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Abstract: The potential of aquatic plants to accumulate Cs may be of notable importance in the
environmental monitoring of radioactive wastes. This study aimed to evaluate the accumulation of
Cs-133 by freshwater macrophytes Bacopa amplexicaulis, Elodea densa, Ceratophyllum submersum, and
Limnobium laevigantum after a 10-day incubation period with CsCl (1–1000 µM). The partitioning of Cs
and other elements, including 21 metals, such as P, B, and As, was analyzed using inductively coupled
plasma mass spectrometry combined with principal component analysis (PCA). The enzymatic
activity of plant crude extracts and aquatic microorganisms was characterized. The transfer factor
(TF) reached the highest values of 0.13 and 0.10 for C. submersum and L. laevigantum, respectively, at
1000 µM Cs. The TFs in the other sets were below 0.1. In the presence of Cs-133, there was a significant
increase in dehydrogenase activity (p < 0.05) and a decrease in the activity of the Folin–Ciocalteu
assay. A three-fold decrease in culturable microorganisms was found in plants with 1000 µM Cs. PCA
analysis revealed the species-specific elemental distribution in plant biomass and the aquatic phase.
A negative correlation between Na, Ca (2.0–2.5, PC1) and Mg, K, and P (−2, PC1) was found. Certain
enzyme groups can serve as bioindicators of Cs pollution in aquatic ecosystems.

Keywords: Cs-133; element analysis; antioxidant activity; enzymes; ICP-MS; macrophytes; transfer
factor

1. Introduction

The growing global demand for nuclear energy poses the risk of the accidental release
of nuclear products into the environment. According to data published by the European
Nuclear Society in 2021, Europe has 176 nuclear power plants in operation, raising concerns
about potential nuclear waste in the coming decade. Recently, a large amount of data
on this topic was reported by Japanese researchers due to their experience with nuclear
incidents affecting the release of Cs radionuclides into the environment. The Fukushima
Daiichi Nuclear Power Plant disaster in 2011 resulted in radioactive caesium adsorption
by soil and plants as a result of the transfer of radionuclides to livestock [1–5]. Other
sites of nuclear mishaps, e.g., Ignalina [6] and Chernobyl, have been reported [7,8]. The
accumulation risks of the disposal of radioactive wastes can also be attributed to Latvia
and other post-Soviet countries due to the presence of old nuclear power plant facilities
and their nuclear wastes located in these countries’ territory [9].
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In this respect, the health and ecological effects of radionuclide contamination are of
great interest to various fields of research, including biomedicine, ecology, and biotech-
nology techniques for the removal of toxic metal compounds. Among radionuclides,
radiocaesium (Cs-137, Cs-134) raises the most concern due to the relatively long half-life of
Cs-137 (> 30 years) and the high degree of mobility and bioavailability of Cs+ ions [10,11].
Anoxic remobilization of Cs from sediments and the release of Cs by macrophytes should be
considered in order to understand and predict Cs distribution in the water column [12,13].

The partitioning of Cs among the abiotic and biotic compounds of aquatic ecosys-
tems depends on many factors, e.g., mineralogical composition of suspended and bottom
sediments, abundance of monovalent cations, and the characteristic geochemistry of wa-
ter [10,11]. Many studies have been conducted with stable Cs-133 due to the similarities in
the distribution of radiocaesium and Cs-133 in soil, sediment, and water [3,13–15].

The present study particularly focused on Cs distribution in aquatic environments
and accumulation by macrophytes for the development of water treatment technologies,
including wetlands, ponds, hydroponics, and other approaches [13,16]. In 1993, the overall
accumulation of Cs-137 by macrophytes in a small, drainless lake in Belarus constituted
5% of its stock in the lake’s water mass [8]. The quantification of Cs contamination in
the field experiment showed that the contributions of the suspended particle fraction and
aquatic biota were 80 and 20%, respectively [17]. Studies on Cs accumulation by plants
have demonstrated a broad heterogeneity in results depending on species characteristics
and environmental factors [1,3,13,18].

Moreover, the presence and accumulation of other metals in plants may have a signifi-
cant impact on plant properties and indicate environmental contamination, which could
help determine technological solutions. For example, in their experiments with water
hyacinth (Eichhornia crassipes), Du et al. [19] found that, despite a good Me absorption
capacity, the concentration of metals in leaves was low due to a low translocation factor.
Therefore, after the remediation stage, the leaves of water hyacinth can be used as animal
feed [19].

In this study, the accumulation of Cs by freshwater macrophytes was evaluated, in
addition to concentrations of other elements in plant biomass. The processes of metal
accumulation and remobilization in plants are supposed to be species-specific and distinct
depending on the initial Cs concentration in water. An emphasis on extra-low concentra-
tions of Cs (i.e., 1 µM) in water will bring this study closer to real water contamination with
micropollutants, particularly radionuclides. The macrophytes Bacopa amplexicaulis, Elodea
densa, Ceratophyllum submersum, and Limnobium laevigantum were selected for the study
due to their reported potential to accumulate different metals in considerable quantities,
whereas no data on Cs accumulation thus far have been reported in these studies [20–27].
Thus, it was critical to evaluate, within laboratory testing, whether these plans could be
used to determine Cs accumulation.

