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Abstract

Arsenic in drinking water threatens public health worldwide. Phytoremediation has brought new vitality to solve this problem.
The aim of this work was to study the role of emergent macrophyte sweet flag (Acorus calamus L.) in phytoremediation of
arsenate [As(V)] and arsenite [As(III)] from polluted water. For that, the methods of analytic chemistry and physiology were
used. The results showed that As(IIT) could be removed by A. calamus more efficiently than As(V). The removal efficiencies
of As(V) and As(III) both reached more than 95%. In As(V)- and As(IlI)-exposed A. calamus, the arsenic contents were much
higher in root than in stem and leaf. The translocation factors of As(V) and As(IIl) were no more than 0.152. Both As(V)
and As(III) were found in the whole plant, whereas dimethylarsinic acid (DMA, 0.06—0.13 mg kg™') was only present in the
aboveground part. As(V) was the main species in the As(V)-exposed plants (45.86-70.21%). As(III) was the main species in
stem and leaf of As(IIl)-exposed plants (55.76-85.52%), while As(V) was still dominant in root. A. calamus could keep its
green leaves during the 31 days of inorganic arsenic (iAs) exposure. However, iAs had a little inhibitory effect on biomass
accumulation, and high-concentration iAs was beneficial to promote root growth. The concentrations of malondialdehyde
(MDA) and hydrogen peroxide (H,0,), as well as the activity of catalase (CAT) were significantly higher in root than those
in stem and leaf. The oxidative stress response of A. calamus to As(III) was more than that to As(V). The findings of this
study indicated that A. calamus was regarded as a promising material for the phytoremediation of arsenic from water.

Highlights

e calamus L. exhibited high tolerance to As(III) and As(V). e Most of arsenic was accumulated in the roots.

e As(IIT) can be methylated to DMA in the aboveground e High-concentration iAs was beneficial to promote root
part of A. calamus L. growth.
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Introduction

Arsenic is widely distributed in the Earth’s crust mostly
as minerals and in inorganic forms. Arsenic may enter the
B Ting Zhang air, water, and soil through various geochemical processes
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(Parviainen et al. 2015). However, ingestion through food
and water is the predominant type of arsenic exposure
(Kong et al. 2018). The ingestion of arsenic-contaminated
drinking water can cause various health problems includ-
ing skin, lung, liver, and bladder cancers (Sodhi et al.
2019). Given its toxicity, the International Agency for
Research on Cancer (IARC) classified arsenic as a Group
I carcinogen. The World Health Organization (WHO) has
set a provisional guideline limit of 10 ug L™! for arsenic
in drinking water. In China, more than 19 million people
are exposed to arsenic-rich water (Rodriguez-Lado et al.
2013). Thus, it is urgent to remediate the arsenic-contam-
inated water by effective methods.

Arsenic can occur in four different oxidation states
(=3,0, +3,+5) in the environment. However, the inor-
ganic forms as pentavalent arsenate [As(V)] and trivalent
arsenite [As(III)] are mostly found in natural waters, with
As(V) more predominant and thermodynamically stable than
As(III) (Gao et al. 2020). Various methods have been devel-
oped to remove inorganic arsenic (iAs) from water, e.g.,
chemical precipitation, ion exchange, membrane filtration,
electrocoagulation, adsorption, and biological treatments
(Mulligan et al. 2001; Rezania et al. 2016; Dadwal and
Mishra 2017; Alka et al. 2021). Nevertheless, these phys-
icochemical methods have their advantages and boundaries
in field application. Chemical precipitation requires large
quantities of chemicals and generates a great amount of
sludge (Hashim et al. 2011). Ion exchange and adsorption
methods have some limitations, for instance, high capital and
operational costs, low adsorption capacity, or weak binding
strength (Alka et al. 2021). Biological treatments (phytore-
mediation and bioremediation) are now widely used as an
alternative to the equivalent physicochemical methods owing
to their low-cost and eco-friendly advantages (Dangi et al.
2019; Wei et al. 2021; Ostovar et al. 2022). Phytoremedia-
tion is the use of plants to reduce the environmental con-
taminants in surface water and sediments/soils (Manoj et al.
2020). In nature, there are several plants existing with the
ability to remove toxic metals from the surrounding environ-
ment as a survival strategy. The well-studied strategies are
phytoextraction (or phytoaccumulation), rhizofiltration (or
phytofiltration), phytostabilization, phytovolatilization, and
phytodegradation (Dalcorso et al. 2019). Rhizofiltration uses
adsorption or absorption via the plant roots and is useful to
treat polluted surface water, sewage, and wastewater con-
taining low amounts of toxic metals (Rezania et al. 2016).
The other desirable characteristic permitting phytoremedia-
tion as an ideal method is arsenic biomethylation by plants.
Tape grass (Vallisneria natans (Lour.) Hara) was found to
be able to metabolize the iAs to organic arsenic (0As) forms
of dimethylarsinic acid (DMA) and arsenobetaine (AsB)
(Li et al. 2018). In general, 0As is less toxic than iAs, and
complex organoarsenicals (e.g., AsB) are considered to be
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nontoxic. Hence, rhizofiltration is emerging as an attractive
option for the cleanup of arsenic-contaminated water.

