
Ecotoxicology and Environmental Safety 216 (2021) 112196

Available online 10 April 2021
0147-6513/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Arsenic accumulation and speciation in two cultivars of Pteris cretica L. and 
characterization of arsenate reductase PcACR2 and arsenite transporter 
PcACR3 genes in the hyperaccumulating cv. Albo-lineata 
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A B S T R A C T   

Pollution and poisoning with carcinogenic arsenic (As) is of major concern globally. Interestingly, there are ferns 
that can naturally tolerate remarkably high As concentrations in soils while hyperaccumulating this metalloid in 
their fronds. Besides Pteris vittata in which As-related traits and molecular determinants have been studied in 
detail, the As hyperaccumulation status has been attributed also to Pteris cretica. We thus inspected two P. cretica 
cultivars, Parkerii and Albo-lineata, for As hyperaccumulation traits. The cultivars were grown in soils supple
mented with 20, 100, and 250 mg kg− 1 of inorganic arsenate (iAsV). Unlike Parkerii, Albo-lineata was confirmed 
to be As tolerant and hyperaccumulating, with up to 1.3 and 6.4 g As kg− 1 dry weight in roots and fronds, 
respectively, from soils amended with 250 mg iAsV kg− 1. As speciation analyses rejected that organoarsenical 
species and binding with phytochelatins and other proteinaceous ligands would play any significant role in the 
biology of As in either cultivar. While in Parkerii, the dominating As species, particularly in roots, occurred as 
iAsV, in Albo-lineata the majority of the root and frond As was apparently converted to iAsIII. Parkerii markedly 
accumulated iAsIII in its fronds when grown on As spiked soils. Considering the roles iAsV reductase ACR2 and 
iAsIII transporter ACR3 may have in the handling of iAs, we isolated Albo-lineata PcACR2 and PcACR3 genes 
closely related to P. vittata PvACR2 and PvACR3. The gene expression analysis in Albo-lineata fronds revealed 
that the transcription of PcACR2 and PcACR3 was clearly As responsive (up to 6.5- and 45-times increase in 
transcript levels compared to control soil conditions, respectively). The tolerance and uptake assays in yeasts 
showed that PcACRs can complement corresponding As-sensitive mutations, indicating that PcACR2 and PcACR3 
encode functional proteins that can perform, respectively, iAsV reduction and membrane iAsIII transport tasks in 
As-hyperaccumulating Albo-lineata.   

1. Introduction 

Being a ubiquitous trace metalloid toxin present in the environment, 
arsenic (As) is on the list of the 10 major substances of global concern 
(Oberoi et al., 2019). In humans the acute lethal dose ranges from 100 to 
300 mg As, while chronic As exposures affect almost all organs, pro
ducing a range of health effects, including skin lesions, diabetes, lung 
and heart diseases, and cancer (NASEM, 2019; Oberoi et al., 2019; and 

references therein). Curiously enough, there are certain fungi (Braeuer 
et al., 2018; Larsen et al., 1998) and some ferns in which the As con
centrations reach or even exceed 1000 mg kg− 1 tissue dry weight (dwt). 
Chinese brake fern Pteris vittata L., the first identified 
As-hyperaccumulating plant, has been reported to accumulate in its 
fronds 22,630 mg kg− 1 As (As concentrations in tissues hereinafter 
provided as in dry weight; dwt) when grown in soils containing 1500 
mg kg− 1 As and nearly 7000 mg kg− 1 As growing in soils amended with 
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400 mg kg− 1 As (Ma et al., 2001). Further studies have identified more 
As hyperaccumulating fern species, including Cretan brake fern Pteris 
cretica L., and also non-hyperacumulating ones such as P. ensiformis L. or 
P. semipinnata L. (Claveria et al., 2019; Meharg, 2003; Rahman et al., 
2018; Singh et al., 2010; Wang et al., 2012). 

Different soils in the environment have varying background con
centrations of As; it is generally present in soils in low concentrations 
(0.1–67 mg kg− 1) and the baseline soil As content typically ranges from 
5 to 10 mg kg− 1 (Cui and Jing, 2019 and references therein). In aerobic 
soils As mainly exists as inorganic arsenate (iAsV), in anaerobic (e.g., 
paddy) soils as inorganic arsenite (iAsIII), and in both minor organo
arsenical (OAs) compounds are present, such as mono-, di-, and trime
thylarsenite/arsenate (MAIII/V, DMAIII/V, and TMAIII/V, respectively), 
which are produced from iAs by the soil microflora (Cui and Jing, 2019; 
Di et al., 2019). Of particular concern are anthropogenic activities, 
which can locally deposit iAs into soils at rates even exceeding 1 mg 
kg− 1 year− 1 (Lebow et al., 2004). In Spain in 1998, a dam collapse at a 
retention mine pond, known as the Aznalcóllar disaster, flooded two 
rivers and affected ground water and 4286 ha of alluvial soil in which 
the As concentrations after reclamation have still remained ranging 
widely from 15 to nearly 800 mg kg− 1 (Madejón et al., 2018). 

The ability to hyperaccumulate As sparked the interest in P. vittata 
and other hyperaccumulating ferns as plants suitable for the phytoex
traction of As from contaminated soils into aboveground, harvestable 
parts (Abou-Shanab et al., 2020; da Silva et al., 2018; Eze and Harvey, 
2018; Fu et al., 2017; Jeong et al., 2014, 2015; Liu et al., 2018; Yang 
et al., 2020; and references therein), and thus into the As-related 
physiology in hyperaccumulating ferns (Abid et al., 2019; Fu et al., 
2017; Han et al., 2017; Pavlíková et al., 2017, 2020; Yan et al., 2019; 
Zemanová et al., 2019, 2020; Zhang et al., 2017; and references therein). 
Prerequisites for efficient phytoextraction are, besides the mobilization 
of As in the soil, high As uptake and translocation rates, and the ability of 
the plant to deposit and tolerate high concentrations of As in its tissues 
(Li et al., 2016). Stemming from its chemical similarity with phosphate, 
physiologically irrelevant iAsV is imported into the roots as a stowaway 
by using plasma membrane phosphate (Pi) transporters, and iAsIII 

mainly by using aquaporin channels (PvTIP4 aquaporin in P. vittata; He 
et al., 2016). The major known arsenate uptake transporters are in 
P. vittata represented by Pi deficiency- and AsV-inducible PvPht1;4 (Sun 
et al., 2020) and PvPht1;3 (DiTusa et al., 2016), the later expected also 
to be involved in the export of the substrates to the xylem sap for 
translocation. However, there are some Pi transporters that are appar
ently selectively discriminating for the transport of Pi, such as PvPht1;2 
reported by Cao et al. (2018), or, as documented in model Arabidopsis 
plants, PvPht2;1, selectively transporting Pi to the chloroplasts, 
ameliorating As poisoning during photosynthesis (Feng et al., 2021). 

The translocation of As into the aerial parts is then associated with 
the reduction of iAsV to iAsIII by arsenate reductase(s); in the gameto
phytes of P. vittata, PvACR2 (Ellis et al., 2006) and newly discovered 
HAC (high As content) reductases PvHAC1 and PvHAC2 (Li et al., 2020) 
are instrumental in the iAsV reduction. A study in sporophytes unveiled a 
bacterial-like AsV handling pathway with AsV being chemically trapped 
with phosphoglycerate by glyceraldehyde-3-phosphate dehydrogenase 
PvGAPC1 for transport by organic cation transporter PvOCT4 to endo
membrane vesicles in which hydrolysis-born AsV becomes reduced to 
AsIII by glutathione S-transferase PvGSTF1 with AsIII eventually stored in 
vacuoles (Cai et al., 2019). 

