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Abstract

Monothioarsenate (MTA) is a newly discovered arsenic (As) compound that can be formed under reduced sulfur conditions,
mainly in paddy soil pore waters. It is structurally similar to arsenate As(V) and inorganic phosphate (Pi), which is taken
up through phosphate transporters. Due to the similarity between As(V) and Pi, As(V) enters into plants instead of Pi. The
important role played by phytochelatin (PC), glutathione (GSH), and the PC-vacuolar transporters ABCC1 and ABCC2
under As stress in plants is well known. However, the plant uptake and mechanisms surrounding MTA still have not been
completely addressed. This investigation was divided in two stages: first, several hydroponic assays were set up to establish
the sensibility-tolerance of wild-type Arabidopsis thaliana (accession Columbia-0, Col-0). Then Col-0 was used as a control
plant to evaluate the effects of As(V) or MTA in (PC)-deficient mutant (cadl-3), glutathione biosynthesis mutant (cad2),
and PC transport (abccl-2). The inhibitory concentration (IC50) root length was calculated for both As species. According
to the results, both arsenic species (As(V) and MTA) exhibited high toxicity for the genotypes evaluated. This could mean
that these mechanisms play a constitutive role in MTA detoxification. Second, for the Pi-MTA and As(V)-Pi competition
assays, a series of experiments on hydroponic seedlings of A. thaliana were carried out using Col-0 and a pht1; 1. The plants
were grown under increasing Pi concentrations (10 pM, 0.1 mM, or 1 mM) at 10 pM As(V) or 50 pM MTA. The total As
concentration in the roots was significantly lower in plants exposed to MTA, there being less As content in the phtl; ] mutant
at the lowest Pi concentrations tested compared with the As(V)/Pi treatments. In addition, a higher rate of As translocation
from the roots to the shoots under MTA was observed in comparison to the As(V)-treatments.
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Introduction

Arsenic (As), a metalloid element, can be mobilized natu-
rally through biogeochemical cycles (Mitra and Paul 2020).
It is found in abundance in the environment and is extremely
harmful to all lifeforms (Singh et al. 2015). Because As is a
class 1 carcinogen, the World Health Organization (WHO)
has established a safe limit of 10 ug L™! for As in drinking
water (Niazi et al. 2018; Verma et al. 2020). This element
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occurs naturally in organic-rich black shales, Holocene allu-
vial deposits, volcanogenic sources, and thermal springs, as
well as in anthropogenic activities such as mining, As-based
fertilizer, fossil combustion, wood preservatives, and pesti-
cides (Abedi and Mojiri 2020;Park et al. 2016; Rahman et al.
2014). Another important source to consider is the entry
of arsenic into the human food chain, related to groundwa-
ter systems contaminated with this metalloid. These water
sources are used for drinking, cooking, and irrigation of food
crops (Shakoor et al. 2015). Arsenic exists in four oxidation
states, (— 3), (0), (+3), and (+5) (Alka et al. 2020). Among
these, As(V) is predominant in aerobic soils, while under
reduced conditions like paddy soil, As is found in the form
of arsenite (As(III)), which is more toxic than As(V) (Perez
et al. 2021; Zhao et al. 2013).

Soil contaminated with heavy metal elements or metal-
loids is a major concern worldwide because of its ability
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to accumulate, persist, and move through food chains. For
instance, plants growing in contaminated soils can take up
the bioavailable metal fractions and accumulate them in
their edible parts (Clemens 2019). This condition greatly
depends on the nature of the contaminant and the type of
plant, as well as the soil characteristics. In the case of As(V)
(AsO,*"), which is analogous to phosphate (PO,*"), it can
be incorporated into the metabolic pathways that require
phosphate; this hampers discrimination between these ions
in various transport processes (Ghosh et al. 2015; Niazi
et al. 2017; Panda et al. 2010) and leads to the disruption
of several cellular processes (Pickering et al. 2000). Naga-
rajan et al. (2011) and Remy et al. (2012) found that given
the similarity between As(V) and Pi, in loss-of-function
mutants of phosphate transporter proteins (PHT) in plants,
less As(V) accumulates, leading to increased arsenic toler-
ance. However, PHT expression and its As(V) affinity can
vary within the plants and between species. For instance,
in A. thaliana, highly expressed AtPhtl;l and AtPhtl;4
genes were observed in root tissues, which contributes to
phosphate uptake at a low/high external concentration (Shin
et al. 2004). In rice, large differences in the levels of various
OsPht isoforms and isoform-specific responses to arsenic
have been found (Wang et al. 2016). Most PHTs exhibit a
slightly higher affinity for phosphate than for arsenic; nev-
ertheless, PHT in Pteris vittata (identified as PvPht1,3) dis-
played a relatively high affinity for arsenic compared with
other isoforms such as PtPhtl;5 (Ditusa et al. 2016). This
may be linked to a hyper-accumulator-specific adaptation
that contributes to the enhanced arsenic uptake and the accu-
mulation observed in this species.

