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Abstract 
Background and aims Mercury (Hg) contamination 
poses severe human and environmental health risks. 
We aimed to evaluate the colonization of Hg-con-
taminated sites by native plants and the prokaryotic 
composition of rhizosphere soil communities of the 
dominant plant species.
Methods A field study was conducted at a Hg-con-
taminated site in Romania. Metal concentrations in 
soil and plant samples were analyzed using portable 
X-ray fluorescence spectrometry. The prokaryotic 
composition of rhizosphere soil communities was 

determined through 16S rRNA amplicon sequencing 
and community functionality was predicted through 
PICRUSt2.
Results Site-specific trace metal distribution across 
the site drove plant species distribution in the highly 
contaminated soil, with Lotus tenuis and Diplotaxis 
muralis associated with higher Hg concentrations. In 
addition, for the bacterial communities in the rhizo-
sphere soil of D. muralis, there was no observable 
decrease in alpha diversity with increasing soil Hg 
levels. Notably, Actinomycetota had an average of 
24% relative abundance in the rhizosphere communi-
ties that also tested positive for the presence of merA, 
whereas in the absence of merA the phylum’s rela-
tive abundance was approximately 2%. merA positive 
rhizosphere communities also displayed an inferred 
increase in ABC transporters.
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Conclusions The results suggest a dependence of 
species-wise plant survival on local trace metal lev-
els in soil, as well as an intricate interplay of the lat-
ter with rhizosphere bacterial diversity. Knowledge 
of these interdependencies could have implications 
for phytoremediation stakeholders, as it may allow 
for the selection of plant species and appropriate soil 
microbial inoculates with elevated Hg tolerance.

Keywords Tolerance · Phytoremediation · 
Diplotaxis muralis · Lotus tenuis · Mercuric 
reductase (MerA) · Gemmatimonadota

Introduction

Soil serves as an essential foundation of our natural 
world. It is a vital source of sustenance, supplying 
95% of the food we rely on through the circulation 
and management of water, nutrients, and carbon-
based resources (FAO 2022). Over 25% of the plan-
et’s biodiversity relies upon soil health. Beyond being 
a habitat, soil and soil-based products play substantial 
roles in our world economies (European Commis-
sion 2020). Consequently, European legislation pro-
posals aimed at conserving the EU’s natural capital 
have recognised the protection of soil as a worthy and 
profitable objective (European Commission 2019). 
For stakeholders interested in phytoremediation, the 
preservation of soil quality is of paramount impor-
tance towards sustainable and effective remediation 
outcomes. Finally, soil health touches directly on 
multiple sustainable development goals of the United 
Nations (2023) (e.g., 2: zero hunger; 3: good health 
and well-being; 6: clean water and sanitation; 11: sus-
tainable cities and communities; 12: responsible con-
sumption and production; 15: life on land).

Trace metals are a minor component of a soil’s 
mineral composition. However, natural processes and 
human activities have caused many sites worldwide 
to exceed legal threshold concentrations for one or 
more trace metals such as mercury, lead (Pb), cop-
per (Cu), zinc (Zn), and manganese (Mn) (Tchoun-
wou et al. 2012). For example, an estimated 2.5 mil-
lion metal-contaminated sites exist in the European 
Union, amounting to 28.3% of its land area (Pana-
gos et  al. 2013; Tóth et  al. 2016). Industrial land 
use has left large, ecologically hazardous, untreated 
metal-polluted brownfields, exposing humans and 

food production to toxic elements via wind erosion 
and water leaching (Cundy et al. 2016; Ronchi et al. 
2019). The substance priority risk of the agency for 
toxic substances and disease registry classifies the 
non-essential elements Pb and Hg, respectively, 
as the second and the third most toxic elements to 
human health (Abadin et  al. 2020; ATSDR 2022a). 
Similarly, other trace metals such as Cu, Mn, and Zn, 
which have a physiological role as nutrients in cell 
metabolism at very low concentrations, also become 
toxic to organisms when present in excess (ATSDR 
2005, 2013, 2022b). Hence, by referring to the glob-
ally established baseline average concentrations, 
we can assess the degree of metal contamination in 
the topsoil. These baselines differ strongly between 
elements. For example, total global topsoil Hg con-
centration averages at 0.4  mg   kg−1 d.w., whereas 
the averages for Pb, Cu, Zn, and Mn are 25, 18, 64, 
and 437 mg   kg−1 d.w., respectively (Kabata-Pendias 
2011; Salminen et  al. 2005). Concerning plant life, 
an imbalanced elemental composition within the 
tightly controlled network of plant cells and tissues 
can cause stress, cell death, and reduced biomass gain 
(Alloway 2013). Notably, the accumulation of trace 
metals in soil and plants can potentially result in pro-
gressive accumulation with increasing trophic level 
in the food web, thus enhancing human health risks. 
Accordingly, it is imperative to safeguard soils world-
wide against excessive metal loading.

Strategies for managing contaminated brownfields 
aim to restore soil health for long-term ecosystem 
recovery (European Commission 2019). Phytore-
mediation is a sustainable green alternative to costly 
soil removal and consists of utilizing plants to restore 
brownfields (Liu et al. 2018; Mench et al. 2018). Phy-
toremediation has been explored as a strategy using 
plants alone, plants augmented with microorganisms 
or chemical compounds, or as complementary to 
other established technologies (Garbisu et  al. 2020). 
Phytoremediation requires specific management of 
the contaminated fields (phytomanagement), however, 
as well as local fitness of the employed plants, which 
can be achieved through the use of locally adapted 
spontaneous plant communities (Garbisu et al. 2020). 
Characterizing the inherent tolerance strategies of 
native plants can provide relevant insights into the 
design of future phytomanagement trials.

A feasible phytomanagement of a metal-contami-
nated brownfield also considers the microorganisms 
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associated with plant roots (Borymski et  al. 2018; 
Tiodar et  al. 2021). Bacteria can play a vital role in 
assisting plants to colonize the site by contribut-
ing to the cycling of elements like N, P, and C, and 
by restoring soil properties to support micro- and 
macrofauna, thereby promoting a healthy ecosys-
tem (Krausfeldt et al. 2017; Popendorf and Duhamel 
2015; Wang et  al. 2012). Microorganisms have also 
developed mechanisms that enable them to thrive in 
polluted sites. For example, bacteria can assist phy-
tomanagement efforts for trace metals through their 
metal resistance mechanisms, such as the mer operon 
for Hg (Frossard et  al. 2018). The mer operon is 
found across many bacterial phyla, and it contains 
genes encoding regulatory, uptake, and catalytic pro-
teins. The main catalytic function of the mer operon 
is performed by a mercuric reductase (MerA) which 
reduces the highly reactive cationic form of mercury, 
 Hg2+, to the volatile, inert, monoatomic mercury 
vapour,  Hg0. Bacterial survival in environments that 
are contaminated with organic Hg is favoured by the 
presence of an organomercurial lyase (MerB) within 
the mer operon which catalyses the breakage of a 
C-Hg bond in highly toxic alkyl- and aryl-mercurial 
compounds, yielding  CH4 and  Hg2+, which is then 
reduced to  Hg0 by MerA (Nies and Silver 2007). 
These processes of bacterial Hg immobilization or 
volatilization are particularly important for soil health 
because they restructure soil biochemistry and locally 
ameliorate metal stress for plant roots (Borymski 
et al. 2018).

In Romania alone there are 177 registered anthro-
pogenically contaminated sites, amassing 4101   km2 
of artificial surface (approximately 2% of the coun-
try’s total surface) (Ministry of Energy 2022). In this 

exploratory field study, we focused on one industri-
ally contaminated polymetallic site with Hg hotspots, 
where soil exceeds by far (Table  1) (Frenţiu et  al. 
2015; Văcar et  al. 2021) the national limit of safety 
for total soil Hg (4 mg  kg−1 d.w.) for industrial sites 
(Ministerial Order No. 756/1997, 1997). The aim of 
this study was to evaluate the degree to which the 
spontaneous flora and its associated rhizosphere bac-
teria have successfully colonized these patches of 
toxic substrate, and to assess its potential for reme-
diation of Hg-contaminated soil. Specifically, the 
objectives of the study were to: (i) screen and iden-
tify plants growing at the Hg-contaminated site; (ii) 
identify plant species with high Hg accumulation 
potential; and (iii) characterize the diversity of bac-
terial communities residing in the rhizosphere soil of 
the dominant plant species. We hypothesized that the 
native flora developed tolerance by avoiding or accu-
mulating toxic metals in order to colonize artificially 
uninhabitable grounds, and likewise, the rhizosphere 
bacterial communities have acquired their own resist-
ance mechanisms.

