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• Metal-uptake does not negatively affect 
biomass in non-metallicolous plants.

• Soil origin has a stronger effect on the 
soil microbiome than plant ecotype.

• Different microbial taxa are associated 
with varying levels of metal uptake.

• Phytoextraction in metalliferous soils is 
linked to microbial functional activity.
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A B S T R A C T

Soil contamination with trace metal elements is a worldwide issue, prompting research on plant species capable 
of hyperaccumulating metals to reduce soil toxicity. Previous research suggests that both plant species and their 
populations can affect soil microbial communities, yet little is known about how different populations of 
hyperaccumulator species influence these microbial communities to enhance metal-uptake and tolerance. This 
study evaluated the effect of soil origin, soil microbiome, and plant population on phytoextraction efficiencies of 
Cd and Zn among four A. halleri populations: two each from metalliferous and non-metalliferous sites. In a 
controlled transplant experiment, clonal replicates of A. halleri were grown in native and three non-native soils 
for six months. Biogeochemical analyses of plants and soils were conducted, alongside sequencing of root- 
associated soil bacterial/archaeal and fungal DNA. Soil treatments primarily differed in pH, total Cd, Pb, and 
Zn, as well as acid and alkaline phosphatase enzyme activities. A combined effect of soil origin and population 
was noted for arylsulfatase and β-glucosidase activities, as well as ammonium and nitrate concentrations. Both 
non-metallicolous and metallicolous populations accumulated high levels of Cd and Zn in metalliferous soils with 
the non-metallicolous population NM_PL14 outperforming the metallicolous populations in Zn hyper
accumulation. Interestingly, non-metallicolous populations grown in metalliferous soils exhibited no trade-offs in 
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plant performance despite higher Cd and Zn accumulation. Soil origin had a stronger effect on the bacterial/ 
archaeal and fungal community composition than plant ecotype. Partial least square regression models explained 
66 % and 79 % of the variability in A. halleri Cd and Zn hyperaccumulation. There was a positive association 
between Zn-uptake and specific microbial taxa (e.g., Cornebacteriales, Microbacteriaceae, Propionibacteriales, 
Rhizobiaceae, Basidiomycota, Oidiodendron, Phallaceae) and functional activity (e.g., arylsulfatase, S oxidation) in 
metalliferous soils. Taken together, our findings suggest that non-metallicolous A. halleri populations may be 
better suited for Zn phytoextraction applications.

1. Introduction

Soil contamination with trace metal elements is a global concern, 
particularly in areas where the metal concentrations exceed the rec
ommended safe levels (Su et al., 2014; Carré et al., 2017; Khan et al., 
2021). To clean up these sites, environmentally friendly, cost-effective, 
and energy-efficient methods are needed. One such remediation tech
nique is phytoextraction that uses plants to remove metals from soils (Li 
et al., 2018; Wan et al., 2020). Efficient phytoextraction is achieved by 
metal-hyperaccumulating plant species as they specialize in allocating 
extraordinarily high concentrations of metals in their foliage (Chaney 
et al., 2007; Sheoran et al., 2010). Moreover, the plants used for phy
toextraction are often characterized with the following traits: (i) high 
tolerance to metals, (ii) rapid growth, (iii) high biomass, and (iv) ca
pacity to uptake metals from soil to roots, as well as transport to and 
allocate in leaves of the plants (Pirzadah et al., 2015; Yu et al., 2022). As 
phytoextraction efficiencies can vary among populations of the same 
species (Deram et al., 2007; Meyer et al., 2010), optimization of this 
technology is crucial for achieving successful phytoremediation.

The interface between root-surface and soil (rhizosphere) serves as a 
dynamic system for interactions among plants, microorganisms, and 
soils, and thereby plays a critical role in the process of phytoremediation 
(Wenzel et al., 2003). Soil microorganisms that colonize the rhizosphere 
generally promote nutrient acquisition and plant growth, enhance metal 
availability and solubility, and increase metal tolerance and accumula
tion capacity of plants (Chaney et al., 2007; Deng et al., 2020; Muehe 
et al., 2015). Previous studies have demonstrated a strong association 
between the soil microbiome and metal hyperaccumulation in various 
plant species (Martos et al., 2021; Luo et al., 2022; Huang et al., 2023). 
Additionally, plants can influence the physicochemical properties of the 
root-zone associated microbial communities, which may in turn impact 
the plant metal accumulation (Shi et al., 2015; Adedeji and Babalola, 
2020). In fact, it has been shown that different accessions or ecotypes 
within the same species can influence the rhizosphere microbial com
munity in distinct ways (Micallef et al., 2009; Schlemper et al., 2017; 
Bowsher et al., 2020; Wang et al., 2020; Kushwaha et al., 2022). Thus, a 
deeper understanding of the microbiome associated with the root-zone 
of different plant populations under varying environmental conditions 
is necessary to optimize the phytoextraction performance of metal 
hyperaccumulators.

Arabidopsis halleri (L.) O’Kane and Al-Shehbaz is a promising 
candidate to study phytoextraction mechanisms as it shows high metal 
tolerance and hyperaccumulates cadmium (Cd) and zinc (Zn) (Roosens 
et al., 2008). A. halleri metallicolous (M) and non-metallicolous (NM) 
populations tolerate high concentrations of metals at metal- 
contaminated sites and grow at uncontaminated sites, respectively. 
Previous research has shown that while Cd and Zn hyperaccumulation is 
higher in metallicolous populations at metal contaminated sites, some 
non-metallicolous populations can accumulate Cd and Zn more effi
ciently on uncontaminated soils than metallicolous populations on 
contaminated soils (Babst-Kostecka et al., 2018; Dietrich et al., 2019; 
Kushwaha et al., 2022). Moreover, recent work has demonstrated a link 
between variation in metal hyperaccumulation among A. halleri pop
ulations and soil biota (Klimek et al., 2023; Kushwaha et al., 2022), but a 
detailed characterization and comparison of microorganisms associated 
with the root-zone of A. halleri from both contaminated and 

uncontaminated sites, as well as the microbiome’s association with 
metal hyperaccumulation, is still lacking. Although some A. halleri ac
cessions have recently been evaluated for their phytoextraction effi
ciency and phytoremediation potential (Dietrich et al., 2021; Klimek 
et al., 2023), the largely unexplored associations between variability in 
populations’ responses and microbial-metal interactions hinder the full 
realization of its phytoextraction potential.

To address this knowledge gap, we characterized the effect of soil 
origin, soil microbiome, and plant population on Cd and Zn hyper
accumulation among four A. halleri populations, two each from metal
liferous and non-metalliferous sites in Southern Poland (Babst-Kostecka 
et al., 2018; Dietrich et al., 2021; Kushwaha et al., 2022). The four 
populations are genetically similar and located in close geographic 
proximity (Sailer et al., 2018; Babst-Kostecka et al., 2018), yet they 
display significant quantitative variation in metal tolerance and hyper
accumulation capacity (Meyer et al., 2010; Babst-Kostecka et al., 2018; 
Dietrich et al., 2021). Additionally, the evolutionary dynamics of metal 
hyperaccumulation are particularly interesting, as an increase in 
hyperaccumulation in the lowland non-metallicolous population from 
the Niepolomice Forest (NM_PL14) might be attributed to the coloni
zation of this site by plants from former metallicolous populations in the 
Olkusz region (M_PL22, M_PL27). To determine if these patterns are a 
result of specific interactions with microorganisms associated with the 
root-zone of A. halleri local soils, we have evaluated fitness, interactions 
with the soil microbiome, and phytoextraction capacity of these 
A. halleri accessions in a transplant experiment, where clonal replicates 
were grown in both native and non-native soils under controlled con
ditions. Plant growth, phenotypic properties, and metal accumulation 
were combined with soil biogeochemistry and microbiome datasets to 
investigate plant-metal-microbe interactions. Using this setup, we 
addressed the following questions: (1) Are the metal tolerance and up
take capacities of the non-metallicolous and metallicolous A. halleri 
populations different in non-metalliferrous and metalliferrous soils? (2) 
Are the differences in soil microbial diversity and composition associ
ated with plant populations or soil origin? (3) Are there specific mi
crobial phylotypes in non-metalliferrous vs. metalliferrous soils that 
associate with different hyperaccumulation patterns in plant 
populations?