Aquatic macrophytes (including emergent, floating-
leaved, submerged, and floating macrophytes and hygro-
phytes) are key components of wetland ecosystems as they
help in degrading and removing organic and inorganic con-
taminants. Some floating macrophytes have been investi-
gated for the removal of metals. Water lettuce (Pistia stra-
tiotes L.) had the highest total Mn removal from the water
(Hua et al. 2012). Both duckweed (Lemna minor L.) and
water hyacinth (Eichhornia crassipes (Mart.) Solms) were
also effective in the removal of metals (i.e., Cu) (Rezania
et al. 2016). Azolla (Azolla pinnata R. Brown) could remove
65—95% of applied metals (Zn, Cu, Pb, Cr, and Cd) from
wastewater (Akhtar et al. 2021). Compared to floating mac-
rophytes, less information has been gathered to date regard-
ing metals removal by emergent macrophytes. Emergent
macrophytes are rooted in sediments and undergo photo-
synthesis above the water. They can absorb toxic metals
from water and sediments (Lin et al. 2018). Several emer-
gent macrophytes have been studied as adsorbents to remove
toxic metals, for instance, sweet flag (Acorus calamus L.),
oriental cattail (Typha orientalis Presl), reed (Phragmites
australis L.), and purple loosestrife (Lythrum salicaria L.)
(Sesin et al. 2021). A. calamus is a perennial herbaceous
plant with rhizome that is indefinitely branched, smooth,
pinkish or pale green, and widely distributed in China.
Although A. calamus is a highly valued medicinal plant,
it has been used for the removal of contaminants such as
hexavalent chromium and divalent lead ions (Shooto 2020).
Arsenic is a non-essential metalloid that is highly toxic to
organisms including plants. Nevertheless, less is known
about the strategy for arsenic removal from water by A. cala-
mus. A better understanding of the arsenic removal mecha-
nism by A. calamus will help to assess the rhizofiltration
potential of emergent macrophytes.

Given the above-mentioned reasons, A. calamus was
selected as a case (1) to compare the removal efficiencies of
As(V) and As(II); (2) to investigate the biotransformation
of iAs to 0As; and (3) to clarify the physiological responses
to the iAs stress. This study aimed to provide experimental
evidence for the application of A. calamus to the phytore-
mediation of arsenic-contaminated water.

