatively unchanged
in the non-inoculated group. These results indicate that
ZF6 inoculation promoted the enrichment of heavy metal
resistance genes in the rhizosphere, which may enhance
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Fig.3 Gene copy number of heavy metal tolerance genes in soil sam-
ples during the experimental period, showing cadA gene abundances
(a) and zntA gene abundances (b). Treatments include w/o ZF6 (Chi-

cadA/16S ratio

soil Cd and Zn detoxification capacity and contribute to
improved heavy metal removal and plant growth.

Effect of ZF6 inoculation on soil bacterial
communities

Table 1 summarizes changes in amplicon sequence variants
(ASVs) and alpha diversity (a-diversity) indices of bacte-
rial communities in non-inoculated and ZF6-inoculated
soils over time. In the non-inoculated treatment, both ASV
counts and phylogenetic diversity (PD) tended to increase
over time. In contrast, the ZF6-inoculated treatment showed
the highest ASV and PD values on day 20, followed by a
decline by day 40. The Shannon index also increased over
time in the non-inoculated treatment, while the Gini—Simp-
son index remained relatively stable. In the ZF6-inoculated
treatment, both the Shannon and Gini—Simpson indices
exhibited a decreasing trend, indicating that bacterial com-
munity diversity increased in the non-inoculated treatment
but declined in the ZF6-inoculated treatment over time. The
composition of bacterial communities at the genus level,
focusing on genera with relative abundances greater than
1%, is presented in Fig. 4a. Rhodanobacter was the dominant
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nese cabbage only) and w/ZF6 (Chinese cabbage with Burkholderia
sp. ZF6). Each value represents the mean of triplicate data, with error
bars indicating the standard deviation
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Tab.le 1 Amplicon sequence Cultivation ~ Treatments ASVs Shannon* Gini-Simpson® Phylogenetic diversity®
v?rlan.ts (ASYS) and alpha- ‘ time (d)
diversity indices of the bacterial
communities in the tested soils 1 wlo ZF6 638+97  7.69+0.14  0.99+0.00 35.46+5.14
w/ZF6 719+231 7.80+0.16 0.99+0.00 38.86+9.45
20 w/o ZF6 797 +£163 7.99+0.11 0.99+0.00 44.80+4.52
w/ZF6 954 +97 7.49+0.12 0.98+0.00 51.38+5.25
40 w/o ZF6 823+ 147 8.02+0.11 0.99+0.00 45.96 +4.46
w/ZF6 679+ 101 7.23+0.13 0.97+0.00 42.98 +2.85

#The Shannon index quantifies species diversity in a community

"The Gini-Simpson index measures species evenness, indicating how similar species abundances are

across the community

“Phylogenetic diversity represents biodiversity based on evolutionary relationships, calculated as the sum
of the branch lengths spanning all species in a community

genus across all treatments. In the non-inoculated treatment,
the proportion of Rhodanobacter gradually declined, while
Sphingomonas, Reticulibacter, and Streptomyces increased
over time. In the ZF6-inoculated treatment, Rhodanobacter
remained dominant until day 20, similar to day 1, but by
day 40, Pseudomonas had become the most abundant genus.
The heatmap in Fig. 4b shows clustering patterns of micro-
bial communities and similarities among samples. On day
1, samples from both treatments exhibited similar microbial
profiles. However, by days 20 and 40, distinct clustering pat-
terns emerged between non-inoculated and inoculated treat-
ments. The non-inoculated treatment was characterized by
the presence of Reticulibacter, Streptomyces, Sphingomonas,
Bradyrhizobium, and Dyella, while the ZF6-inoculated treat-
ment showed higher abundances of Klebsiella, Agrobacte-
rium, Burkholderia, Sphingomonas, and Pseudomonas. The
PCA results, shown in Fig. 4c, further support these observa-
tions. In the non-inoculated treatment, bacterial communi-
ties on day 1 and day 20 displayed similar PCA patterns.
In contrast, the ZF6-inoculated treatment showed increased
cos2 values from day 20 to day 40, indicating a stronger
correlation with the principal components and suggesting
differences between the ZF6-inoculated treatments on days
20 and 40. This suggests that ZF6 inoculation increasingly
influenced the structure of the soil bacterial community over
time (Oliveira et al. 2024).