While the cellular detoxification of thiophilic iAsIII in roots and 
shoots of non-hyperaccumulating plants involves binding with phy
tochelatin peptides (PCs, possessing (γGlu-Cys) tandem repeats) with 
AsIII-PC complexes eventually stored in vacuoles of both root and stem 
cells (Allevato et al., 2019; Wang et al., 2018; Liu et al., 2010), the 
dominant As storage form in the aerial parts of Pteris gametophytes is 
iAsIII (Han et al., 2017; Raab et al., 2004; Wan et al., 2018; Zhang et al., 
2017). Unlike flowering plants employing PCs, P. vittata has at least two 
arsenite antiporters, PvACR3 and PvACR3;1, at its disposal to safely 

deposit iAsIII in frond vacuoles (Chen et al., 2017; Indriolo et al., 2010). 
Our previous studies in P. cretica suggested marked difference in As 

accumulation in cv. Albo-lineata and Parkerii (Pavlíková et al., 2017, 
2020; Zemanová et al., 2019, 2020). Here we detailed the As accumu
lation and speciation in both cultivars and show that while cv. Parkerii 
did not prove hyperaccumulating, the hyperaccumulation of As was 
confirmed in cv. Albo-lineata. The hyperaccumulation status of 
Albo-lineata prompted our efforts towards entering the investigation of 
molecular determinants in this fern, which lead to describing functional 
ACR2 and ACR3 genes, documenting their capacity to contribute to the 
As hyperaccumulation phenotype in this fern. 

2. Material and methods 

2.1. Plant material and growth conditions 

The P. cretica L. gametophyte cultivars Albo-lineata and Parkerii 
were purchased at the 10–15 frond stage from garden center Tulipa 
Prague (Czech Republic) and grown in a greenhouse at 22–24 ◦C under 
natural-like controlled (as in Tulipa Prague) conditions with a 16 h day 
and 8 h night photoperiod cycles and relative humidity of 60%. The 
obtained ferns were allowed to acclimate in the experimental green
house for three days and then individually potted into 5 kg of haplic 
chernozem (pHKCl 7.1) originating from the Prague-Suchdol site (Czech 
Republic, 50◦8′8′′ N, 14◦22′43′′ E; for physical and chemical properties 
of the soil see Zemanová et al., 2019). The soil was air dried and sieved 
with 2 mm mesh prior to amendment with 0.5 g of N, 0.16 g of P, and 
0.4 g of K kg− 1 dry soil wt (added as NH4NO3 plus K2HPO4) and sup
plementation with 20, 100, or 250 mg As kg− 1 dry wt. To supplement 
the soil with As, it was thoroughly mixed with diluted Na2HAsO4 solu
tion and left to mature for 10 d prior to use. The ferns in soils enriched 
with As were grown in parallel with those in the same soil without As 
supplement (Zemanová et al., 2019) and samplings were carried out 
after three different vegetation periods (30 and 90 d, and 185 or 158 
d for cv. Albo-lineata or cv. Parkerii, respectively). For each cultivar, 
three individual ferns were grown per each As treatment and sampling 
period. 

On the harvest day, the plants were separated into fronds and roots. 
The parts were weighted and those to be used in As analysis were oven- 
dried to a constant weight at 40 ◦C for 3 d. The parts to be used in the As 
speciation analysis or molecular analysis were frozen in liquid nitrogen, 
and then stored at − 80 ◦C or fixed by freeze-drying and kept at − 80 ◦C, 
respectively. 

2.2. Arsenic analysis in plants 

Total As concentrations were analyzed by inductively coupled 
plasma optical emission spectrometry (ICP-OES) using an Agilent 720 
spectrometer (Agilent Technologies, Inc.). For the determination of total 
As in fronds and roots, the dried plant material (0.5 ± 0.05 g) was 
digested with 10 ml of a mixture of ultrapure HNO3 and H2O2 (4:1, v/v; 
Lachner and Analytika, respectively) using an Ethos 1 apparatus (MLS 
GmbH). The analyses were conducted in triplicate and the quality of the 
mineralization and analytical procedures was tested with the certified 
reference material SRM 1573a – Tomato leaves from the US National 
Institute of Standards and Technology. 

2.3. Arsenic speciation analysis 

2.3.1. Size exclusion chromatography of extracted As 
Plant tissues (1 g fresh weight of roots or fronds) were ground in 

liquid nitrogen with mortar and pestle and further disintegrated by 
using a One Shot Cell Disruptor (Constant Systems Ltd.) at 2.4 bar. 
Disrupted cells were extracted with 10 ml of 50 mM HEPES (pH 7.3) 
supplemented with EDTA-free cOomplete protease inhibitors (Roche 
Diagnostics) according to manufacturer’s recommendation. Tissue 
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debris was removed by centrifugation at 30,000g and 4 ◦C for 10 min; 
the debris was digested with 1 ml 65% HNO3 for 24 h, the sample vol
ume was adjusted to 5 ml with distilled water. To determine the As 
extraction efficiency, As content of the sediment was measured by ICP- 
OES. The supernatant was further filtered on a PVDF syringe filter (0.45 
µm; Teknokroma) and fractionated (2 ml) on a Superdex Peptide 10/300 
GL column (GE-Healthcare) using a BioLogic DuoFlow FPLC system 
(BioRad) and 50 mM HEPES, 25 mM KNO3 (pH 7.3) as a mobile phase at 
flow rate of 0.5 ml min− 1. Remaining filtrate to be used in PC analysis 
was stored at − 80 ◦C. Ribonuclease A (GE Healthcare), ubiquitin 
(Sigma), and glutathione (Merck) were used as molecular mass stan
dards. Arsenic contents in individual fractions from SEC were deter
mined by ICP-OES. 

2.3.2. Analysis of arsenicals 
Arsenic species in fronds and roots were determined by selective 

hydride generation with pre-concentration by cryotrapping (HG-CT) 
and ICP mass spectrometry (ICP-MS) method. The method, semi- 
automated HG-CT-ICP-MS system employing an Agilent 7700x ICP-MS 
spectrometer with He collision cell (Agilent Technologies, Inc.), and 
system settings have been described in detail elsewhere (Currier et al., 
2011; Matoušek et al., 2013). Homogenized frozen plant tissue (0.1 g 
fresh weight) was extracted with 5 ml of ice-cold 0.1% (v/v) formic acid 
(Lach-Ner, Ltd.) at 0 ◦C for 60 min, and the aliquots of slurry thus formed 
were used as samples. If needed, the slurries with high As content were 
further diluted with ice-cold 0.1% formic acid to keep iAs concentrations 
below 2 ng As ml− 1. For the measurements of iAsIII, 200 µl of the sample 
and 250 µl of water were injected into the system in which corre
sponding hydrides were generated at pH 6 selectively from the trivalent 
species. To measure the concentrations of iAsIII plus iAsV species, the 
equal volumes of the sample and 250 mM L-cysteine (Merck) were 
combined and pre-reduction of AsV to AsIII species was carried out for 60 
min at room temperature before injection. The external iAsIII, MAIII, and 
DMAIII standards used for identification and peak area-based quantifi
cation were prepared in-house from As2O3 (Lachema), Na2CH3A
sO3⋅6H2O (Chem Service, Inc.), and H(CH3)2AsO2 (Strem Chemicals, 
Inc.), respectively, using L-cysteine as reductant (Matoušek et al., 2013). 
The calibration ranges were 0.5–2 ng As ml− 1 for iAsIII and iAsV stan
dard, and 0.05–0.2 ng As ml− 1 for methylated AsIII species. TMA and a 
peak of unknown species were quantified against DMAIII calibration. 