Materials and methods

Study area and sample collection

The study site is located in Turda, Cluj County, 
Northwest Romania, on the grounds of a former 
chemical plant established in 1911 (Fig.  1). At the 
Turda Chemical Plant, chlorine  (Cl2), as well as 
sodium and potassium hydroxides (NaOH and KOH) 
were produced since 1958 through electrolysis of 
sodium chloride (NaCl) and potassium chloride (KCl) 

Table 1  Total soil metal concentrations: minima, maxima, 
and median measured at the former chlor-alkali site in Turda, 
Romania. Legal limits for soil metal concentrations are given 

for Romania according to the Ministerial Order No. 756/1997, 
1997. Values are in mg  kg−1 d.w. (n = 25)

Summary statistics Hg Pb Cu Zn Mn

Min [mg  kg−1] 33 36 27 137 866
Max [mg  kg−1] 2601 996 1167 3603 2314
Median [mg  kg−1] 962 350 261 388 1149
Sensitive soils legal limit [mg  kg−1] Alert 1 50 100 300 1500

Intervention required 2 100 200 600 2500
Industrial soils legal limit [mg  kg−1] Alert 4 250 250 700 2000

Intervention required 10 1000 500 1500 4000
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salts as primary materials. A total of 44 electrolysis 
cells lined with Hg cathodes were assembled inside 
the facility located within the industrial area (Mag-
hear 2013). During the years of peak activity, Cu- and 
Zn-containing pesticides and calcium hypochlorite 
were also synthesized. Over >30  years of activity, 
tonnes of Hg were used, leaked through the base-
ment of the building, and eventually accumulated in 
the ground underneath the cement of the facility or 
possibly leached into the surrounding environment 
including the Arieș River nearby (Prodan et al. 2011). 
In the late 90s the activity at the site ceased, facili-
ties were partly demolished and abandoned, leaving 
behind metal and cement debris of the former build-
ing. According to the latest environmental report, the 
site was contaminated with 3.6 t of pure Hg and 1.5 t 
of Hg-containing waste (Cluj County Council 2012).

The area surveyed in this study consists of a 
6000  m2 surface of the industrial complex left 
after the demolition of the electrolysis facilities 
(N = 46.557192°, E = 23.781689°), which was 

further delimitated into six subplots (T1 to T6) 
(Fig. 1). The location has a warm and humid con-
tinental climate and is mostly covered in concrete 
debris; the margins of the area consist of Orthent 
soils that are heavily contaminated with metals 
(Table 1), as was previously characterized in Văcar 
et al. (2021). Previous studies have recorded a pH 
of 8.3, a median concentration of 11  g   kg−1 for 
total organic carbon (TOC), and median concen-
trations, expressed in g  kg−1, of 12 for aluminium 
(Al), 66 for calcium (Ca), 0.05 for chloride (Cl), 
24 for iron (Fe), 5 for potassium (K), 5 for magne-
sium (Mg), 1 for Mn, 1 for sodium (Na), 0.05 for 
nitrate  (NO3

−), and 0.3 for sulfate  (SO4
2−) (Frenţiu 

et al. 2015). The ecological hazard of Hg contami-
nation is even more severe as the mobility of Hg 
increases. To understand the contamination pro-
file at the site, 55 mg   kg−1 of total Hg was previ-
ously characterized as mobile (6.8%), semi-mobile 
(76.7%) and non-mobile (11.3%) fractions (Frenţiu 
et al. 2015).

Fig. 1  Map (Google Maps 2022) showing the location of the 
investigated site (Turda, Romania) and the subplots (T1 to T6) 
(marked by red dashed lines) used for the plant community 
survey of this study. The rectangle marked by yellow dashed 

lines depicts the area covered by the former building that now-
adays consists mainly of large blocks of concrete. Within the 
sampling area, vegetation was present predominantly between 
the yellow and red lines
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Plant community survey and collection of samples

In the summer of 2019, a plant community survey 
was conducted on the site according to Braun-Blan-
quet (1964), for which the sampling area was sub-
divided into six subplots (T1-T6) of approximately 
1000  m2 each (Fig.  1). The investigated subplots 
included the concrete debris of the former building 
(within the yellow grid (Fig. 1)), even though among 
the ruins, there were only very few plants. The fol-
lowing abundance scores were given for the plants 
found at the site: 0 = 0% coverage, r = single indi-
viduals, + = very few individuals, 1 = < 10% cover, 
2a = 5–12% and 2b = 13–25% (Braun-Blanquet 1964; 
Mueller-Dombois and Ellenberg 1974). No species 
were found with a relative abundance >25%. Plant 
individuals were sampled in accordance with their 
proportional abundance at the site (Table  2). The 
plants were excavated to maximally protect their 
root system then shaken manually for a few seconds 
to discard the loosely attached soil from the roots. 
Each plant was separated into root and shoot, placed 
in individual plastic bags and put on ice for trans-
port to the laboratory. Shoots were carefully washed 
under running water and then several times with dis-
tilled water to remove any potential dust deposited on 
the leaves. Roots were processed as follows in order 
to collect both the rhizosphere soil and the root tis-
sues. Rhizosphere soil refers to the soil closely adher-
ing to the roots. The adhering soil was detached from 
the roots by gloved-hand or plastic scrapers. Rhizo-
sphere soil collected from three individual plants 
growing within a 50  cm radius was pooled to form 
one rhizosphere soil sample used for metal analysis. 
After detaching the rhizosphere soil, the roots of each 
individual plant were carefully washed under running 

water and then several times with distilled water to 
further remove the remaining soil particles. For the 
microbial diversity analysis, a small fraction of the 
pooled rhizosphere soil of D. muralis plants collected 
for metal analysis was stored at −80 °C for later DNA 
extraction. At the time of sampling, D. muralis was at 
the pre-flowering stage.

Analysis of metal contents

To prevent Hg loss via volatilization, soil and washed 
root and shoot samples were air-dried at room temper-
ature (20–21 °C) for six days. Subsequently, soil and 
plant samples were ground into a fine powder using 
agate and porcelain mortars and pestles, respectively. 
Total Cu, Hg, Mn, Pb, and Zn were quantified in solid 
samples using a portable X-ray fluorescence (pXRF) 
spectrometer (Vanta series, Olympus, Waltham, 
MA, USA) (Supplementary Table  1) (Weindorf and 
Chakraborty 2020). Briefly, dry powder samples 
were set in a thin layer onto a Prolene thin film that 
covered the aperture of the instrument. The pXRF 
device was placed on a flat surface and used in a 
portable test stand configuration, being operated on 
a line power (115 VAC) at 10–40  keV. Using Geo-
chem Mode, each sample was sequentially scanned 
with three beams with a dwell time of 45 s per beam. 
Prior to sample measurement, instrument calibration 
was performed with a ‘316’ stainless steel alloy. The 
raw concentration values of Cu, Hg, Mn, Pb, and Zn 
in soil and plant tissues were corrected by applying 
correction factors based on the values of the reference 
materials that were added to each sample measure-
ment cycle (NIST 2711a-Montana II soil and NIST 
1515-Apple leaves) following the formula from Koch 
et  al. 2017. The recovery percentages of the pXRF 

Table 2  Plant species and their spread across the industrial 
site of the former chlor-alkali plant; n = number of samples 
taken from the field. The adapted abundance scores given 

were: 0 = 0% coverage, r = single individuals, + = very few 
individuals, 1 = < 10% cover, 2a = 5–12% and 2b = 13–25% 
(Braun-Blanquet 1964; Mueller-Dombois and Ellenberg 1974)

Plant species Family Primary 
Growth Form

Present at subplot Adapted Braun-Blan-
quet coefficient

n

Diplotaxis muralis (L.) DC. Brassicaceae herb 1, 2, 3, 4, 5, 6 2b 27
Lotus tenuis Waldst. & Kit. ex Willd. Fabaceae herb 1, 2, 4, 5, 6 2a 15
Calamagrostis epigejos (L.) Roth Poaceae grass 1, 2, 4, 5 2a 15
Erigeron annuus (L.) Pers. Asteraceae herb 1, 3, 6 1 12
Plantago lanceolata (L.) Plantaginaceae herb 6 + 3
Tussilago farfara (L.) Asteraceae herb 4 + 3
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measurement for the five elements of interest deter-
mined for the reference materials are given in Supple-
mentary Table 2. Cu, Hg, Pb, and Zn concentrations 
in the rhizosphere soil samples used for DNA extrac-
tion were quantified by inductively-coupled plasma 
mass spectrometry (ICP-MS, Perkin-Elmer Elan DRC 
II) upon microwave acid digestion (Multiwave Go 
Plus, Anton Paar) in Teflon vessels with aqua regia 
 (HNO3:HCl = 1:3 (v:v)). NIST 2711a-Montana II soil 
was included among the samples to assess technical 
accuracy during digestion and ICP measurements. 
The recovery percentages are given in Supplementary 
Table 2.