The VPA results identifying the primary factors influenc-
ing root-zone soil bacterial community structure are pre-
sented in Fig. 4d. ZF6 inoculation, heavy metal contamina-
tion, and soil plant growth-promoting enzyme activity (IAA,
phosphatase, and siderophore) accounted for 13.9%, 29.6%,
and 9.9% of the variation, respectively (Fig. 4d). Notably,
the combination of just two variables, ZF6 inoculation effect
and soil heavy metal contamination levels, explained 44.3%
of the total 63.2%, highlighting them as the most influential
factors shaping the microbial community structure. Only
5.2% of the variation was jointly explained by all variables,
indicating a limited shared contribution across all factors.

@ Springer

To further explore ecological interactions among bacterial
groups in both non-inoculated and ZF6-inoculated soils, a
co-occurrence network analysis was conducted (Fig. 5). The
resulting network structures differed significantly between
treatments. The ZF6-inoculated network contained 282
nodes and 6599 edges—162 more nodes and 1462 more
connections than the non-inoculated network (Table 2).
Additionally, the average connectivity (avgK) was higher
in the ZF6-inoculated treatment (46.80) compared to the
non-inoculated treatment (18.05), indicating a more com-
plex and interconnected microbial network. A similar trend
was observed in the average clustering coefficient (Avg CC),
which was also higher in the ZF6-inoculated treatment.
Moreover, the average path distance (GD) was shorter in
the ZF6-inoculated network (2.45) than in the non-inocu-
lated one (2.55), suggesting higher transmission efficiency
and closer connectivity among microbial taxa. In the non-
inoculated treatment, Sphingomonas exhibited the highest
number of connections and was identified as the key node
in the network. In contrast, in the ZF6-inoculated treatment,
Pseudomonas, Klebsiella, Agrobacterium, and Burkholde-
ria were the most highly connected taxa and served as the
primary hub nodes in the microbial network (Fig. 5). These
shifts in microbial community composition may be associ-
ated with improved plant growth and enhanced heavy metal
removal, suggesting a potential linkage between microbial
community restructuring and soil—plant interactions under
ZF6 inoculation.

Effect of ZF6 inoculation on the abundance of heavy
metal resistance and transport-related functional
genes in soil

The abundance of functional genes related to Cd and Zn
resistance and transport was analyzed based on 16S rRNA
gene-based functional predictions inferred using PICRUSt2
from contaminated soil samples (Fig. 6 and Table S2).
These results represent predicted functional profiles rather
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Fig.4 Comparison of the bacterial community structure in the tested
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than direct measurements of gene expression. A total of
7117 KEGG orthologs (KOs) were identified across all soil
samples. Notably, changes in the abundance of 10 repre-
sentative genes associated with Cd and Zn resistance or
transport, along with their correlations with rhizosphere
bacterial communities, are presented in Fig. 6. Over time,
the abundance of all 10 functional genes in the ZF6-inocu-
lated treatment showed an increasing trend compared to the
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partitioning analysis (VPA) of the microbial community in tested soil,
identifying four fractions: heavy metal contamination effect, soil PGP
activity effect, ZF6 inoculation effect, and unexplained variation, with
explained variance indicated by adjusted 1.2 values. Non-overlapping
circles represent the percentage of variation explained by each fac-
tor alone, while overlapping regions represent shared contributions
between factors (values <0 not shown). Treatments include w/o ZF6
(Chinese cabbage only) and w/ZF6 (Chinese cabbage with Burk-
holderia sp. ZF6)

non-inoculated treatment (Fig. 6a and Table S2). Particu-
larly, the H8 (K01915) gene, involved in glutamine synthesis
and playing a key role in nitrogen metabolism, while also
serving as a stress indicator under Cd exposure, was the
most abundant among the 10 functional genes (28%), and
its abundance increased by 1.6 times compared to the non-
inoculated treatment. Additionally, the H3 (K01534) gene,
which is associated with Cd and Zn resistance and transport
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Module 2 (19.8%) W Module 5(6.2%) M Module 8 (4.3%)

Module 10 (2.5%)
Others (14.2%)
Module 3(9.9%) [ Module 6 (5.6%) [l Module 9 (3.1%)