The As(V) toxicity mechanism mainly occurs via the
replacement of Pi in key biochemical pathways, resulting in
As(V) adducts that are short-lived and unstable. Thus, the
formation and rapid autohydrolysis of As(V)-ADP estab-
lishes a futile cycle that uncouples oxidative phosphoryla-
tion and ATP synthesis. This reduces the ability of cells to
produce ATP and carry out normal metabolism (Bhattacha-
ryaet al. 2012; Tawfik and Viola 2011). Furthermore, arse-
nic inhibits the photosynthesis rate in plants, since it reduces
chlorophyll pigment synthesis and disturbs photosystem-I
and -II activity by suppressing the key pathways (Gusman
et al. 2013; Nagajyoti et al. 2010).

In recent years, the toxic activity of arsenic compounds
that affects the cellular and metabolic pathways in plants has
been studied intensively (Gautam et al. 2020; Gupta et al.
2020). After As(V) is taken up through PHT, it is reduced to
As(IIT). This process is achieved by arsenate reductases that
use glutathione (GSH) as a reductant (Farooq et al. 2016).
In A. thaliana, the reductase high arsenic content 1 (HAC1)
is expressed primarily in the root hairs, epidermal cells, and
stele (Chao et al. 2014). Then As(III) is complexed by phy-
tochelatins, followed by sequestration into vacuoles through
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ABCC vacuolar transporters (Zhao et al. 2013). However,
As(V) and As(III) are not the only As species. For instance,
thioarsenic is one of the principal arsenic species that has
been discovered in high-arsenic groundwater, and its quan-
titative detection is critical for understanding arsenic tran-
sit in the environment (Shan et al. 2020). In addition, this
arsenic species has been found in slags, geothermal fluids,
wetland porewater, and flooded rice paddy soil (Herath et al.
2018). Because of this, interest in thioarsenical species has
increased recently. The formation of thioarsenical species
depends on As-transforming microorganisms, pH, S(-II)/
As(IIT) and S(0)/As(III) ratios, and microoxic conditions in
the soil, as well as on the presence of sulfate-reducing condi-
tions (Bali and Sidhu 2021; Burton et al. 2013; Wang et al.
2020). Arsenic and sulfur are commonly found together in
groundwater, and oxygen-bonded arsenic will be replaced
by sulfur, generating As—SH and/or As=S substructures,
which are known as thioarsenic compounds of thioarsenite
and thioarsenate (Herath et al. 2018; Stucker et al. 2014).
Monothioarsenate is the most stable of all the thioarsenates
species (Planer-Friedrich et al. 2009). There are only a few
studies in the literature that discuss the role of methylated
oxoarsenicals and thioarsenical species in the accumulation
of arsenic in plants. Therefore, the present investigation is
aimed at deepening our understanding of MTA in plants.
It is important to point out that both As(V) and MTA have
tetrahedral structures. Due to the similarity between these
two As-species, it is possible that MTA could stimulate
effects similar to those observed in A. thaliana exposed to
As(V). Because of this, As(V) was used for comparison in
all of the experiments. The first part of this investigation
was focused on the evaluation of the sensitivity-tolerance
of MTA. The toxicity was tested by growing A. thaliana
accession Columbia-0 (Col-0) in hydroponic cultures con-
taining As(V) or MTA. In addition, three mutants in genes
controlling the arsenic transport or metabolism associated
with dealing with As(V) stress on the plant were also tested.
The mutants evaluated were: (1) glutathione (GSH)-deficient
mutant (cad2), which has a deletion of the gene encoding
y-glutamylcysteine (y-EC) (Ha et al. 1999), (2) the phyto-
chelatins (PC) synthase deficient mutant (cad 1-3), which
is unable to synthesize PCs in response to cadmium (Cd)
exposure (Ha et al. 1999; Howden et al. 1995a, b), and (3)
the double-knockout mutant for the PC vacuolar transporters
(abccl-2) (Haet al. 1999). These experiments were done in
order to evaluate the effect of MTA on these mutant plants’
lost function in certain genes important for As(V) plant
responses.

Finally, the influence of Pi concentration on As(V) or
MTA uptake in WT Col-0, as well as on PHT loss-of-
function plants, was tested in order to evaluate the MTA
affinity for this transporter.
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Materials and methods
As(V) or MTA toxicity treatment.

In order to evaluate the tolerance-sensitivity to As(V) or
(MTA) in plants (in the hydroponic assays), a number
of genotypes in A. thaliana, including wild type (WT),
ecotype Columbia (Col-0), the AtPCS1 mutant for, cadl-
3, the mutant cad2, and AtABCC1 and AtABCC2 double-
knockout mutant (abcc-2) were used. In the experiments,
Columbia (0) (Col-0) was used as a control plant. The
seeds were surface-sterilized by exposure to chlorine gas
for 35 min, in accordance with Kiihnlenz et al. (2014).
The culture medium supporting plant growth was prepared
based on a modified Hoagland solution no. 2, as described
in Kiihnlenz et al. (2014): 0.28 mM Ca(NO;),, 0.6 mM
KNO;, 0.1 mM (NH,)H,PO,, 0.2 mM MgSO,, 4.63 pM
H;BO;, 32 nM CuSO,, 915 nM MnCl,, 77 nM ZnSO,,
and 11 nM MoOj;. The Fe was supplied as N,N'-bis(2-
hydroxybenzoyl) ethylenediamine-N,N’-diacetic acid
(Fe- HBED) at a final concentration of 5 pM, in accord-
ance with Chaney (1988). The medium was also supplied
with 1% (w/v) sucrose and 0.05% (w/v) 2-(N-morpholino)
ethanesulfonic acid (MES), and the pH was controlled at
5.7. Sucrose was introduced to stimulate seed germination
in vitro; this carbohydrate provides energy to the plants,
particularly when they are not yet ready to photosynthe-
size their food during the early stages of growth (Zahara
et al. 2017).