Microbial biodiversity and prediction-based 
functional analysis associated with the rhizosphere 
soil of the dominant plant species

The rhizosphere soil biodiversity of Diplotaxis mura-
lis (the most abundant plant species at the site) was 
explored using a metabarcoding approach. Total 
DNA was extracted in triplicates using a Quick-DNA 
Fecal/Soil Microbe Miniprep Kit (#D60010 ZYMO 
Research, USA) following the manufacturer’s instruc-
tions. The three technical replicates of the total DNA 
samples were pooled, and the DNA concentration 
was measured with a Nanodrop spectrophotometer 
(ThermoFisher Scientific, USA), before continuing 
with library preparation for the sequencing step. The 
V3-V4 regions of the 16S rRNA gene were ampli-
fied using the PRK341F/PRK806R primers modi-
fied by addition of Illumina-specific adaptors. The 
sequencing step was performed on a MiSeq platform 
(Illumina, USA) using V3 sequencing chemistry with 
300 bp paired-end reads. Raw sequence data was pro-
cessed as described in detail in Chiriac et al. (2017) 
and Szekeres et  al. (2018). Sequence data generated 
in this study have been deposited in the European 
Nucleotide Archive (ENA) at EMBL-EBI under pro-
ject accession numbers PRJEB67299.

The Phylogenetic Investigation of Communi-
ties by Reconstruction of Unobserved States (PIC-
RUSt) algorithm was used to infer potential biologi-
cal functions to the 16S rRNA gene-based microbial 
diversity profiles based on predicted metagenomes 
(Langille et  al. 2013). The FASTA sequence files 
and the normalized biom table of OTUs (QIIME 
output) were loaded into the PICRUSt2 (ver. 2.5.2) 
pipeline, using the default parameters. The resulted 

pred_metagenome_unstrat.tsv table with the gene 
family counts per sample annotated via the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
Orthology (KO) gene database was further imported 
into R (R Core Team 2023). The ggpicrust2 package 
was used to map and summarize the KO genes to pre-
dicted KEGG path-way-level categories and to gen-
erate a principal component analysis (PCA) via the 
pathway_pca() function (Yang et al. 2023). Next, the 
count data was converted to relative abundance per 
sample and was used for visualizing the most abun-
dant level 1, 2 and 3 KEGG pathways imputed for the 
environmental samples.

Endpoint PCR for merA gene

The presence of the mercuric reductase (merA) gene 
in the rhizosphere soil total DNA was assessed using 
endpoint PCR amplification. Degenerated merA spe-
cific primers (A2-n.F and A5-n.R), as specified in Liu 
et al. (2012), and DreamTaq Green PCR Master Mix 
(2X) (ThermoFisher Scientific #1081) were used to 
generate a fragment of 1250 bp under the following 
PCR conditions: 5 min at 95 °C initial denaturation, 
followed by 35 cycles of 40 seconds at 95 °C, 40 sec-
onds at 56  °C, and 1  minute 30  seconds at 72  °C. 
Thirty ng of soil total DNA was used as template. The 
resulting amplicons were separated on a 1% (w/v) 
agarose gel.

Data analyses and statistics

An ecological risk index of the site was generated 
for the elements of interest in this study (Hakanson 
1980). Natural background contents of the upper 
continental crust were used as pre-industrial base-
line values (Taylor and McLennan 1995; Gustin et al. 
1999). For the elemental concentration data, values 
below the instrument limit of detection (LOD) were 
replaced by LOD ×  2−0.5 (Hornung and Reed 1990). 
Using the metal concentrations, the following coef-
ficients were determined: bioaccumulation (BAF), 
calculated as the quotient of the metal concentration 
in shoot and in the rhizosphere soil, bioconcentration 
(BCF), the quotient of the metal concentration in root 
and in the rhizosphere soil, and translocation (TF), 
the quotient of metal concentration in shoot and root 
(Ruiz-Huerta et al. 2022; Zanganeh et al. 2022). Sta-
tistical analysis was conducted with one-way analysis 
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of variance (ANOVA). A posteriori comparisons of 
means was performed using Tukey’s test based on 
the minimum significant difference (MSD) method 
obtained from the T′ statistics for unequal sample 
sizes (Sokal and Rohlf 2012). Data were subjected to 
logarithmic transformation prior to analysis, which 
effectively homogenized the variances (Levene’s test) 
and produced normal distributions (Shapiro-Wilk 
test, normal probability plots, and visual histogram 
distribution) (Sokal and Rohlf 2012). Consequently, 
the median values were used instead of the arithmetic 
means. The relationships between the concentrations 
of elements in soil and plant organs were tested using 
Pearson correlation coefficients (bivariate correlation 
with two-tailed testing) (Sokal and Rohlf 2012). The 
responses of root and shoot Hg to soil Hg levels, and 
the responses of shoot Hg to root Hg were analysed 
at the species level using the test for equality of the 
regression coefficients (slopes) of several regression 
lines (Sokal and Rohlf 2012). Furthermore, redun-
dancy analysis (RDA) (Podani 2000) was under-
taken using metal concentrations in both roots and 
shoots, along with plant species (included as dummy 
variable), as response variables. For the explanatory 
variables, z-scores of the log-transformed soil metal 
concentrations were used, incorporating all avail-
able variables (i.e. employing a full model approach). 
The RDA model was validated using an ANOVA test 
with 999 permutations (Supplementary Table 3). The 
main R script used to prepare the data and generate 
the model was adapted from Borcard et al. (2012) and 
Zuur et  al. (2007). The base and vegan (ver. 2.6–4) 
(Oksanen et  al. 2017) R packages were used for 
ANOVA and RDA analysis, respectively.

Results

Plant species distribution

Within the whole perimeter of the former chlor-alkali 
plant, only several herbaceous plant species were pre-
sent and they were identified as members of Brassi-
caceae, Fabaceae, and Poaceae families (Table  2). 
The dominant species, present throughout most of 
the area were Diplotaxis muralis, Lotus tenuis, and 
Calamagrostis epigejos (Fig.  2). Erigeron annuus, 
Plantago lanceolata and Tussilago farfara were pre-
sent only occasionally.

Metal concentrations across the soil – plant system

Mercury

Median Hg concentrations were similar in the rhizo-
sphere soils of L. tenuis, D. muralis, E. annuus, and 
P. lanceolata (Fig.  3A), and between two- and ten-
fold higher than in those of C. epigejos and T. farfara. 
Albeit not statistically significant in all cases, L. ten-
uis displayed the highest median Hg concentrations 
of 1200, 5425, and 637  mg   kg−1 in the rhizosphere 
soil, root and shoot, respectively. The extent to which 
the six plant species accumulated Hg in root var-
ied substantially, with a ration of the highest to the 
lowest median concentration between 3 and 3850. 
However, the median shoot Hg concentrations in all 
the other plant species were only 2 to 7 times lower 
than that of L. tenuis. Overall, root Hg concentra-
tions were higher than shoot concentrations in the 
majority of plant species. The plant species deviat-
ing from this general observation were P. lanceolata 
and T. farfara, for which the shoot concentrations 
were higher than those in the root by 3 and 63 times, 
respectively. E. annuus had the lowest bioaccumula-
tion (BAF) and translocation (TF) coefficients of all 
plant species (Fig. 4A). Bioconcentration (BCF) and 
TF coefficients >1 were observed, and D. muralis had 
the highest percentage of individuals with BCF >20 
(11%) and TF >1 (22%). Possibly, collection of the 
largest number of individuals for this plant species 
led to a large variability in soil Hg concentration, and 
consequently in the foliar Hg accumulation, but also 
increased the chances of picking up individuals with 
high tissue Hg concentrations.

