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ABSTRACT
A potential plant species suitable for As bioaccumulation and phytoremediation of water 
environments could be the macrophyte Berula erecta. The objective of the present study 
was to investigate the effect of arsenate (As(V), C2H6AsNaO2∙3 H2O), predominant in fresh-
water systems, on the growth, development and low molecular weight thiols of Berula erecta 
under controlled tissue culture conditions in vitro. Uptake of total arsenate increased with 
increasing arsenate treatments, at a higher percentage in the roots than in the aboveground 
parts of the plants. Lower concentrations of As(V) (0.1, 1, 10 mg L−1) had a positive effect on 
growth, dry weight, length of roots and shoots and number of buds. High concentrations of 
arsenate (50 and 100 mg As(V) L−1) significantly inhibited all growth parameters and decreased 
the photochemical efficiency of PSII. Evaluation of thiols revealed the critical As level (146 µg g 
−1 DW; 50 mg As(V) L−1 treatment) above which the As concentration can be toxic.
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Introduction

Arsenic (As), a naturally occurring element, 
a semimetal in the earth’s crust. It occurs in trace 
amounts and may be present in soil, water, and air. It 
is estimated that one-third of As is present in the 
environment in relatively high concentrations due to 
natural conditions, and the rest is due to anthropo-
genic activities [1,2]. Polluted areas exist both world-
wide and in Slovenia [2–5]. Pollution studies in the 
Zasavje region of central Slovenia revealed elevated 
As levels of in the sediments (median 29.5 mg kg−1) 
and in water samples (0.8 µg L−1) [3]. In the Šaleška 
Valley, arsenic was the only heavy metal studied with 
values above the European background concentration 
of 2.0–10.0 mg kg−1, ranging from 4.9 to a maximum of 
20.3 mg kg−1. Higher concentrations of As were also 
found in samples of lichens, forest fruits, and macro-
fungi [4]. Arsenic contamination also occurs in mining 
areas and steel industry sites in the municipalities of 
Celje, Idrija, Jesenice, and Mežica with median concen-
trations ranging from 20 to 21 mg kg−1, whose values 
range from 6.0 to a maximum of 387.0 mg kg−1 [5]

To the public arsenic is synonymous with poison, 
and in high concentrations, inorganic arsenic can 
cause death [6]. Increasing arsenic contamination 
worldwide poses a growing threat to the environment 
and humans [2,6,7]. Even low concentrations of As can 

be highly toxic and potentially carcinogenic. As can 
attack cellular organelles and their components in bio-
logical systems [8]. A major health problem in the 
world, mainly due to anthropogenic activities, is the 
As contamination of drinking water [2,9]. In natural 
waters, As occurs in inorganic and organic forms [2]. 
The inorganic form, which is the most abundant and 
toxic in the environment, is the predominant form of 
the two found in polluted waters, and occurs in two 
oxidation states: Arsenite (As(III)) and Arsenate (As(V)) – 
depending on pH and redox conditions. The former 
(As(III)) is predominant under reduced conditions in 
anaerobic environments, while As(V) is predominant 
under oxidizing conditions in aerobic environ-
ments [10].

It is known that thiols play a crucial role in the detox-
ification of As [11]. The authors reported a number of 
glutathione (GSH)-related genes involved in synthesis 
and metabolism of GSH in rice seedlings exposed to 
As(V) [11–13]. This reflects a higher requirement for 
GSH under As stress. Glutathione is involved in the non- 
enzymatic reduction of As(V) to As(III). Consequently, 
oxidation of GSH occurs through the formation of a di- 
sulphide bond, resulting in a glutathione di-sulphide 
dimer that can be rapidly recycled into two GSH mole-
cules by GSH reductase [14]. The reduced As(III) is further 
detoxified either by forming a complex with thiol-rich 
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peptides such as reduced cysteine, GSH and phytochela-
tins (PC) or by vacuolar sequestration [15], or by 
a combination of both. Glutathione not only plays 
a direct role in As detoxification, but also participates 
as an antioxidant in the oxido-reductive processes of 
photosynthesis [16], which are negatively affected by As 
treatment. Previous studies on rice have shown that As- 
induced damage to the photosynthetic apparatus is 
modulated by hydrogen peroxide and the activity of 
superoxide dismutase (SOD), ascorbate peroxidase 
(APX), peroxidase (POD), and glutathione reductase (GR) 
have confirmed that oxidative stress is generated 
in rice [13]. Moreover, glutathione S-transferase, 
glutathione reductase, S-nitrosoglutathione reductase, 
glutathione-conjugated transports and genes of sul-
phate-metabolising proteins were reported to be upre-
gulated in rice during As(V) stress [12,17,18], reflecting 
the versatile role of glutathione in As detoxification. In 
addition, cysteine and GSH are precursors of PC, which 
are known to be primary chelators of As [11].