Materials and Methods
Plant Material and Treatment Conditions

Acorus calamus was obtained from an aquatic plant
nursery in Suqian City, Jiangsu Province, China. All
plants were washed with running tap water to thoroughly
remove attached soil particles and rinsed three times with
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ultrapure water (18.2 MQ cm‘l). Then, the clean plants
with similar size (30.0+2.0 cm in height and 6.7+0.3 g
in weight for As(V) treatment, 39.5+2.0 cm in height
and 11.0+1.0 g in weight for As(III) treatment) were
selected and acclimatized for 7 days in laboratory con-
ditions [15% Hoagland’s solution (75.80 mg L™ KNO;,
1.77 mg L™ Ca(NO;),-4H,0, 73.90 mg L~ MgS0,-7H,0,
2.04 mg L~! KH,PO,, 0.42 mg L™! H;BO;, 0.18 mg L™!
MnCl,-4H,0, 0.03 mg L~! ZnSO,-7H,0, 0.01 mg L™!
CuSO,-5H,0, 0.01 mg L™! NaMo0O,-2H,0, 0.83 mg L™!
FeSO,-7H,0, and 1.12 mg L™! EDTA-Na,; Chen et al.
2015), pH 6.5, 112 pmol m™* s™!, 12L:12D, 22+ 1 °C].
After acclimatization, every three plants were washed
using ultrapure water, and then transferred to a hydroponic
box (127 x 87 x 114 mm? in size) containing 800 mL of
15% Hoagland’s solution with As(III) or As(V) at vari-
ous concentrations [0 (control), 200, 500, and 1,000 pg
L~!] under the above-mentioned laboratory conditions for
treatment. Experiments were set up in triplicate. The treat-
ment without arsenic was used as blank control. The depth
of 15% Hoagland’s solution in the hydroponic box was
about 80 mm. Ultrapure water was replenished to 80 mm
in height every day due to evaporation losses. Two mil-
liliters of the water samples were taken from the hydro-
ponic box every 2 days and filtered through a 0.22-pm
filter (Xinya Purify Device Company, Shanghai, China).
For arsenic analysis, the water samples were acidified with
1% HNOj solution (v/v) and immediately cooled to 4 °C.
The plant samples were collected on day 31 of the treat-
ment based on the pre-experimental results. The collected
plants were first washed with running tap water and then
with ultrapure water to remove apoplastic arsenic. After
being dried with filter papers, the plant samples were used
to measure height and fresh weight, and then divided into
root, stem, and leaf. Some fresh samples were frozen at
—70 °C for subsequent determination of lipid peroxidation
level and antioxidant enzyme activity. Some were freeze-
dried and grounded in an agate mortar. The powdered dry
samples were sealed in PE bags and stored in a desiccator
before arsenic analysis. The removal efficiency (RE) of
arsenic was calculated according to the following equation
(Jiang et al. 2022):

RE (%) =

C,—-C
0t % 100%, (1
CO

where C, and C, are the initial and final arsenic concentra-
tions in water, respectively.

To estimate the potential of A. calamus for phytoreme-
diation purposes, the bioconcentration factor (BCF) and
translocation factor (TF) were used as indicators. BCF is
described as the ability of plants for arsenic accumulation
from water. TF is used to evaluate the pollutant transport

capacity of plants from underground part to overground
part. They can be calculated by the following equations
(Bello et al. 2018):

C
BCF = —,
. @
TF = Coverground ’ (3)
Cunderground

where C is the arsenic concentration in the plant (mg kg™'),
C,, is the arsenic concentration in the water (mg L),
Coverground 18 the arsenic concentration in the overground part
of plant (mg kg!), and Cunderground 18 the arsenic concentra-
tion in the underground part of plant (mg kg™').

Relative growth rate (RGR) is an indicator of the suit-
ability of the species for phytoremediation (Compaore et al.
2020). Root tolerance index (TL,) is used to assess the rhizo-
filtration potential of toxic metals (EI-Mahrouk et al. 2020).

RGR and TI, were calculated as follows:

w

W - W,
RGR = ——, 4)
)

L
TI, (%) = f x 100%, )

C

where W, and W, are fresh weight of plant at the beginning
(t,) and the next sampling (¢,), respectively (g), L, is average
root length of the arsenic-treated plant (cm), L. is average
root length of control plant (cm).