Lead

The highest rhizosphere soil median Pb concentra-
tion (402  mg   kg−1) was observed for P. lanceolata, 
with no significant differences amongst the plant spe-
cies. Calamagrostis epigejos accumulated the highest 
median Pb concentration in roots (117 mg  kg−1), the 
value being 1.6 to 23 times greater than for the other 
plant species (Fig.  3B). For shoot Pb concentration, 
the highest median was 46.5 mg  kg−1, for P. lanceo-
lata, and was 5 to 3 times and significantly higher 
than for the remaining plant species (Fig. 3B). BAF 
and BCF coefficients were largely below 0.5 and 1, 
respectively (Fig.  4B). Median TF coefficients >1 
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were recorded for both T. farfara and P. lanceolata. 
Although the median TF coefficient for D. muralis 
was <1, 37% of individuals displayed TF above unity.

Copper

Most plant species displayed similar median Cu 
concentrations in their rhizosphere soils, with over-
lapping interquartile ranges, except for T. farfara, 
which grew on a patch with the lowest Cu concen-
tration (27  mg   kg−1) (Fig.  3C). In roots, C. epige-
jos accumulated the highest median Cu concentra-
tion (365 mg  kg−1), which was 2 to 14 times higher 
than in the other plant species. In shoots, Cu con-
centrations were similar across species, with about 
a two-fold higher median (71  mg   kg−1) in P. lan-
ceolata than the lowest in D. muralis (34 mg  kg−1). 
The highest BAF, BCF, and TF coefficients were 
observed for T. farfara. BCF coefficients >1 were 
also observed in 40% of C. epigejos individuals, 
33% of E. annuus individuals, and 10% of the D. 

muralis individuals. Apart from T. farfara, the only 
other species with TF coefficients above unity was 
D. muralis (22% individuals) (Fig. 4C).

Zinc

The median Zn concentrations in rhizosphere soil 
ranged from 154 to 669 mg   kg−1, with the highest 
value (3600  mg   kg−1) recorded for P. lanceolata 
(Fig.  3D). In roots, median Zn concentration was 
highest in C. epigejos (436 mg  kg−1) and was 1.2 to 
10 times higher than in the other plant species. Out 
of the six plant species, shoot Zn concentrations 
were highest in P. lanceolata (204 mg  kg−1), twice 
the lowest value of 84 mg   kg−1 found in D. mura-
lis. Tussilago farfara displayed values >1 for the 
BAF and TF coefficients (Fig. 4D). BCF coefficients 
>1 were not unusual, with 52%, 33%, and 17% of 
D. muralis, C. epigejos, and E. annuus individuals 
reaching this threshold, respectively.

Fig. 2  Plant individuals 
found at the Turda site for 
the first two most abundant 
species: Diplotaxis muralis, 
in the T2 (A) and Lotus 
tenuis in T5 (B) subplots
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Fig. 3  Total metal concentrations in rhizosphere soil and 
plants at the sampling site in Turda, Romania. Boxplots show-
ing Hg (A), Pb (B), Cu (C), Zn (D) and Mn (E) concentrations 
(mg   kg−1 d.w.) determined for the rhizosphere soil (n = 1 to 
9), root and shoot (n = 3 to 27) for the six plant species iden-
tified at the site (Calamagrostis epigejos, Diplotaxis muralis, 
Erigeron annuus, Lotus tenuis, Plantago lanceolata, and Tus-
silago farfara). Different characters indicate significant differ-
ences among the species for each element (p ≤ 0.05, Tukey’s 

test for unequal numbers of replicates). The line inside the box 
shows the median value. The box shows the range from first to 
third quartile (interquartile range, IQR) and the whiskers show 
the lowest/highest values within 1.5 IQR of the lower/upper 
quartile. Whiskers are not shown if the lower/upper quartile 
was equal to the lowest/highest value (excluding outliers). Indi-
vidual data are presented as circles, and outliers are defined as 
data outside the whiskers. Conc. = concentration
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Manganese

Manganese concentration ranges were similar across 
the rhizosphere soils of all six plant species, with 

medians of ~1200  mg   kg−1 (Fig.  3E). In both roots 
and shoots of C. epigejos, median Mn concentrations 
of 727 and 246 mg  kg−1, respectively, were the high-
est. Compared to other species, these concentrations 
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were up to 12-fold, and 4-fold higher in roots and 
shoots, respectively. Manganese BAF and BCF were 
generally low, with values of <0.5 and 1, respectively 
(Fig. 4E). The highest median TF of 3 was observed 
for T. farfara, whereas median TF was below unity 
for all other plant species, except for ~44% of D. 
muralis and 47% of L. tenuis specimens.

The ranges of rhizosphere soil Hg concentrations 
differed substantially between species, with the larg-
est range for D. muralis and the smallest range for T. 
farfara, for which the range of rhizosphere soil con-
centrations were comparably narrow also for Pb and 
Cu. Compared to soil, overall, there was a Hg enrich-
ment in roots, but not of other metals in the plant spe-
cies that were abundant at the sampling site. Root-to-
shoot translocation of Hg and Pb was more efficient 
in P. lanceolata than in the other species. The highest 
TF coefficients for Pb, Cu, Zn, and Mn were found in 
T. farfara, although it represented the lowest number 
of individuals.

Soil – plant metal relationships

Relationships between metal concentrations in rhizo-
sphere soil and in plants were analysed only for the 
four species for which the relative abundance at the 
sampling site was >10% (Table 2). For Hg, the main 
contaminant at the site, significant positive corre-
lations between the concentration of the metal in 
rhizosphere soil and in plant organs were established 
for the most abundant species C. epigejos, D. mura-
lis, and L. tenuis. Whereas for E. annuus, although 

positive correlations were still observed, the corre-
lation between Hg concentration in rhizosphere soil 
and in shoots was the only one statistically significant 
(Table  3). However, E. annuus was the sole species 
to display significant correlations at all levels investi-
gated, for Pb and Zn (Table 3).

All plant species showed significant coefficients of 
determination (R2), for all three relationships tested, 
except E. annuus (Fig.  5). Furthermore, the slopes 
were significantly different between species for the 
dependence of both root and shoot Hg concentra-
tions on those in soil. For root Hg concentrations in 
relation to those in soil, the slope was maximal for L. 
tenuis and significantly different from all other spe-
cies. Relative to soil Hg concentrations, shoot Hg 
concentrations increased most sharply in E. annuus, 
followed by D. muralis and L. tenuis, and were sig-
nificantly different from C. epigejos. There were no 
significant differences between species in the slopes 
of regression lines of shoot Hg concentrations on root 
Hg concentrations (Fig. 5B).

Plant – soil interaction analysis

In a redundancy analysis (RDA, Fig.  6), soil Hg, 
Zn, Pb, Cu, and Mn, explained 13.1% (p ≤ 0.001), 
9.4% (p ≤ 0.001), 5.5% (p ≤ 0.001), 4.4% (p ≤ 0.001), 
and 2.7% (p ≤ 0.01), respectively, of the constrained 
variance (i.e. 35% of the total observed variance) in 
plant species distribution and shoot and root metal 
concentrations (Supplementary Table  4). The first 
two canonical RDA axes explained 76.5% of the con-
strained variance (Fig. 6). Together, Hg, Pb, Cu, and 
Zn explained mostly the first canonical axis, while 
Mn contributed to the explanation of the second 
canonical axis. Elevated root and shoot Hg concen-
trations were associated with elevated soil Hg. There 
was a positive association of Zn concentrations in 
roots, but not in shoots, with soil Zn. According to 
RDA, root and shoot Mn concentrations were posi-
tively associated with soil Mn, whereas plant Pb and 
Cu concentrations were not dependent on the respec-
tive soil metal. Additionally, soil Mn was positively 
associated with root and shoot Pb concentrations, root 
Zn, and shoot Cu concentrations.