To address the problems associated with As, various 
aquatic plants that can bioaccumulate arsenic have 
been tested. Arsenic was bioaccumulated by Lemna 
valdiviana Phil [19], Eichhornia crassipes (C.Mart.) 
Solms, Lemna minor L [20], Spirodela intermedia 
W. Koch [21] and Eleocharis acutangula [22]. In this 
regard, Eichhornia crassipes has proven to be a more 
suitable and reliable alternative for bioremediation of 
arsenic from aquatic environments. The fern group has 
been shown to be a successful heavy metal remediator. 
Pteris vittata L. is known to be the first fern to hyper-
accumulate arsenic [23]. There are also other ferns, 
namely, Nephrolepis cordifolia (L.) C. Presl., Hypolepis 
muelleri N.A.Wakef., Pteris umbrosa R.Br., Marsilea quad-
rifolia and Pteris cretica L. that can accumulate arsenic in 
their leaves [24–27]. In addition to a large number of 
studies on Pteridaceae, there are also studies done on 
aquatic, semi-aquatic and submerged plants [28]. There 
are some studies on the accumulation of heavy metals 
in Apiacea [29–33], two of them on B. erecta [32,33], but 
none on the removal of As.

One of the potential plant species suitable for the 
removal of As from contaminated environments 
could also be the macrophyte lesser water-parsnip, 
Berula erecta (Huds.) Coville, Apiaceae. Narrow-leaved 
stonecrop is a creeping perennial that grows vegeta-
tively gaining weight rapidly and reaching a height of 
up to 40 cm. The species occurs in various freshwater 
habitats such as bogs, swamps, springs, lakes, pud-
dles, streams and ditches. It is a subcosmopolitan 
species of the Northern Hemisphere and native to 
Slovenia [34,35]. Since it grows well in tissue culture 
under controlled conditions (temperature, humidity, 
light) in vitro in the tissue culture medium Murashige 
and Skoog [36], without the need for additional 
growth regulators [32], it is a suitable species for 
research and cultivation.

Our objective was to determine whether B. erecta 
has potential for As bioaccumulation and phytoreme-
diation of water environments and whether this plant 
can be used for detoxification and phytoremediation of 
waters contaminated with As. This potential was inves-
tigated under controlled conditions in tissue culture 
in vitro by exposure to various concentrations of the 
water-soluble form of arsenate (As(V)). In addition to 
the known toxic effects of As, application of a low dose 
of As may also have a stimulatory effect on plant 
growth and development [37], although the metabo-
lism responsible for the stimulation is not clearly under-
stood. Therefore, another objective was to investigate 
the stimulatory and toxic As dose-dependent effects on 
growth, development and metabolism of B. erecta.

Material and methods

Plant material and growth conditions

To study the response of plants to arsenic in the form 
of arsenate (As(V)), in vitro propagated shoots of Berula 
erecta (Huds.) Coville (Apiaceae) were placed on 20 mL 
of Murashige and Skoog [36] solid medium (MS) with-
out growth regulators. The MS medium, supplemented 
with 0.8% Difco – Bacto agar and 3% sucrose, was 
adjusted to a pH of 5.7–5.8 before autoclaving. Two 
shoots, each approximately 90 mg each, were placed 
on the surface of the MS medium in 175 mL jars with 
transparent lids and cultured in a growth chamber at 
23 ± 2°C and 50% relative humidity with a photoperiod 
of 16 h at 38—50 μmol m−2 s−1 (Osram L 58W/77 - 
Fluora). After two weeks of root induction on the MS 
medium, the vessels were filled with an additional 20  
mL of arsenate (As(V), C2H6AsNaO2∙3 H2O) (Dimethyl- 
arsenic acid Sodium salt, 99%, Fluka, BioChemika, 
Packed in Sigma-Aldrich®, Steinheim, Switzerland) in 
concentrations of 0.1, 1, 10, 50 and 100 mg L−1. 
Distilled water (20 mL) was used for control treatment. 
Growth, development, bio-chemical and physiological 
parameters were measured weekly over a period of 
three weeks on As(V) exposed plants and compared 
with controls. The experiment with six replicates per 
treatment was repeated twice. Both similar results 
were included into the statistical analysis.

