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• S. ruberrimus facilitates A. arenosa growth
in sterile metal enriched medium.

• S. ruberrimus is capable of precipitating Fe
deposits.

• A. arenosa coculteredwith the yeast for 10
days exhibited less stress symptoms.
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The endophytic Basidiomycete Sporobolomyces ruberrimus protects its host Arabidopsis arenosa against metal toxicity.
Plants inoculated with the fungus yielded more biomass and exhibited significantly fewer stress symptoms in medium
mimicking mine dump conditions (medium supplemented with excess of Fe, Zn and Cd). Aside from fine-tuning plant
metal homeostasis, the fungus was capable of precipitating Fe in the medium, most likely limiting host exposure to
metal toxicity. The precipitated residue was identified by Fourier transform infrared spectroscopy (FTIR), X-ray pho-
toelectron spectroscopy (XPS), X-Ray Diffraction (XRD) and electron microscopy (SEM/TEM) with energy dispersive
X-Ray analysis (EDX/SAED) techniques. The performed analyses revealed that the fungus transforms iron into amor-
phous (oxy)hydroxides and phosphates and immobilizes them in the form of a precipitate changing Fe behaviour in
the MSR medium. Moreover, the complexation of free Fe ions by fungi could be obtained by biomolecules such as
lipids, proteins, or biosynthesized redox-active molecules.
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1. Introduction

The demand for metals such as lithium, cobalt, zinc, and nickel for the
industry has a significant impact on ecosystem functioning. This threat
will become even more dangerous due to the gradual increase in the inten-
sity of exploitation of Co and Ni deposits. The semiconductive and catalytic
properties of these metals are being utilized in energy storage (Gao et al.,
2009; Kumar et al., 2019; Li et al., 2020), electronics (Jing et al., 2021),
and the catalysts production (Rueda et al., 2021). These elements are ob-
tained from ores that are extracted through different mining procedures,
which generatewastes that are anuneconomic or have a contaminated frac-
tion. Postmining wastes are usually enriched with large quantities of ac-
companying, potentially toxic, metals and metalloids such as iron, arsenic
and copper. Toxic metal (TM)-enriched substrates are usually stored as
mine dumps and exposed to oxidation or weathering as a source of environ-
mental pollution. Therefore, postmining wastes that contain potentially
toxic elements in large abundance are a considerable problem for public
health, agriculture and the economy (Mudd et al., 2017). Toxic metals
that can be taken up by plant are a severe threat to the plant and a danger-
ous route of metal input into the food chain. Thus, strategies aiming to re-
duce the deleterious effects of TM are currently needed. On the other
hand, some metals (Fe, Zn, Mo) are micro- or macronutrients for plants
and other multicellular organisms. They are building blocks of essential
molecules, such as enzymes and other proteins, that are required for proper
functioning; thus, a tightly regulated mechanism of metal uptake and de-
toxification is necessary for optimizing growth and development. Iron, for
example, is a crucial component of haem proteins such as cytochromes, cat-
alase and ferredoxin (Coon, 1980), but its excess is undesirable. Reductions
in the yield of the world's leading crop species, wheat and rice reaching up
to 100 %, make iron pollution one of the most formidable crop manage-
ment and research challenges (Sahrawat, 2004). Nevertheless, plants can
cope with elevated concentrations of metals in soil by utilizing different
strategies. One is the plant's avoidance (exclusion) of heavy metals, which
is associated with mechanisms for metal ion homeostasis and tolerance, in-
cluding Fe homeostasis (Clemens, 2001). However, this strategy is not al-
ways fully effective due to the imperfect specificity of the nutrient uptake
system. This imperfection causes heavy metals to enter the plant and subse-
quently poison it. This low specificity is caused by the character of metal
transporters, which can chelate (bind) more than one type of ion. Due to
the similarity of some toxic metal ions to nutrients, transporters have a sim-
ilar affinity for both.

In some cases, iron, as an active redox metal, can cause a specific plant
response (Blute et al., 2004; Khan et al., 2016). This redox character is asso-
ciated mainly with Fe2+/Fe3+ equilibrium in wetland sediment systems,
where iron is ubiquitous. It must be emphasized that in anoxic sediment
pore water, ferrous ions are the dominant iron species and an active elec-
tron donor. On the other hand, in oxygen-rich waters, ferric ions are the
dominant iron species – the equilibrium is then associated with the reac-
tion: Fe3+ + e− → Fe2+. The Fe2+ ion in the rhizosphere is oxidized by
the root-released O2. This causes oxidized ions (Fe3+) to precipitate and ac-
cumulate as iron plaques on hydrophytic root surfaces in the form of orange
iron oxyhydroxide (FeOOH) (Khan et al., 2016; St-Cyr et al., 1993) ferric
hydroxide (Crowder and Macfie, 1986; Emerson et al., 1999) ferrihydrite
(Peng et al., 2018) and other morphologically varied Fe compounds.
These precipitates can exhibit crystalline and amorphous nature depending
on the type of chemical compounds and their interaction with ligands. This
ability was shown to be characteristic of wetland monocots. Because iron
oxides can strongly adsorb divalent metallic cations such as Zn2+ and
Cd2+; they play a crucial role in the cycling of heavy metals in the environ-
ment and affect metal bioavailability and mobility in the medium. Com-
pounds deposited on roots as a result of the formation of iron plaque are
also a reservoir of nutrients because, similar to metal ions, nutrients can
be adsorbed by the deposits (Zheng et al., 2012).

Plants interactwith awide array of microorganisms that inhabit the sur-
rounding environment. One group includesmutualistic and commensal mi-
croorganisms that in many cases facilitate plant adaptation to the
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environment, including adaptation to metal toxicity. Recent reports clearly
show the significance of the microbe component in the metabolism of the
holobiont (Bilal et al., 2019; Rozpądek et al., 2018; Ważny et al., 2018,
2021a). An important aspect of plant-microorganism interactions and adap-
tation to the environment is the ability of symbiotic microorganisms to syn-
thesize active compounds. Chemical individual such asmetal nanoparticles
and organic acids (Li et al., 2019) sequester xenobiotics and detoxify them,
providing plants and other organisms with the protection necessary for
growth and development in often highly polluted environments. This has
a significant impact on the entire soil system.

Our investigations (Domka et al., 2023) showed that the endophytic
yeast Sporobolomyces ruberrimus isolated from a serpentine population of
Arabidopsis arenosa protected plants against metal toxicity. We showed
that plants grown in Pb-Zn dump substrate and in MSR medium supple-
mented with Zn, Cd and Fe yielded more biomass than not inoculated
plants and exhibited less metal stress symptoms. An important aspect of mi-
croorganism dependent adaptation to metal toxicity was the inhibition of
host Fe uptake. Lower Fe concentrations were found in both roots and
shoots of plants cocultered with the fungus. The microorganism did not af-
fect Zn or Cd take up by the plant, nor did inoculated plants yield more bio-
mass when cultured in medium supplemented with a Zn or Cd alone. One
aspect of the metal uptake inhibition conferred by the fungus was optimiz-
ing the plant related metal uptake and the plant metal sensing network.

In this studywe hypothesized that in addition to optimizing plant Fe up-
take under metal excess as shown in Domka et al. (2023), the fungus was
capable of lowering Fe bioavailability and mobility in medium, preventing
its uptake by plants. We show that plant metal uptake inhibition may also
be related to the ability of symbiotic microorganisms to transform metals
in the medium making it unavailable for plant uptake and thus protecting
the plant frommetal toxicity. The transcriptome ofArabidopsis arenosa inoc-
ulated with the fungus clearly showed that the plant stress response under
metal toxicity was downregulated. We characterized the metal deposit pre-
cipitated by themicroorganism in vitro. The results of the investigations pre-
sented in this study describe the complex network of interactions between
plants, microorganisms and the environment and show the importance of
plant-microorganism interactions in ecosystem functioning and its possible
role in the remediation of metal-polluted environments.