The soil metals separated the plant community at 
the Turda site in two main directions: Hg, Pb, and 
Cu defined the first group of nonessential (Hg and 
Pb) or potentially toxic (Cu), whereas the essential 

Fig. 4  Plant metal accumulation coefficients for samples from 
Turda, Romania. Boxplots showing the Hg (A), Pb (B), Cu 
(C), Zn (D), and Mn (E) bioaccumulation (BAF =  [Metal]shoot/
[Metal]soil), bioconcentration (BCF =  [Metal]root/[Metal]soil), 
and translocation (TF =  [Metal]shoot/[Metal]root) factors (n = 3 
to 27) for the six plant species identified at the site (Calama-
grostis epigejos, Diplotaxis muralis, Erigeron annuus, Lotus 
tenuis, Plantago lanceolata, Tussilago farfara). Grey horizon-
tal lines show the plant accumulator threshold of these factors, 
equal to 1. Different characters indicate significant differences 
among the species for each element (p ≤ 0.05, Tukey’s test for 
unequal numbers of replicates). The line inside the box shows 
the median value. The box shows the range from first to third 
quartile (interquartile range, IQR) and the whiskers show the 
lowest/highest values still within 1.5 IQR of the lower/upper 
quartile. Whiskers are not shown if the lower/upper quartile 
was equal to the lowest/highest value (excluding outliers). Indi-
vidual data are presented as circles, and outliers are defined as 
data outside the whiskers

◂
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micronutrients Zn and Mn summarized the second 
group. The main plant populations that preferred the 
toxic metals group were L. tenuis, followed by D. 
muralis (Fig.  6). The Zn-Mn group influenced the 
acquisition of Mn and Zn in root and the accumula-
tion of Mn, Cu, and Pb in shoot (Fig.  6). The main 
plant populations distributed in this second group 
were C. epigejos, and P. lanceolata, while E. annuus 
remained between the two groups. However, T. far-
fara displayed an antagonistic relationship with all 
investigated soil metals and a low colonizing potential 
under higher Hg-Pb-Cu soil concentrations (Fig. 6).

Bacterial biodiversity in the rhizosphere soil of 
Diplotaxis muralis

Bacterial alpha diversity (within-sample diversity) in 
the rhizosphere soil of D. muralis was generally high, 
with the Shannon diversity index ranging from 5 to 
8.2 (Table  4), and did not gradually decrease with 
increasing soil Hg concentration between 128 and 
615  mg   kg−1 (no significant correlations for alpha 
diversity metrics and Hg concentration; Supplemen-
tary Table 5). Median species richness based on the 
number of observed OTUs was 754, with a minimum 
of 173 in sample  T5, four times lower than the median 
(Table 4). The total estimated richness showed a simi-
lar trend, with a median Chao1 estimator of 787, three 
times lower in sample  T5. Conversely, a maximum of 

904 observed OTUs and the highest Chao1 diversity 
index were observed in the  T1 soil sample containing 
the lowest Hg and Zn as well as, moderate Cu and Pb 
concentrations. However, the highest sample diver-
sity (Shannon diversity index) was associated with 
elevated soil Hg concentrations closer to the median.

A Bray-Curtis based beta-diversity analysis sup-
ported the distinct community composition of the  T5 
sample, and identified the highest similarity between 
the  T1 and  T6 samples (Fig. 7). Next, possible genetic 
elements conferring Hg resistance were evaluated. 
Total genomic DNA of all samples, except  T5, con-
tained the merA gene (Fig. 7C).

Overall, the Pseudomonadata phylum was domi-
nant, with ~50% relative abundance in all samples 
(Fig.  7A). The second most abundant phylum was 
Actinomycetota, with proportions between 19 and 
30%, except for the  T5 sample, in which the relative 
abundance of Actinomycetota was 1.5% and the rela-
tive abundance of Gemmatimonadata was above 30%, 
much higher than in all other samples. Chloroflexota 
was of low abundance in  T5 (0.4%), but noteworthy 
in the other samples ranging from 3.6% to 7.3%. Aci-
dobacteriota was more evenly distributed among sam-
ples, with relative abundances of 6.5% to 10.1%.

The most abundant phylotype belonged to the 
Gemmatimonadota phylum, but was not determined 
at the genus level. Kaistobacter was the second most 
abundant genus and was ubiquitously present in all 

Table 3  Pearson correlation coefficient (r) between metal log-
transformed concentrations in rhizosphere soil, root and shoot 
of Calamagrostis epigejos (n = 15 plant; n = 5 soil samples), 
Diplotaxis muralis (n = 27 plant; n = 9 soil samples), Erigeron 

annuus (n = 12 plant; n = 4 soil samples), and Lotus tenuis 
(n = 15 plant; n = 5 soil samples) for samples from Turda, 
Romania; in bold significant r values

* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001

Species Hg Pb Cu Zn Mn

Calamagrostis epigejos Soil vs. Root 0.93*** 0.64* 0.89*** 0.24 0.10
Soil vs. Shoot 0.89*** 0.07 0.29 0.06 −0.46
Root vs. Shoot 0.93*** −0.14 0.05 0.61* 0.05

Diplotaxis muralis Soil vs. Root 0.69*** 0.25 0.71*** −0.29 −0.18
Soil vs. Shoot 0.94*** 0.39* −0.09 −0.36 0.66***

Root vs. Shoot 0.70*** 0.03 0.02 0.44* −0.32
Erigeron annuus Soil vs. Root 0.38 −0.73** 0.58* 0.90*** 0.33

Soil vs. Shoot 0.94*** 0.92*** 0.35 0.95*** 0.59*

Root vs. Shoot 0.40 −0.59* −0.31 0.89*** 0.22
Lotus tenuis Soil vs. Root 0.90*** 0.19 0.42 0.08 0.37

Soil vs. Shoot 0.79*** 0.19 0.06 −0.44 0.60*

Root vs. Shoot 0.93*** 0.37 0.62* 0.08 0.38
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rhizosphere soil samples (Supplementary Fig.  2). 
Other noteworthy genera were Mesorhizobium, Azos-
pirillum, Pseudomonas, Paenibacillus, Bacillus, and 
Agrobacterium, which were less prevalent and were 
present in low proportions (<0.01%).

Functional diversity of bacteria in the rhizosphere 
soil of Diplotaxis muralis

To infer potential functionality to the identified 
16S rRNA gene-based microbial diversity data, 
the PICRUSt2 algorithm was used to predict the 

metagenomic content. The functional pathways deter-
mined were arranged via the KEGG pathways data-
base in a three-level hierarchy. In total, there were 
248 KEGG pathways (level 3 classification) pre-
dicted for the six D. muralis rhizosphere communi-
ties, as can be partially observed in Supplementary 
Table  6. The relative abundance of the level one 
KEGG pathways were similar across the six soil sam-
ples (Fig. 8A). The predominant functional pathway 
putatively employed by the microbial communities 
was metabolism with 70% mean relative abundance, 
followed by genetic information processing (mean 

Fig. 5  Simple linear 
regression models and coef-
ficients for Hg concentra-
tions in rhizosphere soil and 
plants from Turda, Roma-
nia. Regression models for 
root on soil (A), shoot on 
soil (C), and shoot on root 
(E) Hg concentrations at 
the species level (Calama-
grostis epigejos, Diplotaxis 
muralis, Erigeron annuus, 
and Lotus tenuis) with the 
corresponding regression 
coefficients of determina-
tion (R2) and their signifi-
cance (p value), for n = 12 
to 27. Data are presented 
as log-log on a power 
function. The correspond-
ing regression coefficients 
(slopes) and their standard 
error (SE) are shown in 
B, D, and F. Different 
lowercase letters indicate 
significant differences 
among slopes (p ≤ 0.05, 
Tukey’s-test for unequal 
numbers of replicates). 
Conc. = concentration
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14%) and environmental information processing 
(mean 10%). However, the PCA on the KEGG path-
ways abundance data suggested a difference in the 
functional profile of the  T5 sample, by separating it 
from the other samples (Fig. 8B). The most abundant 
metabolism pathways putatively employed by the six 
microbial rhizosphere soil communities were car-
bohydrate and amino acid metabolisms with >15% 

mean relative abundance each, followed by energy 
metabolism with a mean relative abundance of 9% 
(Fig.  8A). The trend was mostly similar among the 
samples, with  T5 registering the minimum and the 
maximum value for the carbohydrate and the energy 
metabolism respectively. However, the differences 
between the extreme values were not far apart from 
the mean (low SE) (Fig.  8A). The most abundant 