2. Materials and methods

2.1. Plant and soil material

The sampling included two non-metalliferous (NM_PL14 and 
NM_PL35) and two metalliferous (M_PL22 and M_PL27) locations of 
A. halleri in southern Poland. Organo-mineral soil horizon (topsoil) was 
collected in each location using sterile instruments, from five 2 × 2 m 
quadrats with A. halleri vegetation (Table 1). Soil was sieved (7 mm), 
homogenized, and placed into sterile plastic bags. Approximately 100 L 
of composite soil sample per site was transferred to the laboratory, 
redistributed to experimental pots, and placed in the greenhouse. The 
0.5 L pots were immediately used for rooting A. halleri cuttings, while 
the 2.5 L pots were stored for 2 weeks before starting the reciprocal 
transplant experiment (Fig. S1; see below). Additionally, five mature 
A. halleri individuals (genotypes) were collected in each location, 
ensuring a minimum distance of 5 m between plants to avoid potential 
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clones. Each plant was then asexually propagated via cuttings, yielding 
20 clones per genotype. Plants were individually rooted in 0.5 L pots 
filled with four soils collected from the field locations (NM_PL14, 
NM_PL35, M_PL22, and M_PL27) – 5 clonal replicates per each genotype 
in each soil – and grown in a greenhouse for 2 weeks prior to the 
experiment (day/night regime of 20◦/18 ◦C, photoperiod of 13 h/11 h, 
and a light intensity of 100 μmol m− 2 s− 1).

2.2. Reciprocal transplant experiment under controlled conditions

Four similar-size plants per genotype were selected from the two- 
week old cuttings, each already rooted in the four soils, and individu
ally placed into corresponding 2.5 L pots (Fig. S1). Pots were filled with 
topsoil collected directly from the four study sites: NM_PL14, NM_PL35, 
M_PL22, and M_PL27 (see above). Thus, each plant genotype had one 
clonal replicate grown in the substrate from its native site and from the 
three non-native locations (Fig. S1). This approach ensured that all 
plants were exposed to different soil treatments from the begin
ning–warranting that any observed differences in performance during 
the experiment were attributable to the soil treatment, and not pre- 
existing native soil conditions or acclimatization effects. Further, by 
establishing initial microbial interactions in each soil, we facilitated 
microbial colonization and community development, which could in
fluence plant health and interactions with different soils used in the 
experiment.

A total of 80 pots with plants were included in the experiment. This 
comprised 4 populations × 5 genotypes × 4 clonal replicates, each 
grown in their native and in three non-native soil treatments (Fig. S2). 
Additionally, 20 non-planted pots were established as negative controls 
(5 per soil treatment) to ensure that any variations in metal concentra
tions and pH were due to plant and microbial activity rather than other 
variables related to the experimental setup and manipulation (e.g., 
irrigation; Table S1). The experiment was conducted under controlled 
conditions with a day/night regime of 20◦/18 ◦C, photoperiod of 13 h/ 
11 h, and a light intensity of 100 μmol m− 2 s− 1. Pots were watered every 
four days to maintain soil water content close to field capacity (no 
leaching occurred), and their location was randomized monthly. The 
experiment ran for 6 months.

2.3. Plant phenotypic traits

The phenotypic variability in response to soil treatment was assessed 
by scoring at the beginning (day 1), in the second half (day 129), and at 
the end of the experiment (day 178): maximum quantum efficiency of 
photosystem II (Fv/Fm), performance index on absorption basis (PIabs), 
relative growth rate, and leaf percentage showing visible symptoms of 
metal toxicity. At the end of the experiment, we additionally scored the 
dry shoot biomass, and Cd and Zn shoot concentrations. The relative 
growth rate was calculated as (ln LAy-ln LAx)/D, where LAx and LAy is 
the total plant leaf area at times x and y, and D is the time elapsed be
tween y and x (Cambrollé et al., 2013). Plant leaf area (cm2) was esti
mated through a non-destructive technique based on digital 
photographs analyses with Easy Leaf Area software (Easlon and Bloom, 
2014). Fv/Fm and PIabs were provided as estimators of photosynthetic 
performance of each plant and consisted of three measurements of 
medium-sized leaves per plant using the Handy PEA chlorophyll 

fluorometer (Hansatech Instruments, United Kingdom), after 20 min 
sample dark adaptation with leaf clips. The Fv/Fm parameter was 
selected as an indicator of plant photosynthetic performance, presented 
as a ratio of variable fluorescence (Fv) over the maximum fluorescence 
value obtained for continuous light intensity (Fm); the PIabs reflects the 
functionality of both photosystems I and II. At the end of the experiment, 
plants were harvested, their shoots washed twice in deionized water, 
dried at 80 ◦C for 48 h, and dry shoot mass (g) was quantified for each 
plant.

The dry shoots were used to determine the epigeous Zn and Cd 
concentrations. Approximately 0.3 g of dry-ground shoot tissue samples 
were mixed with 6 mL of nitric acid (HNO3, 69–70 %) and HClO4 
(70–72 %) (4:1 v/v), left for 24 h, and boiled on a hot plate (Digestor 40 
Auto, Foss Tecator, Sweden) at 282–284 ◦C for 1.5–2 h. Elemental 
concentration was determined using atomic absorption spectrometers 
(AAS; AA280FS, Varian; AA280Z, GTA 120, Varian, Australia) and the 
results were ascertained using certified Standard Reference Material 
1570a – Spinach Leaves (National Institute of Standards & Technology). 
The recovery values ranged between 96 % and 99 %, with RDS ± 0.5 %.

2.4. Soil sample collection at the end of the experiment

Upon harvest, root-associated soil samples were collected for each 
plant. Roots were excised using sterile instruments, placed into a sterile 
plastic bag, and shaken to separate and collect ~50 g of soil that adhered 
to the roots for DNA extraction and soil microbiome analyses (Solís- 
Dominguez et al., 2012; Fig. S1). Additional ~50 g and 100 g of soil were 
sampled next to the A. halleri roots for geochemical and biogeochem
ical/enzymatic analyses, respectively. All samples for soil microbiome 
analyses were immediately placed on ice and stored at − 80 ◦C until 
processing. Samples for analyses of soil respiration rate and enzymatic 
activity were stored at − 20 ◦C. The samples for geochemical analysis 
were either air dried at room temperature for about 1 week (pH, NH4-N, 
and NO3-N) or at 105 ◦C overnight for the measurement of total Cd, Zn, 
and Pb concentrations (Öhlinger, 1996; PN-ISO 11464, 1999).

2.5. Soil chemical analyses

Soil dry weight was determined after drying overnight at 105 ◦C. 
Maximum water holding capacity was assessed according to Öhlinger 
(1996) with minor modifications, using plastic cylinders with a fine 
mesh at one end. Soil pH was measured in a 1:5 (w:v) suspension of soil 
in deionized water (ISO 10390) using HQ40d meter (Hach, USA). For 
the analyses of pseudo-total (hereafter total) Zn, Cd, and Pb concen
trations, 0.5 g of dried (dried at 105 ◦C for 24 h) and ground soil 
(Analysette 3 Spartan Pulverisette 0, Fritsch, Germany) was mineralized 
in 10 mL HClO4, using a hot plate (Digestor 40 Auto, Foss Tecator, 
Sweden). The extracted elements were analyzed with AAS (AA280FS, 
Varian; AA280Z, GTA 120, Varian, Australia) and the results were 
verified using the certified reference material CRM048-050 (RTC). The 
recovery values ranged between 97 % and 101 %, with RDS ± 0.5 %. 
Bioaccumulation factors for Zn and Cd were calculated as the ratio of 
metal concentration in plant shoots and metal concentration in soil. To 
analyze water-extractable NH4-N and NO3-N concentrations, air-dried 
soil samples were shaken (Laboratory Shaker type 358S, Elpan, 
Poland) in water for 1 h (1:10, w:v) and filtered through cellulose 

Table 1 
Geographic location, GPS coordinates, elevation, pH, and total Cd and Zn concentrations in the soil samples (mean ± SD, n = 5) from the four field study sites at the 
start of the transplant experiment. NM = non-metalliferous sites; M = metalliferous sites.