2.4. Phytochelatin analysis 

The abundance of PCs was evaluated by gradient reverse phase high 
performance liquid chromatography (RP-HPLC) using an Agilent 1200 
HPLC with an Agilent G1321A spectrofluorimetric detector (Agilent 
Technologies) and analytical Zorbax Eclipse XDB-C18 column (150 ×
4.6 mm; 3.5 µm particles) as described previously (Osobová et al., 
2011). Briefly, the sulfhydryls in the aliquots of the filtered tissue ex
tracts or standard solutions were reduced by 50 µM trimethylphosphine 
(Sigma-Aldrich), fluorescent labeled in a reaction with 5 µM 7-fluoro
benzofurazan-4-sulfonic acid (SBD-F; Sigma-Aldrich), and resolved on 
the column at 30 ◦C. The acetonitrile proportion in water (both with 
0.1% [v/v] trifluoroacetic acid) during elution was 5–25% (v/v) linear 
gradient from 0 to 20 min, 25% to 70% from 20 to 25 min, 70% from 25 
to 33 min, and 70% to 5% from 33 to 35 min. Fluorescence was scanned 
in multi-emission mode after excitation at 385 nm to facilitate spectrum 
shape-based confirmation of PC-SBDs; signal recorded at 515 nm was 
used in PC measurements. Data were analyzed by using ChemStation 
software (Agilent Technologies). Each of the three replicate cultured 
ferns was analyzed and custom-made PC2, PC3, PC4 (AnaSpec Inc.), and 
GSH (Merck) were used as external standards for identification and peak 
area-based quantification with the PCn calibration ranges of 0.1–200 
μM. 

2.5. PCR amplification and analysis of PcACR2 and PcACR3 genes and 
construction of plasmids 

The chromosomal DNA and total RNA were isolated from 50 mg of 
freeze-dried fronds of plants grown in As100 soil for 90 d by using a 
NucleoSpin Plant II Kit (Macherey-Nagel) and an RNeasy Plant Mini Kit 
(Qiagen), respectively. An Oligotex mRNA Mini Kit (Qiagen) was used to 
obtain mRNAs from the total RNA and cDNA was synthesized from 1 μg 
of mRNA thus obtained by using an In-Fusion SMARTer Directional 
cDNA Library Construction Kit (Clontech). Double stranded cDNAs and 
genomic clones were produced by PCR that used Q5 High-Fidelity DNA 
polymerase (New England Biolabs); primary amplicons were maintained 
in pGEM-T Easy vector (Promega). Kits were used and routine RNA or 
recombinant DNA manipulations were performed following the manu
facturers’ instructions and standard protocols. Custom DNA sequencing 
(Eurofins Genomics) of plasmid inserts was done on both strands. 

The chromosomal clone of PcACR2 or full-length coding cDNA sequence 
were amplified by PCR in a reaction mixture containing pairs of gene specific 
primers designed based on the PvACR2 mRNA sequence (GenBank accession 
no. DQ310370) and the genomic DNA (200 ng) or cDNA produced by the 
SMARTer Kit (1 µl) as template, respectively. The primers targeting sequences 
within the untranslated regions were 5’-CACGCATCAGCAGCAGCA-3’ and 
5’-GTCAAGCCATGATAGTTGCAAAGT-3’, respectively. Similar homology- 
cloning approach, which employed PvACR3 coding sequence information 
(GenBank accession no. HM559384) was used to obtain PcACR3. The in- 
coding-sequence primers 5’-ATGGAGAACTCAAGCGCGGAG-3’ and 5’- 
CTAAACAGAAGGCCCCTTCCT-3’ produced (from 200 ng of genomic DNA) 
the amplicon sequence used to design the primers allowing the determination 
of the 5’ and 3’ gene ends by using a GenomeWalker Universal Kit (Clontech). In 
the genome walking experiments, the 5’ and 3’ sequences of PcACR3 gene were 
determined by using 5’-AGTATCAGACGGGTCGTTCCCATCAGC-3’ 
(GSP1.1) plus 5’-AATGTCCAGGGCCATTTGCTGCTTCCG-3’ (GSP2.1) with 
StuI library and 5’-ACAGCAGGCTCTTGCTGCCACAATAGG-3’ (GSP1.2) 
plus 5’-CTCATAGAGGTGCCCGTGCTTCTCCTC-3’ (GSP2.2) with PvuII li
brary, respectively. 

The protein sequences deduced from the cDNAs were aligned with 
amino acid sequences of homologous proteins by Clustal 2.0.3 at Uni
Prot (https://www.uniprot.org/blast/). The sequence analyses involved 
domain and residue conservancy scans at a PROSITE (Sigrist et al., 
2013) and ConSurf (Ashkenazy et al., 2016) webservers, and trans
membrane domain prediction at Phobius webserver (Käll et al., 2007). 
The 5′-region of PcACR3 gene was analyzed for the presence of potential 
transcription factor binding sites by scanning against all plant motifs 
(99% similarity threshold, 90% returns all motifs) in the JASPAR CORE 
database (Mathelier et al., 2013). The PcACR2 and PcACR3 gene se
quences were deposited in GenBank under the accession nos. 
MW027137 and MW027138, respectively. 

The sequence information was used to design primers for the amplification of 
full-length coding cDNAs, which were inserted into BamHI-treated yeast 
expression vector p426GPD by using an In-Fusion® HD Cloning Kit (Clontech). 
The vector p426GPD contains a constitutive glyceraldehyde-3-phosphate de
hydrogenase (GPD) promoter, cytochrome c oxidase terminator, and URA3 
gene. The primers were 5’-AAGCAGTGGTATCAAATGTCCTCGATTCC
CAGCCT-3’ and 5’-CGGGGTACGATGAGATCAACATCCCCCGCAAAAGG-3’ 
for PvACR2 and 5’-AAGCAGTGGTATCAAATGGCGAACTCCAGCGCGGA-3’ 
and 5’-CGG GGTACGATGAGACTAAGAAGTAGGCCACTTCC-3’ for PvACR3 
(the primer extensions facilitating In-Fusion insertion of cDNA are italicized). 

2.6. Functional complementation assays in S. cerevisiae 

S. cerevisiae used for complementation assays were arr2Δ (YPR200c:: 
kanMX4) and arr3Δ (YPR201w::kanMX4) mutants of BY4741 (MATa 
his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) strain used as the control; yeasts were 
purchased from Euroscarf (http://www.euroscarf.de). Yeasts trans
formed by p426GPD and its derivatives were selected and routinely 
grown at 30 ◦C on SD plates without uracil (SD medium: 0.7% [w/v] 
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Difco yeast nitrogen base, 2% [w/v] glucose, 0.005% adenine hemi
sulfate, and 0.003% [w/v] of each of L-histidine, and L-leucine, and L- 
methionine). For As tolerance plate assays, mid-log cultures of the 
S. cerevisiae transformants were adjusted to an optical density at 590 nm 
(OD590) of 0.02, and 4 µl of serial dilutions were spotted on SD medium 
without metal or supplemented with sodium arsenate (arr2Δ trans
formants) or sodium arsenite (arr3Δ transformants). Arsenic toxicity 
assays in a liquid medium were initiated by inoculation of an arsenate/ 
arsenite-containing SD medium with mid-log cultures to a turbidity of 
0.4 McFarland units (equivalent to the OD590 of 0.1), and the culture 
growth was measured as cell suspension turbidity with a model DEN-1 
densitometer (Bioscan, Riga, Latvia) after 48 h of cultivation. To 
determine the 50% inhibitory concentration (IC50As, the As concentra
tion that reduced the culture turbidity by half), the data were adapted to 
the formula T(c) = T(0)/{1 + exp[c-IC50As]/b}, where c is the added As 
concentration, T(0) is the culture density reached in SD without As 
supplement and b is the slope of a sigmoidal dose-dependent curve 
(Hložková et al., 2016). 