2. Experimental

2.1. Experimental design

A schematic representation of the experimental design is presented in
Fig. 1. To evaluate the role of the endophytic yeast in plant metal tolerance
three independent experimental approaches were utilized. In this para-
graph only the aims of these experiments were described. The analytical
methods were described in Sections 2.2–2.20. Arabidopsis arenosawas cul-
tured in medium supplemented with toxic metals or mine dump soil in
the following experimental setup: “TM+E−” - medium supplemented
with toxic metals, plant not inoculated with fungus and “TM+E+” - me-
dium supplemented with toxic metals, plant inoculated with fungus. If nec-
essary “TM-E−” (medium not supplemented with toxic metals, plants not
inoculated with fungus) as the negative control for experiments was used.
The “n” number describes the number of biological repetitions, not techni-
cal repetitions.

Experimental setup 1. Plant/soil mine dump experiment
The aim of this series of experiments was to show how S. ruberrimus as-

sociated with A. arenosa facilitates plant adaptation to metal toxicity.
A. arenosa was cultured in mine dump substrate mixed with sand in 1:1
(v/v) ratio, one experimental group of plants was inoculated with
S. ruberrimus (TM+E+), while the control group was not (TM+E−) –
the details can be find in Section 2.4. To verify the stress protective role
of the microorganism described in Domka et al. (2023) plant fresh plant
biomass was measured. For the characterization of soil in terms of mineral-
ogical composition, XRD and SEM-EDS analyses were performed. Also the



Fig. 1. Scheme of the experimental design with the list of analytical techniques used. For each analysis the biological (independent experiments) repetitions were marked.
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comparison of rhizosphere and bulk soil were carried out to find the differ-
ences of Fe species. The number of biological replicates (n number) is indi-
cated for each technique in the Fig. 1.

Experimental setup 2. Plant-yeast in vitro coculture

The aim of the experiments was to verify the effect of the fungus on
plant adaptation to elevated concentration of toxic metals, especially Fe.
Plants were cultured in MSR medium, with and without supplementation
with toxic metals. One group of plants was inoculated with S. ruberrimus
3

and the other not. Biomass production, macroscopic observation (sublethal
dose determination), Fe uptake by AAS, root architecture analysis, XRD,
SEM-EDX, and RNAseq analysis were performed. To describe potential
structural changes of plants which are inoculated with S. ruberrimus ATR-
FTIR analysis was performed. The plants were cocultured in the in vitro sys-
tem. Three experimental variants were tested. One is control (TM−E−) –
A. arenosa cultured in MSR medium, TM+E+ variant - A. arenosa inocu-
lated with S. ruberrimus and cultured in MSR medium supplemented with
Fe, Cd, and Zn, TM+E− variant - A. arenosa cultured in the MSR medium



Table 1
(Experiment 1). Concentration of metals in the “Bolesław” mine dump.

Fe Zn Cd

“Bolesław” mind dump soil
Concentration [mg kg−1] (4.68 ± 0.27)·104 16,368 ± 577 100 ± 4.78

MSR medium after optimisation
Concentration [μM] 458 448 2.22
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supplemented with Fe, Cd and Zn without fungus. The FTIR analysis was
performed for the plant-fungus consortium.

Experiment 3. Fungus – in vitro examination
The aim of the experiment was to verify if the endophytic fungus was ca-

pable of precipitating excess Fe inmediumand likely immobilizing it,making
it unavailable to the plant and thus lowering plant exposure to metal toxicity.
In order to simplify of the model, we performed the experiment in the in vitro
setup. The fungus was cultured in a liquidmedium, 2%malt extract medium
supplemented with (TM+) and control - malt extract not supplemented with
TM. The precipitated residue was characterized with XPS, XRF, FAAS, UV–
Vis, XRD, SEM-EDX, and TEM SAED analyses. Three independent replicates
for each analysis were performed. The number of biological replicates (n
number) is indicated for each technique in the Fig. 1.

2.2. Fungus identification

Endophytic fungi were isolated from Arabidopsis arenosa (roots,
shoots and flowers separately). Plants were collected from serpentine
area in Sankt Marien-Feistritz, Austria (47.2834N, 14.9322E). Plant tis-
sues were surface sterilized according to the following protocol: 1.5 %
sodium hypochloride (with a drop of Tween) for 3 min, followed by
rinsing in deionized water for 2 min and 75 % ethanol for 90 s and rins-
ing in deionized water for 1 min, 5 min and 1 min. The surface sterilized
flowers were dried on a sterile paper filter, and placed on solid PDA (po-
tato dextrose agar) droplets supplemented with antibiotics (200 mg·L−1

Streptomycin, 200 mg·L−1 Ampicillin, and 100 mg·L−1 Tetracycline).
Plant fragments were incubated in the dark at 26 °C and inspected
every day for 2 weeks. Emerging cultures were sequentially passaged
to new PDA media.

The yeast strain used in this study was identified based on the sequence
of the internal transcribed spacer of the fungal 1, the 5.8S rRNA gene, the
internal transcribed spacer 2 and the large subunit rDNA region (ITS-
LSU). DNA was extracted using cetyltrimethylammonium bromide
(CTAB) according to Azmat et al. (2012) with modification by Domka
et al. (2019). The concentration and purity of DNA were determined spec-
trophotometrically. The ITS-LSU rDNA region was amplified with ITS1F
(Gardes and Bruns, 1993) and LR5 primers (Vilgalys and Hester, 1990). Po-
lymerase chain reaction (PCR) was performed in 25μL reaction mixture
containing 10 ng of DNA matrix, 9.5 μL of nuclease-free water, 12.5 μL of
DreamTaq HS Green PCR Master Mix (Thermo Scientific, US), and 1 μL of
each of the primers at a 10 pmol concentration for each sample. The
EPPiC Fast kit (A&A Biotechnology, PL) was used for purification of the
PCR products. The PCR products were sequenced byMacrogen Europe Lab-
oratory (NL) using ITS1F and LR5 primers. The sequenceswere edited using
Geneious Prime (www.geneious.com) and compared with sequences pub-
lished in the NCBI (National Centre for Biotechnology Information) data-
base (www.ncbi.nlm.nih.gov) using the BLASTn algorithm.
Fig. 2. (Experiments 1 and 2). Stress protective effect of plant inoculation with S. rube
polluted with Fe (III), Zn(II), Cd(II) (TM+) from the mine dump “Bolesław” for 20 d
medium supplemented with Fe(III), Zn(II), Cd(II) (TM+) for 10 days, inoculated (E
S. ruberrimus on A. arenosa root growth parameters: root length (c) and number of la
cultured in vitro in medium supplemented with TM for 10 days, inoculated (E+) and
plants cultured in vitro in medium with TM, inoculated (E+) and not inoculated (E−)
inoculated (E−) with S. ruberrimus (n = 3). Plants were cultured in vitro on medium s
not inoculated (E−) with S. ruberrimus (n = 5). Stars indicate significant differences (t-
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The nucleotide sequence of the yeast S. ruberrimus strain UNIJAG.PL.
OP177 was deposited in GenBank under accession number ON331994
(Domka et al., 2023). Pure culture of the yeast species was deposited in
the culture collection of the Institute of Agricultural and Food Biotechnol-
ogy (IAFB) in Poland belonging to the World Data Centre under accession
number KKP2090p.

2.3. Determination of metal concentration in soils

Soil metal concentrations were determined according to Melaku et al.
(2005) with modifications. Briefly, the soil was dried at 105 °C, sieved
through a 2 mm mesh, transferred quantitatively (2 g) into a test tube,
aliquoted with 10 mL of aqua regia, and maintained at room temperature
overnight. The soil was digested at 250 °C for 2 h. The suspension was
then filtered and made up to 25 mL with deionized water. FAAS was used
for determination of metal concentration. The results are presented in
Table 1.

2.4. Plant cultivation – dump medium experiments

Arabidopsis arenosa seeds (mine dump, TM adapted population) were
surface sterilized according to the following scheme: 4min – 4%NaOCl;
2 min – 96 % C2H5OH, 4 min – 75 % C2H5OH, 3× sterile ddH2O. Sterile
seeds were sown into sterile mixture of sand and soil at 1:1 ratio and in-
cubated at 4 °C for 48 h, then pot was transferred to a growth chamber
(Percival Scientific, US). After 14 days, seedlings were transferred to
50-mL pots filled with a sterile mixture of substrate from the “Bolesław”
mine dump with sand at a 1:1 ratio and inoculated with S. ruberrimus by
adding a yeast suspension with an optical density of 2.14 at 600 nm.
After 20 days, the plants were harvested rinsed with deionized water
and weighed with analytical precision. The photographs of plants and
the biomas are presented in Fig. 2a. Three experiments were performed,
10 plants per “n” (Melaku et al., 2005).