Fig.5 Microbial modular analysis of the bacterial communities in
tested soils without ZF6 (a) and with ZF6 (b). The size of each node
is proportional to the connectivity of the operational taxonomic unit
(OTU), and different colors represent distinct modules within the

(i.e., zntA), increased by more than twofold, while the H4
(K07238) gene, which is associated with metal ion transport,
increased by approximately 1.9-fold. Three other genes—
H2 (K01533), H5 (K03781), which are associated with Cd
and Zn resistance, and H7 (K02016), which is associated

Table 2 Topological properties of the soil bacterial community
molecular ecological networks under tested soils

Network indices w/o ZF6¢ w/ ZF6
Cutoff 0.40 0.40
Nodes 162 282
Edges 1462 6599
Avg K* 18.05 46.80
Avg CC° 0.11 0.17
GD* 2.55 2.45
Modularity 0.71 0.69
Modules 19 13

*Average degree (K): The number of edges connected to a node in the
network

bAverage clustering coefficient (CC): The overall tendency of nodes
in a network to form tightly connected groups

“Average path distance (Graph density): The average shortest path
between all pairs of nodes in the network

dw/o ZF6 Chinese cabbage only, w/ ZF6 Chinese cabbage+ Burk-
holderia sp. ZF6

@ Springer
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networks. Only genera with a total dominance of > 1% are presented.
Treatments include w/o ZF6 (Chinese cabbage only) and w/ZF6 (Chi-
nese cabbage with Burkholderia sp. ZF6)

with Cd transport, all exhibited abundances exceeding 10%
(Fig. 6a). The KO1533 and KO01915 genes showed positive
correlations with Mesorhizobium and Pedobacter (p <0.05),
and negative correlations with Micropepsis, Hyphomicro-
bium, and Abditibacterium (Fig. 6b). The KO1534 gene was
positively correlated with Agrobacterium, Pseudomonas,
and Burkholderia, but negatively correlated with Streptomy-
ces, Devosia, Luteibacter, and Bradyrhizobium. The K07238
gene showed positive correlations with Agrobacterium and
Pseudomonas, while the H6 (K02010) gene, which is asso-
ciated with Zn transport, was positively correlated with
Rhodanobacter, Pedobacter, and Burkholderia.
Additionally, correlation analysis between the 10 func-
tional genes and heavy metal-related factors revealed that the
abundance of the zntA gene in rhizosphere soil had strong
positive correlations with the H1 (K04565) gene, which
is associated with the removal of reactive oxygen species
(ROS) generated under Cd and Zn stress, as well as with
the K01534 gene (Fig. 6b). The accumulation of Cd and
Zn in the shoots and roots of Chinese cabbage was posi-
tively correlated with the K04565, K01534, and K07238
genes. In contrast, total Cd content in the rhizosphere soil
showed negative correlations with the KO1533 and K02010
genes. Overall, these results indicate that ZF6 inoculation
may influence the predicted functional potential of the soil
microbial community; however, these interpretations should
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Fig.6 a Radar plots showing the distribution of functional genes
involved in heavy metal metabolism between Kyoto Encyclopedia of
Genes and Genomes (KEGG) ortholog (KO) groups in tested soils
without ZF6 (orange) and with ZF6 (green) over 40 days. Treatments
include w/o ZF6 (Chinese cabbage only) and w/ZF6 (Chinese cab-
bage with Burkholderia sp. ZF6). b Association network analysis

be considered indicative trends rather than direct evidence
of gene activity or metabolic processes.