Site Location Latitude (◦N) Longitude (◦E) Elevation (m) pH Total Cd (mg kg− 1) Total Zn (mg kg− 1)

NM_PL14 Niepołomice Forest 50.108833 20.367467 188 5.6±0.1 0.20±0.04 136±28
NM_PL35 Kościelisko 49.287056 19.879417 927 4.8±0.1 0.10±0.01 141±107
M_PL22 Bukowno 50.282800 19.478717 339 7.8±0.1 17±1 1662±198
M_PL27 Galman 50.198367 19.538817 471 7.3±0.1 54±2 10,075±30
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acetate membrane syringe filters (Huang and Schoenau, 1998, modi
fied). NO3-N concentration in the extracts was determined with an ion 
chromatograph ICS-1100 (Dionex, USA), while NH4-N concentration 
was determined with an ion chromatograph DX-100 (Dionex, USA).

2.6. Soil biogeochemical and enzymatic analyses

Frozen soil was thawed for a few days in a refrigerator at 4 ◦C prior to 
microbiological analyses (Öhlinger, 1996). All soil samples were sieved 
(2 mm mesh). Soil basal respiration and substrate-induced respiration 
were determined in samples adjusted to 50 % water holding capacity. 
Moist soil samples (3 g dw soil) were incubated in small glass ampoules 
at 22 ◦C in the dark. The concentration of CO2 was measured after about 
20 h incubation with a gas chromatograph equipped with a methanizer 
and a flame ionization detector (GC-FID 450; Bruker, USA). After the soil 
basal respiration measurements, a mixture of talcum and glucose mon
ohydrate (4:1; 10 mg glucose g− 1 dw soil) was added and mixed into the 
soil samples to measure substrate-induced respiration after about 4 h 
incubation. The concentration of evolved CO2 was determined as 
described above. Blank samples were included to estimate ambient CO2 
concentrations (Beck et al., 1996; Rousk and Frey, 2015).

To measure acid and alkaline phosphatase activities, moist soil 
samples (~0.5 g) were incubated at 37 ◦C for 1 h after the addition of p- 
nitrophenyl phosphate solution and adequate buffer (pH = 6.5 for acid 
and pH = 11 for alkaline phosphatase). Only buffer solution was added 
to control samples prior to the incubation. Released p-nitrophenyl was 
colored with NaOH after the addition of CaCl2 and determined photo
metrically at 400 nm (Margesin, 1996) using a colorimeter DR3800 
(Hach Lange, USA). To measure arylsulfatase activity, moist soil samples 
(~0.5 g) were incubated for 1 h at 37 ◦C after the addition of acetate 
buffer (pH = 5.8) and p-nitrophenylsulfate solution. Only buffer solution 
was added to control samples prior to the incubation. After incubation, 
distilled water and NaOH solution were added. The content of p-nitro
phenol was determined photometrically at 420 nm (Strobl and Traun
müller, 1996a) with a colorimeter DR 3800 (Hach Lange, USA). 
β-glucosidase activity was measured according to Strobl and Traun
müller (1996b). Moist soil samples (~2.5 g) were incubated for 3 h at 
37 ◦C following the addition of acetate buffer (pH = 6.2) and β-gluco
sido-saligenin (salicin) as the substrate. Water was added to control 
samples instead of substrate solution prior to the incubation. Released 
saligenin was colored with 2,6-dibromchinon-4-chlorimide following 
the addition of borate buffer (pH = 10) and measured at 578 nm with a 
DR 3800 colorimeter (Hach Lange, USA).

2.7. Soil microbiome analyses: DNA extraction and amplicon sequencing

DNA extraction and DNA clean-up were performed using the 
FastDNA Spin Kit for Soil™ (MP Biomedicals, Solon OH, USA) and 
DNeasy PowerClean Pro Cleanup kit (Qiagen, Hilden, Germany), 
respectively, as described in Kushwaha et al. (2022). To characterize 
bacterial/archaeal and fungal communities, V4 region of the 16S ribo
somal RNA (rRNA) was amplified using 515F/806R primers and ITS1f- 
ITS2 primers were used to amplify the fungal internal transcribed spacer 
(ITS) region, respectively (Walters et al., 2016). A paired-end (read 
length of 2 × 150-bp) sequencing was performed after pooling purified 
amplicons from all the samples together in equimolar concentrations. 
The sequencing run was conducted on the Illumina MiSeq platform 
(llumina, Inc., CA, USA) at the Microbiome Core, University of Arizona. 
The DADA2 pipeline was used to conduct bioinformatics analyses 
(Callahan et al., 2016) as described in the Supplementary material. Raw 
bacterial/archaeal and fungal sequencing data were submitted to NCBI’s 
Sequence Read Archive under the BioProjects: PRJNA1092725 and 
PRJNA1092728, respectively.

2.8. Statistical analyses

Raw datasets for soil enzyme activity, biogeochemical and abiotic 
parameters as well as plant variables were tested for normality using 
Shapiro-Wilk test and homogeneity of variance was evaluated using 
Levene’s test. Several parameters departed from normality and were 
subsequently transformed using the bestNormalize function (Peterson, 
2021). While transformed data were used for the statistical analyses, raw 
data for all variables are presented in tables and figures to enhance 
interpretability. Analysis of variance (ANOVA) was carried out to test 
the differences across the 16 treatments (4 soil treatments x 4 plant 
populations), followed by a Tukey’s honestly significant difference 
(HSD) post hoc test, using the package agricolae (de Mendiburu, 2016).

Alpha (richness and Shannon index) and beta diversity of the mi
crobial community were calculated using the vegan package (Oksanen 
et al., 2008). Community dissimilarity was evaluated using the Bray- 
Curtis distance and non-metric multidimensional scaling (NMDS) ordi
nation plots were used for visualization. Alpha diversity and community 
composition differences were determined using ANOVA and nested 
permutational multivariate analysis of variance (PERMANOVA; Ander
son, 2001), respectively. The factor soil origin (NM_PL14_S, NM_PL35_S, 
M_PL22_S, M_PL27_S) was nested within site type (non-metalliferrous vs. 
metalliferrous) for a nested PERMANOVA. The predicted microbial 
functional proportions were visualized using a heatmap with hierar
chical clustering (complete linkage method) and generated via Com
plexHeatmap package (Gu et al., 2016).

A linear discriminant effect size (LEfSe; Segata et al., 2011) analysis 
was conducted to identify microbial taxa that most likely differentiate 
across soils (S) from the four different locations for each plant popula
tion (P), i) population NM_PL14_P grown in NM_PL14_S, NM_PL35_S, 
M_PL22_S, and M_PL27_S soils, ii) population NM_PL35_P grown in 
NM_PL14_S, NM_PL35_S, M_PL22_S, and M_PL27_S soils, iii) population 
M_PL22_P grown in NM_PL14_S, NM_PL35_S, M_PL22_S, and M_PL27_S 
soils, and iv) population M_PL27_P grown in NM_PL14_S, NM_PL35_S, 
M_PL22_S, and M_PL27_S soil. The LEfSe analysis uses standard statis
tical tests to identify these microbial taxa across each group and gen
erates a logarithmic score value. For the linear discriminant analysis 
(LDA) score, we used the default cutoff value of LDA > 2.0.

Partial Least Square (PLS) regression models were used to investigate 
the contribution of abiotic and biotic soil variables together with plant 
metrics (= a matrix of 178 predictor variables) in the variation in Cd and 
Zn concentrations in A. halleri. The microbial taxa used in the PLS an
alyses were the unique taxa that were identified in LefSe analyses and 
had the highest mean among all the soils (> 4.5 logarithmic value; 
Tables S2 & S3). Detailed methodology for PLS analyses is described in 
the Supplementary material. All the analyses were performed in R 3.4.2 
(R Core Team, Vienna, Austria) except for PLS, that was performed using 
XLSTAT.