Growth and development

Growth and development parameters were measured 
every 7 days during the three-week experimental period. 
Determined were: Fresh and dry weight, shoot and root 
length, and number of shoots and stolons. Parameters 
were measured at the beginning of the experiment on 20 
plant samples of each As(V) concentration treatment to 
obtain baseline values, and then after 7, 14 and 21 days on 
12–14 plant samples for each As(V) treatment.
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Photochemical efficiency of photosystem II

Chlorophyll fluorescence was measured in situ using 
Handy PEA fluorometer (Hansatech, Kings Lynn, UK). 
Chlorophyll fluorescence measurements were made 
after 10 min of darkness using dark adaptation clips 
on 12–14 samples for each As treatment. Fluorescence, 
excited with ultra-bright red LEDs is optically filtered to 
a peak wavelength of 650 nm at 3000 µmol m−2 s−1 of 
0.8 s. The potential photochemical efficiency is 
described by the abbreviation Fv/Fm [38].

Determination of photosynthetic pigments

Samples of 6–8 plants from each As(V) treatment were 
used to determine chlorophylls a and b and carotenoid 
content. Pigment samples were extracted with 100% 
acetone. Pigment content was determined using a UV/ 
VIS spectrometer (Varian Cary 100 Bio UV-Visible 
Spectrophotometer, SpectraLab Scientific Inc. 
Canada) according to the method of Lichtenthaler 
and Buschmann [39]. Samples from 6 to 8 plants 
were used to determine anthocyanin content. They 
were extracted (methanol: HCl = 99:1) and measured 
as described by Drumm and Mohr [40].

Determination of total As

For As analysis, samples, belowground roots and 
aboveground parts of plants were separateed, 
freeze-dried (LIO-5 P Kambič, Slovenia) and ground 
(Fritsch pulverisette 14). The amount of As was mea-
sured using Agilent method 132 ICP-MS 7500c, SIST 
EN ISO 17,294–2: 2005. The detection limit of the 
method (LOD) was 0.050 mg kg−1 and the quantifica-
tion limit was 0.020 mg kg−1. The measurement 
uncertainty was 25%. Each sample of the experiment 
was analyzed twice. The accuracy of the method was 
checked using the reference material CRM NIST 1515 
‘Apple leaves’.

Determination of thiols

Eight samples from each As(V) treatment were used to 
determine thiols. Each sample was divided among 
aboveground parts and belowground roots of three 
in vitro plants and immediately frozen in liquid nitro-
gen and stored. The frozen material was freeze-dried 
and ground (Fritsch pulverisette 14) before analysis.

Total glutathione, oxidized glutathione, total 
cysteine, and cystine were determined quantitatively 
as described by Tausz [41]. Thiols were separated and 
determined using a Waters 2695 HPLC system, 
a Waters 2475 Multi fluorescence detector (excitation: 
380 nm; emission: 480 nm), Spherisorb S5 ODS2 250 ×  
4.6 mm column (solvent A: 0.25% (v/v) acetic acid in 
water with 5% methanol, pH 3.9; solvent B: 90% (v/v) 

methanol in water). Gradients were 5% to 15% of 
solvent B, 20 min, 100% solvent B, 6 min, 5% solvent 
B, 8 min. Flow rate was 1 mL min−1.

Statistical analysis

All measured parameters, growth, development, pig-
ments, As content, photochemical efficiency and thiols 
were represented by means and standard deviations 
(±SD) and were statistically analysed by one-way analy-
sis of variance (ANOVA) using SPSS 27 software (SPSS 
Inc., Chicago, IL, U.S.A). Significant differences between 
means were determined using the Kruskal–Wallis test 
followed by Dunn’s post hoc test. Different letters indi-
cate significant differences (P < 0.05) between means.

Results

Growth and development

During the first two weeks of the experiment, fresh 
weight and dry weight increased slowly but not sig-
nificantly in controls (Figure 1(a,b)) and in individual 
plants exposed to lower As concentrations (0.1–10 mg 
L−1). By the third week of the experiment, fresh weight 
and dry weight increased significantly in controls and 
in plants exposed to all lower As concentrations (0.1– 
10 mg L−1), with no significant differences between 
them, although As exposure increased weights slightly. 
At the higher As concentrations (50, 100 mg L−1), fresh 
weight and dry weight remained unchanged during all 
three weeks of the experiment and were comparable 
to the control from the beginning of the experiment.

The same negative effect of high As(V) concentra-
tions on B. erecta growth and development is also 
clearly seen in Figure 2 after a three-week experiment. 
Exposure to concentrations between 0.1 and 10 mg 
As(V) L−1 significantly stimulated the growth of 
B. erecta shoots, roots and stolons compared to the 
control (Figure 2). Negative effects of higher As(V) 
concentrations occurred only after the third week of 
the experiment (Figures 1, 2). The highest concentra-
tion (100 mg L−1) had the most noticeable negative 
suppression effect (Figures 1, 2).