Two different arsenate compounds, sodium arsenate
dibasic heptahydrate (Na,HAsO,-7H,0; Fluka) and
monothioarsenate (MTA) (Na3AsVO3S-7 H,0), at a con-
centration range of 10-100 pM, were tested in order to
investigate As toxicity. MTA (degree of purity 97%) was
synthesized according to the method described by Schwedt
and Rieckhoff (1996). The plates containing the medium
with As species were sealed with Leucopore tape (Duchefa
Biochemie, Haarlem, The Netherlands), followed by strati-
fication at 4 °C for 2 days. For plant growth, the plates
were then incubated for 9 days under a light/dark cycle of
16 h/8 h with a light intensity of 75 peinsteins uE m™2 s™!
at 23 °C. After 9 days, the primary root length and the
reduction ratio were determined. All experiments were
performed in triplicate.

MTA uptake through phosphate transporters

The tolerance to As(V) or MTA was tested using WT, A.
thaliana (L.) ecotype Columbia (0), and a mutant of phos-
phate transporter 1;1, phtl; 1. The T-DNA insertion mutant
(SALK_151938C) was obtained from the Nottingham

Arabidopsis Stock Centre (NASC), Nottinghamshire, Eng-
land. Before the arsenic and phosphate competition assays,
it was verified that the mutant plants were homozygous.
This condition was identified using LB primers (http://
sig-nal.salk.edu/cgi-bin/tdnaexpress), gene-specific prim-
ers as designed by the SALK site iSect tool (http://sig-
nal.salk.edu/tdnaprimers.html), Geneious 11.05 (https://
www.geneious.com), and FastPCR, an in silico tool for
fast primer, probe design, and advanced sequence analy-
sis (http://primerdigital.com/fastpcr.html). The primer
sequences used in this study are shown in Table 1, and
the polymerase chain reaction (PCR) program is included
in Table S1.

As(V) or MTA competition assays with phosphate

The plants (Col-0 and phtl;1) were grown hydroponically
for 6 weeks. The description of the culture medium is in
Table S2. After 2 days at 4 °C for stratification, cultiva-
tion started in agar-filled PCR tubes in pipet tip boxes for
4 weeks, followed by transfer into 50 mL tubes (Greiner
Bio-One, Kremsmuenster, Austria) for another 2 weeks and
exposure to 8 h of light at an intensity of 150 uE m~ s~! at
22 °C, followed by 16 h darkness at 17 °C. The medium was
replaced with fresh medium twice a week in order to guar-
antee sufficient mineral and oxygen supply. After 6 weeks,
the plants were transferred into 50 mL tubes containing a
culture medium that was supplied with phosphate at a final
concentration of 10 pM, 0.1 mM, or 1 mM, together with
either As(V) or MTA at a final concentration of 20 pM and
50 puM, respectively (a total of six combinations). It should
be pointed out that As(V) and MTA concentrations were
selected on the basis of dose-response data. As(V) and MTA
concentrations were measured on day 0, when the culture
medium was without plant samples, and after 48 h. Note
that the MTA was determined according to the procedure
presented in Planer-Friedrich et al. (2007).

Table 1 List of oligonucleotides used as PCR primers for Genotyping
in Wild type and mutant plants

Gene/ORF Genotypes Sequence

AT5G43350 Wildtype FW 5" GCATGTCCAGACCTATTT
CTCGC 3’

AT5G43350 Wildtype RV 5" GAGGATGACGTCAAAGAC
CCcCc3

AT5G43350  phtl; ] FW 5 GCATGTCCAGACCTATTT
CTCGC 3’

AT5G43350  phtl;] RV 5 TGGTTCACGTAGTGGGCC
ATCG 3’

PCR program is available in supplementary information Table SI 1

FW forward primer, RW reverse primer
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Total arsenic quantification in competition assays

Pooled root/leaf samples, including shoots, were sepa-
rated, and the shoots were placed in paper bags. The roots
were carefully washed with distilled water, followed by
two washing steps, with 20 mM CaCl, and then with
10 mM ethylenediaminetetraacetic acid-di-Na (EDTA
disodium salt), and a final washing step was performed
with distilled water. Each washing step was performed
with 20 mL per root sample at 4 °C for 10 min in order to
remove any surface-bound As. The roots were then dried
with a paper towel and placed in a paper bag. Thereafter,
the roots and shoots were dried at 60 °C for 3 days.

Approximately 100 mg of the dried sample was used
to determine the total As content (T-As). The sample was
digested in 4 mL of 65% HNO; and 2 mL of 30% H,0, in
a microwave digestion system (START 1500 MLS GmbH
with an HPR-1000/10 S high pressure segment rotor).
Digested samples were analyzed for T-As via inductively-
coupled plasma optical emission spectrometry ICP-OES
(AICAP 6000 series, Thermo Scientific). The internal stand-
ard was the multi-element atomic spectroscopy standard
solution V by Fluka Analytical.