3. Results

3.1. Biogeochemical characteristics of soils

Recall that the clonal replicates of four A. halleri populations were 
grown for 6 months in soils from four locations (two non-metalliferrous 
and metalliferrous site types each), including their native soil and the 
corresponding three non-native soils. The bio-geochemical properties of 
these soils before the start of the experiment are listed in Table S4. 
Briefly, both the metalliferrous soils had significantly greater Cd (35 ±
19 mg kg− 1), Pb (2706 ± 2224 mg kg− 1), Zn (5869 ± 4440 mg kg− 1), 
and nitrate concentrations (101 ± 36 mg kg− 1) as well as higher pH (7.5 
± 0.3) in comparison to non-metalliferrous soils (0.2 ± 0.1 mg kg− 1, 23 
± 2.6 mg kg− 1, 138 ± 74 mg kg− 1, 35 ± 16 mg kg− 1, 5.2 ± 0.4, 
respectively).

At the end of the experiment, the site type (non-metalliferrous vs. 
metalliferrous) and origin of soil (NM_PL14_S, NM_PL35_S, M_PL22_S, 
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M_PL27_S) had the dominant effect vs. the population effect on the dif
ferences in total Cd, Pb, and Zn, and pH as well as acid and alkaline 
phosphatase enzyme activity (Figs. 1 & 2; Table S5). Total Cd (Fig. 1A), 
Zn (Fig. 1B), and Pb (Table S5) were significantly higher in metallifer
rous soils compared to non-metalliferrous soils, with the highest values 
found in M_PL27 soils (60 ± 3 mg kg− 1, 9758 ± 630 mg kg− 1, 5657 ±
574 mg kg-1, respectively), followed by M_PL22 (19 ± 0.8 mg kg− 1, 
1634 ± 94 mg kg− 1, 781 ± 33 mg kg− 1, respectively) and non- 
metalliferrous soils (0.12 ± 0.03 mg kg− 1, 169 ± 89 mg kg− 1, 30 ± 7 
mg kg− 1, respectively). On comparison of Zn concentrations at the end 
of the experiment to the starting values, it was noted that the plants 
grown in M_PL27 soil were the most effective in removing Zn from the 
soils (Fig. 1D). Further, an intra-population variation was observed with 
regards to plants’ ability in removing Zn from the root-associated soil. In 
contrast, there was an increase in Cd in root-zone of metalliferrous soils 
across all populations, with NM_PL35 population having the highest 
increase (Fig. 1C). Regarding pH, it ranged between 4.4 and 7.7 and 
increased across the sites in the following order: NM_PL35 < NM_PL14 
< M_PL27 < M_PL22 (Table S5). Metalliferrous soils had a significantly 
higher alkaline phosphatase activity than non-metalliferrous soils, with 
the highest values in M_PL27 soils, followed by M_PL22, NM_PL35, and 
NM_PL14 soils (Fig. 2B; Table S5). In contrast, acid phosphatase activity 
was significantly higher in non-metalliferrous vs. metalliferrous soils 
(Fig. 2A; Table S5).

A combined effect of soil origin with the population that grew in the 
respective soil was observed for arylsulfatase and β-glucosidase activ
ities (Fig. 2C & D), as well as ammonium and nitrate concentration 
(Table S5). Arylsulfatase activity was the highest in M_PL22 soils but 
there was no difference between the populations within this specific soil 
treatment (Fig. 2C). In both non-metalliferrous soils, the highest and the 
lowest values corresponded to M_PL22 and NM_PL35 populations, 
respectively, while the activity in soils affected by NM_PL14 and M_PL22 
populations was intermediate. Interestingly, the growth of both non- 
metallicolous populations in M_PL27 soil increased arylsulfatase 

activity compared to the growth of metallicolous populations. With 
regards to β-glucosidase, its activity was the highest in M_PL27 soils 
(Fig. 2D). As for the population effect, NM_PL35 population had positive 
effect on β-glucosidase activity in three soils: NM_PL14, NM_PL35, and 
M_PL27, in comparison to the other three populations (Fig. 2D). For soil 
nitrate, the lowest and the highest concentrations were found in 
NM_PL14 and M_PL27 soils, respectively (Table S5). Additionally, in 
both metalliferrous soils, higher nitrate values were associated with 
NM_PL35 population compared to the remaining three populations 
growing in the same soils. The positive effect of NM_PL35 population 
was also reflected in ammonium concentrations across all four soils, 
with the highest values found in M_PL27 soils (Table S5).

3.2. Differences in Cd and Zn concentrations in shoots

Cadmium and Zn levels in plant shoots differed between site types, 
with significantly higher values for plants grown in metalliferrous 
compared to non-metalliferrous soils (Fig. 3A & B). Further, Cd and Zn 
concentrations in metallicolous populations were significantly lower in 
non-metalliferrous (98 ± 32 mg kg− 1, 6590 ± 1763 mg kg− 1, respec
tively) than in metalliferrous soils (329 ± 115 mg kg− 1, 16,602 ± 8185 
mg kg− 1, respectively). All populations grown in metalliferrous soils 
exceeded the hyperaccumulation threshold for Cd (Fig. 3A; 100 mg 
kg− 1; van der Ent et al., 2013). Regarding plants grown in non- 
metalliferrous soils, Cd hyperaccumulation was found in the majority 
of non-metallicolous and metallicolous plants (75 %) grown in NM_PL14 
soils, while only 1 out of 20 plants grown in NM_PL35 soils reached the 
hyperaccumulation threshold for this element (Fig. 3A). In M_PL22 soils, 
shoots of NM_PL14 plants had the highest average Cd levels, followed by 
M_PL22, M_PL27, and NM_PL35 populations. In M_PL27 soil, the highest 
and the lowest Cd accumulation was found in M_PL22 and NM_PL14 
populations, respectively. Overall, non-metallicolous populations accu
mulated more Cd in metalliferrous vs. non-metalliferrous soils (Fig. S3). 
All non-metallicolous and metallicolous populations had Cd 

Fig. 1. Soil total Cd (panel A) and Zn (panel B) concentrations after 6 months of growth of two non-metallicolous (NM; blue) and two metallicolous (M; red) 
Arabidopsis halleri populations in the reciprocal transplant experiment under controlled conditions. Panel C and D represent the differences in total Cd and Zn 
concentrations at the end of the experiment relative to the starting total Cd and Zn concentrations in the soil, respectively. The boxes represent the inter-quartile 
range of the raw data, with the mean and median indicated by the square and horizontal line within the boxes, respectively. Black circles outside the boxes 
represent outliers. Statistically significant differences across the 16 treatments are represented by the different letters at p ≤ 0.05 (ANOVA, Tukey’s HSD post hoc test).
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bioaccumulation factors that exceeded one (Fig. 3C), and the highest 
bioaccumulation factor was found in plants grown in NM_PL14 soil.

For all non-metallicolous and metallicolous populations, Zn shoot 
concentrations (Fig. 3B) across all four soils were above the hyper
accumulation threshold (3000 mg kg− 1; van der Ent et al., 2013) and 
particularly high concentrations were found in plants grown in M_PL22 
soils (24,474 ± 6960 mg kg− 1). In metalliferrous soils, NM_PL14 pop
ulation was particularly efficient in Zn hyperaccumulation and out
competed the metallicolous populations. Further, M_PL27 population 
had the lowest concentration of Zn in its native M_PL27 soil, compared 
to the other three populations grown in this soil. Like Cd, all populations 
grown in non-metalliferrous soils had the highest bioaccumulation fac
tor for Zn (Fig. 3D). While the M_PL27 population had higher average Zn 
bioaccumulation factor in non-metalliferrous soils, only 1 out of the 5 
plants exceeded the bioaccumulation factor of 1 in M_PL27 soil.