The aim of this study was to analyse the accumulation of non-radioactive Cs (Cs-133)
in freshwater macrophytes and to evaluate the potential toxic impact of caesium on plant
species. It was hypothesized that this knowledge would have a necessary impact on a
more detailed evaluation of the effect of radiocaesium (Cs-137, Cs-134) on the environment,
including the accumulation in plant species, to exclude or confirm the summary effect of
chemical toxicity and the impact on radiation. For this reason, the main evaluation in this
study was provided solely by testing Cs-133 at different concentrations.

The experiment was performed in self-sustaining aquarium water for 10 days, with
added initial caesium chloride (CsCl) concentrations ranging from 1 to 1000 µM. Plant
responses to Cs-133 accumulation was evaluated by a range of enzyme groups, which are
involved in antioxidant activities and metabolism, and the effect of multivariate factors,
such as elemental contents and enzyme activity, was compared by statistical analysis.
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2. Materials and Methods
2.1. Plants, Chemicals, and Reagents

Representative freshwater aquatic higher plants, namely, B. amplexicaulis, E. densa,
C. submersum, and L. laevigantum, were purchased from local professional suppliers in
Latvia. All the chemicals purchased for testing were of analytical grade and were used
as received without any further purification. Ascorbic acid, CsCl, fluorescein diacetate
(FDA), 3-methyl-2-benzothiazoninone hydrazine (MBTH), TRIS-HCl, 4-methylcatehol,
polyvinylpyrrolidone (PVP), and Standard Count Agar (SCA) were purchased from Sigma-
Aldrich (St. Lois, MO, USA). Guaiacol was purchased from Scharlau (Barcelona, Spain).
Iodonitrophenyl formazan (INTF) was purchased from Fluka Analytical (Vienna, Austria).
Na2HPO4 × 12H2O and Na2CO3 were purchased from Lachema (Brno, Czech Republic).
KH2PO4, acetone, Bradford reagent, 35% H2O2, Folin-Ciocalteau reagent were purchased
from Enola (Riga, Latvia). L-3,4-dihydroxyphenylalanine dopaquinone (L-DOPA) was
purchased from Alfa Aesar (Lancashire, UK).

2.2. Experimental Setup

The four plant species were cultured in a 56 L freshwater aquarium under sustainable
conditions for six months. Then, each of the plant species was submerged in a 120 mL
polypropylene flask containing 100 ml of aquarium water amended with 0, 1, 10, 500, and
1000 µM CsCl water solution. Samples were taken in triplicate to evaluate the range of
element contents and provide microbiological and biochemical testing. The amount of plant
biomass per flask was approximately 10% of the liquid volume. The experimental flasks
were randomly placed and incubated at 23 ◦C for 10 days with a 12:12-h dark–light cycle
and periodic shaking. Additional control sets were prepared with the same concentrations
of CsCl added to the water samples without the plants. At the end of the incubation period,
the volume of the aquatic phase was justified to the initial level by adding deionized water
due to evaporation. Afterwards, the liquid phase and plant were separated and kept frozen
until testing.

2.3. Physicochemical Characteristics of the Aquatic Phase

The water used in the study was considered to be self-sustaining aquarium water,
derived from the freshwater aquarium, which had a sustained ecosystem (plants, fish,
snails, shrimps, gravel with biofilm) for at least three months. The water pH was 6.8,
conductivity was 563 µS/cm, concentrations of sodium, potassium, calcium, phosphorous,
and magnesium in the freshwater were 28.97 mg/L, 4.61 mg/L, 3.64 mg/L, 74.46 µg/L,
and 18.98 mg/L, respectively. Concentrations of nitrites and nitrates were below the level
of detection (LOD) (data not shown).

2.4. Element Analysis

Before analysis, the moisture content was determined in plant species by drying
partial samples at 105 ◦C until a constant weight, according to laboratory practices of plant
nutritional analysis [28].

The analysis of elemental composition (e.g., 21 metals, B, P, and As) was conducted
using an Agilent 8900 (USA) inductively coupled plasma triple quadrupole mass spec-
trometry (ICP-QQQ-MS) device equipped with a MicroMist nebulizer. The results of
determined element concentrations, except Cs, are summarized in Figure S4 of the Sup-
plementary Material. The instrumental parameters of ICP-MS were set as follows: RF
power —1.550 W; auxiliary gas flow—0.90 mL/min; plasma gas flow—15.0 L/min; He
cell gas flow—5.0 mL/min; and sampling depth—8 mm. The analytical standard stock
solutions were purchased from TraceCert®(Sigma-Aldrich, Burlington, MA, USA) for ICP
(100 mg/L). The instrumental limit of detection (LOD) for the determined elements was
0.02 µg/L and the limit of the quantification (LOQ) was 0.06 µg/L. The linear range for the
measurements by the ICP-MS method was up to 10 mg/L. The relative standard deviation
(RSD) within the analysis of one sample replicate did not exceed 6%. For the calibration
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graph, standard solutions in the concentration ranged from 0.1 to 100.0 µg/L. Calibration
solutions were prepared from stock standard solutions. A calibration graph with blank
correction was used to calculate the concentrations of elements in the samples. An inter-
nal standard mix solution from Agilent Technologies (10 g/mL) was used as an internal
standard. A stability check of the ICP-MS system was performed by using two standard
solutions after every 10 samples. For quality control of the analytical procedures, the
same elements were also determined using reference material IAEA-336 provided by the
International Atomic Energy (Vienna, Austria) containing 45 elements.