The As uptake assays in SD medium were initiated by adding the 20 
or 50 μM sodium arsenite to 40 ml of the yeast cultures that reached 
OD590 of 1.6–1.8 and the cultures were further agitated for 1 h at 30 ◦C. 
The cells were then harvested by centrifugation at 4 000 × g and 25 ◦C 
for 2 min and washed twice with 30 ml of 50 mM phosphate buffer (pH 
6.5) for 10 min. To determine the concentration of the accumulated As, 
the separated cells were digested with 0.75 ml of 65% nitric acid for 12 h 
and the sample volume was brought to 25 ml with distilled water. The 
cell debris was removed by 20 min centrifugation at 20,000 × g and the 
metal content of the supernatant was analyzed by ICP-MS using an ELAN 
DRC-e instrument (PerkinElmer). The ICP-MS system setup for the 
measurement of 75As was as described previously (Beneš et al., 2019). 

2.7. Quantitative real-time reverse-transcription PCR (qRT-PCR) 

The analysis of PcACR2 and PcACR3 expression in the frond samples ob
tained from three plants after 90 d of growth in As-containing soils was performed 
by using iTaq Universal SYBR Green Supermix (Bio-Rad) as recommended by the 
manufacturer. The reaction contained 0.35 μM specific primers and 1 µl of cDNA 
(equivalent to 100 ng of the total RNA) prepared by using High Capacity Reverse 
Transcription Kit (Applied Biosystems) following the manufacturer’s protocol. 
The concentration of RNA isolated from 50 mg of freeze-dried tissue using the 
RNeasy Plant Mini Kit was determined by measuring the absorbance at 260 nm, 
and its integrity was checked by formaldehyde agarose gel electrophoresis. The 
gene specific primer pairs were 5’-CTTCCGACCTCATCCGTCTGCG-3’ plus 5’- 
CCATGACCCTGCAATGTGCCCA-3’ for PsACR2 and 5’-TGCTGATGGGAAC
GACCCGTC-3’ plus 5’-TCCACACATACAGGTATCTATCG-3’ for PcACR3. The 
qPCR analyses on three independent samples in two technical replicates were 
performed on MiniOpticon Real-Time PCR system (Bio-Rad); PCR conditions, 
data processing and primer specificity and DNA absence controls were per
formed as described previously (Sácký et al., 2014). The relative amount of 
PcACRs was calculated according to the 2-ΔCt1 method using the expression level 
of the respective gene in As0 fronds as a reference. 

2.8. Statistics and data properties 

Nonparametric Kruskal–Wallis test followed by Dunn’s test were 
used for data evaluation as a prevention against potential platykurtosis 
caused by small group sizes. Scheirer–Ray–Hare test, two-factor exten
sion of the Kruskal-Wallis test, was used for evaluation of factors 
interaction. Homoscedasticity of biomass yield was proven by Levene 
tests, but normality tested by Shapiro–Wilk tests showed deviations 
excluding the possibility of reliable use of ANOVA (the logarithmic 
transformation of data also does not lead to homoscedasticity and two- 
way ANOVA cannot be used). Scheirer–Ray–Hare test, two-factor 
extension of the Kruskal–Wallis test, was used for the evaluation of 
factor interaction. For most of other analytical data heteroscedasticity 
was observed, although the normality was proved. Therefore, the 

Welch’s test followed by Games-Howell test was used. The Pearson’s 
correlation coefficient and subsequent significance testing was used for 
correlation analysis. The significance level of p of 0.05 was used for all 
statistical tests. The Statistica 13.1 software (StatSoft, Inc., Tulsa, OK, 
USA) and Real Statistics Resource Pack software (Release 7.2, Charles 
Zaiontz) were used for the tests. 

3. Results and discussion 

3.1. Accumulation of As in P. cretica cultivars 

A previous study has indicated that when grown in soil with a 
background As concentration of 16 mg kg− 1 dry wt (As0), the cv. Albo- 
lineata accumulates in fronds and roots significantly higher concentra
tions of As than cv. Parkerii (Zemanová et al., 2019; Table 1). To further 
compare the ability of these fern varieties to accumulate (and tolerate) 
As, they were grown in the same soil additionally supplemented with 20 
(As20), 100 (As100) or 250 (As250) mg As kg− 1 dwt. In these conditions, 
the accumulation of As from the soils was time- and As 
concentration-dependent in both cultivars (Table 1), affecting also their 
frond (Fig. 1A) and root (Fig. 1B) biomass yields. 

For P. cretica cv. Albo-lineata root biomass yield has not been 
significantly reduced between the 1st and 2nd sampling (2 months 
growth between samplings) for any of the As amended soils, except for 
the roots in the As250 exposure, where a 50% reduction of root biomass 
yield compared to As0 exposure has been observed already during the 
1st sampling (30 d after exposure, Fig. 1B), indicating a toxic effect of 
this level of As. On the other hand, As100 exposure did not show a sig
nificant reduction of the root biomass yield during the 1st and 2nd 
sampling, showing a strong tolerance of the root system of this cultivar 
to elevated As in soil. During the 3rd sampling (6 months of growth), 
both root and frond biomass yield has been decreased for As100 and 
As250 exposure (Fig. 1), which was also observed as abundant necrosis 
followed by drying of some fronds. Despite the visible differences in 
mean values, conservative Scheirer–Ray–Hare test did not prove any 
differences between frond biomass yield trends for individual As levels 
across sampling periods. On the contrary, root biomass yield trend 
across the sampling periods was significantly (p < 0.05) lower for As250 
exposures. 

Total As concentrations in the Albo-lineata cultivar were steadily 
rising in all tissues across all samplings on all soils (Table 1); further
more, when translocation factor (TF, frond to root As concentration 
quotient) was calculated, it revealed a markedly increased As trans
location to fronds on As100 and As250 soils, compared to the As0 and As20 
soils, especially during the later samplings. However, there was only a 
negligent difference between As100 and As250 TFs on 2nd sampling, and 
a comparably low TF difference on the 3rd sampling, indicating a 
translocation efficiency threshold. A root retaining capacity of approx. 
1 mg As kg− 1 was also indicated by the measurement of total As in roots, 
where there was no significant difference between the 1st, 2nd, and 3rd 
sampling for the As250 exposure (Table 1). 