3.3. Differences in A. halleri plant performance metrics

Although non-metallicolous populations in metalliferrous soils 
accumulated more Cd and Zn (Fig. S3 & Fig. S4), there were no trade- 
offs in plant biomass (Fig. S5), as both fresh and dry plant biomass did 
not vary significantly between the populations and across all four soils 
(Table S5 & Fig. 3E). The maximum quantum efficiency of PSII (Fv/Fm) 
ranged from 0.78 to 0.85 and photosynthetic performance remained 
unaffected for all populations in metalliferrous soils, indicating their 
tolerance to elevated metal concentrations (Fig. 3F). The Fv/Fm of 
metallicolous populations was not affected by any type of soil for most of 
the experiment (Table S5), yet by the end of the experiment the signif
icant drop in this parameter was observed for M_PL27 population in 
NM_PL14 soil (Fig. 3F). Overall, similar patterns were reflected by PIabs 
values (Table S5).

At harvest, population NM_PL35 had the lowest leaf area, in partic
ular in metalliferrous soils, followed by population M_PL22, NM_PL14, 
and M_PL27 (Fig. S6; Table S5). Temporal trends in leaf surface area 
were more diverse during the experiment. For example, both non- 
metallicolous populations in NM_PL14 soil had a significantly larger 
leaf area at day 129 when compared to the remaining three populations, 

but by the end of the experiment the parameter slightly decreased and 
reached the level of other populations (Fig. S6). Accordingly, both non- 
metallicolous and metallicolous populations grown in non- 
metalliferrous soils had similar leaf area at the end of the experiment. 
Leaf area of metallicolous populations in metalliferrous soils continued 
to increase during the entire experiment, with M_PL27 population 
having the higher value compared to M_PL22 in both soils. Therefore, 
leaf area of metallicolous populations remained larger in metalliferrous 
vs. non-metalliferrous soils at the end of the experiment and this dif
ference was significant for the M_PL22 population. In contrast, the 
overall relative plant growth rate (between the 1st and last day of the 
experiment) did not vary significantly across the populations and soil 
treatments (Fig. S7).

3.4. Microbial diversity and community composition

The bacterial/archaeal richness and Shannon index were similar 
across NM_PL14, M_PL22, and M_PL27 soils and were higher than in 
NM_PL35 soils (Fig. 4A; Table S5). Contrarily, the fungal richness and 
Shannon diversity were the highest in M_PL27 soils followed by 
NM_PL14, NM_PL35, and M_PL22 soils (Fig. 4B; Table S5). Both bacte
rial/archaeal and fungal metrics had little to no effect from the different 
A. halleri populations. For bacterial/archaeal community composition, 
site type (metalliferous vs. non-metalliferrous) and soil origin 
(NM_PL14, NM_PL35, M_PL22, M_PL27) explained 48 % and 38 % of the 
variation, respectively (p = 0.001) (Fig. 4C). The strong soil origin effect 
is also evident from extremely close clustering of samples from each soil 
regardless of the plant population origin. Additionally, the two non- 
metalliferrous soils were closer to each other in the ordination plot 
while the metalliferrous soils grouped away from each other (Fig. 4C). 
Regarding fungal community composition, site type and soil origin also 
had a strong effect and explained 29 % and 53 % of the community 
variation, respectively (p = 0.001) (Fig. 4D). Like bacterial/archaeal 
ordination, samples within the non-metalliferrous soils grouped rela
tively closer together. Metalliferrous soils clustered away from each 
other but M_PL27 soils grouped closer to NM_PL14 soils (Fig. 4D). Taken 
together, site type and soil origin explained 86 % and 82 % of the 

Fig. 2. Soil enzymatic activities in Arabidopsis halleri soil samples after 6 months of growth of two non-metallicolous (NM; blue) and two metallicolous (M; red) 
populations in the reciprocal transplant experiment under controlled conditions. A) Acid phosphatase, B) Alkaline phosphatase, C) Arylsulfatase, and D) β-gluco
sidase. The boxes represent the inter-quartile range of the raw data, with the mean and median indicated by the square and horizontal line within the boxes, 
respectively. Black circles outside the boxes represent outliers. Statistically significant differences across the 16 treatments are represented by the different letters at p 
≤ 0.05 (ANOVA, Tukey’s HSD post hoc test).
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bacterial/archaeal and fungal community composition, respectively, 
with site type influencing the bacterial/archaeal community 1.7-fold 
more than the fungal community.

3.5. Microbial functional predictions

Significant differences for predicted bacterial/archaeal functions 
were observed at the site type level (metalliferrous vs. non- 
metalliferrous) across the 16 treatments i.e., 4 soil origins x 4 plant 
populations (Fig. S8). Hierarchical clustering grouped the samples 
within these 16 treatments according to their site type and identified 
two main clusters, that reflect their respective metalliferrous and non- 
metalliferrous site type origin. Ten bacterial/archaeal functions 
differed significantly between metalliferrous and non- metalliferrous 
sites. Particularly, methanotrophy, methylotrophy, aerobic ammonia 
oxidation, nitrification, aerobic chemoheterotrophy, chemohetero
trophy, and hydrogen carbon degradation dominated at metalliferrous 
sites, whereas cellulolysis, fermentation, and iron respiration were 
predominantly present at non-metalliferrous sites.

Regarding fungal guilds, samples from the 16 treatments were pri
marily organized according to the soil origin (Fig. S9). Like bacteria/ 
archaea, the analysis identified two main clusters, yet they were 
comprised of: i) M_PL22 soil vs. ii) M_PL27, NM_PL14, and NM_PL35 
soils, with the latter two sharing a sub-cluster. Unlike bacterial/archaeal 
functional guilds, fungal guilds did not have distinct differences based 
on the site type, except ectomycorrhizal fungi and soil saprotrophs that 
dominated in metalliferrous and non-metalliferrous sites, respectively. 

Alternatively, both arbuscular mycorrhizal fungi and endophytes were 
significantly more abundant in NM_PL35 and M_PL27 soils. Addition
ally, M_PL27 soils had the greatest abundance of fungal parasites and 
orchid mycorrhizal fungi in comparison to other soils. In contrast, 
NM_PL14 and M_PL22 soils had a greater abundance of wood saprotroph 
and ericoid mycorrhizal fungi, respectively, when compared to other 
soils.

3.6. Cd and Zn shoot concentrations associations with abiotic and biotic 
variables

Two partial least square (PLS) components were identified as opti
mum for both PLS regression models on Cd and Zn shoot concentrations. 
As the number of components is the same in both regression models, 
these two models can be directly compared to each other. Together, the 
first two PLS components explained 66 % and 79 % of the variations in 
Cd and Zn shoot concentrations, respectively (Fig. S10). In the Cd model, 
all explanatory variables were responsible for 62 % and 3 % of the 
variance for the first and the second PLS component, respectively, and 
Cd shoot concentrations explained 24 % (PLS 1) and 18 % (PLS 2). On 
the other hand, all the explanatory variables in the Zn model accounted 
for 75 % and 4 % of the variance for the first and second PLS compo
nents, while the percentage explained by Zn shoot concentration was 21 
% on each PLS 1 and PLS 2 components. The significance of each 
explanatory variable in our two models was assessed based on the 
Variable Importance in Projection >1.0 criterion (Table S6). Accord
ingly, 49 and 65 out of 178 variables were considered as important for 

Fig. 3. Plant traits measured in two non-metallicolous (NM; blue) and two metallicolous (M; red) Arabidopsis halleri populations after 6 months of growth in the 
reciprocal transplant experiment under controlled conditions. Shoot concentrations of Cd and Zn (panels A & B, respectively), Bioaccumulation factors (BAFs) for Cd 
and Zn (panel C & D, respectively), dried shoot biomass (panel E), and maximum quantum efficiency of photosystem (PS) II (Fv/Fm; panel F). The boxes represent the 
inter-quartile range of the raw data, with the mean and median indicated by the square and horizontal line within the boxes, respectively. Black circles outside the 
boxes represent outliers. The dotted lines in panels A and B indicate the thresholds for Cd and Zn hyperaccumulation, respectively. The dotted lines in panels C and D 
indicate a BAF = 1. Statistically significant differences across the 16 treatments are represented by the different letters at p ≤ 0.05 (ANOVA, Tukey’s HSD post 
hoc test).
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our Cd and Zn hyperaccumulation PLS regression models, respectively. 
The absolute values of the beta regression co-efficients reflect the rela
tive contribution of each variable in explaining the differences in Cd 
(Fig. 5A) and Zn hyperaccumulation (Fig. 5B).