Fig. 6  Redundancy 
analysis (RDA) performed 
for the root and shoot 
metal concentrations and 
plant species distribution 
at the Turda, Romania 
site showing the first two 
RDA axis. Each red arrow 
denotes an environmental 
variable that significantly 
drives the observed plant 
community and plant 
elemental composition 
and corresponds to the 
rhizosphere soil metal con-
centrations. The response 
variables, metal root (r) 
and shoot (sh) concentra-
tions are plotted in dark red, 
whereas plant species are 
pink (Ce = Calamagrostis 
epigejos, Dm = Diplotaxis 
muralis, Ea = Erigeron 
annuus, Lt = Lotus tenuis, 
Pl = Plantago lanceolata, 
Tf = Tussilago farfara)

Table 4  Environmental constraints (trace metal concentrations) and alpha biodiversity in the Diplotaxis muralis-associated rhizos-
phere soil samples at the Turda, Romania site

mg  kg−1 d.w. ObservedOTUs Shannon diver-
sity index

PD-whole 
tree index

Chao1 diversity 
estimator

Simpson 
evenness 
indexHg Pb Cu Zn

T1 128 155 214 121 904 7.6 54.7 934 1
T2 228 363 798 513 859 7.8 52.0 921 1
T3 346 125 204 184 582 6.9 39.1 603 1
T4 615 403 364 370 658 7.6 43.8 683 1
T5 302 90 86 218 173 5.0 17.7 279 0.9
T6 265 152 271 317 850 8.2 51.9 891 1
Median 242 284 154 268 754 7.6 47.9 787 1
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level 3 predicted KEGG pathway was for ABC trans-
porters and had a relative abundance mean of 4.9%, 
the highest abundance  (T1) being 1.9 times higher 
than the minimum relative abundance  (T5) (Supple-
mentary Fig.  3A). The next environmental informa-
tion processing pathway with high relative abundance 
(mean 3%) was the two-component system pathway 
employed for signal transduction, where  T5 had the 
maximum relative abundance (3.5%).

Discussion

Plant species distribution and survival are influenced 
by a combination of both abiotic and biotic environ-
mental factors (Dubuis et  al. 2013; Pellissier et  al. 
2013). To assess the distribution of plant species at 
the Hg polymetallic-contaminated site studied herein, 
site-specific plant species and trace metal distribu-
tion, plant metal contents and the bacterial diversity 
within the rhizosphere of the dominant plant species 
were addressed.

The site was characterized by a high heterogene-
ity in trace metal distribution as seen from the large 
variation in the concentrations of the five trace metals 
selected as potential environmental drivers (Table 1). 
Rhizosphere soils were the most heterogeneous for 
Hg concentrations, with the maximum value being 79 
times higher than the minimum, and the most homo-
geneous for Mn concentrations, with a median of 
1149 mg  kg−1 (Table 1). Soil Hg levels were alarm-
ingly high at the site, with a median Hg concentra-
tion 96-fold higher than the intervention threshold 
for industrial sites (Table  1) (Ministerial Order  No. 
756/1997, 1997). Even the lowest measured soil Hg 
concentration at the site exceeded this threshold more 
than 3-fold. The median Cu and Pb concentrations 
in the rhizosphere soil surpassed the alert threshold 
for industrial soil by 1.05 and 1.4, respectively. The 
median concentrations of Mn and Zn were below 
legal alert limits. Furthermore, the potential ecologi-
cal risk index (ERI) for the site, generated using the 
soil median concentrations of Hg, Pb, Cu, and Zn, 
was 769,745, 1000-fold higher than the threshold 

Fig. 7  The prokaryotic diversity and the presence of merA 
gene in the rhizosphere soil of Diplotaxis muralis plants, col-
lected from each of the six subplots  (T1 to  T6) of the study site 
in Turda, Romania. The prokaryotic composition is shown 
as the relative abundance of taxa at the phylum level (A); the 

beta-diversity among the samples (B) was calculated based 
on Bray-Curtis dissimilarity distance, and the presence of the 
merA gene (C) in the prokaryotic communities is shown as a 
gel electrophoresis band at 1250 bp length
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for very high ecological risk, according to Hakanson 
(1980). Individually, there was a very low ecological 
risk for Cu, Pb, and Zn (52, 87.5, and 5.5, respec-
tively, all <150), whereas the excessive degree of Hg 
pollution was reflected by an ERI of 769,600. Com-
pared to global soil metal concentrations, Hg and 
Pb exceeded the median values 2405 and 14 times, 
respectively, whereas Cu, Zn, and Mn exceeded the 
median values 15, 6, and 3 times, respectively (Allo-
way 2013; Kabata-Pendias 2011; Salminen et  al. 
2005).

Therefore, Hg was hypothesized to be the major 
phytotoxic metal in the soil at the site and the main 
driver of plant community structure. Indeed, based on 
the RDA scores, soil Hg was the strongest driver of 
the observed variance at the site out of the five trace 
metals evaluated (Fig. 6). The Hg driven group of soil 
metals included Pb and Cu, and seemed to induce a 
plant (root and shoot) elemental status higher than the 
general plant sufficient levels (for Cu), compared to 
the second group observed which included soil Zn 
and Mn. Although the shoot Cu concentration in all 
six plant species reached or exceeded the general tox-
icity threshold of 20 mg  kg−1 (Fig. 3C), there were no 

observable toxicity symptoms, whereas shoot Mn and 
Zn concentrations (Fig.  3) were generally not high 
enough to induce toxicity symptoms (Kabata-Pendias 
2011). The Zn-Mn-driven group appears to confer a 
non-phytotoxic elemental composition throughout the 
plant tissues. Moreover, the potential presence of soil 
Mn oxides/ oxyhydroxides may have promoted the 
detainment of other essential macro- and micronutri-
ents (Kabata-Pendias 2011; Singh and Schulze 2015). 
Alternatively, lower soil Hg concentrations corre-
sponding to the soil that contained higher levels of Zn 
and Mn may have been sufficient for colonization by 
less Hg-tolerant plants.

Plants naturally found on highly metal-polluted 
soils often exhibit specific adaptations implement-
ing a tolerance strategy, such as “excluder,” “indi-
cator,” and “(hyper)accumulator” traits, as a result 
of edaphic selection pressure (Reeves et  al. 2018). 
Excluders maintain low and constant levels of metals 
in shoot tissues across a wide range of metal concen-
trations in soil, shoot metal concentrations of indica-
tors follow soil metal concentration in a linear man-
ner, and (hyper)accumulators accumulate high metal 
concentrations in shoot across a broad range of metal 

Fig. 8  Functional profiles inferred for the six rhizosphere soil 
microbiota samples from the Turda site, Romania. The mean 
relative abundance of predicted biological functions described 
according to the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway level 2 (left) and level 1 (right) (mean of 
n = 6 ± SE) (A); for figure simplification only the level 2 path-

ways are shown that have an >1% sum of relative abundance 
across the six samples. Principal component analysis (PCA) 
performed on the predicted KEGG abundance of biological 
functions highlighting differences in the variance of the micro-
bial communities KEGG pathway abundance data (B)
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concentrations in soil (Baker 1981; Fernández et  al. 
2017). In situ metal contamination is heterogeneously 
distributed, thus a possible plant tolerance mecha-
nism, especially for excluder species, is to avoid the 
metal uptake by developing the predominant part of 
their root system in the less contaminated patches of 
the soil (Golestanifard et al. 2020; Millis et al. 2004; 
Podar et al. 2004).