Digestion and Analysis of Total Arsenic

Each plant sample (0.2 g of leaf or 0.1 g of root) was digested
using 4.0 mL of 70% HNO; (>99.999% metals basis) and
1.0 mL of 30% H,O, (guaranteed reagent grade) in a micro-
wave-assisted digestion system (MDS-6G, Sineo Microwave
Chemistry Technology Co. Ltd, Shanghai, China). The
digestion procedure was conducted in three steps: 15 min to
120 °C, 15 min to 190 °C, and followed by another 30 min
at 190 °C (Li et al. 2018). After cooling down, the digested
solution was diluted to 25 mL with ultrapure water, passed
through a 0.22-pm filter, and kept at 4 °C before analysis.
Total arsenic in both water samples and digested solutions
were determined by an Agilent 7700 X ICP-MS (Agilent,
Tokyo, Japan). The operating parameters for ICP-MS were
as follows: RF power of 1550 W, plasma gas (argon) flow
rate of 15.0 L min~!, carrier gas flow rate of 0.9 L min~!,
and auxiliary gas flow rate of 0.9 L min~'. The polyatomic
interference was eliminated by operating the collision/reac-
tion cell in helium mode (4.3 L min™' flow rate). The same
method was used to analyze a certified reference material of
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celery (GBW-10048) from the CRM/RM Information Center
of China (Beijing, China). A method blank was conducted
during each batch of samples to confirm the blank value had
no statistical significance. The recoveries for total arsenic in
spiked samples ranged from 90 to 110%.

Extraction and Speciation of Arsenic

Arsenic species were extracted from the plant samples using
a microwave-assisted extraction method. 0.2 g of leaf or
root powder was weighed into a Teflon digestion vessel and
10 mL of 1% HNO; solution (v/v) was added. The diges-
tion vessel was placed in a microwave-assisted digestion
system at 90 °C for 90 min. After cooling, the extracted
solution was centrifuged at 9,000 rpm for 30 min. The
supernatant was then filtered through a 0.22-um filter and
stored at 4 °C before analysis. Arsenic speciation analysis
in plant samples was conducted using Agilent 1260 HPLC
(Agilent, Tokyo, Japan) with Agilent 7700 X ICP-MS. The
separation of arsenic species was performed using a Hamil-
ton PRP-X100 anion-exchange column (4.1 mm X 250 mm,
10 pm) equipped with a Hamilton PRP-X100 guard col-
umn (2.0 mm X 20 mm, 10 pm), in which the 10 pL sample
was eluted by the mobile phase (A: 4 mmol L™! NH,HCO,,
pH 8.6; B: 4 mmol L™! NH,HCO,/40 mmol L™' NH,NO;,
pH 8.6) at a flow rate of 1.0 mL min~'. The extraction effi-
ciency of arsenic was validated by analyzing the certified
reference material GBW-10048. The extraction efficiency
was 69-98%.

Determination of Lipid Peroxidation
and Antioxidant Enzyme Activities

About 0.3 g of leaf or root sample was homogenized in
2.7 mL of precooled (4 °C) 0.9% saline solution in an ice-
bath. The homogenate was then centrifuged at 4,000 rpm for
10 min at 4 °C. The sample solution for the measurement
of H,O, concentration was centrifuged again at 10,000 rpm
for 10 min. The obtained supernatant was used for further
analysis. Malondialdehyde (MDA) content was determined
using the thiobarbituric acid (TBA) reaction. H,O, was
measured in the reaction mixture by the molybdic acid (MA)
method. Catalase (CAT) activity was assessed in the reac-
tion with ammonium molybdate. All the kits were purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China).

Statistical Analysis

All values are presented as mean + standard deviation
(SD). One-way analysis of variance (ANOVA) with
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Duncan's multiple range test (DMRT) was run to test the
differences among groups. Values of P <0.05 were con-
sidered statistically significant. All statistical analysis was
performed with SPSS 25.0 (SPSS Inc., Chicago, IL, USA).
Graphics were generated using Origin 2018C (OriginLab,
Inc., Northampton, MA, USA).