Translocation factor

The ability of a plant to translocate the metals from the
roots to the shoots is indicated by the translocation factor
(TF), which can be represented by Eq. (1) (Malar et al.
2014; Radulescu et al. 2013):

TF Concentration of the heavy metal in the shoot

Concentration of the heavy metal in the root

TF values less than 1 indicate that the plants are able to
store heavy metals (HMs) in their roots, whereas values
greater than 1 indicate greater translocation of HMs to the
aerial parts (i.e., shoots and leaves) (Mellem et al. 2012).

Data analysis

Analysis of variance (ANOVA) was performed in order to
evaluate the mean differences between parameters. Nor-
mality and variance homogeneity tests were performed
using the Kolmogorov—Smirnov and Bartlett tests, respec-
tively. A p- value <0.05 was used for all comparisons. A
post hoc pairwise comparison by means of Tukey tests was
used to confirm where the differences occurred between
the groups against the control. When normality was not
achieved, the Kruskal-Wallis test was used instead. All
statistical analyses and graphical representations were
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carried out using GraphPad Prism software v. 6.01, San
Diego, USA.

Results and discussion
As(V) or MTA toxicity in A. thaliana

The results of the hydroponic assay showed that root growth
decreased as the concentration of the arsenic species in the
medium increased. The comparison of the root growth
values for Col-0 showed that As(V) was more toxic than
MTA when the plants were subjected either to As(V) or
MTA. For the mutants tested, cadl-3 was the most sensi-
tive, followed by abccl-2 and cad?2. In general, the data
clearly demonstrated a higher sensitivity of the mutant lines
compared to that of Col-0 for both As(V) and MTA, with
p value <0.0001 (Fig. 1a, b). The half-maximal inhibitory
concentration (ICs,) derived from the dose-response curve
of the root length when the plants were exposed to As(V)
was as follows: Col-0: 22.51 pM, cad2: 4.65 pM, cadl-3:
2.67 uM, and abccl-2: 4.62 pM. The dose—response curve
and the R? value for As(V)-ICs calculation is shown in Fig.
S1. The Col-0 exposed to a concentration of 100 pM As(V)
led to a root length reduction of greater than or equal to 90%.
A similar reduction in the root length of cad2, cadl - 3,
and abccl-2 were observed at As(V) concentrations ranging
from 20 to 25 uM. The ICs, derived from the dose-response
curve of the root length under MTA was as follows: Col-0:
31.99 pM, cad2: 10.69 pM, cadl —3: 6.54 pM, and abccl-
2: 9.53 uM. The MTA-ICy calculation curve is shown in
Fig. S2. At 100 pM MTA, the root length of Col-0 was
reduced by 62.9%. Regarding the mutant plants, the root
length reduction was as follows: cad2 78.0% at 25 pM, and
90% at 50 uM MTA; cadli-3, and abccl-2 85.6% and 74.6%,
respectively, in the presence of 20 pM-MTA. A significant
reduction in the root length of these genotypes was observed
at concentrations above 25 pM-MTA.

Regarding the toxicity of As(V), the results of this study
are in line with the report by Tang et al. (2016). They stud-
ied the tolerance of A. thaliana GSH-deficient mutant and
PC-deficient mutant plants exposed to increasing As(V) con-
centrations on agar MS medium. As(V) conditions were 0,
50, or 100 pM for 20 days. They found that the root growth
was completely inhibited at 50 pM As(V), as compared
to Col-0, which had a root growth inhibition of only 20%
under the same conditions. In another study, conducted by
Planer-Friedrich et al. (2017), A. thaliana cadl-3 was culti-
vated on agar plates. They found that the As(V)-/MTA-ICs,
concentration ranged between 10 and 25 pM. From these
findings, it can be concluded that the toxic effect of As on
the plants grown in the liquid culture mediums was higher
than that observed for the plants cultivated on agar plates.
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Fig.1 Root lengths results of A. thaliana Col-0 in comparison with
cad2; cadl-3 and abccl-2, in the presence of increasing concentra-
tions of As(V) (a) and MTA (b) respectively. Asterisks above the bars

Aborode et al. (2016) assessed the sensitivity of young A.
thaliana Col-0, cad2, and cadl-3 to As(V) over a period of
10 days. They reported an average ICs, value of e 140+ 14.2,
6.5+0.4, and 6.0+0.3 pM for the WT, cad2, and cadl-3,
respectively. They highlighted the high toxicity observed in
the mutants compared to the WT phenotype. The greater
level of toxicity observed in this investigation in abccl-2
genotype was also described by Tang et al. (2016). They
found that the root growth of abccl-2 was significantly sup-
pressed by 5 pM As(V) and completely inhibited by 50 pM
As(V).

indicate statistically different groups within the treatments. Signifi-
cance is defined as p <0.05. Data represent average + SE