There was a stark difference in the strongest positive variables 
identified by PLS analysis for Cd and Zn hyperaccumulation. For Cd 
hyperaccumulation, Zn shoot concentration was the strongest positive 
variable, followed by the fungal taxa, Phallaceae and Phallus impudicus; 
bacterial taxa, Microbacteriaceae; and soil pH (Fig. 5A). In contrast, the 
top four variables in the Zn hyperaccumulation model included: fungal 
beta-diversity (NMDS1), M_PL22 soil, Cd shoot concentration, and the 
bacterial order, Corynebacteriales (Fig. 5B). Additionally, 26 out of 30 
strong positive predictors detected in the Zn model were also identified 
in the Cd model. These shared predictors included a combination of 
bacteria/archaea taxa (15), fungal taxa (5), fungal diversity, metal
liferous_site type, soil origin, pH, WHC, and alkaline phosphatase 
enzyme activity. Also, metalliferrous and non-metalliferrous site types 

were identified as important variables that explained the variation in Zn 
as well as Cd hyperaccumulation traits, with strong positive and nega
tive associations with both traits, respectively.

Five out of the eight variables that had the strongest negative impact 
on Zn and Cd hyperaccumulation were the same in both models. These 
five variables included: bacterial NMDS1, non-metalliferous_site type, 
acid phosphatase activity, bacterial taxon, Acidobacteriae and fungal 
taxon, Tremellomycetes. Interestingly, Zn and Cd bioaccumulation factors 
were negatively linked to Cd and Zn hyperaccumulation, respectively. 
This association contrasts with the strong positive relationship of plant 
shoot metal concentrations in the Zn and Cd models. Notably, both 
NM_PL14 and NM_PL35 soils negatively impacted Zn uptake, whereas 
only NM_PL35 soil hampered Cd uptake.
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Fig. 4. Microbial diversity in Arabidopsis halleri root-zone soil samples, after 6 months of plant growth in the transplant experiment. Number of observed amplicon 
sequence variants (ASVs) represents the richness for bacteria/archaea (panel A) and fungi (panel B) in the 16 treatments. The boxes represent the inter-quartile range 
of the data, with the mean and median indicated by the square and horizontal line within the box, respectively. Black circles outside the box represent outliers. 
Statistically significant differences across the 16 treatments are represented by the different letters at p ≤ 0.05 (ANOVA, Tukey’s HSD post hoc test). Bacterial/ 
archaeal (panel C) and fungal (panel D) community composition are represented by Nonmetric multidimensional scaling (NMDS) ordination plots. Site type (non- 
metalliferous (NM) vs. metalliferous (M)) and soil origin (NM_PL14, NM_PL35, M_PL22, M_PL27) explained the variation in the microbial community composition 
and are represented by R2 (p = 0.001 represented as ***; PERMANOVA).
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3.7. Unique microbial taxa associated with Cd and Zn shoot 
concentrations

A total of 56 taxa (29 bacterial/archaeal and 27 fungal) were iden
tified by the PLS analysis as significant explanatory variables for Cd and 
Zn hyperaccumulation in plant shoots, including positive (29) and 
negative (27) associations (Fig. 6). Notably, most of the taxa (28) 
associated with both Cd and Zn hyperaccumulation, 21 taxa associated 
uniquely with Zn, and only seven taxa were unique to Cd hyper
accumulation. Out of the 29 positive associations of taxa, 11 taxa had a 
higher relative abundance in metalliferrous vs. non-metalliferrous site 
type and nine of them associated with both Cd and Zn uptake. These nine 
taxa belonged to the bacterial groups of Acidimicrobiia, Actinobacteriota, 
Microbacteriaceae, Micrococcales, Micromonosporaceae, Micro
monosporales, Microtrichales, Nocardioidaceae, and Polyangiales. In addi
tion, there were 19 taxa that were abundant exclusively in M_PL22 soils 
and they associated with either Zn (8) or both Zn and Cd hyper
accumulation (11). Among these 19 taxa, a notable abundance was 
noted for the following microbial taxa: Actinobacteriota, Bradyrhizobium, 
Corynebacteriales, Rhizobiales, and Basidiomycota.

Regarding the negative associations of taxa, 24 out of the 27 taxa 
were abundant in either of the two non-metalliferrous soils. Eight taxa 
were abundant exclusively in NM_PL14 soil and impacted Zn uptake 
only; the other nine taxa were abundant only in NM_PL35 soil. Of the 
latter, six taxa solely associated with Cd uptake, and they included: all 
archaea; bacterial taxon, Clostridia; and fungal taxa, Pseudeurotiaceae, 
Pseudeurotium, Thelebolaceae, and Thelebolales. Interestingly, the four 
taxa that had similar relative abundances in both non-metalliferrous 

soils included a fungal species, Metarhizium carneum, and three bacte
rial taxa, Caulobacteraceae, Rhodanobacteraceae, and Xanthomonadales, 
with the latter three associating with both Zn and Cd 
hyperaccumulation.

4. Discussion

This study investigated the effect of soil origin, soil microbiome, and 
plant population on variations in Cd and Zn hyperaccumulation among 
A. halleri populations originating from metalliferous and non- 
metalliferous sites. Clonal replicates of plants were grown in their cor
responding native and non-native soils in a transplant experiment under 
controlled conditions. Despite the extreme differences in the properties 
of metalliferous and non-metalliferous soils, all populations tolerated 
high concentrations of Cd and Zn and exceeded the hyperaccumulation 
thresholds for these metals when grown in both site types (except Cd in 
NM_PL35 soil). Previous work has demonstrated that metallicolous 
populations typically exhibit higher tolerance levels for Zn and Cd, 
while non-metallicolous populations in uncontaminated soils tend to 
accumulate metals more efficiently than metallicolous populations in 
metal contaminated soils (Meyer et al., 2010; Stein et al., 2017; Babst- 
Kostecka et al., 2018; Dietrich et al., 2021; Kushwaha et al., 2022; Kli
mek et al., 2023). Consequently, A. halleri shoots often contain 
extremely high concentrations of these metals, even when present in low 
concentrations in the soil – suggesting active trace metal foraging 
beyond what could be explained by pH or bioavailable fractions of these 
metals (Dietrich et al., 2021). Additionally, Kushwaha et al. (2022)
demonstrated a strong association of soil fungal richness and diversity as 

Fig. 5. Abiotic and biotic drivers of the Cd and Zn hyperaccumulation as determined by partial least square regression analysis. The relevant explanatory variables 
(with Variable Importance in Projection >1.0) for Cd (panel A) and Zn (panel B) hyperaccumulation are arranged in the descending order based on their standardized 
regression coefficients (St. coeff.). Letters preceding the microbial taxa names indicate the level of taxonomic hierarchy: p, phylum; c, class; o, order; f, family; g, 
genus; and s, species, and NMDS 1 & 2 refer to the non-metric dimensional scaling axes scores.
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well as ten unique bacterial taxa with Zn hyperaccumulation in both 
metallicolous and non-metallicolous A. halleri populations. Hence, our 
study’s unique reciprocal transplant setup, allowed for the first evalu
ation of the combined contributions of plant population, soil origin, and 
plant-microbial interactions on metal uptake patterns by A. halleri. 
These findings and their implications are discussed in detail below.

4.1. Population-specific and soil-driven patterns of Zn and Cd tolerance 
and uptake in A. halleri from a transplant experiment

All populations demonstrated higher Cd and Zn accumulation in 
metalliferous soils compared to non-metalliferous soils, with non- 
metallicolous plants reaching extreme concentrations at levels similar 
to metallicolous populations for Cd hyperaccumulation, and even 
exceeding levels for Zn hyperaccumulation. Zinc hyperaccumulation is a 
constitutive trait in A. halleri, and consistent accumulation patterns are 
generally seen across populations when plants are grown under 
controlled conditions (Bert et al., 2002; Meyer et al., 2010). However, 
higher Zn accumulation in some non-metallicolous populations 
compared to metallicolous populations has been reported previously in 
natural field locations (Bert et al., 2000; Dietrich et al., 2021; Kushwaha 
et al., 2022) and is often linked to their geographic and evolutionary 

origin. Indeed, secondary colonization of non-metalliferrous sites by 
former metallicolous populations and divergent selection seem to play 
an important role in shaping the population structure of A. halleri, 
driving variation in Zn accumulation trait within the species in Southern 
Poland (Babst-Kostecka et al., 2018).