The Parkerii cultivar showed a stunted growth and decreased frond 
biomass yield already on As0 and As20 compared to the Albo-lineata 
cultivar at all samplings (Fig. 1). At the time of the 3rd sampling (at 
158 d in the case of Parkerii), the plants in As100 and As250 soils dried out 
almost completely, while plants from As20 soil showed a substantial 
necrosis of frond tips, reducing the non-necrotic biomass by 60% 
compared to the 1st sampling. Interestingly, root biomass yield has on 
average doubled between the 1st and 2nd sampling on all As amend
ments, even showing a comparable yield to Albo-lineata at As250 during 
the 2nd sampling. These root samples had also the highest measured 
total As content (124 ± 9.0 mg kg− 1, Table 1); however, this was 8 times 
lower than corresponding Albo-lineata samples. The highest As con
centrations in Parkerii fronds were observed also at As250 soil during the 
2nd sampling; however, as with the roots, the fronds contained nearly 
19 times less total As compared to Albo-lineata samples from the same 
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conditions. Scheirer–Ray–Hare test did not prove any differences be
tween fronds and roots biomass yield trends for individual As levels 
across sampling periods. 

Taken together, these data clearly indicate markedly pronounced 
accumulation of As in Albo-lineata compared to Parkerii (up to more 
than two orders of magnitude in the same conditions) and also a better 
predisposition to tolerate As. Although absolute values of fronds and 
roots biomass yields are higher for Albo-lineata compared to Parkerii, no 
significant differences in fronds and roots biomass yield trends for in
dividual As levels across sampling periods were not proved between 
cultivars. Observations in Albo-lineata, but not in Parkerii, are in 
agreement with previous reports on As accumulation in fronds of 
hyperaccumulating P. cretica cultivars in similar conditions (grown with 
50–200 mg kg− 1 As soil for up to 2 months; Eze and Harvey, 2018; Jeong 
et al., 2014; Meharg, 2003; Pavlíková et al., 2020; Zhang et al., 2017). 
Noteworthy, in an extensive study by Meharg (2003) in which he scored 
As accumulation capacity of 45 fern species has been Parkerii with its 
2500 mg As kg− 1 after 2 months in a soil amended with 100 mg kg− 1 As 
attributed hyperaccumulator status, the property not seen here 
(Table 1). 

It is generally accepted that the efficient translocation of As from 
roots is important for the hyperaccumulation of As in aboveground tis
sues and reducing the As toxicity in root cells (Singh and Ma, 2006). In 
spite of the hyperaccumulator status of Albo-lineata, when TF is 
considered as a measure of the ability to translocate As to aboveground 
parts, non-hyperaccumulating Parkerii shows more efficient trans
location at lower soil As concentrations than Albo-lineata; TFs > 1 were 
in Parkerii, but not in Albo-lineata, observed after all, i.e. 1st, 2nd and 
3rd, samplings from As20 soils and TF values > 1 can be seen with 
Parkerii in all, but As0, soils (Table 1). 

3.2. As speciation analyses and phytochelatin contents in As-exposed 
ferns 

Studies in hyperaccumulating Pteris have revealed that tri- and 
pentavalent inorganic As species (iAsIII and iAsV, respectively) represent 
the major As storage form, particularly in the plants exposed to and thus 
containing high concentrations of As (Chen et al., 2016; Tu et al., 2003; 
Zhang et al., 2017). To inspect the cellular As deposition forms in 
Albo-lineata and Parkerii and detect potential As-peptide (such as PC) 
complexes, the cell extracts obtained from the disintegrated fern tissues 
were first resolved by size exclusion chromatography (SEC). The 
extraction under the mild conditions of neutral pH, which liberated the 
majority of the total frond or root As (mean extraction efficiency was 
86 ± 5%), was used to minimize the chance of As release from 

complexes if these were present in the cells. The SEC of the extracts from 
collected fronds and roots of Albo-lineata and Parkerii showed that As 
was contained in late eluting fractions corresponding to unbound ar
senicals (Fig. 2A shows Albo-lineata fronds as example). 

Considering free arsenicals were detected as dominant As species in 
the investigated ferns, the proportion of iAsIII and iAsV and the presence 
of OAs species (OAs) was inspected in the ferns grown in As-containing 
soils for 90 d by using HG-CT-ICP-MS analysis. It has been documented 
that imported iAsV is in P. vittata reduced mainly in the roots (Duan 
et al., 2005) and that translocated iAsIII dominates in the aboveground 
tissues of P. vittata and P. cretica cv. Nervosa as well (Chen et al., 2016; 
Zhang at al., 2017 and references therein). Indeed, nearly all As accu
mulated in the fronds of Albo-lineata was found as iAsIII while the 
iAsIII–to–iAsV ratio in its roots gradually increased in As 
exposure-dependent manner (Fig. 2B) from 2:1 to more than 30:1. By 
contrast, the dominating form in the roots of Parkerii (e.g., 75% in As0 
and even 95% in As20 plants) was determined as iAsV (Fig. 2B). It should 
be stressed, however, that these levels of iAsV better resemble those seen 
reported from similar As exposures in P. cretica cv. Nervosa and hy
droponically grown P. vittata with iAsV present in 70–90% range (Chen 
et al., 2016; Zhang at al., 2017). Quite unusual appeared high iAsV in the 
fronds of Parkerii, particularly in As250 plants, but also in As0 plants in 
which low iAsV reduction rate could not be attributed to As toxicity. 
Contrary to that, in fronds of As20 and As100 plants of the Parkerii 
cultivar, iAsIII was favored (Fig. 2B). 

While the metabolism of As in plants seemingly does not involve 
biosynthesis of OAs such as MA, DMA, or TMA, ferns, like other plants, 
have certain capacity to accumulate these compounds (Tu et al., 2003) 
produced in the soils by indigenous microflora (Di et al., 2019). The 
probe to OAs levels of Parkerii using HG-CT-ICP-MS revealed measur
able levels of OAs (MAIII/V, DMAIII/V, TMA and an unknown compound; 
Fig. 2C) in the samples extracted from roots (Table 2), but not fronds 
(data not shown). The overall concentrations of OAs apparently 
increased with increasing As in the soil but represented only minute 
portions of the total root As (e.g., 2.7%, 0.4%, 0.1%, and 0.1% of total As 
in 90 d exposures in As0, As20, As100, As250, respectively). The unknown 
compound was seen only in pre-reduced extracts, indicating it was 
AsV-containing OAs. The abundance of this OAsV and the apparent 
prevalence of pentavalent forms well seen with all the inspected OAs in 
As0 and As20 roots can be attributed to a substantially higher cellular 
toxicity of OAsIII (Di et al., 2019), with the oxidation of OAsIII repre
senting a reasonable defense. It is worth noting, that the possibility that 
OAs were accumulated also in Albo-lineata cannot be excluded (rather it 
is likely) as extracts from this variety required high dilution before 
HG-CT-ICP-MS analysis and AOs might have been diluted out below 

Table 1 
Total concentrations of arsenic (per dry weight) in fronds and roots of the two cultivars of P. cretica L. and calculated translocation factors (TF).  