Discussion

PGP effects

The increase in PGP activity in soil not only supports plant
development but also enhances resistance to metal stress,
thereby providing protection for crops (Wang et al. 2022).
In this study, ZF6 inoculation increased soil PGP activity,

between heavy metal concentration factors and bacterial genera. Soil
Cd Cd concentration in the tested soil, Shoot Cd Cd concentration in
the Chinese cabbage shoot, Root Cd/Zn Cd/Zn concentration in the
Chinese cabbage root, zntA relative gene copy number of znfA in the
tested soil. Solid blue and dashed red edges indicate significant posi-
tive and negative relationships, respectively (p <0.05)

contributing to plant growth (Figs. 1, 2, and S4). ZF6 exhib-
ited strong nitrogen-fixing ability, along with the production
of IAA and phosphorus solubilization capacity (Lee and Cho
2025), which resulted in increased IAA levels and phos-
phatase activity in the rhizosphere soil of Chinese cabbage
(Fig. 2a and b). These changes suggest that even under toxic
Cd and Zn stress, root biomass and chlorophyll content in
Chinese cabbage increased (Fig. S4b and c). This finding
aligns with previous reports that bacteria belonging to the
same genus as ZF6, including B. cepacia, B. gladioli, and
B. graminis, possess IAA production and phosphate solubi-
lization capabilities, promoting root and shoot growth (dos
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Santos et al. 2021; Li et al. 2022). Bacterial IAA acts as
a phytohormone that influences root development (Mohite
2013; Ganesh et al. 2024), while phosphatase activity con-
verts organic phosphate into plant-available forms, improv-
ing nutrient uptake under metal stress (Campdelacreu
Rocabruna et al. 2024). Together, IAA production and phos-
phatase activity likely contributed to reduced metal stress
and enhanced nutrient acquisition, supporting the growth
of Chinese cabbage (Fig. S4). These findings are consistent
with previous studies reporting that PGPB, including Burk-
holderia sp., enhance plant growth under heavy metal stress
through phytohormone production and nutrient mobiliza-
tion, although the magnitude of growth promotion observed
in this study suggests that ZF6 may possess enhanced mul-
tifunctional capabilities.

While ZF6 exhibits siderophore production in vitro
(Fig. S1 and Table S1), its inoculation did not increase net
soil siderophore activity (Fig. 2¢). This apparent contradic-
tion arises from two factors. Cd/Zn levels (71.8 mg-Cd-kg-
soil™!, 1683 mg-Zn-kg-soil~!) suppressed siderophore syn-
thesis across the microbial community, including ZF6. For
instance, 50 mg-Cd-kg-soil~! has been shown to reduce
siderophore production in Pseudomonas fluorescens by
40-60% (Balta et al. 2025). Additionally, ZF6’s siderophores
may have been preferentially utilized by itself or neighboring
taxa under metal stress, limiting detectability in soil assays
(Liu et al. 2024a; Syed et al. 2023). Notably, the negative
correlation suggests heavy metal stress favors metal-resistant
microbes over siderophore producers. (Huo et al. 2021; Liu
et al. 2024a). While ZF6 maintains baseline siderophore pro-
duction (Fig. S2), its contribution was likely overshadowed
by HM-induced suppression of siderophore synthesis in sen-
sitive indigenous microbes (Wu et al. 2021). This highlights
the complex interplay between HM toxicity and microbial
metabolic trade-offs in contaminated soils (Lear et al. 2023;
Liu et al. 2024a).

Heavy metal removal effect

ZF6 inoculation significantly improved the removal effi-
ciency of Cd and Zn from the soil, achieving rates approxi-
mately 2 to 4 times higher than those observed in the
non-inoculated treatment (Fig. S5a and b). The higher Cd
removal efficiency (19.9%) compared to Zn (11.5%) may
be attributed to differences in plant physiological require-
ments and metal transport behavior (Balafrej et al. 2020;
Chen 2023). Zn, as an essential micronutrient, is tightly reg-
ulated through uptake systems, whereas Cd, a non-essential
metal, is more readily accumulated due to less selective
transport (Balafrej et al. 2020; Chen 2023). This trend is
consistent with previous findings in Brassica juncea, where
Cd uptake exceeded Zn under co-contamination conditions
(Balafrej et al. 2020). Additionally, ZF6’s cadA/zntA efflux
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systems may contribute to increased Cd availability in the
rhizosphere, thereby enhancing phytoextraction (Liu et al.
2024a; Singh et al. 2016), whereas Zn dynamics may be
partially regulated by plant uptake mechanisms (Liu et al.
2024a; Singh et al. 2016). Recent studies also report stronger
associations between cadA expression and Cd removal than
between zntA and Zn (Liu et al. 2024a).