Photochemical efficiency of photosystem II

Low As concentrations had no effect on photochemi-
cal efficiency in all three weeks of the experiment 
(Figure 3). The highest As concentration decreased 
photochemical efficiency values as early as 
the second week at a concentration of 100 mg As per 
L−1 and in the third week at the two highest concen-
trations (50 and 100 mg L−1 As(V)). The values at the 
highest concentrations decreased by up to 30% 
(Figure 3).
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Pigments

As(V) affected the amount of pigment synthesized 
(Figure 4). Exposure to concentrations between 0.1 
and 10 mg As L−1 after one week actually slightly 
stimulated pigment synthesis in B. erecta compared 
to the control (Figure 4), especially at concentrations 
lower than 10 mg As L−1. This effect was not observed 
after the second week of the experiment. 
Chlorophylls a were slightly reduced at the highest 
As concentrations after the second week of the 
experiment and reduced at all As concentrations 

after the third week of the experiment, most strongly 
at 100 mg As L−1. The same tendency was observed 
for the amount of carotenoids. The same tendency 
was observed for chlorophyll b, except that the high-
est concentration of 100 mg As L−1 did not decrease 
as much as chlorophyll a and carotenoids after three 
weeks of the experiment. Anthocyanins decreased 
over the course of the experiment in control plants 
and plants exposed to As. The effect was most pro-
nounced after three weeks of the experiment at the 
two highest concentrations, i.e. 50 and 100 mg As L−1.

Figure 1. The effect of As(V) exposure (0.1, 1, 10, 50 and 100 mg As(V) L−1) of B. erecta in vitro on (a) fresh weights (FW) and (b) dry 
weights (DW were determined at the beginning and after 7, 14 and 21 days of the experiment. Means ±SD (n = 11–12) are shown. 
Significant differences are indicated by different letters (Kruskal–Wallis test, Dunn’s post hoc, P ≤ 0.05).

Figure 2. The effect of As(V) exposure (0.1, 1, 10, 50 and 100 mg As(V) L−1) of B. erecta in vitro on (a) the plant heights, (b) the roots 
lengths, (c) the average shoot numbers (d) the average stolon numbers were determined at the beginning and after 7, 14 and 21  
days of the experiment. Means ±SD (n = 12) are shown. Significant differences are indicated by different letters (Kruskal–Wallis 
test, Dunn’s post hoc, P ≤ 0.05).
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Arsenic

The results show that B. erecta absorbs As in both below-
ground roots and aboveground parts of the plant 
(Table 1). The lowest As content was detected in the 
controls and the plants treated with 0.1 mg As L−1, and 
the highest in the plants treated with 100 mg As L−1.

Uptake of As from the solution was more effec-
tive after exposure to lower As concentrations than 
after exposure to higher As concentrations 
(Table 1). The bioconcentration factor (or BCF; 

bioconcentration factor calculated on DW; plant/ 
surrounding medium) for plants exposed to the 
lowest 0.1 mg As(V) L−1 was 4.5% in the below-
ground and 2% in the aboveground part of the 
plants. BCF for plants exposed to 1 and 10 mg 
As(V) L−1 was 1.7% in the belowground and 
between 1.7% and 1.8% in the aboveground part 
of the plants. BCF for plants exposed to concentra-
tions greater than 10 mg As(V) L−1 ranged from 
0.5% to 0.6% in the belowground roots and 

Figure 3. The effect of As(V) exposure (0.1, 1, 10, 50 and 100 mg As(V) L−1) of B. erecta in vitro on the values of maximal 
photochemical efficiency were determined at the beginning and after 7, 14 and 21 days of the experiment. Means ±SD (n = 12) are 
shown. Significant differences are indicated by different letters (Kruskal–Wallis test, Dunn’s post hoc, P ≤ 0.05).

Figure 4. Effects of As(V) exposure (0.1, 1, 10, 50 and 100 mg As(V) L−1) of B. erecta in vitro on content of (a) chlorophyll a, (b) 
chlorophyll b, (c) carotenoids and (d) anthocyanins. were determined at the beginning and after 7, 14 and 21 days of the 
experiment. Means ±SD (n = 6–8) are shown. Significant differences are indicated by different letters (Kruskal–Wallis test, Dunn’s 
post hoc, P ≤ 0.05).
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between 0.6% and 0.3% in the aboveground parts 
of the plants. In addition to the high BCF for As, 
B. erecta accumulated As in the below and above-
ground parts of the plant, with translocation factors 
(TF; above/below concentration of As in DW) ran-
ging from 45% to 105% for As treatments (1–10  
mg L−1).