2.5. Plant cultivation – in vitro experiments

Arabidopsis arenosa seeds (mine dump, TM adapted population) were
surface sterilized as described in previous Section 2.4. Following steril-
ization, seeds were transferred to 1/4 MS medium (Murashige & Skoog
Medium, Basal Salt Mixture [Duchefa Biochemie, Netherlands] – 1.074
g·L−1, sucrose – 7.5 g·L−1, Phytoagtar – 6 g·L−1) and placed in a refrig-
erator at 4 °C for 48 h. Petri dishes with seeds were transferred to a cul-
tivation chamber (Panasonic MLR-352H-PE, Korea with a 16 h
photoperiod, under 100 μmol·m−2·s−1 of light intensity, 21/17 °C
day/night temperature and 50 % humidity) for 7 days. After germina-
tion, plants were transferred to square petri dishes with MSR (Strullu-
Romand Medium [Duchefa Biochemie, Netherlands] – 0.594 g·L−1, Ca
(NO3)2·4H2O – 0.256 g·L−1, Phytoagar – 6 g·L−1) supplemented with
metal ions (if applicable): Zn – 459 μM, Fe – 448 μM, Cd – 2.22 μM
(0.0025B) and placed into a plant cultivation chamber under the same
light conditions for 10 days. Photographs and biomass results of the
plants are shown in Fig. 2b.

2.6. Determination of sublethal doses of metals

Arabidopsis arenosa was cocultured with S. ruberrimus in MSR medium
supplemented with toxic metals (TM) designed to mimic the mine dump
rrimus: (a–b) the phenotype and fresh weight of A. arenosa: a) grown in substrate
ays, inoculated (E+) and not inoculated (E−) (n = 30), b) cultured in vitro on
+) and not inoculated (E−) with S. ruberrimus (n = 30); c–d) the influence of
teral roots (d) under elevated concentrations of toxic metals (TM+). Plants were
not inoculated (E−) with endophyte (n = 19); e) microscopic images of roots of
with S. ruberrimus; f) Iron concentration in whole plants inoculated (E+) and not
upplemented with Fe(III), Zn(II), Cd(II) (TM+) for 10 days, inoculated (E+) and
test, * - p ≤ 0.05, ** - - p ≤ 0.01, *** - - p ≤ 0.005) between E+ and E− plants.

http://www.geneious.com
http://www.ncbi.nlm.nih.gov
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environment. Metal concentrations were experimentally determined to be
sublethal for uninoculated plants (E−) in vitro. First, the metal precursors
in the form of ferric chloride, cadmium sulphate and zinc acetate were dis-
solved and added to the previously sterilized Strullu and Romand (MSR)
medium. The concentrations of metals in mind dump are Zn - 183 mM,
Fe – 179.2mM, and Cd - 890 μM. Determination of the sublethal concentra-
tion of metals started from 3 % of the dump soil concentration (Bolesław)
and was decreased subsequent to 2.5 ‰ for the TM adapted population
(Fig. 2b and Fig. S1). According to the results, which revealed that up to
the concentration of 5‰, the plantswere too stressed, as seen from the con-
dition of the plants, which exhibited poor root development and leaf etiola-
tion, although at the cut-off concentration of 5 ‰, the plants were in the
condition that was near the optimum concentration for planned experi-
ments. According to this finding (Fig. 2b), the sublethal concentrations of
metals in the medium were 458 μM, 448 μM and 2.22 μM for Fe, Zn and
Cd, respectively (Table 1).

2.7. Microscopic observation of roots

After transferring the plants to MSR media (supplemented with metals
TM+, control without metals), the root tip was marked on a petri dish,
and the plants were inoculated with S. ruberrimus. Six days after inocula-
tion, the growth of the main root and the development of lateral roots
were evaluated. The root architecture was imaged with an optical scanner
and processed with WinRhizo software (Regent Instruments, Que., CA).
During this step, root samples were also prepared for microscopic imaging.
Microscopic observation was carried out using a Zeiss Axio Imager 2 (Zeiss,
DE).

2.8. Determination of metal concentration in plants

A. arenosa samples were washed with 0.1 M Na2EDTA and ddH2O (5
samples, 8 plants per sample were prepared) were dried at 80 °C in an
oven and quantitatively transferred to a Teflon autoclave with 2 mL of 65
% solution of HNO3. The suspension was maintained for 1 h at ambient
temperature, and then 0.500 mL of 30 % hydrogen peroxide was slowly
dropped into the solution andmaintained for 0.5 h at ambient temperature.
Subsequently, the suspension was mineralized in a microwave digestor for
35 min. The supernatant was quantitatively transferred to a graduated 10
mL volumetric flask and made up with deionized water. To determine the
metal concentration, the calibration curve method was used. Fe were
analysed using FAAS. The external standard calibration curve was used to
quantify the metal concentration. The international standard ERM –
CD281 for validation was used (Ważny et al., 2021b).

2.9. Transcriptomic analysis

2.9.1. Transcriptomic analysis of plants

2.9.1.1. RNA isolation. Total RNAwas extracted from plant roots and shoots
separately with the use of the MagMax™ Plant RNA Isolation Kit
(ThermoFisher Scientific, US). For a single sample 10 roots and 10 shoots
were pooled. Five samples per treatment (inoculated and not inoculated
plants cultured in medium supplemented with toxic metal) were prepared.
DNA was digested with DNase I amplification grade (Merck Millipore, US).
The analysis of RNA purity and quantity was performed with the use of
Nanodrop (ThermoFisher Scientific, US), and the integrity was assessed
with the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, US).

2.9.1.2. Preparation of libraries. Whole transcriptome libraries were pre-
pared using the TruSeq Stranded Total RNA LT Sample Prep Kit (Plant)
(Illumina, San Diego, CA, US). One thousand nanograms of total RNA
(treated with DNAse) was purified from rRNA by rRNA depletion. Subse-
quently, RNAwas purified, fragmented, and primedwith randomhexamers
for first-strand cDNA synthesis and second-strand synthesis. AMPure XP
beads (Beckman Coulter, Pasadena, CA, US) were used to separate the ds
6

cDNA from the second strand reaction mix. To prevent blunt 3′ ends from
ligating to one another during the adapter ligation reaction, a single ‘A’ nu-
cleotide was added. A corresponding single ‘T’ nucleotide on the 3′ end of
the adapter provides a complementary overhang for ligating the adapter
to the fragment. After this, ligation of indexing adapters to the ends of the
ds cDNAwas performed, and then PCRwith a PCR Primer Cocktail that an-
neals to the ends of the adapter was performed to amplify the amount of
DNA in the library. AMPure XP Beads were used to purify the libraries.
The yield and size distribution of the amplified DNA were assessed with
an Agilent DNA 1000 Kit using a 2100 Bioanalyzer (Agilent Technologies,
USA). Indexed DNA libraries were normalized to 10 nM in the Diluted
Claster Template (DCT) plate and then pooled in equal volumes in the
Pooled DCT (PDP) plate. Sequencing was performed using the Illumina
platform.

2.9.2. Bioinformatics
The RNA-Seq analysis focused on determining types of changes that

occur on transcriptomic level in plants inoculated (E+) in comparison to
plants uninoculated. To assure best possible quality of analysis the quality
control and adapter trimming steps were performed with use of the
fastp software (v0.12.4). The fastp is currently the most robust software
for data pre-processing. Next, the k-mer based read alignment
(pseudoalignment) with mapping and quantification was performed with
use of the kallisto (v0.46.2). kallisto allows for ultra-fast gene mapping
along with quantification with use of Transcipts-Per-Milion (TPM) normal-
ization. However, the TPMnormalization was later on discarded due to use
the TrimmedMean of M-values (TMM) normalization method (included in
limma library), which has been more suited to the experiment (Robinson
and Oshlack, 2010).

The programming language and ecosystem of choice was the R (v4.0.4)
with the Bioconductor ecosystem in (v3.12), with use of BiocManager
(v1.30.10).

The preliminary Differential Expression (DE) analysis was performed
with DESeq2(v1.30.1), edgeR(v3.32.1) and limma (v.3.46.0). After inter-
pretation and cross-comparison of preliminary findings from DE analysis
the analysis with final adjustments was performed with use of limma.