Results and Discussion

Comparison of As(V) and As(l1l) Removal by A.
calamus

The removal efficiencies of As(V) and As(III) by A. cala-
mus were compared during a 31-day exposure. As shown in
Fig. 1, the remaining concentrations of As(V) and As(III)
in water showed a trend of continuous decrease. Differ-
ently, the remaining concentrations of As(III) dropped
more quickly than those of As(V). For As(V) treatment,
the arsenic removal efficiencies increased first slightly
for 5 or 7 days and then sharply from 28.39% +0.72%
t0 96.50% +0.33% (200 pug L"), from 6.13% + 1.60% to
95.03% +0.13% (500 pg L"), and from 10.66% +2.14% to
97.09% +0.36% (1,000 pg L_l), respectively. For As(III)
treatment, the removal efficiencies of arsenic presented
a linear increase since the beginning of the experiment
and then kept nearly invariant between the 13th and
31st day. The removal efficiencies of arsenic reached
97.10% +0.67% (200 pg L™Y), 97.41% +0.08% (500 pg
L), and 95.45% +0.40% (1,000 pg L"), respectively. In
general, A. calamus could remove more than 95% of As(V)
or As(IIl) from water. Compared with As(V), As(III) could
be removed by A. calamus more efficiently.

In this study, more than 95% of the total arsenic was
removed from As(V)-/As(IIl)-contaminated water. Nev-
ertheless, de Souza et al. (2019) reported that 1 g fresh
weight of L. valdiviana was able to remove 82% of its
initial As(IIT) concentration (500 pg L™!) under optimal
conditions. The other three aquatic macrophytes E. cras-
sipes, L. minor, and Spirodela polyrhiza could remove no
more than 80% of arsenic (initial concentration 50 pg L™1)
during 21 days (Mishra et al. 2008). E. crassipes had an
arsenic removal efficiency of only 18% when exposed to
150 ug L™! or less arsenic concentrations (Alvarado et al.
2008). It was suggested that A. calamus could be an effec-
tive plant for phytoremediation. On the other hand, the
pre-oxidation of As(III) to As(V) is a desirable process
for the effective removal of iAs from water using physico-
chemical methods. This results showed that A. calamus
could efficiently remove As(IIl) as well as As(V) without
a pre-oxidation process. Accordingly, A. calamus could be
suitable for iAs phytoremediation.
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Accumulation and Transformation of Arsenic
Species by A. calamus

Accumulation of arsenic in A. calamus is presented in
Fig. 2. After 31-day exposure, the total arsenic in different
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ferences (P<0.05) among the means of residual As(IIl) or As(V)
concentrations with time. Data are expressed as the mean +SD (n=3)

vegetative organs of A. calamus increased with the increase
of initial As(V) concentration. About 34.24 +0.49 mg kg™
(200 pg L7, 46.76 £5.39 mg kg~ (500 pg L1, and
292.77+36.18 mg kg~! (1,000 pg L™!) of arsenic have
been found to be accumulated in the underground part (root)
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Table 1 Bioconcentration factor (BCF) and translocation factor (TF)
of A. calamus under different arsenic concentrations

Treatment concentration  BCF TF
(ngL™

As(V) 200 1.322 0.043%
500 1.44 0.036°
1000 0.81° 0.0442

As(I1I) 200 8.30° 0.007°
500 1.90° 0.0442
1000 2.29° 0.032%

of A. calamus. Only 1.31+0.06 mg kg™' (200 pg L"),
6.12+0.10 mg kg™! (500 pg L"), and 3.71 +0.15 mg kg~!
(1,000 pg L") of arsenic were accumulated in the above-
ground part (stem and leaf). Thus, it can be seen that the arse-
nic contents were much higher in the root than in the stem
and leaf. After As(IIl) treatment, A. calamus accumulated
82.14+11.51 mg kg~' (200 pg L™, 26.08 +6.36 mg kg™
(500 pg L™, and 62.38+7.97 mg kg~! (1,000 pg L™!) of
arsenic in the roots, respectively. High arsenic accumulation
by roots under low As(III) treatment might be related to
the relatively low oxidative damage suffered by plant cells.
Similarly, a small amount of arsenic was accumulated in
the stem and leaf under As(III) exposure. It was indicated
that iAs was mainly accumulated in the root of A. calamus.
This conclusion was supported by the observation that the
translocation factors (TFs) of As(V) and As(IIl) were no
more than 0.044 (see Table 1).