According to a study by Song et al. (2010), the multid-
rug resistance-associated proteins (MRPs), a subfamily of
adenosine triphosphate (ATP)-binding cassette transporters
(more often abbreviated as ABC) in plants, play a key role
in As detoxification. The high toxicity of MTA observed in
this study on the abccl-2 mutant line could mean that this
mechanism is probably activated under MTA too, accord-
ing to the results. Studies in rice plants under 10 pM MTA
for 72 h showed a significant reduction of MTA to As(III)
in shoot and root tissues (Kerl et al. 2018). This reduction
is also reported under As(V) in root cells. Then As(IIl) is
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complexed by phytochelatins, followed by sequestration into
vacuoles through ABCC vacuolar transporters (Zhao et al.
2013). The ABC transporters are implicated in heavy metal
resistance by allowing the compartmentalization of a phy-
tochelatins (PC)—As complex into the vacuole (Kamiya and
Fujiwara 2011; Liu et al. 2010; Song et al. 2010).

Song et al. (2010) demonstrated that vacuoles isolated
from atabccl atabec2 double knockout Arabidopsis plants
exhibited only 10-15% residual As(III)-PC2 transport activ-
ity. This implies that AtABCCI and AtABCC?2 are the main
PC transporters in Arabidopsis. Furthermore, the standalone
overexpression of the transporters increased the plants’ toler-
ance to As; an additional co-expression of PC synthase is
required to attain the desired As-tolerant phenotype. Hence
the sequestration of PC—As complexes into vacuoles plays
an important role either in the detoxification of arsenic or
in PC synthesis. The AtABCC1 and AtABCC2 transporters
and PCS may function in a concerted way in the arsenic
detoxification pathway (Song et al. 2010). This mechanism
is also important in the plant’s tolerance to Cd and Hg(II)
(Park et al. 2012). The high sensitivity of the plants to As(V)
and MTA indicated that the complexation of As(III) mainly
depends on GSH, PCs, and subsequent sequestration in the
vacuoles to protect cellular components from the reactive
metalloid. These mechanisms, which play a constitutive role
in the detoxification of inorganic As (Cobbett and Golds-
brough 2002; Liu et al. 2010; Zhao et al. 2009), could also
be activated under MTA stress.

MTA uptake through phosphate transporter
As(V) or MTA toxicity in Col-0 and pht1;1

As(V) and MTA uptake was separately evaluated in Col-0
and phtl; 1 mutant for phosphate transporter 1;1 (PHT1;1).
In A. thaliana, this gene is located on chromosome 5
(At5g43350), and it is involved in arsenate ion transmem-
brane transport, the cellular response to phosphate starva-
tion, and phosphate ion transport (Phoenix Bioinformatics
Corporation 2021). The phtl;1 used in the experiments
carries a T-DNA insert at the end of the second exon. The
results of the genotyping of the homozygous line plants
tested are shown in Fig. S3. In order to set an optimum
concentration of MTA and As(V), the plants Col-0 and
phtl;1 were grown in the liquid medium for 9 days, and
the dose-response curve was recorded. The As(V)-ICs,
values for Col-0 and phtl;I1 were found to be 22.51 pM,
and 22.40 pM, respectively. Although these 1Cs, values are
close, it was noted that under 10, 20, 30, and 50 pM As(V)
concentrations, the mutant line exhibited a subtle increase
in the protective effect against arsenate. However, at higher
concentrations of As(V) (100 pM), Col-0 activates mech-
anisms that allow them to deal with this stress condition,
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leading to values of root reduction length similar to that
observed in phtl; I loss of function. This observation can
be explained by the plants' ability to modulate their PTH
transporters under As(V) stress. For instance, Navarro et al.
(2021) found that A. thaliana can efficiently respond to
As(V) variation levels under Pi starvation by modulating
the transcription of PHT1;1. In the same way, it can control
the expression of PHT1;1 through PHR1, a transcription fac-
tor that controls the PHTI expression under a Pi-starvation
state (Bustos et al. 2010). In addition, Navarro et al. (2021)
demonstrated that As(III) non-sequestered into the vacuole
can regulate the expression of the PHT through the modu-
lation of the WRKY6 and ASK18 transcription factors in
A. thaliana. A detailed explanation of the PHTI expression
mechanism will be given in the section on the results of T-As
arsenic accumulation in roots under As(V).

In the case of MTA, the IC;, values for Col-0 and
phtl;1 were 31.99 pM and 65.85 pM, respectively. The
dose-response curve and the R? value of As(V)-ICs, and
MTA-IC;, are shown in Figs. S4 and S5, respectively. The
results showed a general decrease in the root length with
an increase in As concentration from 0 to 100 pM for both
As(V) and MTA. There was a significant difference between
Col-0 and phtl;1 at 5 pM As(V) and 15 pM MTA, Fig. 2a,
b, respectively. At 100 uM As(V), the root length reduction
for Col-0 and phtl;1 was 88.9%, and 62.9%, respectively,
while in the case of MTA, the root length reduction was
92.3% for Col-0 and 60.7% for phtl, 1. Based on these find-
ings, As(V) and MTA concentrations were set to 20 pM and
50 pM, respectively, to perform the competition assays in
the presence of increasing phosphate concentrations, which
were below the toxic threshold.