After establishing the key differences between cohorts, the need for fur-
ther explanation pointed towards Gene Ontology Term Enrichment. The li-
brary of choice for that task was topGO (v2.42.0) with GO.db (v3.12.1) and
org.At.tair.db (v3.12.0). The topGO allows to perform enrichment analysis
with plenty of test statistics and different method to eliminate similarities
between GO terms. For current setup the elim algorithm and Fisher statistic
were used to prioritize key findings on low level of abstraction – node size
set to 1. For demonstrational purposes, on figures show the results of anal-
ysis with node size set to 2000, to present our results in an intuitive, graph-
ical form. The results of analyses were interpreted in regards to thefindings.

The source code for the RNA-Seq analysis have been uploaded to
GitHub repository for open access and reproducibility - https://github.
com/bioinf-mcb/bioinf-mcb-rnaseq_arenosa_thaliana_20_22

2.10. Determination of metal concentration in precipitate and culture medium

S. ruberrimus cultured in 2 % malt extract medium for 72 h were centri-
fuged at 5200 rpm. The precipitate of the fungal culture was washed with
deionizedwater and dried at 105 °C, and themasswas determined. The pel-
let was then transferred quantitatively to a beaker, and 1 mL of 65 % nitric
acid was added. After boiling and cooling to RT, 0.5 mL of 30 % hydrogen
peroxide was added, boiled again and kept at this temperature for 30 min.
After cooling to RT, the solution was quantitatively transferred to a 5 mL
flask and fill up to the mark with deionized water. The iron concentration
was determined by means of FAAS compared to the calibration curve.

2.11. Culture medium pH determination

After sterilization and addition of sterilemetal solutions (concentrations
as above), the liquidmediumwas cooled to 30 °C, 10mL of deionizedwater

https://github.com/bioinf-mcb/bioinf-mcb-rnaseq_arenosa_thaliana_20_22
https://github.com/bioinf-mcb/bioinf-mcb-rnaseq_arenosa_thaliana_20_22
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was added, and the pH was measured with a pH-metre EC-metre (TRI-
METER, CA).

2.12. Perl's staining

Fungus andmediumwere stained using Perl's method (Brumbarova and
Ivanov, 2014). The sampleswere transferred to the evaporator for 1.5 h and
maintained under vacuum (500 mbar) in a fixing solution (methanol: chlo-
roform: glacial acetic acid [6:3:1]). A fresh staining solution, preheated to
37 °C, for colorization was used - 4 % K4[Fe(CN)6] and 4 % HCl (v/v).
The samples were washed with distilled water and stained for 30 min
under vacuum (500 mbar). After staining, the samples were washed 3
times with distilled water (1–2min each). Microscopic analysis was carried
out using a Zeiss Axio Imager 2 (Zeiss, DE).

2.13. X-ray diffraction (XRD)

The obtained precipitates were characterized by X-ray diffraction to
identify the exact phase and, according to this, the exact chemical composi-
tion. The experiments were carried out using an Xpert'Pro diffractometer
(PANalytical, Malvern, UK) equipped with Cu Kα radiation in the range
of 5–65° 2θ with a scanning step at 0.02° 2θ.

Mineralogical composition of mine dump soil was also determined
using X-ray diffraction (XRD). XRD analyses of powdered sampleswere per-
formed using a Θ −2 Θ Rigaku Mini Flex 600 diffractometer. A voltage of
40 kV and 15 mA current were applied. The samples were irradiated by Cu
Kα radiation and the data were collected in the range of 2–70° 2Θ, with a
step of 0.005°. QUALX2.0 software was used to identify mineral phases
(Altomare et al., 2015).

2.14. Scanning electron microscopy - energy dispersive X-ray analysis (SEM-
EDX)

The surface morphology of the obtained precipitates (after drying at
105 °C for 12 h) was determined using SEM analysis with a scanning elec-
tron microscope (FEI Company Nova Nano SEM 200, Hillsboro, OR, USA)
operating in back-scattered electron mode. The distribution of elements
was identified by performing SEM/EDS mapping. A JEOL 5400 scanning
microscope (JEOL USA, Inc., Peabody, MA, USA) with a LINK ISIS micro-
probe analyser (Oxford Instruments, Tubney Woods Abingdon, Oxford-
shire, UK) was used.

For detailed mineral characteristic of mine dump soil, a field emission
scanning electron microscope (FE-SEM, HITACHI S-4700, Japan) with an
energy-dispersive spectrometer (EDS, NORAN NSS; Madison, USA) at the
Institute of Geological Sciences, Jagiellonian University in Krakow,
Poland was employed. Rough preparations were placed on carbon holder
and coated with carbon. An accelerating voltage of 20 kV and current of
10 μAwere used for imaging and chemical analysis. Backscattered electrons
(BSEs) were utilized for imaging. For the chemical analysis in spots, a 100 s
acquisition time and the standardless method of quantification were used.

2.15. X-ray photoelectron spectroscopy (XPS)

To analyse the surface composition of the precipitate, X-ray photoelec-
tron spectroscopy (XPS) was used. XPS measurements were carried out
using a Prevac photoelectron spectrometer equipped with a VG SCIENTA
R3000 hemispherical analyser (Scienta Onicron, Uppsala, Sweden) and a
monochromatized aluminium source Al–Kα (E = 1486.6 eV). To compen-
sate for charge accumulation, a low-energy electron flood gun (FS40A-PS)
was used. Measurements were performed in high vacuum; hence, the sam-
ples were dried at 105 °C before the analysis. For qualitative analysis, spe-
cific binding energies were used. The quantitative determination of
species was carried out on the basis of the band areas and binding energies
of Fe, O, and C. For this purpose, Gaussian–Lorentzian peak shape fitting
after a Shirley background correction was applied using CasaXPS software
(Casa software Ltd., Teignmouth, UK).
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2.16. X-ray fluorescence spectroscopy (XRF)

Elemental screening was performed using an energy dispersive X-ray
fluorescence spectrometer (Tracer III SD, Bruker). Analyseswere performed
using liquid (mineralized) samples placed in cups (Model SC-4340,
Fluxana) with bottoms covered with foil (TF-145 Kapton, Fluxana, Tianjin,
China). The lamp current was set to 10 μA. Spectra were collected for 120 s.

2.17. UV–Vis spectroscopy

For the determination of the electronic structure of the obtained precip-
itates, in situ UV–Vis spectroscopy analysis was carried out. For this pur-
pose, an AvaSpec-ULS3648 High-resolution spectrometer equipped with
an AvaLight-DHc Full-range Compact Light Source (Avantes BV, Apel-
doorn, The Netherlands) was used.

2.18. Fourier transform infrared spectroscopy (FTIR)

The consortium (or root in the case of negative control) was taken from
the medium using sterile inoculation loop. For the analysis, roots were
dried at 80 °C for 12 h and measured directly using the ATR compartment
of the FTIR spectrometer. ATR-FTIR analysis was carried out using a
Thermo IS10 (Waltham, MA, US) spectrometer equipped with an MCT de-
tector and ATR accessory. The spectra were obtained by averaging 128
scans in the range of 4000–650 cm− 1 with a 4 cm− 1 resolution.

2.19. Transmission electron microscopy - selected area electron diffraction
(TEM-SAED)

TEM (T20-FEI Technai transmission electron microscopy) imaging was
employed to evaluate the morphology, shape and size of the iron basedma-
terial. The microscope was operated at 200 kV with a LaB6 electron source
fitted with a SuperTwin objective lens allowing a point-to-point resolution
of 2.4 Å. Selected area electron diffraction (SAED) was performed to eluci-
date the sample nature (amorphous or crystalline).

2.20. Statistical analysis

Statistical analyses were carried out using Origin 2022 software
(OriginLab, Northampton, MA, USA). The results were considered signifi-
cantly different at p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 0.001 (***).
Data normal distribution and variance homogeneity were assessed with
Shapiro–Wilk and Levene's tests, respectively. Differences were tested by
Student's t-test and Tukey's post-hoc one-way analysis of variance
(ANOVA) depending on the experimental setup. The detailed descriptions
are provided within the results description.