Various arsenic species were identified and quantified
in the vegetative organs of A. calamus (Fig. 3). For As(V)
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treatment, As(V) and As(IIT) were found in the whole plant,
whereas DMA (0.09—0.13 mg kg™!) was only present in
the aboveground part. As(V) was the main species in the
As(V)-exposed plants (45.86-70.21%). Both the content
and percentage of As(IIl) significantly increased with the
increase in the concentration of As(V) treatment. But the
percentage of As(III) was no more than 51.23%. It was sug-
gested that some of the As(V) absorbed into the root sys-
tem was reduced to As(III) and further methylated to DMA
in the stem and/or leaf. For As(IIl) treatment, As(V) and
As(IIT) were also identified in the whole plant, but DMA
(0.06 and 0.07 mg kg™!) was detected in the leaf under the
treatment of 500 and 1,000 pg As(III) L™!. Correspond-
ingly, As(IIT) was the main species in the stem and leaf of
As(IIl)-exposed plants (55.76-85.52%), while As(V) was
still dominated in the root under 200 and 500 pg As(IIT) L™
treatment (64.8% and 58.42%). Although the As(V) content
increased with increasing the concentration of As(IIl) treat-
ment, the percentage of As(V) decreased. It was indicated
that a large amount of As(III) absorbed could be oxidized
to As(V) in the root system, and its oxidation efficiency was
limited by the As(III) content in cells. The methylation of
As(IIT) to DMA seems to occur mainly in the leaf of emer-
gent macrophyte.

In this study, iAs was more accumulated in the root than
in the stem and leaf of A. calamus at each treated concentra-
tion. The result of this study was similar to the results of sev-
eral submerged macrophytes. V. natans (Lour.) Hara accu-
mulated more arsenic in the roots (187.11—248.65 mg kg™
than in the leaves (19.10—39.52 mg kg™') after 14 days of
treatment (Li et al. 2018). Arsenic was also more accumu-
lated in the roots of alternate watermilfoil (Myriophyllum
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alterniflorum DC.) (156 +22 mg kg™") than in its shoots
(104 + 12 mg kg™!) (Krayem et al. 2016). Hydrilla verticil-
lata (L.f.) Royle has been shown to accumulate > 73% of
arsenic in the root (Xue and Yan 2011). Additionally, the
highest concentration of arsenic was found in the roots of
two free-floating macrophytes [E. crassipes (Mart.) solms
and water spinach (Ipomoea aquatica Forsk)] and one emer-
gent macrophyte [narrow-leaved cattail (Typha angustifolia
L.)] growing in the wastewater treatment ponds (Natee-
wattana et al. 2010). It was proved that the root of aquatic
macrophytes acted as a barrier to limit arsenic translocation
to the stem and leaf. The root is the main organ of plants
for water and inorganic salts absorption. Plants also have
developed many mechanisms to restrict the translocation of
metal(loid) ions. For instance, the Casparian strip in plant
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roots could act as a diffusion barrier to block the transport of
metal(loid) ions from the cortex to the vascular bundle, thus
preventing their translocation to the aboveground part (Bax-
ter et al. 2009). Free metal(loid) ions in plant cells could be
sequestered into root vacuoles to reducing their translocation
to the aboveground parts (Korenkov et al. 2009). This idea
was further evident from the low TF values (0.007—0.044)
of arsenic in A. calamus. Furthermore, in the case of ter-
restrial environment phytoremediation, plants capable of
translocating arsenic to the aboveground parts are prioritized
(de Campos et al. 2019). Pteris vittata L. is the first known
arsenic-hyperaccumulating plant that has been found to be
highly efficient in translocating arsenic from roots to fronds
(Zhao et al. 2023). Harvesting the aboveground parts of P.
vittata can achieve the goal of removing arsenic from the
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terrestrial environment. However, the entire aquatic mac-
rophytes can be collected and removed from the medium
easily. Therefore, the arsenic that has accumulated in the
root of aquatic macrophytes may also be removed from the
aquatic environment. For A. calamus, harvesting the entire
plant with consequent reseeding/reallocation of new plant
is expected.