Total arsenic quantification in Col-0 and pht1;1

The hydroponic experiments were carried out using Col-0
and phtl;1 mutant in the presence of As [either 20 pM
As(V) or 50 pM MTA], where phosphate concentration
increased from 10 pM to 0.1 mM and then to 1 mM. The
results showed that T-As concentration in Col-0 and phtl; I
decreased as the phosphate concentration in the growth
medium increased. Similarly, the T-As concentration in
the shoots under 10 pM Pi was 2.24 and 1.47 times higher
for Col-0 and phtl;1 genotypes, respectively, than that
obtained at 0.1 mM and 1 mM Pi. The T-As concentration
under 1 mM phosphate showed less variation compared to
that at 10 pM and 0.1 mM Pi Fig. 3a. It was observed that
Pi starvation resulted in an increase in the shoots’ arsenic
concentration. Similarly, the amount of T-As in the roots
of Col-0 exposed to 20 uM As(V)-10 uM Pi was 3.4 times
higher than that obtained in the presence of 0.1 mM Pi under
the same As(V) conditions. By contrast, the lowest concen-
tration of T-As was found at the highest concentration of
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Fig.2 Root lengths results of A. thaliana Col-0 in comparison with
mutant for Phosphate transporter 1;1 PHTI;1, in the presence of
increasing concentrations of As(V) (a) and MTA (b) respectively.

phosphate (treatment 20 pM As(V)-1 mM Pi). For the roots
of the phtl;1, the highest T-As was observed under 10 pM
Pi, being 3.9 times higher than under 0.1 mM Pi. The lowest
As concentration was found at 1 mM Pi under the same As
conditions (Fig. 3b). The amounts of T-As in both shoots
and roots for the plants tested under 20 pM As(V) and all
Pi concentrations evaluated were not significantly different.
This similarity in root arsenic concentration between Col-0
and phtl;1 was also observed by Navarro et al. (2021), who
found that in plants treated at 30 pM As(V), PHTI;1 was
repressed, and the As concentration found in the roots was

Asterisks above the bars indicate statistically different groups within
the treatments. Significance is defined as p<0.05. Data represent
average + SE

similar to that of untreated plants. Similarly, the genetic
expression of the Pi transporter involved in the ascension
through the xylem (PHOI) was repressed as a response
to the As(V) stress. They also noted that the regulation of
certain transcription factors is closely related, because the
PHTI;1 recovery is dependent on the plant’s capacity to
detoxify As(V). This ability to control the phosphate trans-
porters associated with reducing the stress caused by As(V)
is related to the levels of arsenite As(III) in the external
medium. Their results indicated that As(III) can regulate
the As(V) uptake by influencing the action of WRKY6 (a
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transcription factor) on PHTI; 1. Castrillo et al. (2013) found
that under As(V) conditions, WRKY6 modulated the arse-
nate/phosphate transporter repression, which immediately
restricts arsenate uptake. This repression was accompanied
by delocalization of the phosphate transporter from the
plasma membrane.

On the other hand, the role of other members of the PHT
family should be emphasized. For instance, PHT1;4 is a
protein of that group. In experiments carried out by Shin
et al. (2004), they demonstrated that phosphate transport-
ers PHT1;1 and PHT1;4 both have active participation in
Pi uptake from the soil; moreover, both are implicated in
arsenate transport. pht/ null mutants are moderately arse-
nate tolerant, while phtI and pht4 double mutants are sig-
nificantly arsenate tolerant, indicating that arsenic uptake
is compromised by mutations in these PHT proteins. The
recent insights into the capacity of As(Il) to regulate the
expression of the PHT1;] gene as part of the response to
the stress caused by As(V), as well as the contribution of
PHT1;4 in As(V) uptake, are a possible explanation for the
T-As results obtained in the present study under As(V) con-
ditions. Furthermore, when plants overexpress PHT1, the
sensitivity to As(V) increases (Catarecha et al. 2007). It is
interesting to point out that under low concentrations of Pi,
As(V) may outcompete Pi for uptake by plant roots. This
could lead to symptoms of phosphorus deficiency (Finnegan
and Chen 2012).

The highest amount of As in roots obtained in the pre-
sent study was found at 10 pM Pi for both As(V) and MTA
treatments. According to Azeem et al. (2017), Pi deficiency
in nutrient solutions increased the capacity of the plants to
take up more As(V), but high Pi treatment decreased As(V)
uptake and toxicity. In A. thaliana, it has been shown that
PHT proteins have an affinity for As(V) but not for As(III).
Experiments carried out by LeBlanc et al. (2013) demon-
strated that two Pi transporter family members, AtPhtl; 1
and AtPhtl;7, were hypersensitive to arsenate but unre-
sponsive to As(III). The close link between As(V) and Pi
was observed in other plants. For instance, in rice plants
(Oryza sativa), Kamiya et al. (2013) evaluated the role of
PHT transporters. In their experiments on OsPhtl; I-defi-
cient rice mutants, they found that the transcript expression
level of OsPT1I in ospt] was reduced by 70% in shoots and
50% in roots compared to that in the wild type, and arsenic
concentrations in shoots were reduced by 60% compared
to the wild type. Similarly, Wang and Duan (2009) grew
Oryza sativa under 50 pM L™! As(V) in a medium supple-
mented with 100 uM L~! Pi. They observed that high Pi con-
centration decreased As uptake and high As concentration
slightly decreased Pi uptake in the plants. Another example
of the As(V)-Pi relation was seen in Pteris vittata, where
the addition of 0.1-2 mM Pi showed that a high concentra-
tion of Pi resulted in a decrease in As(V) but not in As(III)