3. Results

3.1. Inoculation with the fungus protects the host against metal toxicity

According to macroscopic observations, A. arenosa inoculated with
S. ruberrimus (E+) exhibited higher TM tolerance than uninoculated plants
both inmind dump substrate and in vitroMSRmedium experiments (Fig. 2a
and b - photographs). Biomass production (Fig. 2a and b) was significantly
higher in E+ plants; it nearly doubled the biomass of noninoculated
Arabidopsis (n = 30), Student's t-test, (for 2a p ≤ 0.001 and for 2b p ≤
0.05). The roots of plants cocultured in vitro with the fungus in TM+-
enriched medium were longer than those of noninoculated plants (Fig. 2c
and Fig. S2a) {for noninoculated plants, we observed total inhibition of
root growth, but inoculation did not completely reverse the effect of
metal on root growth, since plants cultured on medium supplemented
with metals exhibited root growth inhibition that those cultured on MSR
metal-free medium (n = 23, Student's t-test, p ≤ 0.001) (Table S1)}. E+
plants cultured in TM-enriched medium developed a significantly higher
number of lateral roots (Fig. 2d) (n = 19, Student's t-test, p ≤ 0.001).
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Other root parameters measured, such root surface area andmain root total
length and the image of scanned roots, are presented in Fig. S2a–c. For both
parameters, surface area (n= 19, Kruskal–Wallis test, p≤ 0.001) and root
length (n = 19, Kruskal–Wallis test, p ≤ 0.001), the addition of metals to
the medium caused a significant decrease. Considering the metal enrich-
ment conditions, inoculation positively influenced the root surface area
(Fig. S2b), and there were no significant changes in the root total length
of the main root (Fig. S2c). Microscopic observations clearly showed that
the number of lateral root buds in E+ and E− A. arenosa cultured in me-
dium supplemented with TM did not differ; however, in E− plants, buds
did not develop into lateral roots; most of the buds formed in the pericycle
buds did not extend past the cortical layer of the root, most likely due to
metal intoxication (Fig. 2e).

Similar resultswere already shown in Domka et al. (2023). Plant growth
was promoted by the fungus independently of the experimental setup;
plants were cocultured with S. ruberrimus in mine dump substrate, sand
and perlite spiked with different metals and in in vitro cultures. Due to
high metal solubility in the medium, metal concentrations were signifi-
cantly lower in the medium compared to mine dump concentrations
(Table 1). The metal: Zn, Cd and Fe ratios were the same in vitro as the
metal ratio in themine dump, except for Fe, whose concentration decreased
10 times due to the solubility and medium optimisation (Table 1). Pb was
excluded from themediumdue to its low availability in themine dump sub-
strate. In planta, Pb concentrations were quantified as just above the detec-
tion limits (Domka et al., 2023). The results of the metal concentration in
dump soil show the total amount of elements extracted with aqua regia. It
is not possible or reasonable to try preparing medium with the same con-
centration of metals as in dump. The examination of contaminated soil is
quite complicated due to the particular kinetics and equilibrium in the for-
mation of new coordinated individuals by chemical complexation, espe-
cially in the presence of organic matter (Ikram et al., 2018).

To analyse the mine dump composition, particularly in terms of bio-
availability of metal(oids) analysis of mineralogical composition was per-
formed. X-ray diffraction analysis confirmed that the mine dump soil used
for the experiments was composed mostly of quartz (SiO2), dolomite
(CaMg(CO3)2), calcite (CaCO₃), plagioclase (NaAlSi3O8 – CaAl2Si2O8) and
two types of iron sulphides (FeS2) – pyrite and marcasite (Fig. S3). Comple-
mentarily, SEM-EDS analysis was performed (Suplementary 2 materials –
SEM-EDS analysis of all soils) to further characterise the soil and determine
metal-containingminerals. To facilitate location ofmetal bearing, including
iron bearing, minerals, the BSE mode was used for imaging. The results of
this analysis confirmed that the most common form of Fe occurrence
were iron sulphides.

Pb was present mostly in the form of lead carbonates, and much less
commonly in mineral form of galena. Zinc minerals were observed in
form of zinc sulphides. Low concentration of Zn was additionally detected
in multiple minerals. Notable occurrence of Zn, Fe as well as Pb are the ad-
mixtures of these elements in carbonates (mostly dolomite). Znwas also de-
termined is some iron sulphides. Traces of iron sulphates were confirmed
only by SEM-EDS results (Supplementary 2 materials). Results indicate
that iron oxides precipitation is possibly occurring on the very surface
and within the porous space of larger, weathering minerals, however the
oxygen concentrations, if present in the analytical points were also Fe and
S were detected, are very low.

X-ray diffraction analysis of minerals separated from the rhizosphere
and bulk soil for both the TM+E+ and the TM+E− experiments
(Fig. S4) was performed. The spectra obtained are similar, thus the same
minerals presence was determined in slightly different proportion. In both
spectra the most prevalent minerals are quartz, dolomite and calcite. Two
Fig. 3. (Experiment 2). The comparison of global gene expression of plants treated wi
supplemented with Fe(III), Zn(II), Cd(II) (TM+) for 10 days, inoculated (E+) and not
for roots and shoots of E+ and E− A. arenosa treat with TM; c–d) the enriched biologi
shoots of E+ TM-treated A. arenosa; e) heatmap representing 2-fold change difference
response (GO terms: response to stress) in roots of TM-treated A. arenosa inoculated wi
p value ≤ 0.05) in the expression of genes involved in stress response (GO terms: respo
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minerals not detected in the mine dump soil used for the experiments
(Fig. S3), were identified as gypsum (CaSO4·2H2O) and ankerite (Ca(Fe,
Mg,Mn)(CO3)2). Marcasite and plagioclase were also present in the exam-
ined soils.

The phases observed by SEM (Supplementary II – Fig. 2A, B) occur
mostly in form of complex aggregates containing metals. The SEM-EDS re-
sults align with X-ray diffraction results, and additionally indicate presence
of other, including metal-bearing, phases. For both samples those were
mostly iron and zinc sulphates as well as sulphides, iron and zinc oxides,
and carbonates containing Zn, Fe and Pb (mainly dolomite). Although
some differences between TM+E− and TM+E+ rhizosphere-soil miner-
alogical composition could be observed, taking into account the complex-
ity/heterogeneity of soils, and methodological limitations those are
insufficient to draw any conclusions. The visible differences occur between
mine dump soil and the TM+E−/TM+E+ rhizosphere-soil samples were
the concentration of oxygen inmetal bearing phases is higher, and pyrite as
well as galena were not detected.

3.2. Plants cocultured with yeast accumulated less Fe than uninoculated plants

A significant decrease in Fe uptake was observed in plants inoculated
with the fungus (Fig. 2f). The Fe concentration measured in relation to
dry weight decreased twofold from 4000 to 2000 mg·kg−1 (n = 3,
Student's t-test, p ≤ 0.05). These results were in line with Domka et al.
(2023). In that study we showed that A. arenosa and A. thaliana inoculated
with S. ruberrimus accumulated significantly less Fe in both plant shoots and
roots. Inoculation had no effect on Zn and Cd accumulation by the plant,
therefore, further research focused on plant Fe uptake and metal transfor-
mation by the microorganism. Additionally, according to macroscopic ob-
servations, in the case of plant–fungus coculture from metal-
supplemented medium, the pigmentation of the fungus inhabiting plant
roots changed from pink in the control medium to orange, which can be re-
lated to changes in fungal dyes, but it must be confirmed and studied in de-
tail (Jędrzejczyk et al., in preparation).