Some organisms, such as bacteria, archaea, fungi, algae,
and animals (including humans), are able to methylate
As(III) to various 0As species (e.g., monomethylarsonic acid
(MMA) and DMA) (Zhao and Wang 2020). In organisms,
As(V) can be first reduced to As(IIl), followed by meth-
ylation to MMA, and then methylation to DMA (Wu et al.
2015). However, few higher plants appear to have the ability
to methylate As(II). In this study, DMA could be detected
in the aboveground part (i.e., leaf) of A. calamus at each
concentration of As(V)/As(III) treatment. This appears to be
new supporting evidence that DMA can be formed in higher
plants. DMA is a major metabolite of iAs in many organ-
isms including humans (Cullen et al. 2016). In general, the
biomethylation plays an important role in the metabolism of
iAs. The pathway of arsenic biomethylation involves alter-
nate steps of two-electron reduction of As(V) to As(IIl) and
then oxidative addition of methyl groups known as oxidative
methylation (Roy et al. 2015). The methylation of iAs has
been regarded as a detoxification mechanism because 0As
is supposed to be less toxic than iAs (Zhen et al. 2020). The
presence of DMA in the aboveground part (i.e., leaf) of A.
calamus was considered to be a means of detoxification.

iAs-Induced Changes in Growth Status of A. calamus

The effect of iAs concentration on the growth status of A.
calamus was studied to evaluate its stress resistance. As
illustrated in Table 2, the RGR of the plants subjected to
200 and 1,000 pg As(V) L™ were similar to that of the con-
trol group. Differently, the RGR of the plant treated with
500 pg As(V) L™! was lower than that of the control group.
Under As(III) treatment, the RGR of A. calamus were all
slightly decreased compared with the control group. The
results indicated that iAs could cause a slight decrease in
plant RGR. In contrast, the TI, of A. calamus with As(V)

Table 2 Effect of inorganic arsenic concentration on growth status of
A. calamus after 31 days of exposure

As concentration As(V) As(IIT)

(ugL7h RGR TI, (%) RGR TI. (%)
0 0.315 100 0.324 100
200 0.311 129.61 0.278 90.40
500 0.189 142.76 0.300 93.60
1000 0.311 127.63 0.298 121.60
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treatment (127.63-142.76%) were all much higher than
that of the control group. The TI, of the plants with As(III)
treatment increased linearly with increased concentration
of As(IIl), although only the TI, of the plant subjected to
1,000 pg As(III) L™! was higher than 100%. It was implied
that A. calamus could regulate its root growth in response
to iAs exposure. In addition, A. calamus could keep its
green leaves during the 31 days of iAs exposure (Fig. 4),
suggesting that low content of iAs in leaves had no obvious
inhibitory effect on the chlorophyll synthesis of emergent
macrophyte. A. calamus has a certain resistance to arsenic
pollution in water.

In nature, few plant species are capable of accumulating
or detoxifying extraordinarily high levels of arsenic (Souri
and Karimi 2017). Arsenic can affect the morphological,
physiological, biochemical, and metabolic attributes of
plants like root-shoot length and biomass, chlorophyll con-
tent, and photosynthetic rate (Bali and Sidhu 2021). Singh
et al. (2019) reported As(V) treatments (100 and 200 uM)
led to significant reduction in root and leaf biomass. Arsenic
treatment also reduced the fresh weight by 25.8% and dry
weight by 31.0% in Artemisia annua L. as compared to the
respective control (Naeem et al. 2020). In this study, As(V)
treatment at 500 pg L™ was found to decrease the biomass
gain of A. calamus. Conversely, As(V) treatment could pro-
mote the root elongation growth. This indicated that As(V)
reduced the accumulation of biomass in aboveground plant
parts, but promoted an increase in root biomass. In aque-
ous phase, As(III) is more toxic, more soluble, and more
mobile than As(V) (Wu et al. 2019). The biomass gain was
decreased more obviously in A. calamus with As(III) treat-
ment. This phenomenon may be caused by the reduction
in the photosynthesis rate under As(IIl) treatment, which
leads to reduced organic matter content (Gupta et al. 2021).
Unlike As(V), As(III) treatment at 200 and 500 pg L™! also
inhibited the root elongation growth. But the root elonga-
tion growth was promoted under high As(III) concentration.
These results suggested that A. calamus responded to iAs
stress by altering its root morphology.