accumulation in roots/shoots. The higher the Pi concentra-
tion, the more the reduction in As(V) uptake, whereas the
higher the As(V) concentration, the greater the decrease in
Pi uptake (Lou et al. 2010; Tu et al. 2004); Wang et al. 2002.
In the case of Lemna gibba, the addition of 40 mg | O 1
reduced As(V) uptake (Mkandawire et al. 2004). Likewise,
Sneller et al. (1999) examined As uptake in Silene vulgaris
subjected to a Pi concentration in the range of 0.3-3 mg
L~!. They found that the root growth was not affected by As
at high Pi concentration. However, at low Pi concentration,
As had an adverse effect on root growth. The difference in
the findings of the above-mentioned studies is because the
authors used different types of soil and the hydroponic con-
ditions were not the same.

Regarding the experiments at 50 pM MTA, the T-As
amount in Col-0-shoots was about 3 times higher at 0.1 mM
Pi than that at 10 pM Pi. By contrast, in phtl; I, the highest
T-As amount (5.28 +2.09 pg g~ ') was found at 10 uM Pi
and the lowest value was at 1 mM (Fig. 3c). The amount of
As in the shoots of Col-0 and phtl; 1 mutant was observed
to be different only at 0.1 mM Pi. In the case of the roots
of the Col-0, the T-As amount at 10 pM Pi was 2.6 times
higher than that at 0.1 mM Pi. The T-As amount at 1 mM
was 5 times lower than that at 0.1 mM Pi. Similar to Col-0,
in the root-phtl; 1 mutant line, a decrease in the As amount
was observed when the Pi concentration increased in the
medium. For instance, the amount of T-As at 10 pM was
5.5 times higher compared to that at 1 mM Pi (Fig. 3d).
However, under the treatments at a constant concentration
of 50 pM MTA, either at 10 pM Pi or at 0.1 mM Pi, sig-
nificant differences were found between Col-0 and phtl, ]
(p=0.0001). In general, the results of the competition assays
clearly showed that phosphate influenced As uptake in the
roots and shoots of the plants examined. This observation
could be explained by the similarity in the chemical structure
between Pi and As(V), and hence plants incorporated them
into the metabolic pathways (Anawar et al. 2018; Meharg
and Macnair 1992; Pickering et al. 2000). The results of this
study are in good agreement with the findings of Pourrut
et al. (2011). They noted that As uptake in plants decreased
with an increase in phosphate concentration. The increase in
the uptake of phosphate in the presence of arsenic has been
reported as a tolerance mechanism by which plant cells can
resist metalloid toxicity (Szegedi et al. 2010). The highest
arsenic amount was observed under phosphate starvation
(10 pM Pi); this indicated that the PHT1;1 showed an affin-
ity for this thiolated As species. Under MTA conditions,
phtl;1 accumulated less arsenic compared to that of Col-0.
However, the amount of As accumulated in the root cells
under As(V) was higher than that observed in MTA treat-
ments; this difference was seen regardless of Pi concen-
tration over the range tested. The reason for this variation
in the amount of arsenic in the roots exposed to As(V) or
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MTA is not yet clear. The experiments conducted by Kerl
et al. (2018) on rice exposed to MTA showed the same
trend as in the T-As-roots results. The differences could be
associated with the fact that the molecular weight of MTA
is heavier than that of As(V), with values of 156 g mol™!
and 140 g mol ~!, respectively. In addition, the bond angles
of MTA (91.85°) are smaller than those of phosphate and
arsenate (109.5°) (Planer-Friedrich et al. 2017; Suess et al.
2009). In rice plants, a higher efflux was observed in roots
and/or higher translocation to shoots in MTA-treated plants
(Kerl et al. 2019).

In the results of the present study, for both As(V) and
MTA treatments the influence of Pi on arsenic uptake was
observed. According to Joardar (2014), it is clear that the
addition of Pi to the soil alleviated As toxicity not only by
decreasing As uptake by plants but also by increasing the
plant biomass, Pi nutrition, and metabolic reactions. On the
other hand, it must be understood that plants have developed
different controlled adaptive mechanisms to acquire the nec-
essary amount of external Pi and maintain Pi homeostasis,
as well as to overcome low Pi availability (Rouached et al.
2010).

The effect of As(V) has been evaluated in other A. thali-
ana mutants lines. For instance, loss of function in AtNIP:1
leads to reduced seed arsenic levels by affecting the long-dis-
tance transport of xylem and phloem (Lindsay and Maathuis
2016). Sun et al. (2016) demonstrated that in the A. thali-
ana mutant of inositol, pentakisphosphate 2-kinase (A#/PK1)
decreased the As(V) tolerance. The As(V) uptake is lower in
atipkl-1 in comparison to the WT. On the other hand, Wang
et al. (2017) evaluated the effect of As(V) in A. thaliana loss
of function for HAC1 (an arsenate reductase), and phosphate
effluxer (PHO1). At the same time, they tested the heterolo-
gous expression of the As-hyperaccumulator Pteris vittata
arsenite efflux (PvACR3) in A. thaliana. They found that the
combination of PvACR3 expression with HACI mutation
led to As hyperaccumulation in the shoots. On the contrary,
the combination of HAC1 and PHO1 mutation decreases As
accumulation in A. thaliana shoots.