Diplotaxis muralis is an annual herbaceous plant 
of the cultivable “rocket” group of Brassicaceae, 
with a circum-Mediterranean geographic distribu-
tion and an ecology that includes semi-arid anthro-
pogenic habitats (Bianco 1995). The substrate at 
the Turda site was rife in anthropogenic disturbance 
and Orthent soils consisting mainly of sand, which 
is a poor retainer of moisture (Petersen et  al. 1968). 
Diplotaxis muralis has the lowest Ecological Indica-
tor Value (EIV) for moisture (3.4) amongst the six 
plant species at the site, according to the European 
EIV database (Dengler et  al. 2023), and thus the 
highest capabilities of colonizing dry soil patches. In 
the present study, the D. muralis population had the 
widest distribution at the site, growing on substrates 
spanning a broad range of Hg concentrations, which 
was also reflected in the patterns of Hg accumulation 
in roots and shoots (Fig.  3A). Moreover, these pat-
terns exhibited strong positive linear relationships, 
as expected for an indicator plant (Fig.  5C). High 
Hg concentrations in roots and high BCF values, 
together with a low TF (Fig. 4A), suggested that D. 
muralis was efficient at immobilizing Hg in roots, and 
it could therefore promote a Hg phytostabilization 
process. Rocket plant species are known to accumu-
late nitrate (Signore et  al. 2020). Soil nitrate could 
induce increased Hg uptake and alleviate root oxida-
tive stress, as was seen in alfalfa plants (Carrasco-Gil 
et al. 2012), thereby suggesting a possible mechanism 
of Hg tolerance in D. muralis. Nitrate transporters 
(NRT), such as NRT1.1 can have low affinity for sev-
eral metal cations, and can be involved in the simul-
taneous uptake of both metal ions and  NO3

−, as was 
shown for Cd (Mao et al. 2014). Moreover, the assim-
ilation of nitrates can lead to the synthesis of gluta-
mate, a precursor of phytochelatins, peptides involved 
in the sequestration of toxic elements (Forde and Lea 
2007). Alternatively, it is possible that the rhizos-
pheric bacterial community may confer a higher resil-
ience to this plant species at this Hg-contaminated 
site (Fig. 7). Bacterial communities in the rhizosphere 

soil of D. muralis were generally highly diverse, 
without a significant Hg contamination-associated 
diversity loss (Table 4 and Fig. 7). It follows that the 
high soil Hg contamination has selected for microbial 
communities resistant to the principal contaminant, 
Hg, as highlighted by the presence of the merA gene 
in 5 of 6 rhizosphere bacterial communities (Fig. 7C).

The dominant bacteria in the rhizosphere of 
D. muralis plants align with the global soil bacte-
ria atlas (Janssen 2006), with Pseudomonadota, 
Actinomycetota, and Acidobacteriota being the 
most prevalent (Fig.  7A). Moreover, results of the 
present study concur with those of Zheng et  al. 
(2022), whereby Actinomycetota and Acidobacte-
riota were shown to increase in abundance in alka-
line soils upon Hg addition. Solely, the  T5 sample 
had a relative abundance of Gemmatimonadota 16 
times higher than the typical abundance in global 
soils (Delgado-Baquerizo et al. 2018). This phylum 
generally has a cosmopolitan distribution, based 
on its versatile metabolism (Mendez et  al. 2008). 
However, its abundance in soil usually decreases 
with moisture, becoming a proxy for drier soils 
(DeBruyn et al. 2011). Moreover, Gemmatimonad-
ota are thought to increase in abundance with long-
term Hg contamination, albeit with an unknown 
mechanism (Liu et al. 2014).

In view of an in situ microorganism-assisted phy-
toremediation attempt, the few bacterial phylotypes 
identified at the genus level could be of interest. In 
this study, Kaistobacter was abundant in the rhizo-
sphere of D. muralis. Previously, Liu et  al. (2020) 
found Kaistobacter in high abundance among the 
bacterial communities in the rhizosphere soil of Tri-
folium repens growing in a Cd-contaminated soil. 
Furthermore, Kaistobacter was found associated with 
soils that suppress plant diseases caused by soil-borne 
pathogens (da R F Saraiva et  al. 2020). The micro-
bial communities of the D. muralis rhizosphere also 
had representatives from the groups that can act as 
plant growth-promoting rhizobacteria (Supplemen-
tary Fig.  2) (Hayat et  al. 2010). Overall, the rhizos-
phere soil bacterial communities found here seemed 
to largely rely on harbouring the merA tolerance gene 
for survival. Through the mercuric reductase system, 
the microbiota in the rhizosphere of plants exposed to 
high soil Hg contamination could alleviate Hg stress 
on the plant roots, and thus facilitate colonization of 
the site.
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The PICRUSt2 algorithm predicted that the main 
functions of the D. muralis rhizosphere soil commu-
nities of the Turda samples are largely involved in 
primary metabolic processes, suggesting a focus on 
growth and replication. This is common for rhizos-
phere soil communities as rhizosphere compartments 
are known to be sheltered niches for microbial growth 
where bacteria can benefit from plant metabolites 
(Hartmann et  al. 2009). Similarly, metabolic pro-
cesses accounted for half of the inferred functions 
within the rhizosphere communities of barley, tomato 
(Pii et  al. 2016) and Miscanthus sp. (Chen et  al. 
2020). The metabolism of amino acids, carbohydrates 
and energy were the main subpathways of metabolism 
in this study, similar to the barley and tomato rhizos-
phere soil (Pii et al. 2016). Moreover, the presence of 
secondary metabolic pathways (xenobiotics biodegra-
dation, other amino acids, terpenoids and polyketides 
metabolism, etc.) among the abundant metabolism 
pathways suggests there are also specialized functions 
in the microbial communities. Similar to the inferred 
functional profile of the rhizosphere microbiota of 
the energy crop, Miscanthus sp., genetic information 
processing and environmental information processing 
were the next main components of the functional pro-
file of the Turda soil microbiota. The environmental 
information processing pathways (membrane trans-
port and signal transduction) contain mechanisms of 
microbial adaptation to the environmental conditions, 
i.e. heavy metal stress. Not surprisingly, ABC trans-
porters were the main components of the membrane 
transport pathway, similar to what Barra Caracciolo 
et al. (2020) and Fajardo et al. (2019) found for soil 
microbial communities exposed to heavy metal stress. 
In the membrane transport category, the pathways: 
phosphotransferase system (PTS), and bacterial secre-
tion system were the most abundant in the  T5 soil 
sample, whereas the ABC transporters pathway was 
less abundant compared to all the other samples (Sup-
plementary Fig.  3A). The PTS transporters actively 
uptake carbohydrates and are important in carbon 
metabolism and regulation (Xu et  al. 2023). Bacte-
rial secretion systems facilitate the transport of small 
molecules and proteins and through the interaction of 
the vast secretion system components promote bac-
terial survival, competition and virulence (Maphosa 
et al. 2023). Potentially, the  T5 soil microbiota rely on 
a strategy of colonizing the rhizosphere by adjusting 
the membrane transporters towards better metabolism 

regulation and more active competition mechanisms, 
as opposed to favoring transporters involved in metal 
metabolism. Moreover, within the ABC transporters 
subcategory, for the predicted genes with noticeable 
relative abundance (Supplementary Fig.  3B), there 
appears to be a recurring pattern of any one trans-
porter being more abundant in  T5 opposed to all other 
samples, or less abundant than all other samples. 
This ping-pong pattern was however not present for 
the transporters involved in simple sugar (ABC.SS), 
iron complex transport system (ABC.FEV), and for 
the ABC-2A, the ATP binding protein of the ABC2 
type transport system, suggesting a similarity in 
maintaining an effective transport for these types of 
vital molecules or the integrity of the ABC2 system. 
ABC systems catalyze the transport of diverse mol-
ecules, and potential ABC transporters mitigating 
metal resistance mechanisms were identified in mem-
bers of Pseudomonadota phylum (Macur et al. 2001; 
Sá-Pereira et al. 2009), which was the most abundant 
phylum in the Turda rhizosphere communities.

Overall, through the PICRUSt2 analysis, two main 
strategies seem to be inferred for bacterial adapta-
tion to the metal contamination in the rhizosphere 
soil. Due to the abundance of membrane transporters, 
it appeared that bacterial survival was a function of 
either potential metal resistance via ABC transport-
ers or increased competitive strategies via secretion 
systems. It should be noted that certain important 
resistance and environmental adaptation mechanisms 
are typically found on plasmids (e.g. mer operon) and 
shared through lateral gene transfer in prokaryotes. 
Consequently, functional metagenome inferration 
methods are limited in providing a comprehensive 
understanding of the full metal resistance mechanism 
(Langille et al. 2013). To understand the relationships 
between Hg, plant roots, and rhizosphere microbiota, 
further studies are necessary to address the microbial 
diversity under a Hg gradient or as shaped by addi-
tional plant species as hosts.