3.3. The transcriptome of plants cocultured with S. ruberrimus shows downregu-
lation of the plant stress response under metal toxicity

The comparison of global gene expression of A. arenosa E+ and E− (n
= 5) cultured in “mine dump”medium revealed significant changes in the
transcriptome ofA. arenosa inoculated with S. ruberrimus.After quality con-
trol, an average of 43,668,168 reads per sample corresponding to an aver-
age of 29,041 unique genes were identified. This corresponded to an
average 82 % overall alignment and an 88.45 % gene coverage. According
to Limma (corrected p value ≤ 0.05), 5754 genes were differentially
expressed in E+ Arabidopsis vs. E− roots. The expression of 3048 genes
was upregulated in E+ plant roots, whereas the expression of 2706 genes
was downregulated (Fig. 3a). In Arabidopsis shoots, the expression of 162
and 112 genes was up- and downregulated, respectively (Fig. 3b). The
full results of the analysis were deposited at NCBI #SUB11885033. Func-
tional categorization of the differentially expressed genes revealed that
the most significantly enriched GO terms (biological process) were related
to the plant response to stress/stimulus. This was particularly evident in
plant roots, where the top four most highly enriched GO terms accounting
for close to 20 % of the overall differentially expressed genes were plant
stress response related (GO terms: response to stress, cellular response to
stimulus, response to chemical, response to abiotic stimulus). Other notable
biological processes altered by the fungus were related to P metabolism
(GO term: phosphorus metabolic process) and transport. In plant shoots,
th TM and inoculated with S. ruberrimus. Plants were cultured in vitro on medium
inoculated (E−) with S. ruberrimus (n = 5): a–b) MA plots of transcriptomic data
cal processes GO terms searched among differentially expressed genes in roots and
(log2 normalized, adj. p value ≤ 0.05) in the expression of genes involved in stress
th the fungus; f) heatmap showing 2-fold change difference (log2 normalized, adj.
nse to stress) in shoots of E+ A. arenosa treated with TM.



E+ E-
AT1G71695
AT4G24570
AT2G38530
AT5G06720
AT1G72940
AT2G18660
AT2G37770
AT3G10930
AT2G36800
AT4G21870
AT3G56710
AT1G19250
AT5G36970
AT3G08770
AT1G52400
AT4G14680
AT1G80820
AT2G30020
AT1G27730
AT5G06730
AT4G10500
AT1G33560
AT5G05730
AT5G06320
AT1G35910
AT1G35140
AT4G01360
AT5G22570
AT1G15520
AT4G31800
AT2G18150
AT1G77380
AT5G22250
AT3G49120
AT1G19020
AT5G49630
AT5G49520
AT1G21520
AT5G64810
AT5G13320
AT3G56400
AT2G32210
AT1G73805
AT5G05340
AT2G46400
AT5G20230
AT3G23250
AT5G01900
AT2G18140
AT3G25882
AT1G45145
AT3G30775
AT3G09440
AT1G43910
AT3G47340
AT5G35735
AT5G45110
AT4G08780
AT4G36430
AT3G11340
AT5G52640
AT5G02490
AT3G55980
AT4G34710
AT5G57560
AT3G50930
AT5G43370
AT5G43350
AT3G01190
AT4G26010
AT5G47450
AT3G48360
AT4G17340
AT3G58810
AT1G26410
AT5G59260
AT3G56980
AT3G46760
AT5G35550
AT2G39040
AT1G62280
AT1G10460
AT4G21440
AT4G14730
AT1G43800
AT3G29035
AT3G25790
AT2G18050
AT4G27450
AT1G51890
AT3G45330
AT2G19190
AT4G11890
AT3G45410
AT3G13610
AT3G03670
AT2G36270
AT4G19690

-0.350 ~ 0.944

0.944  ~ 2.24

2.24  ~ 3.53

3.53  ~ 4.83

4.83  ~ 6.12

6.12  ~ 7.41

7.41  ~ 8.71

8.71  ~ 10.0

 > 10.0

a

b

c

d

e f

E+ E-

AT1G72290

AT5G56550

AT3G48360

AT4G35770

AT5G01600

1.18 ~ 2.10

2.10 ~ 3.02

3.02 ~ 3.93

3.93 ~ 4.85

4.85 ~ 5.77

5.77 ~ 6.69

6.69 ~ 7.60

7.60 ~ 8.52

 > 8.52

R.J. Jędrzejczyk et al. Science of the Total Environment 870 (2023) 161887

9



R.J. Jędrzejczyk et al. Science of the Total Environment 870 (2023) 161887
the most significantly altered process was the carbohydrate metabolic pro-
cess. In addition, the symbiotic microorganism significantly affected plant
hormone homeostasis (GO term: response to hormone), oxoacid metabo-
lism (GO term: oxoacid metabolic process) and, as stated previously, the
plant stress response (GO terms: response to oxygen-containing com-
pounds, response to abiotic stress, response to external stimulus, response
to stress and cellular response to stress). Fig. 3c and d represent the top
10 GO terms enriched in E+ A. arenosa cultured in mine dump medium.
In plant roots, the GO term response to stress was the most significantly
(p = 1.0·10−30) enriched biological process in E+ A. arenosa, whereas in
plant shoots, its significance was lower (p = 6.1·10−5). Nevertheless,
most genes differentially expressed in the shoots of E+ plants were related
to the plant response to stress. In the roots, the expression of 960 genes (ad-
justed p value ≤ 0.05) related to the stress response was differentially
expressed in plants inoculated with S. ruberrimus. The expression of the
vast majority of the genes (617) was downregulated, whereas the expres-
sion of 344 was upregulated (Fig. 3e).

In plant shoots, the expression of a number of differentially expressed
genes under metal toxicity in E+ was significantly lower than that in
plant roots. Thirty four out of the 62 differentially expressed geneswere up-
regulated, whereas the expression of 28 genes was downregulated (Fig. 3f).
For the purpose of presentation, only genes with differential expression of
minimum 2-fold up and down were shown in heat maps.

3.4. Metal precipitation by S. ruberrimus

Macroscopic and microscopic observations of plant roots and the gene
expression profile of E+ A. arenosa suggested that the fungus protected
its host by limiting plant exposure to the metals present in the medium.
To verify this hypothesis, the ability of the fungus to precipitate metals in
the medium was tested. For the simplification of the experimental model,
we testedwhether the fungus can precipitatemetals in liquidmediumwith-
out the plant. To further verify this, the fungus was cultured in a 2 % water
solution of malt extract supplemented with metal ions at the same concen-
tration as in MSR medium (Fig. 4a–b). The viability of the fungus was neg-
atively affected by TM supplementation, but it remained viable as the OD of
the culture tended to grow over time (data not shown). To test the ability of
the fungus to produce the precipitate, three culture variants were prepared.
In the first variant, the concentration of metals (Fe, Zn, Cd) in the culture
medium was set at the concentration level of Bol medium used in this
study; in the second variant, the medium was supplemented only with Fe
(at the same level as in Bol medium), and the third variant was the control
sample (malt medium). The fungus was able to produce a black precipitate
in medium supplemented with TM in both setups. In cultures (supple-
mented with Zn and Cd independently) no black precipitate was found
(data not shown).

3.4.1. Spectroscopic and diffractometric characterization of precipitate
The precipitate was characterized using spectroscopic and microscopic

methods. First, the bulk composition was evaluated using X-ray fluores-
cence spectroscopy (XRF) (Fig. 4c). Six main elements were identified
based on band attribution: Cl (2.62 keV), Ar from the atmosphere (2.95
keV), K (3.31 keV), Fe (Kα = 6.40 keV, Kβ = 7.06 keV), Ni (Kα = 7.48
keV, Kβ =8.26 keV), and Zn (Kα =7.48 keV, Kβ =8.26 keV). In the spec-
tra, bands with energies above 19 keVwere also present, whichwere attrib-
uted to the XRF source, and they were no longer considered. Based on
qualitative and semiquantitative analyses with XRF, more abundant ele-
ments identified by XRF were selected for quantitative analysis by atomic
absorption spectrometry (AAS). The analysis showed that the precipitate
formed by the fungus contained a significant amount of ironwith negligible
amounts of zinc and nickel. The concentrations of Fe, Zn and Ni are shown
in Fig. 4d. Scanningmicroscopy imagingwith X-ray analysis was performed
to determine the morphology of the sediment as well as the elemental dis-
tribution. The sediment showed a homogeneous structure, without a de-
fined shape, with inclusions on the surface of larger grains (Fig. 5a–b).
The elemental distribution (Fig. 5c) showed the presence of iron in every
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part of the grain (inclusions and flat surface) at a level of 15 %. The sedi-
ment also contained other elements, such as O, P, and N, which are the
building blocks of organic matter (remains of fungal cells) and evenly dis-
tributed zinc at a level of <1 %. Surface visualization of the distribution
of elements (Fig. 5d) revealed that the deposit consisted mainly of iron,
which was evenly distributed, and a small amount of zinc, which also
showed an even distribution. To determine the oxidation state of ele-
ments, it was necessary to perform XPS analysis. The spectrum obtained
revealed the presence of C, O, Fe and Zn (Fig. 6a). High-resolution spec-
tra for Fe and Zn were prepared (Fig. 6b and c). After deconvolution,
three pairs of bands on the spectra are shown for iron (Fig. 6b):
711.54 and 723.94, 712.43 and 725.90, 717.44 and 728.87 keV. All
the bands can be assigned to Fe(II) and Fe(III) species in different chem-
ical environments (compounds) (Novotny et al., 2013; Peng et al.,
2022). On the other hand, one pair of bands for Zn was found:
1022.00 and 1045.47. The bands can be assigned to zinc oxide
(Biesinger et al., 2010; Xu et al., 2013). The next step in identifying
the deposit was to carry out X-ray diffraction (XRD) measurements. It
is well known that crystalline forms of chemical individuals can be iden-
tified using XRD. The results obtained revealed no characteristic reflec-
tions for iron or zinc oxides or hydroxides (Fig. S6). Only a broadened
band at approximately 20° corresponding to the amorphous phase of
iron-mediated compounds was observed (Fu et al., 2016). As a comple-
mentary analysis, UV–Vis scanning in reflective mode was performed.
No characteristic bands for iron oxide NPs were observed (data not
shown). The far-infrared analyses and Raman spectroscopy did not re-
veal bands characteristic of iron oxides (data not shown) because they
were overlapped by the bands assigned for resins of organic matter, as
it is not possible to separate the precipitate from the fungal cells.