Interestingly, in this transplant experiment, we observed consistently 
higher Zn hyperaccumulation across all populations grown in M_PL22 
soil, compared to M_PL27 soil, even though the latter has nearly 6-fold 
higher Zn concentration. We hypothesize that plants grown in the 
most contaminated M_PL27 soil maintained the Zn content in their aerial 
parts below a certain internal toxicity threshold, indicating a controlled 
and limited uptake of this element despite the highest total Zn in the soil 
– so called the plateau effect (Bert et al., 2002). Contrary, the higher 
accumulation across populations grown in M_PL22 soil suggest that 
plants grown in this less contaminated soil were able to tolerate higher 
internal concentrations of Zn, with particularly high concentrations in 
non-metallicolous populations. This may be related to a distinct soil 
microbiome that characterized M_PL22 soil, which has been identified 
as an important predictor of accumulation and is further discussed in 
section 4.3.

The typical trade-off strategies often observed in transplant experi
ments (Maestri et al., 2010; Maestri et al., 2013) were not present in our 

Fig. 6. Heatmap depicts the relative abundance of microbial taxa that were identified as explanatory variables for the Cd and Zn hyperaccumulation in the partial 
least square (PLS) regression models. Positive and negative categories reflect the direction of the standardized regression coefficients for the microbial taxa in the PLS 
models. The letters preceding the microbial taxa names indicate the level of taxonomic hierarchy: p, phylum; c, class; o, order; f, family; g, genus; and s, species. The 
taxa are arranged alphabetically within their taxonomic hierarchy level.
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study. All populations across all soil treatments did not show any 
toxicity symptoms, indicating that there is no trade-off between higher 
metal uptake and tolerance vs. maintaining physiological processes and 
normal plant growth in the four studies A. halleri accessions. Never
theless, reaction norms generally pointed to better adaptation of pop
ulations to their native soils. Interestingly, some populations performed 
better in M_PL27 and NM_PL14 soils, suggesting that the biogeochemical 
properties of these sites may be particularly favorable. One significant 
factor distinguishing these two sites in our study is the higher fungal 
richness, which plays a crucial role in supporting metal hyper
accumulation and plant overall health. Greater fungal diversity im
proves metal tolerance and uptake by providing plants with essential 
nutrients and enhancing soil structure (Eisenhauer et al., 2017). In the 
case of NM_PL35 population, where biomass consistently remained low 
across all treatments regardless of soil origin, this suggests tighter ge
notype control over plant response. Additionally, the distinct small size 
of NM_PL35 plants further underscores its evolutionary separation from 
the other investigated populations in Southern Poland (Babst-Kostecka 
et al., 2018).

Our study also demonstrates a large variability in Cd uptake among 
populations, a characteristic previously observed in A. halleri (Bert et al., 
2002; Corso et al., 2018). It has been suggested that Cd accumulation is 
primarily a population-specific trait in A. halleri (Stein et al., 2017). 
However, our transplant experiment, in which plants were grown in 
soils from their natural metalliferrous and non-metalliferrous locations, 
as opposed to hydroponic and soil-spiking methods or field surveys, 
indicates that Cd uptake is driven more by soil Cd concentrations than by 
population origin. Supporting this, both non-metallicolous and metal
licolous populations exhibited significantly elevated Cd concentrations 
in their biomass, without any negative impact on their phenotype when 
grown in contaminated soils (i.e., no reduction in size or photosynthetic 
efficiency). Thus, we hypothesize that similar to Zn accumulation, Cd 
accumulation might be a constitutive trait in A. halleri, influenced 
mainly by interactions with soil biogeochemistry rather than being 
strictly controlled by population genetics (Dietrich et al., 2021; Sánchez 
et al., 2024). As recently demonstrated by Sánchez et al. (2024), Cd 
hyperaccumulation might not be triggered in soils with low Cd content, 
which could explain the low uptake in non-metalliferrous soil and 
extreme concentrations in the same non-metallicolous populations once 
transplanted to metalliferrous soils, as shown in our study. Additionally, 
we observed an increase in total Cd concentration in the root-affected 
soil at harvest (after 6 months of plant growth) compared to the con
centration in pre-experimental soil when both non-metallicolous and 
metallicolous A. halleri populations were grown in contaminated soils. 
This suggests increased mobility of Cd in the root-zone compared to bulk 
sediments. Such patterns could result from the oxidation of metal sul
fides and proton-induced dissolution of minerals (Li et al., 2022; Zhang 
et al., 2023), potentially enhancing metal transfer into aboveground 
plant tissues (Sánchez et al., 2024).

4.2. Role of soil origin vs. plant population in shaping microbial 
community composition

In this reciprocal transplant study, microbial diversity for bacteria/ 
archaea and fungi was characterized more by the soil origin than the 
plant population. Similarly, both bacterial/archaeal and fungal com
munity composition was influenced by the metalliferous and non- 
metalliferous site type and sampling location. These findings are 
congruent with earlier studies that reported striking differences in mi
crobial community composition between metalliferrous and non- met
alliferrous sites (Tipayno et al., 2018; Xu et al., 2019; Kushwaha et al., 
2022). However, considering i) the rapid response of rhizosphere mi
crobial communities to distinct root exudates produced by different 
plant species (Sanon et al., 2009; Maul and Drinkwater, 2010; Kulma
tiski and Beard, 2011; Steinauer et al., 2023), ii) the natural variations in 
root exudates among different accessions of the same plant species 

(Czarnota et al., 2003; Micallef et al., 2009; Monchgesang et al., 2016), 
and iii) the quantitative variation in metal tolerance and hyper
accumulation among A. halleri populations investigated in our study that 
is not driven by soil metal concentration (Dietrich et al., 2021), we 
anticipated observing plant population-driven changes in the A. halleri 
associated root-zone microbial community after 6 months of growth in 
the transplant experiment. In contrast, our study demonstrates that the 
growth of A. halleri populations in non-native soils did not alter the 
original native soil microbiome. Nonetheless, Klimek et al. (2023) found 
that the non-metallicolous and metallicolous A. halleri populations had 
different soil microbial communities when grown in the same metallif
erous soil for ~ 1.5 years. Thus, the 6-month duration of our study ap
pears insufficient to capture plant population-specific shifts in soil 
microbiome composition. Hence, to thoroughly investigate plant legacy 
effects and elucidate the timeline for the development of a resident soil 
community, we advocate for longer transplant experiments.

4.3. Zn uptake from M_PL22 soil is potentially associated with specific 
microbial taxa and functional activity

Despite M_PL27 having the highest metal concentrations in the soil, 
all A. halleri populations accumulated more Zn when grown in M_PL22 
soil. Given that previous research showed that Cd and Zn translocation 
factors in A. halleri did not depend on the bioavailable fractions of these 
elements in soil at this particular location (Dietrich et al., 2021), our 
study suggests that soil microbiome may play a pivotal role in driving Zn 
hyperaccumulation in A. halleri populations grown in M_PL22 soils. In 
particular, nine bacterial taxa that were exclusively abundant in M_PL22 
soil either belonged to Actinobacteriota (phylum) or Rhizobiales (order). 
Members of Actinobacteriota have previously been reported in metal- 
contaminated sites and their positive associations with plant metal up
take have been attributed to several metal-tolerance properties, 
including: (i) production of siderophores, (ii) precipitation of metals, 
(iii) DNA repair, and (iv) secretion of metal-binding proteins that reduce 
metal toxicity and oxidative stress (Bandara et al., 2022). Accordingly, 
strong associations have been reported between elevated concentrations 
of metals in soils and the presence of the following Actinobacteriota taxa, 
Corynebacteriales, Microbacteriaceae, and Propionibacteriales (Qian et al., 
2022; Wang et al., 2022). Further, Bradyrhizobium and Devosia (Rhizo
biales) are well-known N-fixing bacteria, also frequently reported at 
metal-contaminated sites (Honeker et al., 2019; Salmi and Boulila, 
2021; Geng et al., 2022). Bradyrhizobium can produce indole acetic acid 
and siderophores, and thus has the potential to alleviate metal-stress as 
well as increase metal solubility (Seneviratne et al., 2016; Asad et al., 
2019). Indeed, inoculation with Bradyrhizobium japonicum enhanced Cd 
and Ni uptake and promoted plant growth in Atriplex lentiformis (Kumar 
et al., 2023). Similarly, Devosia has been associated with Zn hyper
accumulation in Noccaeae caerulescens (Lodewyckx et al., 2002) and Ni 
hyperaccumulation in Alyssum murale (Lopez et al., 2017).