The enhanced removal efficiency may also be related
to multiple microbial mechanisms, including metal efflux,
biosorption, intracellular accumulation, and plant growth
promotion. PGPB such as ZF6 can increase metal bioavail-
ability, adsorb metals through cell surface functional groups,
and enhance plant growth via phytohormone production and
nutrient solubilization (Wang et al. 2022; Liu et al. 2024b;
Qin et al. 2024; Gogoi et al. 2024). These processes col-
lectively contribute to increased plant biomass and metal
uptake capacity (Gogoi et al. 2024). As shown in Fig. 1, the
negative correlation between ZF6 inoculation and soil metal
content suggests that ZF6 contributes to the reduction of
heavy metals in the soil. Although the contamination levels
in this study were relatively high, which may suppress indig-
enous microbial activity (Gamalero and Glick 2024), ZF6
inoculation still enhanced Cd and Zn removal. Given that
phytoremediation generally requires extended timeframes
(Gamalero and Glick 2024), further long-term studies are
needed.

The effectiveness of phytoremediation largely depends on
plant biomass and metal uptake capacity (Wang et al. 2021).
Chinese cabbage, particularly species within the Brassica
genus, is considered suitable for phytoextraction due to its
high biomass production and metal accumulation ability
(Wang et al. 2021; Liao et al. 2023). In this study, ZF6 inoc-
ulation enhanced Zn uptake in shoots (Figs. S4 and S5d),
suggesting that ZF6 contributed to improved plant growth
and metal translocation. Zn, an essential micronutrient, is
generally more readily transported within plants than Cd
(Hamzah Saleem et al. 2022; Chen 2023). Thus, the com-
bined effects of plant characteristics and ZF6 inoculation
likely contributed to enhanced metal uptake and removal
(Bortoloti and Baron 2022). This observation is in agree-
ment with previous reports showing that PGPB can enhance
metal uptake and removal efficiency by altering metal bioa-
vailability and plant physiological responses, indicating that
ZF6 functions within similar mechanisms under Cd and Zn
stress conditions.

Increase in heavy metal resistance genes in soil

The cadA and zntA genes encode P-type ATPases that
are associated with resistance to Cd and Zn by exhibiting
high binding affinity to these ions, thereby contributing to
the mitigation of metal toxicity (Lu et al. 2016; Prabha-
karan and Thamarai 2024). The cadA gene is particularly
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effective at binding and exporting Cd ions, which may
reduce cellular damage and contribute to Cd detoxifica-
tion in the surrounding environment (Prabhakaran and
Thamarai 2024). In contrast, zntA exhibits strong affinity
for both Cd and Zn and is associated with the regulation
of metal ion mobility in soil, potentially enhancing the
efficiency of phytoremediation (Lu et al. 2016). Notably,
zntA is induced under high Zn concentrations and has
been reported to be involved in Zn regulation through
plant-microbe interactions (Lu et al. 2016).

In this study, the abundance of both genes in the rhizo-
sphere soil of Chinese cabbage showed a positive correla-
tion with ZF6 inoculation (Figs. 1 and 3). While total bac-
terial abundance (16S rRNA gene copy number) did not
differ significantly at the initial stage, it increased mark-
edly in the ZF6-inoculated treatment by day 40 compared
to the non-inoculated treatment (Fig. 3a). Moreover, the
cadA/16S and zntA/16S gene ratios also increased with
ZF6 inoculation (Fig. 3), indicating an enrichment of Cd-
and Zn-resistant bacteria within the microbial community
(Gonzélez Henao and Ghneim-Herrera 2021). The pres-
ence of these metal-resistant bacteria reflects adaptation
to heavy metal stress and may contribute to enhanced phy-
toremediation performance (Gonzéilez Henao and Ghneim-
Herrera 2021). Specifically, the inoculation of ZF6, which
harbors both cadA and zntA genes, may have contributed
to an increased metal resistance potential of the soil micro-
biome. This may be associated with reduced metal toxicity
in plants, thereby promoting plant growth (Figs. 1, 3, and
S4). Consistent with previous studies, microbial inocula-
tion in contaminated soils has been shown to increase the
abundance of heavy metal resistance genes and associated
functional traits, suggesting that microbial communities
may adapt to metal stress through the selective enrich-
ment of genes involved in metal efflux, detoxification, and
homeostasis (Li et al. 2023; Sun et al. 2025).