Cultivar Soil Fronds, samplinga, and TFb Roots and samplinga 

1st (mg kg− 1) 2nd (mg kg− 1) 3rd (mg kg− 1) 1st (mg kg− 1) 2nd (mg kg− 1) 3rd (mg kg− 1) 

Albo-lineata  
As0 6.3 ± 0.02c (0.89) 14.6 ± 0.5c (1.1) 17.1 ± 2.2c (0.62) 7.1 ± 0.7c 13.8 ± 5.1c 27.8 ± 1.4c 

As20 28.7 ± 1.4 (0.31) 568 ± 15 (0.89) 476 ± 7.7 (1.4) 92 ± 4.2 410 ± 59 635 ± 33 
As100 224 ± 26 (0.69) 2765 ± 141 (3.7) 5160 ± 379 (4.2) 326 ± 12 754 ± 34 1218 ± 9 
As250 2108 ± 231 (2.1) 3668 ± 559 (3.7) 6444 ± 298 (4.9) 1009 ± 20 995 ± 184 1328 ± 20 

Parkerii  
As0 < 3c,d (ND) < 3c,d (ND) 3.1 ± 0.2c (0.48) < 3c,d < 3c,d 6.5 ± 3.5c 

As20 5.1 ± 1.0 (> 1.7) 8.4 ± 1.4 (2.1) 9.2 ± 0.1 (> 3.1) < 3c 6.5 ± 2.85 < 3c 

As100 28.2 ± 1.2 (1.9) 85 ± 6.5 (3.9) NDe 14.8 ± 1.0 21.6 ± 2.1 NDe 

As250 122 ± 2 (2.6) 194 ± 10 (1.6) NDe 47.7 ± 2.1 124 ± 9.0 NDe  

a 1st sampling and 2nd saplings: 34 and 90 days, respectively; 3rd sampling of Albo-lineata and Pakerii: 185 and 158 days, respectively. Displayed are the average 
values obtained from 3 independent plants ± standard deviation. 

b TF (frond to root As concentration quotient) calculated using mean values is shown in parentheses. 
c See also Zemanová et al. (2019). 
d Below limit of detection. 
e ND, not determined. 
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method detection limit. 
The absence of As peak(s) of a kDa range in SEC (Fig. 2A) indicated 

lacking or very low levels of As-PC complex(es) in the cells. Although 
iAsIII is on the list of ions inducing PC synthesis in plants (Most and 
Papenbrock, 2015), our observations corroborate with previous reports 
in P. vittata (Zhao et al., 2003) and P. cretica cv. Mayii (Raab et al., 2004) 
in which the PC levels would have bound theoretically 1–3% of the 
accumulated As. This is indeed markedly different from, e.g., flowering 
A. thaliana in which the elimination of glutamyl-cysteine synthetase 
involved in PC precursor GSH synthesis and PC synthase rendered the 
phenotype As-hypertensive (Wang et al., 2018 and references therein). 
To attest whether PCs were available in the ferns, the thiol-containing 
compounds extracted from the tissues from the first and second sam
pling were fluorescence labeled with sulfhydryl-specific SBD-F probe 
and analyzed by using RP-HPLC. Like in P. vittata and P. cretica (Raab 
et al., 2004; Zhao et al., 2003), both Albo-lineata and Parkerii showed 
PC2, but not PC3 or PC4 molecules. As documented in Fig. 2D, the levels 

of PC2 found in fronds and roots of plants from As-amended soils 
significantly increased with the increasing concentration of accumu
lated As. The correlations between the PC and As contents in fronds and 
roots, and between the PC and As levels in soil (As20, As100, As250) were 
proved in some cases, but their occurrence appears to be random. 
Moreover, when the calculated molar concentrations are considered, the 
concentrations of accumulated As in the tissues of Albo-lineata and 
Parkerii exceeded the concentrations of PCs by three to four and two to 
four orders of magnitude, respectively (not shown). 

3.3. Identification of arsenate reductase ACR2 and arsenite transporter 
ACR3 in P. cretica cv. Albo-lineata 

The dominance of iAsIII in the tissues of arsenate-exposed Albo-lin
eata indicated efficient reduction of the imported iAsV attributable to the 
cellular arsenate reductases, in P. vittata sporophytes identified as 
PvACR2 (Ellis et al., 2006), the ortholog of we investigated here, and 

Fig. 1. Yields of fronds (A) and roots (B) of P. cretica cultivars. Albo-lineata and Parkerii after growth in As-amended soils as indicated. The plotted values represent 
the average of dry biomass from 3 independently grown plants ± standard deviation of the mean, and significant differences (n = 3; p < 0.05 Kruskall–Wallis test 
followed by Dunn’s test) in a particular treatment are indicated by different letters above the bars. 
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PvHAC1/2 (Liu et al., 2020) proteins. The ability of this variety to 
accumulate, translocate, and tolerate high amounts of As further pointed 
to arsenite transporter, ACR3 protein, with potential roles in iAsIII efflux 
to vacuoles or out of the cells, for safe intracellular sequestration or 
translocation, respectively. Taking the advantage of the known se
quences of the P. vittata PvACR2 and PvACR3 mRNA sequences, a ho
mology cloning approach was used to amplify the genomic fragments 
and coding cDNA sequences of the corresponding PcACRs from 
Albo-lineata. The mRNA-to-genomic sequence alignments revealed the 
presence of two introns in PcACR2, which are 144 bp long (in codon 30) 
and 133 bp long (between codons 77 and 78), and a single, 602-bp 
intron (in codon 34) in PcACR3; all introns were flanked by canonical 
|GT-AG| junctions. 

The predicted 134-amino acid (AA) PcACR2 shared 88% identity 
with PvACR2 of P. vittata (Ellis et al., 2006) and a hypothetical ACR2 
deduced from the Pteris ensiformis transcriptome sequence ERR2040935 
(Leebens-Mack et al., 2019). Nearly 40% identity was observed with 
AtACR2 (syn. AtSTR5 or AtCDC25) and OsACR2.1 or OsACR2.2 char
acterized as arsenate reductases in Arabidopsis thaliana (Dhankher et al., 
2006) and Oryza sativa (Duan et al., 2007), respectively, which all by 
homology belong to the sulfurtransferase (STR)/rhodanase family 
(Selles et al., 2019). As documented in Fig. 3A, deduced PcACR2 con
tains the features described in other plant ACR2 proteins. These include 
the rhodanase homology domain mapping between residues 20 and 125 
(PcACR2 numbering) and containing an 8-AA-long sequence motif with 
catalytic, arsenate-binding Cys73 (Most and Papenbrock, 2015), and 
conserved His40, Cys124, Cys126, and Cys131, which are in AtACR2 known 
to form a binding site for a structural Zn ion (Landrieu et al., 2004). It is 
worth noting that Cys73 is in PcACR2, like in PvACR2, contained in the 
H72CGKSQHS79 sequence, which does not conform to the HC(X)5R 
consensus (X represents any AA; bold letters indicate the difference that 
lies in Arg instead of Ser79) conserved in other STR/rhodanase proteins 
and believed to be prerequisite for reductase and phosphatase activity 
(Selles et al., 2019). Interestingly, the single point mutation that pro
duces Ser79 both in PcACR2 and PvACR2 (which possesses reductase but 
not phosphatase, activity; Ellis et al., 2006) is absent from the hypo
thetical PeACR2 of P. ensiformis (Fig. 3A), which, unlike P. vittata and 
P. cretica, is not considered As-hyperaccumulating fern (Meharg, 2003; 
Singh et al., 2006; Zhang et al., 2017 and references therein). The R→S 
mutation near catalytic Cys73 lies proximal to a potentially 
mutation-susceptible exon-intron junction. The local synteny with se
quences encoding the HC(X)5R motif split to six codon and two codon 
parts in PcACR2 and PvACR2 genes (HCGKSQ76-intron 2-H78S) can be 
seen also in ACR2 genes of A. thaliana and O. sativa (not shown). 

However, the possibility that R → S has a relevance to hyper
accumulating phenotype remains speculative, also because the rhizome- 
and frond-expressed PvHAC1 and PvHAC2, respectively, conserve R in 
their predicted active site motif C-X4-R (Li et al., 2020). 