Thiols

The effects of As(V) treatment on thiols were studied in 
the aboveground parts and roots of B. erecta plants 
grown in vitro. Total GSH concentrations in plants, 
treated with 0.1 to 1 mg As(V) L−1, were comparable 
to those of the controls. After treatment with 10 mg 
As(V) L−1, increased total GSH concentration were mea-
sured in the aboveground parts (+25%) and in the 
roots (+28%) and compared with those of the controls 
(Figure 5(a,b)). In addition, treatment with 50 mg and 
100 mg As(V) L−1 resulted in a significant increase of 
258% and 240%, respectively, in the total GSH concen-
tration in the aboveground parts, which was accom-
panied by a significantly higher level of glutathione 
disulphide (GSSG) (Figure 5(a)). In the roots, total GSH 
concentration increased by 143% after treatment with 
50 mg As(V) L−1. In roots of plants treated with 100 mg 
As(V) L−1, the increase was less pronounced (43%), 
while the GSH redox state shifted toward a more oxi-
dized value (Figure 5(b)).

Cysteine content was significantly altered by treat-
ments with more than 0.1 mg As(V) L−1, but at a higher 
percentage in aboveground parts and at a lower per-
centage in the roots (Figures 6(a,b)), whereas cysteine 
content and redox state in the roots were less affected 
by the treatments. After treatment with 50 mg As(V) 
L−1, the total cysteine content in the aboveground 
parts increased by 94%, which was accompanied by 
a higher percentage of cystine content (Figure 6(a)). In 
roots treated with 50 mg As(V) L−1, the increase in total 
cysteine was 70% (Figure 6(b)), while the percent 
cystine remained at the control level. In contrast, the 
increase was less pronounced in the plants treated 
with 100 mg As(V) L−1. In aboveground parts of the 

plants treated with 100 mg As(V) L−1, the cysteine 
content was 76% higher than in the controls 
(Figure 6(a)), and the percent of cystine decreased by 
less than 10%. In the roots, the cysteine content was 
slightly increased (14%), while the percent of cystine 
content (40%) shifted to the more oxidized value of 
40% (Figure 6(b)).

Discussion

Growth and development responses

Growth and development of B. erecta were stimulated 
by low As concentrations and inhibited by higher As 
concentrations. The stimulatory effect was observed 
during the first two weeks of the experiment. It 
appeared as a slow but non-significant increase in 
all growth and development responses of B. erecta 
control plants (Figure 1) and plants exposed to lower 
As concentrations (0.1–10 mg L−1). It was clearly visi-
ble after the third week of the experiment. The gen-
eral trend was also that higher concentrations of 50 
and 100 mg L−1 significantly suppressed the growth 
and development of this plant, which again was visi-
ble after the third week of exposure to higher As 
concentrations. The effect was observed in all mea-
sured parameters, dry weight, shoot height and root 
length, number of newly developed shoots and sto-
lons. The optimal promotive As(V) concentration in 
B. erecta ranged from 0.1 to 10 mg As L−1, with 10 mg 
As L−1 appearing to be the limiting concentration that 
still promoted growth and development of this plant. 
The stimulatory effect of low-dose As on plant growth 
and development was also observed in some pre-
vious studies [37]. This interesting contradictory 
effect of otherwise toxic As was also observed in 
P. vittata [42] and Arabidopsis thaliana [43]. Results 
obtained under culture conditions, as in the case of 
our study, are the result of plant metabolism or inter-
action with plant nutrients rather than interaction 
with other organisms of the rhizosphere [37,43]. The 
mechanism of growth benefits is thought to be due to 
the stimulation of Pi uptake by As [37,44]. As(V) is an 
analogue of inorganic phosphate (Pi) and is 

Table 1. Content of As(V) (n = 2) in Berula erecta, exposed to As(V) in vitro.
Belowground parts Aboveground parts

Treatment

As content 
roots 

[µg g−1 DW] 
*

BCF 
Absorbed As from solution into 

roots [%]

As content 
aboveground 
[µg g−1 DW]*

BCF 
Absorbed As from media into 

plant [%]
TF Above/below concentration 

of As [%]

control <0.2
0.1 mg As(V) L−1 0.9 ± 0.2 4.5 0.4 ± 0.1 2.0 45
1 mg As(V) L−1 3.5 ± 0.8 1.7 3.6 ± 0.9 1.7 102
10 mg As(V) L−1 32.4 ± 8.1 1.8 31.8 ± 7.95 1.7 98
50 mg As(V) L−1 139.0 ± 34.8 0.6 146.0 ± 36.5 0.6 105
100 mg As(V) L−1 280.5 ± 70.0 0.5 198.5 ± 49.5 0.3 71

DW, dry weight; BCF, bioconcentration factor; TF, translocation factor; * Average ± measurement uncertainty; BCF; Plant/medium concentration of As in 
DW; TF; Above/below concentration of As in DW.
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transported through the plasmalemma by Pi trans-
porter proteins (PHT). As(V) and Pi compete for 
uptake by the same transport systems. Therefore, 
As(V) may amplify Pi deficiency symptoms under low 
Pi conditions and, conversely, Pi fertilization may pro-
tect the plant from As(V). This competition between Pi 
and As(V), which is responsible for stimulation, has 
not yet been fully understood [37].