In addition, further in-depth studies, such as additional
metatranscriptomics analyses, are needed in the future to
obtain direct evidence for the role of cadA/zntA in Cd/Zn
removal. Therefore, the relationship observed in this study
should be interpreted as a correlation rather than direct
mechanistic evidence. For example, a cadA-deficient Bur-
kholderia cepacia showed a 70% decrease in Cd efflux
ability, suggesting its critical role in metal detoxification
(Schwager et al. 2012). Recent studies in Pseudomonas
putida further confirm that cadA homologs are essential
for Cd resistance, with knockout mutants exhibiting severe
growth defects under Cd stress (Royet et al. 2025). While
direct knockout validation was beyond this study’s scope,
the correlation between cadA/zntA abundance and metal
removal is consistent with previous mechanistic studies in
Burkholderia cepacia and Pseudomonas putida.

Impact on soil bacterial communities

To better understand rhizosphere microbial dynamics,
this study examined the effects of ZF6 inoculation, which
was associated with a more complex microbial network
and increased core genera (Figs. 4, 5, and 6). Key genera,
including Pseudomonas, Klebsiella, Agrobacterium, and
Burkholderia, were predominant in ZF6-inoculated treat-
ments (Fig. 4). Tree-map analysis showed that these gen-
era belonged to Pseudomonadota, Gemmatimonadota, and
Actinomycetota, which became dominant after ZF6 inocu-
lation (Fig. S6). Bacteria from Pseudomonadota are widely
reported in heavy metal-contaminated environments, while
Gemmatimonadota has been associated with Zn resist-
ance (Yu et al. 2021; Li et al. 2025; Hu et al. 2021). The
enrichment of Pseudomonas and Klebsiella (Fig. 4a) is
consistent with their reported roles in metal resistance and
plant-microbe interactions. Genomic analyses indicate that
Pseudomonas can harbor cadA and zntA homologs involved
in Cd*/Zn* efflux, and can contribute to metal sequestra-
tion through extracellular polymeric substances (Ducret
et al. 2020, 2021; Prabhakaran and Thamarai 2024; Chat-
terjee et al. 2024). Similarly, Klebsiella was identified as a
significant biomarker in the ZF6 treatment (Fig. S7), and
its metal resistance has been associated with efflux systems
and siderophore production (Kusale et al. 2021; Balta et al.
2025). The co-enrichment of these genera with ZF6 suggests
a potential functional association under metal stress. Over-
all, ZF6 inoculation, together with environmental selection
pressure, may contribute to the enrichment of metal-resistant
bacteria in the rhizosphere of Chinese cabbage (Figs. S6
and S7). Additionally, these microbial shifts are consist-
ent with previous studies indicating that inoculation with
PGPB can restructure native microbial communities toward
metal-resistant and plant-beneficial taxa, thereby influenc-
ing soil-plant interactions under contaminated conditions
(Ducret et al. 2020, 2021; Kusale et al. 2021; Chatterjee
et al. 2024; Prabhakaran and Thamarai 2024).
Alpha-diversity analysis (Table 1) revealed that ZF6 inoc-
ulation reduced microbial diversity compared to the non-
inoculated treatment. This suggests that a smaller number
of metal-adapted taxa, including Pseudomonadota and Kleb-
siella, became dominant. The decrease in diversity (Table 1),
despite increased heavy metal resistance genes (Figs. 3 and
6), may be explained by environmental filtering and func-
tional specialization (Wang et al. 2023). ZF6-associated taxa
(e.g., Pseudomonas, Klebsiella, and Burkholderia) likely
outcompeted less resistant species, reducing diversity (Liu
et al. 2022; Wang et al. 2023). Network analysis showed
higher connectivity and modularity in ZF6-inoculated soils
(Fig. 5, Table 2), indicating stronger interactions among spe-
cialized taxa (Chen et al. 2022). These patterns may also be
associated with adaptive processes such as horizontal gene
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transfer (HGT) (Balta et al. 2025). Klebsiella species are
known for heavy metal resistance and plant growth-promot-
ing traits (Kusale et al. 2021; Kim et al. 2022), and Burk-
holderia increased in abundance over time (Figs. 4a and S6).
This coincided with improved metal removal and root bio-
mass (Figs. S4 and S5), suggesting a link between microbial
shifts and plant performance. However, it should be noted
that soil heat sterilization likely altered the native microbial
community structure, which may limit the direct ecological
interpretation of the results. Therefore, the observed micro-
bial dynamics primarily reflect responses under controlled
conditions rather than fully representing natural soil ecosys-
tems. Further studies under non-sterilized and field condi-
tions are required to validate these findings.