Not only did we detect bacterial taxa that were exclusively abundant 
in M_PL22 soils, but we also found associations between microbial 
functional activity and metal hyperaccumulation in the corresponding 
plant samples. The levels of arylsulfatase enzyme activity and the 
abundance of dark oxidization of S compounds (functional prediction), 
responsible for transforming sulfur into sulfate (the bioavailable S form 
for plant uptake; Scherer, 2009), were the highest in M_PL22 soil. Two of 
the bacteria associated with this function, Thiobacillus and Limnobacter, 
have been reported in several metal-contaminated sites, including the 
current study (Xiao et al., 2016; Valentín-Vargas et al., 2018; Lopes 
et al., 2020; Qian et al., 2023). Thiobacillus with the potential to enhance 
metal bioavailability and mobility in contaminated soils by bioleaching 
metals via biological and/or indirect chemical oxidation processes is of 
particular interest (Ye et al., 2020). Moreover, studies by Nocito et al. 
(2002, 2006) have demonstrated that metals like Cd and Zn stimulate 
higher absorption of sulfate in plants as it is used in synthesizing sulfur- 
containing compounds, such as glutathione and phytochelatins, that are 
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critical to metal tolerance. Such links between sulfur concentrations and 
Zn uptake have been noted in Salix purpurea L. in metal-contaminated 
peat soils (Sullivan et al., 2013). Thus, we hypothesize that sulfur/sul
fate transport systems may contribute to metal accumulation in A. halleri 
in extreme metalliferous soils, highlighting the need for further inves
tigation of this association, along with the measurement of sulfur and 
sulfate levels in the soils and A. halleri plants in future studies.

Finally, the ten fungal taxa that were exclusively abundant in 
M_PL22 soil, included both Ascomycota and Basidiomycota. In fact, 
Basidiomycota phylum contributed to the majority of fungal community 
composition (relative abundance of 82–84 %) in M_PL22 soil and was 
strongly associated with Zn uptake in A. halleri. Previous studies have 
successfully applied Basidimycota fungi to remove heavy metals from 
soils via fungal bioaugmentation (Chen et al., 2012; Hassan et al., 2020). 
Further, a metagenomics study on Basidiomycota reported sequences 
associated with metal-dependent enzymes, including Zn. Thus, use of 
metals for cellular activity by Basidiomycota may be influencing the 
metal availability for A. halleri plants (Passarini et al., 2022).

Unlike Basidiomycota, the abundance of other fungal taxa that posi
tively associated with metal uptake was <1 %, characterizing them as 
rare taxa. Such rare microbial taxa have been reported to play a role in 
multiple processes, including: (i) degrading pollutants and toxins in 
activated sludge (Dell’Anno et al., 2012), (ii) facilitating primary plant 
succession on mine tailings (Li et al., 2024), (iii) bioremediation of Cd 
contaminated paddy soil (Li et al., 2019), and (iv) other biochemical 
processes (Jousset et al., 2017). Notably, Gao et al. (2022) highlighted 
the importance of rare rhizosphere bacterial communities in Cd uptake 
in Lolium multiflorum Lam. Accordingly, it is likely that the rare fungal 
taxa associated with A. halleri in M_PL22 soil are enhancing the root 
uptake of Cd and Zn along with transport of other essential nutrients. 
Regarding the fungal functional groups, ericoid mycorrhizal was only 
abundant in M_PL22 soil. A particular strain of Oidiodendron maius, 
capable of forming ericoid mycorrhiza, has been isolated from heavy 
metal-contaminated soils and shown to have high tolerance to Zn and Cd 
(Lacourt et al., 2000; Martino et al., 2000, 2003). Collectively, these 
results suggest that site-, species-, and/or population-specific microbial 
taxa and their associated functional activities may greatly influence Cd 
and Zn uptake in A. halleri plants. Therefore, further investigation into 
this association is needed, particularly through increased replication in 
future experiments.

5. Conclusions

Our reciprocal transplant experiment showed that both non- 
metallicolous and metallicolous A. halleri ecotypes are tolerant to high 
levels of metal exposure and possess significant phytoextraction poten
tial. Indeed, most plants recorded bioaccumulation factors >1 for both 
Cd and Zn, with a more efficient uptake of metals from non- 
metalliferous soils. Notably, after 6-months of growth, A. halleri pop
ulations were able to reduce the total Zn in their root zone when grown 
in metalliferous soils, highlighting their usage in remediating Zn- 
contaminated soils. Our findings suggest that non-metallicolous vs. 
metallicolous populations may be better suited for phytoextraction 
technologies – as they possess traits of high tolerance and extremely 
efficient metal uptake without incurring any trade-offs to the plant 
biomass. Further long-term studies will be necessary to confirm their 
maintained efficacy in prolonged applications. Additionally, a stronger 
effect of the soil origin vs. plant ecotype was observed on the soil 
microbiome. Moreover, the positive association of specific microbial 
taxa and functional activity with extraordinary Zn uptake in M_PL22 soil 
indicates that the potential cost of metal tolerance associated with plant 
development in contaminated soils and high internal metal concentra
tions in plant tissues was counterbalanced by site-specific soil micro
biome interactions. Therefore, to have a better understanding of the role 
of microbial taxa on metal hyperaccumulation across different pop
ulations, future studies should: (1) evaluate how plant populations 

interact with soil microbiome over time; (2) assess the role of root ex
udates; and (3) carry out inoculation experiments. Quantification and 
optimization of the microbial-driven variability in metal-tolerance will 
ultimately influence the phytoextraction capacity of most promising 
populations.

CRediT authorship contribution statement

Priyanka Kushwaha: Writing – original draft, Visualization, 
Investigation, Formal analysis, Data curation. Kamila Murawska- 
Wlodarczyk: Writing – original draft, Visualization, Investigation. 
Małgorzata Stanek: Methodology, Investigation, Conceptualization. 
Anna M. Stefanowicz: Conceptualization. Barbara Seget: Investiga
tion. Alicja Babst-Kostecka: Writing – review & editing, Writing – 
original draft, Supervision, Project administration, Methodology, 
Investigation, Funding acquisition, Formal analysis, Data curation, 
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This work was supported by the POWROTY/REINTEGRATION pro
gramme of the Foundation for Polish Science cofinanced by the Euro
pean Union under the European Regional Development Fund 
(POIR.04.04.00-00-1D79/16-03) and the National Institute of Environ
mental Health Sciences Superfund Research Program (Grant P42 
ES004940) at the University of Arizona.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2024.177470.

Data availability

Sequencing and metadata are submitted to NCBI 

References

Adedeji, A.A., Babalola, O.O., 2020. Secondary metabolites as plant defensive strategy: a 
large role for small molecules in the near root region. Planta 252. https://doi.org/ 
10.1007/s00425-020-03468-1.

Anderson, M.J., 2001. A new method for non-parametric multivariate analysis of 
variance. Austral Ecol. 26, 32–46. https://doi.org/10.1111/j.1442- 
9993.2001.01070.pp.x.

Asad, S.A., Farooq, M., Afzal, A., West, H., 2019. Integrated phytobial heavy metal 
remediation strategies for a sustainable clean environment - a review. Chemosphere 
217, 925–941. https://doi.org/10.1016/j.chemosphere.2018.11.021.

Babst-Kostecka, A., Schat, H., Saumitou-Laprade, P., Grodzińska, K., Bourceaux, A., 
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