Visualization by TEM revealed that nanoparticles are not present in the
precipitate. No structures with visible dimensions lower than 500 nm were
observed. The precipitate seemed to be rather an aggregate than a product
of fragmentation of larger particles. Moreover, it was found in both aqueous
and organic solvents. According to the SAED patterns, the particles were
amorphous since only diffuse ringswere observed, indicating that the nano-
crystals lacked long range crystalline ordering (Fig. S7).

All of the abovementioned analyses were performed for the precipitate
created by the fungus in liquid medium.

3.4.2. The plant-fungus consortium affects Fe speciation in culture
Todetermine structural changes andmetal speciation in culture,we car-

ried out FTIR analysis for roots of the plant–fungus consortium in MSR cul-
tures supplemented with metals (Fig. 7). This analysis was performed for
determining the vibrations of specific functional groups. The analysis was
based on attribution tables and literature in which similar systems have
been studied. On this basis, the relevant functional groups were assigned
and those that were affected by the fungus were selected. The spectra re-
vealed bands at 3300 cm−1 originating from the vibrations of the\\OH
groups from proteins, and the water content increased the background
line in this region. In the spectra, bands were also present at 2920 cm−1

and 2850 cm−1, which were attributed to the stretching vibrations of the
\\CH groups, symmetric and asymmetric, respectively. Other bands ob-
served were 1740 cm−1 and 1245 cm−1, which were attributed to carbox-
ylic acids (C_O stretching) and (C\\O stretching), respectively (Bekiaris
et al., 2016). The bicarbonate band appeared at 1630 cm−1 (Jędrzejczyk
et al., 2016). These bands can be assigned to the C_O stretch in proteins
and amides type I (Moreno-García et al., 2021). Some phosphorous-
associated bands could be recognized in the spectra. First, the calcium phos-
phate band at 1540 cm−1, then iron phosphate pair bands – main at 1034
cm−1 and the satellite at 540 cm−1 (Bekiaris et al., 2016). The peaks
from 1030 to 1050 cm−1 can also be assigned to carbonyl groups
(O\\C\\O) associated with the presence of lipids and carbohydrates
(Moreno-García et al., 2021). The main interesting region where the
changes were observed is 1600–1100 cm−1. Three bands were observed
at 1417, 1370 and 1360 cm−1. The bands can be attributed to vibrations
of\\CH2 groups allocated withmetals,\\CH2 wagging vibrations in lipids,
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Fig. 4. (Experiment 3). a) Photographs of centrifuged S. ruberimus cultures from medium (from left) control (TM-), supplemented with Fe at TM+ concentration,
supplemented with metals TM+ (n = 3); b) microscopic images of S. ruberrimus [variannts as in a], XRF spectra of precipitate made by S. ruberrimus in TM+ medium,
d) AAS results of metals presented in precipitate made by S. ruberrimus in TM+ medium (n = 5).
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Fig. 5. (Experiment 3). SEM-EDX analysis a–b) precipitate images with different magnifications (n = 3), c) precipitate images with indicated measurement points and
corresponding results of elemental analysis, d) EDX elemental mapping of precipitate. The spot area of elemental analysis is ap. 50–70 nm.
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Fig. 6. (Experiment 3). XPS spectra of the precipitate (n = 3), a) overview, b) high-resolution spectrum for Fe, c) high-resolution spectrum for Zn.
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and β1,3 glucans, and\\CH2 wagging vibrations in lipids. For the con-
trol (TM−E−) variant, one band at 1370 cm−1 was observed, which
degenerated into two bands at 1417 and 1370 cm−1 for plants cultured
in the medium with metals (TM+E−). This region is usually attributed
to vibrations of organic compounds (functional groups from these com-
pounds, to be more precise), interacting with Fe derivates (Stumm and
Blber, 1994). Inoculation reverses the changes in the IR spectrum; in
the A.arenosa – S. ruberrimus (TM+E+) system bands from the analysed
region resemble those observed in plants cultured in medium not sup-
plemented with metals (no band at 1417 cm−1), suggesting stress pro-
tection and lower exposition to metal toxicity of plants cocultured
with the fungus (TM + E+).
Fig. 7. (Experiment 2). FTIR spectra of A. arenosa roots inoculated with S. ruberrimus (n
medium without toxic metals and fungus, TM+E−: roots of A. arenosa cultured in vit
cultured in vitro in medium with toxic metals and fungus.
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4. Discussion

The complex interplay between the biotic and abiotic elements of the
environment determines ecosystem functioning. In environments enriched
with toxic metals, pioneer plants and adapted microorganisms were shown
to provide the ecosystemwith functions necessary for the development of a
diverse environment (Flores-Torres et al., 2021; Zhang et al., 2001). In this
study, we show that S. ruberrimus associated with Arabidopsis arenosa could
facilitate plant adaptation to metal toxicity by alleviating plant stress. This
endophytic fungus was also capable of precipitating excess Fe in medium
and likely immobilizing it, making it unavailable to the plant and thus low-
ering plant exposure to metal toxicity. One route of plant metal uptake
= 3), variants TM−E− (negative control): roots of A. arenosa cultured in vitro in
ro in medium with toxic metals and without fungus, TM+E+: roots of A. arenosa



R.J. Jędrzejczyk et al. Science of the Total Environment 870 (2023) 161887
inhibition was most likely related to decreased Fe availability in the rhizo-
sphere. Previous studies have shown that symbiotic microorganisms can af-
fect metal uptake by plants (Domka et al., 2019). Not much is known about
how this is achieved.

4.1. Analysis of the plants transcriptome provided clues indicating decreased ex-
position to Fe toxicity of plants inoculated with S. ruberrimus

The majority of the stress-related genes altered in E+ Arabidopsis were
downregulated, a large proportion were related to defence against biotic
(100) and abiotic stress (65). It is worth noting that this group included
genes encoding antioxidant enzymes such as proteins from the peroxidase
superfamily, catalase 1 (AT1G20630), catalase 3 (AT1G20620) and thiore-
doxin 5 (AT1G45145). Attenuation of the plant's defence response ob-
served at the level of gene expression together with the root development
under metal toxicity, plant biomass yield and the fact that plants took up
significantly less Fe suggested that the exposition of E+ plants to toxic
metals was lower than that of E− Arabidopsis roots. In the mentioned be-
fore study (Domka et al., 2023) metal uptake inhibition resulted from alter-
ations in ethylene dependent plant metal uptake mechanisms. Here we
show that aside fromoptimizing plantmetal uptake, the symbioticmicroor-
ganism may also decrease the exposition of plant roots to toxic metals by
decreasing the bioavailability of Fe in medium.