Impact on the abundance of functional genes
related to heavy metal resistance in soil

Bacteria inhabiting the plant rhizosphere are known to carry
various genes, such as cadA, cadB, chrA, pbrA, MerA,
zntA, and NiCoT, associated with resistance, detoxification,
and transport mechanisms for heavy metals (Nnaji et al.
2024). In this study, the distribution of Cd- and Zn-related
functional genes was analyzed in contaminated soil samples
(Fig. 6 and Table S2). These analyses are based on inferred
functional profiles derived from 16S rRNA gene data and
should not be interpreted as direct measurements of gene
expression. Among them, the K04565 gene, associated with
scavenging ROS generated under Cd and Zn stress, showed a
positive correlation with both zntA abundance in the rhizos-
phere and metal accumulation in Chinese cabbage (Fig. 6b).
K04565 has been reported to mitigate cellular damage by
eliminating ROS under metal toxicity conditions (Zhou et al.
2022). Previous research has also demonstrated its role in
protecting plants and microbes from oxidative stress in Pb-
contaminated environments (Zhang et al. 2023a).

The K01534 gene, associated with Cd and Zn resist-
ance and transport, showed more than a twofold increase in
abundance following ZF6 inoculation compared to the non-
inoculated treatment (Fig. 6a). Notably, KO1534 positively
correlated with the genera Agrobacterium, Pseudomonas,
and Burkholderia (the latter corresponding to ZF6). This
gene, also known as znrA, encodes a P-type ATPase involved
in the export of Cd and Zn from the cell (Rensing et al.
1997; Wang et al. 2024). By regulating intracellular metal
ion concentrations, KO1534 may contribute to reduced cel-
lular damage and adaptation to heavy metal stress. The pres-
ence of ZF6, which harbors zntA, may have contributed to
the increase in KO1534 over time (Fig. 6a), which may be
associated with enhanced metal accumulation in Chinese
cabbage (Fig. 6b). ZF6’s zntA is known to encode a P-type
ATPase that exports Zn>*/Cd** via ATP hydrolysis (Fakhar
et al. 2022), and similar efflux activity has been suggested to
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reduce intracellular metal toxicity and facilitate plant uptake
(Ducret et al. 2020). The negative correlation between
K01534 abundance and soil Cd content (Fig. 6b) is consist-
ent with these reported functions (Zhu et al. 2025). Simi-
larly, earlier studies reported that functional metal-resist-
ance genes became dominant after short-term cultivation in
contaminated soils, corresponding with shifts in dominant
bacterial genera (Yang et al. 2024). In addition, Bacillus
megaterium HgT21, which harbors the zntA gene, has been
shown to confer multi-metal resistance and promote plant
growth under metal stress (Guzman-Moreno et al. 2022).

The H4 (K07238) gene, involved in metal ion transport,
showed an approximately twofold increase in abundance
following ZF6 inoculation compared to the non-inoculated
treatment (Fig. 6a). KO7238 encodes Zn transporter proteins
of the ZIP family, which regulate intracellular Zn levels and
facilitate metal transport in plants (Gilbert et al. 2025). The
K07238 gene, homologous to Brassica ZIP2/Z1P4 trans-
porters, has been reported to facilitate Zn>*/Cd** influx into
root cells (Zhang et al. 2023b), and structural studies indi-
cate that these transporters preferentially bind Zn** but can
also transport Cd** (Ajeesh Krishna et al. 2020). This may
explain the positive correlation between K07238 abundance
and Cd accumulation in shoots (Fig. 6b). Our results suggest
that ZF6 inoculation, together with native bacteria such as
Agrobacterium and Pseudomonas, may be associated with
enhanced metal transport from soil to plants, supported by
the observed correlation between K07238 and Zn accumula-
tion in Chinese cabbage (Fig. 6b). Similarly, previous studies
have reported that inoculation with metal-resistant Bacillus
sp. is associated with increased abundance of genes related
to metal transport and detoxification, including the ABC,
HMA, ZIP, and MTP families, thereby enhancing phytore-
mediation potential (Liu et al. 2024a).