Lotus tenuis is a perennial legume with tolerance 
to water deficiency, waterlogging, and highly saline 
environments (Escaray et  al. 2012). It can tolerate 
high Na concentrations as a function of shoot Na 
exclusion (Teakle et  al. 2006, 2007). Several halo-
phytes are known to be able to develop additional tol-
erance to heavy metals, with root uptake, shoot accu-
mulation and detoxification mechanisms enhanced 
under saline stress (Peng et  al. 2022). In this study, 
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L. tenuis displayed positive correlations between the 
concentrations of Hg in soil and roots, soil and shoots, 
and roots and shoots, whereas for the other metals it 
had the lowest number of significant correlations, out 
of the plant species investigated (Table 3). Lotus ten-
uis could be an indicator for the most extreme level of 
soil Hg pollution, displaying the steepest slope of the 
linear regression of roots on soil Hg concentrations. 
Lotus tenuis was previously shown to be an indicator 
species for hexachlorocyclohexane (HCH) soil pollu-
tion (Balázs et al. 2018).

Calamagrostis epigejos is a perennial grass, the 
only monocot species investigated in this study. This 
population yielded a significant and positive cor-
relation between shoots and soil Hg concentrations 
and can thus be considered a Hg indicator species. 
Compared with the other plant species investigated, 
C. epigejos had higher concentrations of trace met-
als (except Hg) in both roots and shoots. Actually, 
Cu, Zn, and Mn exceeded the threshold values for 
the mean adequate foliar concentrations by 5, 2.5, 
and 1.3 times, respectively (Van Der Ent and Baker 
2013; Marschner 2012). This enrichment with micro-
nutrients could indicate a potential response mecha-
nism to the extreme Hg contamination of the soil. 
The increased Mn accumulation (root and shoot) 
compared to most of the other species of this study 
concurs with the findings of Esteban et al. (2013) on 
Brassica napus, who suggested that amelioration of 
Hg toxicity could be achieved by competitive uptake 
of Mn. Moreover, an efficient translocation of Mn to 
the aerial organs in different populations of C. epige-
jos, to the detriment of Pb, Cd, Zn, or Cu accumu-
lation, was previously observed (Ranđelović et  al. 
2018). In this study, C. epigejos exhibited tolerance to 
phytotoxic rhizosphere soil concentrations of both Pb 
and Cu, in accordance with other studies (Lehmann 
and Rebele 2004a). Moreover, tolerance to Cd based 
on a root-level exclusion strategy has been previ-
ously investigated in pot experiments for C. epigejos 
(Lehmann and Rebele 2004b). Herein, Hg is added to 
the repertoire of possible metals tolerated by locally 
adapted populations of C. epigejos. Data herein also 
suggest that roots of C. epigejos became sinks for 
both micronutrient and non-micronutrient metals, 
promoting it as a phytostabilisation candidate for 
polymetallic-contaminated areas.

Erigeron annuus is an invasive annual plant, highly 
adaptable to anthropogenically disturbed lands due  

to its large genetic variation (Sennikov and Kurtto 
2019). The Turda population of E. annuus showed 
only one significant Hg correlation, for soil-shoot 
concentration, but an overall limited Hg accumulation 
in shoots (low BAF, Fig. 4). Interestingly, E. annuus 
was the only investigated plant species that showed 
three significant linear regression relations with Pb, 
two negative (soil-to-root and root-to-shoot) and one 
positive (soil-to-shoot) (Table  3). The negative rela-
tionships seem to indicate an active root and shoot 
Pb exclusion mechanism, inferring a Pb excluder 
strategy in this population, however, the ecologi-
cal risk index for Pb for the Turda site was  very low  
(Hakanson 1980).

Plantago lanceolata and T. farfara are two peren-
nial herbaceous weeds distinguished from the other 
plant species in the present study by their broader 
leaves and higher leaf-to-stem biomass ratios. The 
limited P. lanceolata population was present on the 
highest soil Zn concentrations, in accordance with 
other studies that reported populations of this species 
as tolerant Zn indicators (Leštan et al. 2003; Ahatović 
et al. 2020). This population was also growing on soil 
patches with high levels of Pb and Hg, and exhibited 
comparably high root-to-shoot translocation coeffi-
cients for both. Lead tolerance under edaphic pressure 
was in accordance with previous observations in P. 
lanceolata (Leštan et al. 2003). Unlike P. lanceolata, 
T. farfara was growing in soils of comparably lower 
Hg concentrations, and seemed to accumulate Hg 
exclusively in shoots; no detectable Hg was found in 
roots (Fig. 4). However, because of the small number 
of P. lanceolata and T. farfara individuals sampled, 
no confident relationships between tissue and soil Hg 
concentrations could be determined.

Plant Hg uptake and accumulation are complex 
processes that employ two distinct uptake routes. 
Soil-borne polar Hg species can be taken up by the 
root system, whereas airborne gaseous Hg species can 
be absorbed via stomata or adsorbed onto leaf tissues 
(Ericksen and Gustin 2004). In this study, both roots 
and shoots of all plant species had generally high Hg 
concentrations. The findings herein suggest that root 
and shoot Hg uptake is dependent not only on the 
soil Hg concentration, but also on the plant species 
(Fig. 5). Whereas most of the leaf adsorbed Hg dust 
was presumably removed from the shoots by wash-
ing, distinguishing between the two possible causes 
of shoot Hg accumulation remains elusive. Esbrí et al. 
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(2018) found that background soil Hg contamination 
at the Turda site greatly enriched the air with gaseous 
Hg, and this contamination spread proportionately 
farther from the source. Therefore, plant species at 
the site would be exposed to increased Hg levels in 
air. For L. tenuis, D. muralis, and C. epigejos, while 
both leaf uptake mechanisms could be feasible in 
theory, a common factor between these species are 
the significant correlations between Hg concentra-
tions at all levels. Root and shoot Hg were depend-
ent on soil Hg, and even shoot Hg was dependent on 
root Hg, suggesting a higher dependency on soil Hg 
and translocation for shoot Hg accumulation. How-
ever, E. annuus, a plant with an invasive colonization 
strategy, only correlated shoot Hg to soil Hg. Perhaps 
this difference in E. annuus compared to other species 
suggests a preference for one possible uptake mecha-
nism e.g. foliar accumulation. Further experiments 
conducted under controlled conditions or recipro-
cal transplantation of plants in between non- or less 
contaminated and highly contaminated soil patches 
would be necessary to confirm this hypothesis.

Conclusions

The chlor-alkali plants utilizing Hg-cell technology 
significantly contributed to extensive Hg emissions, 
profoundly impacting the surrounding environment. 
The brownfield within the perimeter of the dismantled 
chlor-alkali plant in Turda, Romania, presents a very 
high ecological risk of Hg contamination, hinder-
ing any further use of the area. Despite the extreme 
Hg contamination, pioneer plants have colonized the 
site. These plants, along with the associated rhizos-
phere microbiome, could potentially be employed for 
nature-based phytomanagement of the contaminated 
area. A plant community survey conducted in this 
study identified six native herbaceous plant species, 
with D. muralis being the dominant one. High con-
centrations of mercury were detected in plant tissues, 
corresponding to significant levels of Hg in the soil. 
In the RDA model using soil trace metals as explana-
tory variables, L. tenuis and D. muralis emerged as 
the most promising species for growing on highly 
Hg-contaminated soil patches. Moreover, their high 
adaptive capacities to saline and dry soil, respec-
tively, highlight their potential for phytoremediation 

of polymetallic-contaminated areas through phy-
tostabilization. The third promising species was C. 
epigejos, another indicator of soil Hg-contamination. 
However, E. annuus, as abundant as C. epigejos, 
most-likely appeared at the site due to its invasive 
nature. Rare individuals of P. lanceolata and T. far-
fara were collected from soil patches with extreme Zn 
contamination or limited trace metal contamination, 
respectively. Due to the abundance at the site and 
the consequently low number of samples, no clear 
conclusions can be drawn for these two latter spe-
cies. The survival of rhizosphere soil microbial com-
munities was explained by the presence of the merA 
detoxification mechanism and likely a myriad of ABC 
transporters. Subsequently, this would assist plant 
growth through alleviating Hg stress. Thus, D. mura-
lis and L. tenuis are proposed as candidate species for 
a phytomanagement attempt of the site, a strategy that 
must indispensably also incorporate resident micro-
bial communities for maximal effectiveness.
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