Concerning the TF results, the values showed a generally
poor ability to translocate As from the roots to the shoots
under both As conditions, As(V) or MTA, with an increase
in Pi concentrations. This implies that As is mainly stored in
the roots and remains in this tissue (Table 2). For the Col-0
and phtl;1 plants, the highest TF value was found under
1 mM Pi in both As treatments. However, the highest TF
values were found under MTA conditions. This observation
is in good agreement with the results of Kerl et al. (2019),
who determined the TF value in rice plants in the presence
of either MTA or dimethylmonothioarsenate (DMMTA).
The results of the present study demonstrated that MTA
is taken up by plants, and a great amount remains in the
root tissue and some is translocated to the shoots. In similar
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Table 2 Translocation Factor (TF) for Col-0 and phtl;1 under differ-
ent phosphate concentrations (Pi) and arsenic treatments 20 pM arse-
nate and 50 pM monothioarsenate

Genotypes Pi As(V) TF MTA TF
Col-0 10 M 0.002 0.007
Col-0 0.1 mM 0.003 0.054
Col-0 1 mM 0.029 0.091
phtl;1 10 uyM 0.002 0.015
phtl;1 0.1 mM 0.005 0.033
phtl;1 1 mM 0.040 0.057

Translocation factor values<1 indicated that metals were accumu-
lated by the genotypes and largely stored in the roots, and transloca-
tion factor values> 1 indicated translocation of metals to the aerial
parts of the plant

TF =translocation factor. This is dimensionless

Pi phosphate, As(V) arsenate, MTA monothioarsenate

experiments on the European rice variety (Oryza sativa cv.
Arelate) exposed to 10 pM MTA, Kerl et al. (2018) found
that MTA is taken up through root cells and later is reduced
to As(IIl). They also detected the presence of MTA in Xylem
sap and root exudates. On the other hand, in this study it was
observed that T-As uptake was lower upon exposure to MTA
compared to that under As(V). However, effects such as the
toxicity observed in plants exposed to MTA in a nutrient
solution with low phosphate availability, as well as the accu-
mulation of arsenic in plant roots exposed to MTA, make
these observations, together with the reduction of the T-As
concentration in phtl; I, possibly mean that this transporter
has MTA affinity. All these facts could be indirect evidence
that MTA uptake through phosphate transporters is similar
to that of As(V). Thus, these results showed that MTA can
contribute to arsenic stress in plants. Its potential contribu-
tion to grain As accumulation needs to be better understood.

Conclusions

The tolerance-sensibility evaluation showed that As(V) is
more toxic than MTA in the genotypes tested. Higher toxic-
ity was observed in cad2, cadl — 3, and abccl-2, in terms
of a greater root-length reduction under both arsenic species
[As(V) and MTA]. According to these results, in A. thaliana,
GSH, PCs, and ABCC1 and ABCC2 played an important
role in dealing with As(V) stress, and these responses were
similar under MTA. This observation could indicate that
these mechanisms are activated under this thioarsenical spe-
cies in ways similar to those which plants use under As(V).

Regarding the PHT1;1-uptake experiments, under
As(V), the amount of T-As accumulated in the roots of
Col-0 and phtl;1 were not significantly different over
the whole Pi range (10 pM, 0.1 mM, and 1 mM Pi).
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Nevertheless, under MTA conditions, significant dif-
ferences were observed in the presence of the lower Pi
concentrations in Col-0 compared to phtl;I. This dem-
onstrates that the PHT1;1 transporter had some affinity
for MTA. In general, the hydroponic experiments showed
that the T-As concentration in the roots exposed to MTA-
Pi was lower than that in the roots exposed to As(V)-Pi,
which indicates more affinity to the PTH1 for As(V) than
for MTA. In addition, when plants were exposed to MTA,
compared to As(V), higher rates of As translocation from
the roots to the shoots were found. The present study con-
tributes to the elucidation of the possible uptake pathways
for MTA, as well as confirming the role of GSH, PC, and
ABCCI1 and ABCC?2 transporters as a part of the plants’
response to MTA stress.

Further research needed

Despite a large amount of research devoted to deepen-
ing our understanding of the molecular mechanisms
involved in arsenate uptake by plants, very little research
has been reported on investigating the effect of MTA on
plant growth. Therefore, the study of how plants respond
when exposed to MTA should come into focus as a future
research effort. In addition, the mechanisms of MTA trans-
location are not yet clear. It is also important to evalu-
ate the affinity of other PHT family members for MTA
and its contributions to the uptake process. Moreover, the
transport system from the roots to the shoots should be
assessed. Furthermore, a better understanding of MTA
translocation will be especially important in order to pre-
vent/reduce T-As accumulation in edible plant parts, espe-
cially in plants growing in flooded paddy soils, where the
microbial transformation of inorganic arsenic to MTA is
possible.
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