The H6 (K02010) gene, which is indirectly involved in
Zn transport, was positively correlated with dominant bacte-
rial genera observed in this study, including Rhodanobacter,
Pedobacter, and Burkholderia (Fig. 6b). K02010 has been
reported to be associated with iron transport and may con-
tribute to the supply of trace metals such as Zn as essential
micronutrients (Galisteo et al. 2023). It has also been linked
to osmotic balance and heavy metal resistance in contami-
nated soils (Galisteo et al. 2023). In this study, the increased
abundance of bacterial genera associated with K0O2010 may
be linked to enhanced metal resistance and plant growth
(Figs. 1, 6, and S4). However, it should be noted that these
functional predictions are based on inferred gene profiles
rather than direct measurements, and therefore should be
interpreted as potential functional trends rather than con-
firmed metabolic activities.

The high abundance of heavy metal resistance genes
observed in the metagenomic analysis may be attributed to
the elevated levels of Cd and Zn already present in the soil,
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as well as the existence of soil microorganisms, such as ZF6,
which possess genetic systems for resistance and transport
to mitigate metal toxicity (Phurailatpam et al. 2022). These
findings suggest that ZF6 inoculation may have influenced
the rhizosphere bacterial community, thereby influencing
the composition and abundance of functional genes related
to Cd and Zn resistance and transport (Fig. 6). Our results
are consistent with previous reports demonstrating that
inoculation with metal-resistant bacteria can enhance plant
growth and metal uptake while increasing the abundance of
resistance genes in the soil microbiome. For instance, Liu
et al. (2024a, b) reported that Bacillus sp. inoculation in
Sedum alfredii facilitated heavy metal phytoextraction and
upregulated resistance genes. However, our study extends
these findings by showing that Burkholderia sp. ZF6 not
only increases Cd/Zn removal and plant biomass but also
is associated with increases in microbial network complex-
ity and the abundance of multiple resistance genes (cadA,
zntA, K01534, and K07238) (Khatoon et al. 2024). This
may indicate a broader effect on rhizosphere microbial
interactions, which has not been fully addressed in previ-
ous studies. In addition, the relatively short experimental
duration (40 days) may limit the assessment of long-term
effects of ZF6 inoculation on soil microbial dynamics and
plant—microbe interactions.

Conclusion

This study examined the effects of Burkholderia sp. ZF6, a
PGPB with heavy metal resistance genes, on plant growth
and heavy metal removal in Cd- and Zn-contaminated soils.
ZF6 enhanced soil enzyme activities, including IAA produc-
tion and phosphatase activity, which contributed to increased
root biomass and length in Chinese cabbage. Additionally,
ZF6 facilitated heavy metal uptake by plants, thereby reduc-
ing soil Cd and Zn concentrations. Inoculation with ZF6
also altered the composition and functional potential of
bacterial communities in contaminated soils, promoting
the proliferation of Agrobacterium, Burkholderia, Sphingo-
monas, and Pseudomonas. These shifts in the rhizosphere
microbiome were associated with an increased abundance of
heavy metal resistance and transport-related genes (K01915,
K01534, and K07238), based on predictive functional pro-
filing. The findings provide insights into the potential role
of ZF6 in shaping microbial communities and enhancing
heavy metal resistance-related functional potential in con-
taminated soils. However, this study was conducted under
controlled pot conditions over a relatively short duration
(40 days), and the functional gene analysis was based on
predictive approaches. Therefore, the broader applicabil-
ity and mechanistic interpretations should be considered
with caution. Future research should focus on validating

the effectiveness of ZF6 under field-scale conditions and
assessing its long-term ecological impacts, including its
interactions with native soil microbial communities across
varying contamination levels and the regulatory mechanisms
underlying heavy metal resistance gene expression.
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