As shown in Fig. 3B, the 379-AA protein predicted from PcACR3 
shared a high degree of identity to arsenite ACR3 transporters charac
terized in P. vittata (Chen et al., 2017; Indriolo et al., 2010); it appeared 
nearly identical to the vacuolar PvACR3 (92% identity) and shared 71% 
identity with PvACR3;1. Moreover, it shared a substantial identity 
(42%) with the bacterial CgAcr3 from Corynebacterium glutamicum. Like 
the aforementioned proteins, PcACR3 has 10 predicted transmembrane 
domains (TMDs) with N and C termini localized to the cytoplasm. The 
regions showing the highest proportion of residues conserved in all 
aligned ACR3s involved TMD4 and TMD9 with their Cys160 and Glu331, 
respectively. The corresponding residues were shown indispensable for 
the transport function of CgAcr3 mediated through iAsIII-H+ antiport 
(Villadangos et al., 2012). 

The 650-bp genomic sequence upstream of PcACR3, obtained from 
the genome walking experiment, was used to analyze the promoter re
gion for potential As-related, cis-acting transcription factor (TF) binding 
sites. The screening against JASPAR CORE Plant database returned 
putative target sites for TFs from the Dof family, which have been found 
in Arabidopsis thaliana and other plants involved in abiotic stress toler
ance (Cheng et al., 2018; Corrales et al., 2017) and for PHL2 acting as a 
key component under phosphate starvation (Sun et al., 2016). 

3.4. As tolerance in yeasts expressing PcACR2 and PcACR3 

To obtain information about the capability of PcACRs to protect the 
cells from As toxicity, the coding sequences of PcACR2 and PcACR3 
genes were inserted into the vector p426GPD for the constitutive 
expression in the As-sensitive S. cerevisiae BY4741 strains: acr2Δ in 
which the arsenate reductase was inactivated, and acr3Δ lacking the 
plasma membrane exporter. As documented in Fig. 4, both PcACR2 and 
PcACR3 conferred increased As tolerance to the respective yeast mu
tants. In the plate assays on As-spiked solid SD medium, the expression 
of PcACR2 complemented the As sensitivity of acr2Δ mutant in the 
presence of 15 mM arsenate. While 2 mM arsenite fully inhibited growth 
of parental BY4741 yeast, this As concentration was not fully detri
mental to the growth of PcACR3-expressing acr3Δ cells (Fig. 4A). The 
protective effect of PcACRs against As toxicity was also evident when 
dose-dependent inhibitory effect of As was monitored in liquid SD me
dium supplemented with increasing concentrations of As to determine 
the concentrations impairing the growth of the yeasts by 50% (IC50As) 
(Fig. 4B). The IC50AsV of the PcACR2-expressing mutant was 12 times 
higher than that of mere acr2Δ cells and essentially the same as the 
IC50AsV of the parental BY4741 strain. The expression of PcACR3 
increased the IC50AsIII of acr3Δ yeast more than 18 times than p426GPD- 
only transformed acr3Δ, and, moreover, 2.2 times compared to the 
parental BY4741 strain. 

To obtain additional information about PcACR3-associated As 
tolerance phenotype, the accumulation of As was investigated in the 
acr3Δ yeasts incubated for 1 h in SD medium supplemented with arse
nite and arsenate (expected to be reduced in vivo) as potential substrates 
for PcACR3-mediated transport. It was also reasonable to assume that if 
the functional PcACR3 exported As out of the cell or funneled it into the 
vacuoles in the acr3Δ strain, its function in vivo could be that of a 

Fig. 2. Analyses of As speciation and PCs in As-exposed P. cretica. (A) Size exclusion chromatography (SEC) of cell-free extracts from the fronds of As-exposed Albo- 
lineata. The elution maxima of the molecular mass standards are indicated by arrows. The As content of individual fractions was measured by ICP-OES. (B) Per
centage of iAsIII and iAsV assessed trough HG-CT-ICP-MS analysis in fronds and roots after 90 d of growth in indicated soils. Plotted were mean values of two replicate 
measurements with a span of less than 10%. (C) Example spectra obtained for roots of Parkerii (90 d of growth in As20 soil) in which individual As species seen with 
the extracts without pre-reduction (left panel; dilution factor 50) and pre-reduced extracts (right panel; dilution factor 200) are indicated (UNK, unknown compound). 
(D) Concentrations of PC2 in the extracts from frond and root tissues assessed by RP-HPLC of molecules labeled with 7-fluorobenzofurazan-4-sulfonic acid (SBD-F). 
Displayed are samplings and tissues in which the PC2 levels exceeded the limit of quantification of 5 µg kg− 1 dwt; different letters above the bars indicate significant 
differences (n = 3; p < 0.05, Welch’s test followed by Games–Howell test) of data plotted for a particular treatment. 

Table 2 
Concentrations (per dry weight) of organoarsenicals in roots of P. cretica cv. 
Parkerii analyzed after 90 days of vegetation in indicated soils. Data are mean 
values of two replicate measurements with a span of less than 10%.  

Soil Organoarsenicals as As (µg kg− 1) 

MAIII MAIII+V DMAIII DMAIII+V TMA UNK 

As0 n.d.a  0.35 n.d.a 0.47 n.d.a  2.05 
As20 0.49  1.29 0.95 4.29 0.63  2.30 
As100 6.98  12.0 n.d.a n.d.a n.d.a  16.8 
As250 10.2  16.7 3.18 n.d.a 4.26  21.5  

a Below limit of detection in diluted samples. 
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Fig. 3. Alignment of predicted PcACR2 (A) and PcACR3 (B) proteins with functionally characterized homologs from P. vittata (Pv), A. thaliana (At), O. sativa (Os), 
C. glutamicum (Cg) and putative arsenate reductase from P. ensiformis (Pe). Conserved amino acid residues are boxed (those identical in all sequences are marked with 
black background). Indicated are the positions of predicted rhodanase domain with HC(X)5R/S motif, transmembrane domains (TMD), known essential residues 
(hearts), Zn binding residues (spades), and the interruptions within corresponding genes by introns (diamonds). The GenBank accession numbers are as follows: Pteris 
vittata PvACR2, ABC26900; PvACR3, ADP20983; PvACR3;1, ASV64940; Pteris ensiformis, ERR2040935; Arabidopsis thaliana AtACR2, NP_568119; Oryza sativa 
OsACR2.1, XP_015612765; Corynebacterium glutamicum CgAcr3, WP_080724106; PcACR2, MW027137; PcACR3, MW027138. 
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plasma membrane transporter, reducing intracellular As, or a vacuolar 
transporter, allowing safe cellular (over)accumulation of As, respec
tively. As shown in Fig. 4C, the expression of PcACR3 significantly 
reduced the concentrations of As in acr3Δ yeasts exposed to 20 µM or 
50 µM arsenite (more than 2.3 times) and 5 µM arsenate (2.6 times). 
Congruent with the markedly higher As tolerance in the PcACR3- 

expressing acr3Δ mutant compared to BY4741 cells (Fig. 4A and B), the 
ability of parental BY4741 strain with its innate ScACR3 plasma mem
brane exporter (Wysocki et al., 1997) to eliminate arsenite from the cells 
under the same conditions was less pronounced (Fig. 4C). Taken 
together, these data convincingly show that PcACR3 is a genuine As 
transporter, which in model yeasts localized, like ScACR3, to the plasma 

Fig. 4. Functional expression of PcACR2 and PcACR3 in As-sensitive Saccharomyces cerevisiae strains. (A) Indicated mutant strains were transformed with an empty 
p426GPD vector or with the same expression vector inserted with the coding sequences of individual PcACRs. Diluted transformant cultures were spotted on SD 
medium with or without As supplement as indicated. Displayed is also parental As-tolerant strain BY4741. (B) Dose-dependent growth inhibition of yeasts (same as 
panel A) in liquid media. Individual transformants were grown in SD media with different concentrations of As and the turbidity of the culture was measured after 
48 h. The As concentrations resulting in 50% reduction in the culture turbidity (IC50As) calculated by fitting the data to the sigmoidal inhibition curve are indicated. 
Values are the mean of three independent biological replicates ± standard deviation. (C) Accumulation of As in acr3Δ strain expressing PcACR3. The As content was 
measured in the control p426GPD-transformed and PcACR3-expressing acr3Δ cells and in BY4741 yeasts following 1 h incubation in SD medium supplemented with 
20 and 50 µM arsenite or 5 µM arsenate. The values represent the average of at least three biological replicates ± standard deviation of the mean (the values proved 
significantly different from each other at p < 0.05 level as determined by Welch’s test followed by Games–Howell test). 