The same promoting effect of low As concentrations 
on plant growth and development has already been 
observed in Berula erecta and Apium repens (Jacq.) Lag. 
exposed to low concentrations of another metalloid 
selenium (Se(IV)) [45,46]. The growth-promoting effect 
of the otherwise toxic metalloid As might be related to 
detoxification and impaired upregulation of the anti-
oxidant defense system, which boosts other metabolic 

Figure 6. Effects of As(V) exposure (0.1, 1, 10, 50 and 100 mg As(V) L−1) on cysteine and percent-age of cystine (a) in aboveground 
parts and (b) in roots of B. erecta in vitro were determined after 21 days of the experiment. Means ±SD (n = 6–8) are shown. 
Significant differences are indicated by different letters (Kruskal–Wallis test, Dunn’s post hoc, P ≤ 0.05).

Figure 5. Effects of As(V) exposure (0.1, 1, 10, 50, 100 mg As(V) L−1) on total GSH (total glutathione) and percentages of GSSG 
(oxidized glutathione) (a) in aboveground parts and (b) in roots of B. erecta in vitro were determined after 21 days of the 
experiment. Means ±SD (n = 6–8) are shown. Significant differences are indicated by different letters (Kruskal–Wallis test, Dunn’s 
post hoc, P ≤ 0.05).
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pathways and leads to promotion of growth and 
development.

As concentrations greater than 10 mg As L−1 

generally suppressed the growth and development 
of B. erecta. There are several data on the suppres-
sive effects of As on plants, especially on crops. The 
suppression of growth of sunflower (Helianthus sp.), 
chickpea (Cicer arietinum L.) [47], bean (Phaseolus 
vulgaris L.) [48], horseradish (Armoracia rusticana 
L. Britton) [49], rice (Oryza sativa L.) [50–52], and 
wheat (Triticum sp.) [53] germination have been 
reported and are explained by the induction of 
numerous metabolic disorders in plants [37,54,55]. 
After As treatment, carbon assimilation decreases 
and secondary metabolism increases, which is due 
to the reduction process of As, its detoxification, 
and the defense response against increased ROS. 
The induced accumulation of secondary metabolites 
(antioxidants, phytochelatins) and sequestration 
into the vacuole is energetically expensive and 
rapidly depletes local carbohydrate reserves and 
must be supported by photosynthates translocated 
to the site of de novo biosynthesis, limiting energy 
and carbon requirements for growth [11,15]. In con-
trast to the promoting effect of As, its toxicity may 
be the result of slow detoxification or disruption of 
the antioxidant defense system, leading to disrup-
tion of primary metabolism, which is also associated 
with growth and development. A better under-
standing of the mechanisms responsible for As 
resistance and toxicity in plants is needed. 
A possible outcome of a better understanding 
would also be the production of As-resistant plants 
for phytoremediation and safe cultivation [37].

Photochemical efficiency

As in concentrations greater than 10 mg As L−1 are 
toxic to B. erecta. The undisturbed values of the first 
week of photochemical efficiency changed in 
the second and especially in the third week of As 
treatment in the two higher As treatments. For plants 
treated with 10 mg As(V) L−1 and less, photochemical 
efficiency remained within the range of control 
plants throughout the experimental period. The 
strong negative effect of the high As concentration 
became even more evident in the third week, when 
the mean value after treatment with 100 mg As(V) 
L−1 was 0.54. This indicates highly stressed plants, as 
the maximum values for non-stressed plants ranged 
from 0.80 to 0.83 [55]. The negative effect of high 
doses (>100 mg kg−1) of As(V) on younger and older 
fronds was also observed in Pteris cretica L [26]. 
Arsenic affects the light-harvesting system of plants 
by reducing photosynthetic activity, resulting in 

a significant decrease in photosynthetic effi-
ciency [55].

Pigments

As exposure decreased the amount of chlorophylls, 
carotenoids, and anthocyanins regardless of concen-
tration. The effect was more pronounced with the 
amount of chlorophylls and carotenoids. Chlorophyll 
content is related to photosynthesis. The decrease in 
chlorophyll content and suppression of photochemical 
efficiency after concentrations of 50 mg As(V) L−1 and 
higher is evident in the second week and more pro-
nounced and obvious in the third week for all As(V) 
treatments. Arsenic affects the light-harvesting system 
of plants through the structural deformation and 
degradation of chloroplast membranes and the reduc-
tion of chlorophyll content. The decrease in chloro-
phyll content is related to the competition of toxic 
arsenic ions with magnesium ions in the chlorophyll 
molecule, the substitution of which leads to the dis-
ruption of photosynthetic activity [55]. The decrease in 
chlorophyll content was also reported for the fresh-
water plant Lemna valdiviana Phil., and the crop spe-
cies Helianthus annuus L: and Brassica juncea L [55].