At least some of the alterations in the plant stress response can be also
explained by the adaptation of the plant immunological landscape to the in-
teraction with the fungus. According to previous reports, the plant defence
system undergoes significant rearrangements during symbiosis (Camehl
et al., 2010; Vadassery et al., 2009; Vahabi et al., 2015). In the data
shown in this report, the expression of a significant number of genes
(close to 40) involved in plant defence against fungi and bacteria was up-
regulated. Additionally, a large number of genes with upregulated expres-
sion were related to ROS homeostasis, such as genes encoding proteins
from the peroxidase superfamily (17) and the chalcone and stilbene syn-
thase family protein TT4 (AT5G13930) (Saslowsky et al., 2000; Tropf
et al., 1994, 1995). ROS play an important role in plant-microorganism in-
teractions. Their production has been shown to be activated during plant-
microorganism interactions, including mutualistic interactions (Scott
et al., 2007; Tanaka et al., 2006). Another important aspect of plant metab-
olism (biological process in transcriptomic analysis) affected by the endo-
phytic yeast was plant carbohydrate metabolism. This has also been
reported on several occasions; plants cocultured with microorganisms
were shown to exhibit more efficient photosynthesis and altered, possibly
optimized carbohydrate allocation (Doidy et al., 2012; Opitz et al., 2021;
Rozpądek et al., 2019). We can also assume that plant nutrition was posi-
tively affected in symbiotic plants (upregulation of P and N homeostasis
genes), which has been previously observed in plants cocultured with ben-
eficial microorganisms (Rozpądek et al., 2019). This indeed indicated opti-
mized plant performance but could not provide a direct link between the
inhibition of Fe uptake and plant inoculation with S. ruberrimus.

4.2. The fungus was capable of precipitating Fe in in vitro cultures

Yeast cultured inmediummimickingmine dumpwas able to precipitate
Fe in an insoluble form. It is well known that a metal-enriched environment
can affect fungal behaviour. The response to this stress can manifest as dif-
ferent structural/chemical changes in the fungal cell or entire fungus–plant
consortium. In regard to structural changes, microorganisms can
biosynthesize NPs or MPs. This happens especially when the ions are read-
ily available in the substrate (especially in the case when the precursors of
metal are highly soluble, ex. nitrates, citrates, etc.). The synthesis of nano-
particles by microorganisms has been widely investigated. There are
many ways to stimulate microorganisms to produce nanoparticles, includ-
ing direct contact with metal precursors (Fayaz et al., 2010), irradiation
(Saifuddin et al., 2009) and plant extracts (Saifuddin et al., 2009). Microor-
ganisms can synthesizemany types of nanoparticleswith distinct character-
istics, such as biocidal Ag, Au/Ag nanoparticles, nanoparticles of transition
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metals/oxides such as Fe (Vainshtein et al., 2014), Pd (Chen et al., 2013),
ZnO (Jayaseelan et al., 2012) and other metals, oxides and sulphides (re-
viewed in (Zielonka and Klimek-Ochab, 2017)). In this case, the fungus
was able to precipitate a deposit consistingmainly of iron oxides or hydrox-
ides on which zinc and nickel ions were adsorbed. AAS analysis indicated
that the precipitate consists mainly of iron, which was confirmed by surface
EDX analysis. At the same time, the distribution of ironwas uniform and oc-
curred uniformly in the whole sample, whereas the distribution of zinc was
homogeneous but restricted only to evenly adsorbed ions within the precip-
itate. This indicated the inclusion of ions of other metals in the precipitate.
Such reports are known from the literature and concern iron plaque on
which nutrients and other metals can be adsorbed (Zhang et al., 2019).
Both AAS and EDX analysis indicated that the abundance of zinc and nickel
within the deposit was significantly lower than that of Fe. EDX mapping
also revealed that phosphorus and nitrogen were evenly distributed in the
sample, which indicated the presence of residual organic matter in the
formed deposit. Therefore, the uptake of toxic metals by plants (if associ-
ated with fungi) could be positively influenced. In addition, microscopic
analyses indicated iron uptake by the fungus itself. Such an ability of the
yeast is known from the literature (Zinicovscaia et al., 2020). This means
that the fungus not only precipitated iron in the form of unbound com-
pounds with reduced solubility but also inactivated it on/in the cells. This
was mainly due to the physical trapping of metals in a form unavailable
to the plant (Chen et al., 2020; Eid et al., 2020). The FTIR confirmed
plant stress protection and probably decreased metal exposition of plants
cocultured with the endophytic yeast. The mechanism of this inactivation,
however, requires further research and goes beyond the purpose of this
paper. It needs to be emphasized that we were not able to identify Fe resi-
dues in the rhizosphere. This was largely due to difficulties in sample prep-
aration; thus, we can only assume that the fungus is capable of precipitating
Fe in coculture with the plant. Nevertheless, the SEM analysis of bulk soil
and rhizosphere revealed subtle differences between them. Themost prom-
inent differencewas the absence of pyrite in rhizosphere (which is observed
in bulk soil). This, however, cannot be treated as proof that the fungus
transforms pyrite into other Fe individuals, since there is no evidence of py-
rite presence in rhizosphere even in the case of plants not inoculated with
the fungus. Suchfindings can be associatedwith Fe transformation in rhizo-
sphere or, the complexity of systemprecluded observation of Fe individuals
in soil due to its amorphous character or size of those.

Characterization of the precipitate by microscopic and diffractometric
methods confirmed that the precipitate consists mainly of iron structures
onwhich zinc ions are adsorbed. Although XRD analysis did not reveal crys-
talline forms of iron, similar results for the oxides and hydroxides present in
the iron plaque were obtained by Fu et al. (2016). For the several types of
iron compounds studied, they obtained the same amorphous XRD profiles
as in our case. The lack of typical reflections for crystalline iron compounds
could be explained by the formation of highly dispersed iron nanoparticles,
but these were not visualized either by SEM or shown by UV–Vis, where no
typical plasmons for this type of grouping are present. Therefore TEM-SAED
analysis was carried out. The results confirmed that no nanosized structures
were formed. The precipitate had an amorphous character which confirms
the results obtained by SEM, XRD and UV–Vis analyses. Surface analysis
with ESCA revealed, in addition to the element characteristics of organic
matter, iron and zinc in the deposit. Importantly, up to three types of iron
in the second and third oxidation stages were identified, suggesting a
mixed nature of the precipitate rather than a single compound. Further-
more, the coexistence of both oxidation states may be an indication of
redox equilibrium being established in the system, for which the fungus
may be responsible. It is interesting to note the observed high surface con-
centration of zinc, again with a low concentration in the bulk. Considering
that the XPS analysis is typically a surface analysis, this indicates that the
zinc actually has adsorbed to the surface of the formed iron precipitate
and is thus also being inactivated. This finding is indeed consistent with
the uptake of these two metals by the plant inoculated with S. ruberrimus.

All analyses carried out indicate that the fungus possesses the ability to
precipitate iron in the form of an amorphous mixed precipitate on which
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zinc ions adsorb. This likely affects the plant, which takes up less metals
and, according to the response at the level of gene expression, experiences
less metal stress. It needs to be emphasized though, that wewere not able to
identify Fe residues in the rhizosphere. This was largely due to difficulties
in sample preparation; thus, we can only assume that the fungus is capable
of precipitating Fe in coculture with the plant.

5. Conclusion

In this study, an important function of the fungus Sporobolomyces
ruberrimuswas described. It reduces the deleterious effects of increased con-
centrations of metals in soil/substrate, in this case excess of Fe, on plant
functioning. Such an impact can be realized by fine-tuning plant metal ho-
meostasis as well as inactivatingmetals in the form of precipitates (possibly
coordination/adsorption individuals), indicating that the mechanism of Fe
uptake inhibition is cumulative rather than unifactorial. Research shows
that the plant in the presence of the fungus reacts to the substrate with
metals, as if there were significantly fewer metals in it. The precipitate
was characterized using microscopic and spectroscopic methods. The re-
sults revealed that S. ruberrimus can inactive iron by precipitation in the
form of mixed oxides, hydroxides or phosphates in amorphous form. The
precipitate is similar to iron plaque widely observed in the case of wetland
plants such as rice but exhibits a more complex composition – especially
that kinetics and equilibrium in soil is quite complicated in comparison to
liquidmedium. However, we observed the adsorption of Zn ions on the sur-
face of the deposit, which is common for iron plaque, where adsorbed ions
(nutrients) are available for plants. Hence, in the case of elevated concen-
trations of metals other than Fe, they can be adsorbed on Fe deposits and
inactivated in this way.
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