iAs-Induced Changes in Lipid Peroxidation
and Oxidative Stress of A. calamus

MDA, a marker of lipid peroxidation, was determined in the
As(V)/As(Ill)-exposed plants. As demonstrated in Fig. Sa,
d, the MDA concentrations in the root were significantly
higher than those in the stem and leaf. For As(IIl) treatment,
the MDA concentrations showed an upward trend with the
increase of treatment concentration. For As(V) treatment,
the MDA concentrations in A. calamus with 500 pg As(V)
L~! treatment were the highest. H,O, is a normal by-prod-
uct of cellular metabolism that in higher concentrations can
induce oxidative stress. Similarly, the concentrations of
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H,0, were the highest in the root of As(IIl)-exposed plants
in each treated concentration (Fig. 5f). But the amount of
H,0, generated in response to As(V) was lower than that
responding to As(III). CAT is involved in H,O, catabolism,
which is important in defense against oxidative stress. The
activities of CAT in the As(IIl)-treated groups were the low-
est in the leaf, and increased with the increase of the As(III)
concentration (Fig. 5e). The highest CAT activity in As(V)-
exposed plants was found in the root at 500 pg As(V) L™!
(Fig. 5b).

Arsenic is a redox-active element that causes oxidative
stress by generating reactive oxygen species (ROS) in the
plant tissues from its conversion of As(V) to As(IIl), leading
to non-specific oxidation of biomolecules, enzyme inactiva-
tion, and membrane damage (Adhikary et al. 2022). ROS are
reactive derivatives of O, metabolism, including superoxide
radical (O, ), singlet oxygen (102), hydroxyl radical (-OH),
and H,0,. Out of all the ROS molecules, H,0, has the long-
est stability (half-life of 1073 s) within plant cells (Huang
et al. 2019). H,0, is considered to be an important signaling
molecule that responds to various stimuli. In A. calamus,
the accumulation of H,O, was greater in the root than in the
stem and leave. The concentration of H,O, was obviously
related to the concentration of arsenic absorbed. On the other

hand, plants have evolved a suite of antioxidant system to
protect against oxidative stress by scavenging ROS (Singh
et al. 2017). CAT is one of the crucial antioxidant enzymes
that mitigates oxidative stress to a considerable extent by
metabolizing H,0, to H,0 and O,. Corresponding to H,O,,
CAT activity increased significantly upon As(III) treatment.
As described by Liu et al. (2017), a higher activity of anti-
oxidant enzyme generally exhibited better resistance to toxic
metal stress. It was suggested that A. calamus could well
resist As(II) stress. In addition to the enzymatic antioxi-
dant defense systems, plants synthesize the non-enzymatic
antioxidants such as MDA and glutathione (GSH) which are
also involved in scavenging ROS (Ahire et al. 2021). MDA
is generated by the peroxidation of membrane polyunsatu-
rated fatty acids, which is the most commonly used marker
for the determination of the antioxidant status. In this study,
both As(V) and As(IIl) stress caused a significant increase in
MDA levels in the root of A. calamus. At the same time, the
level of MDA increased with increasing arsenic concentra-
tion. These results were in agreement with the findings of
Banerjee and Roychoudhury (2022) and Chu et al. (2022),
suggesting that A. calamus was equipped with an efficient
antioxidant mechanism against iAs-induced oxidative stress.
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Conclusions

This study quantified the contribution of emergent macro-
phyte A. calamus in iAs removal from water. A. calamus
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exhibited the excellent removal capability for As(V) and
As(III). iAs could be absorbed into A. calamus and mainly
accumulated in its root. Meanwhile, A. calamus favored the
methylation of As(IIT) to DMA in the leaf. Plant growth
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was nearly not affected by As(V) and As(IIl). iAs treatment
could cause an increasing generation of ROS (i.e., H,0,) in
A. calamus, which was effectively scavenged by its enzy-
matic and non-enzymatic antioxidants (CAT and MDA). The
present work concluded that A. calamus had a high level of
iAs resistance in the tested conditions. In summary, A. cala-
mus can be considered a promising plant for the treatment of
iAs-contaminated water in field application.
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