Arsenic

To evaluate the effects of As on plant cell metabolism, 
it is important to know which As form is present in the 
surrounding media, whether it can enter plant cells, 
and whether the plant is able to convert one As form 
into another [37,56]. The results of our experiment 
showed that the accumulation of As increases with 
increasing As concentration in the surrounding med-
ium, so B. erecta has an indicator accumulation poten-
tial. The accumulation of As in B. erecta is strongly 
dependent on the As conditions and the As concentra-
tion in the medium. The As content in the tissue gra-
dually increased when the supply was increased from 
0.1 to 100 mg As(V) L−1. B. erecta showed a linear 
increase in As uptake with increasing As in the medium 
and can be described as an indicator species. The 
arsenate As(V) used in our experimental system 
would be rapidly reduced to arsenite As(III) upon 
entry in the plant cells, so that the final form of As in 
plants would be the trivalent form As(III). The transfor-
mation to arsenite occurs in the roots, is later translo-
cated in the aboveground parts through the xylem, 
and is sequestered in the root and shoot vacuoles 
[42]. When it is removed from the roots, the main 
form is arsenate in the root and arsenite in the shoot.

In our experiment, the highest exposed concentra-
tion of As(V) was 100 mg L−1 DW. At this concentration, 
the maximum As concentration was 280 μg As g−1 DW, 
measured in the belowground part of the plants, which 
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is at least 10-times lower than the accumulation 
observed in the species Pteris cretica L. exposed to 
comparable 100 g As(V) kg−1 [26]. Although Berula 
does not achieve accumulation as high as this fern, 
its extremely rapid growth in aquatic environments 
would make it suitable for phytoremediation of As- 
contaminated sites (data not shown). The highest 
accumulation of As in plant tissue occurs in the species 
Pteris vittate L. This hyperaccumulating fern accumu-
lates As in its fronds, up to 13,800 μg As(V) g−1 of DW. 
In the plant root, As accumulation is highest in Populus 
nigra L., it can reach more than 0.2 mg As g−1 DW of the 
plant root. Other plants mentioned that can accumu-
late As are ferns Azolla caroliniana Willd., and 
A. filiculoides Lam., Oryza sativa L., Populus tremula 
Michx., Salix alba L [56], Vallisneria censeserrulata 
L. and Holcus lanatus L [42].

Plants of B. erecta exposed to high As concentra-
tions, accumulate As in below- and aboveground parts. 
The reason for this may be their submerged growth 
form, which allows uptake of elements through both 
roots and leaves. Although B. erecta is obviously not 
a hyperaccumulator like P. vitatta and P. cretica, it may 
be of interest for phytoremediation because it is a fast- 
growing plant, which accumulates As in the whole, 
above and belowground root parts of the plants. 
Exposure to 50 mg As(V) L−1 and above is toxic to 
B. erecta, while the compensatory mechanism stop 
functioning properly and leads to death. The accumu-
lated As after treatment with 10 mg As(V) L−1 did not 
significantly affect photosynthesis or pigment content. 
Therefore, B. erecta could be a candidate for phytore-
mediation of As, but only when exposed to concentra-
tions less than 10 mg As(V) L−1.

Thiols

The effectiveness of glutathione and cysteine in metal 
homeostasis and antioxidant defense in the below-
ground roots and aboveground plant parts was eval-
uated. As exposure altered the glutathione/cysteine 
system of B. erecta depending on the As concentration 
in the medium. Plant tissue analysis showed that 90% 
of As was in the form of arsenite As (III), even when 
plants were originally exposed to the form of arsenate 
As (V) [57], reflecting the high affinity of plants to 
reduce As (V) to the As form (III). The reduction is 
usually carried out by enzymes, e.g. arsenate reductase 
(ACR) [11,58,59]. The non-enzymatic reduction of As (V) 
to As (III) is mediated by two glutathione molecules 
that are oxidized to glutathione disulfide, which can be 
rapidly recycled to reduced GSH molecules by GSH 
reductase [16]. The reduced As(III) is further detoxified 
either by complexation with thiol-rich peptides such as 
reduced cysteine, glutathione (GSH) and phytochela-
tins (PC) or by vacuolar sequestration [15] or 
a combination of both. Authors reported the 

upregulation of a number of genes or enzymes 
involved in glutathione synthesis and glutathione 
metabolism for As sequestration in rice seedlings 
exposed to As(V) [12,60]. This reflects a higher require-
ment for GSH under As stress. Jung et al [61]. reported 
that exogenous application of GSH in As-treated seed-
lings reduced As-induced oxidative stress, improved 
the antioxidant defense system by maintaining antiox-
idant and/or redox enzyme homeostasis, and 
increased As and GSH content. GSH application also 
increased As translocation from roots to shoots. The 
results suggest that exogenous GSH application 
should be a promising approach to improve As stress 
resistance in rice plants.