M. Popov et al.                                                                                                                                                                                                                                  



Ecotoxicology and Environmental Safety 216 (2021) 112196

11

membrane for As efflux. Noteworthy and like in the yeasts, PvACR3 
localized to the plasma membrane when expressed in A. thaliana, 
apparently supporting the root-to-shoot translocation by loading the 
xylem sap with the root As (Wang et al., 2018; Chen et al., 2013). It must 
be stressed, however, that PvACR3 clearly localized to the vacuoles, but 
not the plasma membrane, in P. vittata (Indriolo et al., 2010), supporting 
the deposition of As in vacuoles in aboveground parts of the fern. 
Considering high degree of sequence homology with PcACR3 and that 
mislocalization of heterologous membrane proteins in yeasts may occur, 
as it was the case also with PvACR3;1 (Chen et al., 2017), it appears 
reasonable to expect PcACR3 localizing to vacuole tonoplast, being 
largely responsible for vacuolar sequestration and thus detoxification of 
As hyperaccumulated in Albo-lineata fronds. This observation would 
also be in congruence with the high contents of As in Albo-lineata, as 
discussed previously. 

3.5. As-dependent accumulation of PcACR2 and PcACR3 transcripts in 
Albo-lineata 

Considering that higher concentrations of As accumulated in Albo- 
lineata pose a higher demand on the expression of PcACR2 and 
PcACR3 genes, their transcription rates were analyzed by using qRT- 
PCR, measuring corresponding mRNA levels in the fronds of plants 
exposed to As for 90 d. Compared to the As0 plants, used as a reference, 
the fronds of plants grown in soils supplemented with additional As 
showed significantly increased levels of PcACR transcripts with the 
maximum accumulation of PcACR2 and PcACR3 mRNAs (more than 6.5- 
and 45-fold increase, respectively) observed with As100 plants (Fig. 5). 
This is in a good alignment with the observed translocation factor 
calculated for this sample, especially when considering a markedly 
raised accumulation capacity between the 1st and 2nd sampling on 
As100 (Table 1). The observed substantial increase in PcACR3 transcripts 
in As-exposed Albo-lineata further strengthens the notion that PcACR3 
transporter is involved in the detoxification of iAsIII through its subcel
lular compartmentalization in the fronds. Considering that the As- 
responsive increase in ACR2 arsenate reductase activity has been in 
P. vittata observed in roots, whilst it was undetectable in fronds (Duan 
et al., 2005), it would be interesting to see whether and to what extent 
the transcription rates of PcACR2 exceed those in fronds. Regrettably, 
our attempts to assess the transcription in roots failed; the RNA quality 
was low, likely due to the deterioration of root RNA during sampling and 
storage. Furthermore, high and apparently constitutive levels of 
PvHAC2 accompanied with low relative expression of PvACR2 not 
responding to As exposures in P. vittata fronds (Li et al., 2020) rise a 
hypothesis, whether or not P. cretica has a full inventory of As-handling 
determinants akin to P. vittata. 

4. Conclusions 

The last two decades brought a substantial body of information about 
the natural capacity of certain ferns, particularly of P. vittata, to 
hyperaccumulate As, and about the underlying cell and plant biology of 
As as well. The research interest into the hyperaccumulation phenom
enon, related biology, and the potential for the phytoextraction of As 
from damaged soils, was more recently dedicated also to several vari
eties of P. cretica (Claveria et al., 2019; Eze and Harvey, 2018; Jeong 
et al., 2014, 2015; Rahman et al., 2018; Zhang et al., 2017), including 
Albo-lineata and Parkerii (Pavlíková et al., 2017, 2020; Zemanová et al., 
2019, 2020). To the best of our knowledge, the PcACR2 and PcACR3 
described here are the second genes encoding arsenate reductase ACR2 
and arsenite transporter ACR3 characterized so far in Pteris spp. The 
characteristic sequence features of the encoded proteins, significant 
protection against iAs toxicity conferred to yeasts by corresponding 
cDNAs, and As-responsiveness of the PcACR genes in planta provide the 
evidence that PcACRs proteins can beregarded as determinants involved 
in hyperaccumulation of As in Albo-lineata. Besides the first role we 
propose for PcACR2, i.e. reducing AsV in roots, the abundance of 
PcACR2 transcripts in fronds indicates an additional role in the reduc
tion of AsV in fronds, that may have eventually escaped roots for 
translocation and/or that might have arisen in frond cells from 
re-oxidation of stored AsIII (Tu et al., 2003; Wan et al., 2018; Zhang 
et al., 2017). Whether or not P. cretica cultivars encode other arsenate 
reductases in addition to PcACR2, as it is the case in P. vittata with its 
PvACR2, rhizome PvHAC1 and frond PvHAC2 proteins (Li et al., 2020) 
and the sporophyte may benefit from complementation by bacterial-like 
pathway (involving in P. vittata sporophytes PvGAPC1, PvOCT4, and 
PvGSTF1; Cai et al., 2019), and what would be their interplay in AsV 

reduction in Albo-lineata remains to be investigated. 
Considering the high degree of sequence homology with PvACR3s 

and that mislocalization of heterologous membrane proteins in yeasts 
may occur, as it was also the case with PvACR3;1 (Chen et al., 2017), it 
appears reasonable to expect PcACR3 localizing to tonoplast, and thus 
being largely responsible for vacuolar sequestration and detoxification 
of iAs hyperaccumulated in Albo-lineata fronds. 

The As uptake and tolerance data presented in this study further 
support our notion that Albo-lineata represents genuine As- 
hyperaccumulating cultivar, whilst Parkerii, reported previously as 
hyperaccumulator (Meharg, 2003), is to be considered a 
non-hyperaccumulating one (Pavlíková et al., 2020; Zemanová et al., 
2020). Our data revealing very low PC and OAs levels in P. cretica, 
features associated with PcACRs, and lessons taken from studies in 
P. vittata lead us to the conclusion that iAsIII/V are central in the biology 
of As in both P. cretica cultivars examined in this study. 
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Fig. 5. Expression of PcACR genes in P. cretica cv. Albo-lineata. The levels of 
PcACR2 (A) and PcACR3 (B) transcripts were measured by qRT-PCR in the 
fronds of 3 plants grown in the indicated soils for 90 d. The PcACR mRNA levels 
are referred to the plants grown in As0 soil (value of 1) and for each condition 
was the value plotted as an average relative mRNA level ± standard deviation 
of the mean of three biological replicates (the values proved significantly 
different from each other at p < 0.05 level as determined by Welch’s test fol
lowed by Games–Howell test). 
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