In the experiment discussed, there was a significant 
accumulation of GSH in the roots after 10 mg As L−1 

treatment, while cysteine increased significantly when 
treated with 0.1 mg As L−1. The percentage increase of 
total GSH in plants after As treatment was higher in 
aboveground parts than in the roots, indicating that 
the reduction process of As occurs mainly in photosyn-
thetic tissues. The spatial dynamics of detoxification 
responses at the GSH level between aboveground and 
belowground plant parts in response to As treatment 
have not yet been investigated. Previous basic research 
on the spatial dynamics of the GSH system has shown 
that it largely depends on the efficiency of photosyn-
thetic carbon fixation and the proportion of photore-
spiration that provides the glycine required for GSH 
synthesis [62]. In addition to direct role of glutathione 
in As detoxification, the higher sensitivity of the leaf 
glutathione system can be due its involvement in anti-
oxidant processes to protect photosynthesis [16].

Higher As concentrations (50 and 100 mg L−1) had 
negative effect on photochemical efficiency and 
photosynthetic pigment content. As a result, the 
increased formation of ROS causes a transition to 
a more oxidized redox state. Previous studies on SOD, 
APX, POD, and glutathione reductase (GR) have con-
firmed that the accumulation of As in rice causes oxi-
dative stress [13]. Moreover, glutathione S-transferase, 
glutathione reductase, S-nitroso glutathione reduc-
tase, conjugated glutathione transporters, and sul-
phate metabolizing protein genes were reported to 
be upregulated in rice during As(V) stress [12,17,18], 
reflecting the versatile role of glutathione in detoxifi-
cation of As.

Using the glutathione/cysteine system, a critical 
As content (approximately 146 µg g-1 DW) was 
determined for B. erecta, which was reached after 
treatment with 50 mg As(V) and above which the As 
concentration can be considered toxic. This can be 
assumed based on the lower total glutathione and 
cysteine levels after treatment with 100 mg As L−1 

compared with 50 mg As L−1 and a more oxidized 
cysteine/GSH redox state. The results reflect 
a higher requirement of GSH and its precursor 
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cysteine for detoxification of reduced As(III) by com-
plexation with reduced cysteine and GSH and by 
their conversion to phytochelatins (PCs), which are 
known as primary chelators of As [10,63]. Similarly, 
several authors [11,64–66] have reported induced 
PC levels in Hydrilla verticillate (L. f.) Royle, 
Ceratophyllum demersum L. and Oryza sativa 
L. under As stress.

Conclusion

The macrophyte Berula erecta is a potential plant spe-
cies for As bioaccumulation and phytoremediation of 
waters less contaminated with As. Although B. erecta is 
not a hyperaccumulator like P. vitatta and P. cretica, it 
is still interesting for phytoremediation because it is 
a fast-growing plant with a submerged growth form 
that accumulates As in the above and belowground 
root parts. Exposure to 50 mg As(V) L−1 and above is 
toxic to B. erecta, but only at concentrations less than 
10 mg As(V) L−1.

In our in vitro study, we presented the dose- 
dependent response of B. erecta to different added 
As concentrations and showed that As has 
a stimulatory and toxic dose-dependent effect on 
growth, development and metabolism. Lower con-
centrations (0.1, 1, 10 mg L−1 As(V)) even had positive 
effects on growth, dry weight, root and shoot length, 
and number of buds and stolons. Higher concentra-
tions (50 and 100 mg As(V) L−1) inhibited all growth 
parameters and reduced the photochemical effi-
ciency of PSII.

We have also presented the role of thiols in metal 
homeostasis and antioxidant defense under As stress. 
Evaluation of thiols and their redox state revealed 
a critical As content (146 µg g-1 DW; 50 mg As(V) L−1 

treatment), above which the As concentration can be 
considered toxic. Moreover, the increase in total GSH 
after As treatment was higher in the aboveground 
parts than in the roots, indicating that the reduction 
process of As occurs mainly in the photosynthetic 
tissue. It can also be assumed that the lower concen-
tration of cysteine and glutathione in Berula treated 
with 100 mg As L−1 compared with 50 mg As L−1 was 
due to the complexation of As and the conversion of 
thiols to PC.
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