The reference material sample was included at the beginning and end of each analytical
sequence. The differences between the certified and measured values did not exceed 10%.
Three replicates of each sample were used for the analysis. A Mass Hunter workstation
programme, together with its Instrument control and Offline data analysis programmes,
was used.

The transfer factor (TF) of Cs-133 from the aquatic phase to plants was calculated
according to [29], with minor modifications, as stated in Equation (1):

TF =
( f inal metal concentration in plant)− (initial metal concentration in plant)

metal concentration in aquatic phase
(1)

2.5. Microbiological Analysis

The number of colony-forming units (CFU) was determined by the microdilution plat-
ing method. Sample dilutions (10−1 to 10−6) were prepared for each sample in microplates.
Using a multichannel pipette, 10 µL of each sample dilution was used to inoculate Petri
dishes containing SCA medium. The plates were incubated at 30 ◦C for 48 h. The data
obtained were processed in triplicate and determined as CFU/mL.

2.6. Testing of Enzyme Activity in the Aquatic Phase and Crude Plant Extracts
2.6.1. Aquatic Phase

The enzyme activity of microorganisms in water was measured by the FDA hydrolysis
assay according to the procedure reported, with some modifications [30]. The water samples
were transferred to a 12-well microplate (600 µL per well). After the addition of 2.4 mL
FDA reaction mixture (4 mg FDA, 2 mL acetone, 48 mL 60 mM phosphate buffer) to each
well, the plate was incubated for 48 h at 37 ◦C. Afterwards, the reaction was stopped by the
addition of 600 µL acetone. The samples were transferred to 1.5 mL reaction microtubes and
centrifuged at 10,000 rpm for 5 min. The supernatant was transferred to a 96-well microplate
(200 µL per well). The hydrolysed FDA concentration was determined photometrically
using a TECAN Infinite F50 microplate reader at OD492 (Männedorf, Switzerland).

2.6.2. Plant Crude Extract
Preparation of the Plant Crude Extract

Frozen plant samples were washed twice with distilled water. Ten grams of the plant
sample was cut into thin slices and homogenized in buffer medium (50 mL 100 mM sodium
phosphate buffer (pH 7.0) containing 1 mM ascorbic acid and 0.5% (w/v) PVP) for 5 min
at 4 ◦C. The homogenate was filtered through three layers of cheesecloth. The filtrate was
then centrifuged at 5000× g for 15 min, and the supernatant was collected according to the
procedure reported by [31].

Protein Concentration

The concentration of proteins in crude plant extracts was determined using the Brad-
ford assay. The measurement was performed in 96-well microplates with 200 µL Brad-
ford [32] reagent and 100 µL of sample per well. The calibration curve was prepared using
bovine albumin with good linearity (R2 = 0.96). Before testing the enzyme activity, plant
crude extracts were justified by protein concentrations.
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DOPA-MBTH Assay

The assay measures the pink pigment formed by the reaction of Besthorn’s hydrazone
(MBTH) with dopaquinone, the product of oxidation of L-DOPA by tyrosinase [33]. The
reaction mixture of 45 mg L-DOPA and 10 mg MBTH was dissolved in 25 mL 50 mM
phosphate buffer at pH 6.0, and 500 µL crude extract in a total volume of 3.0 mL was
prepared at 23 ◦C. The increase in absorption was measured photometrically at 492 nm.
The assay was carried out in triplicate.

Dehydrogenase Activity

The dehydrogenase (DHA) activity was determined by the reduction of 2-p-iodo-
3-nitrophenyl-5-phenyltetrazolium chloride (INT) to iodo-nitrophenyl formazan (INTF),
according to [34] with some modifications. Two mL of the crude plant extract sample was
centrifuged at 10,000 rpm for five minutes. The supernatant was discarded. The reaction
was performed on a concentrated sample by adding 200 µL of the reaction mixture (20 mL
of 0.25 M TRIS-HCl, 40 mg INT, 10 mg glucose). The samples were incubated for 24 h
at 28 ◦C in triplicate, after which the absorption was measured at 492 nm using a Tecan
Infinite F50 microplate reader (Switzerland).

Peroxidase Activity

The peroxidase activity was determined using 4-methylcatechol as the substrate. The
reaction mixture (100 mM sodium phosphate buffer (pH 7.0), 5 mM 4-methylcatechol,
5 mM H2O2, and 500 µL of crude extract in a total volume of 3.0 mL) was prepared at
23 ◦C. The increase in the absorption caused by oxidation of 4-methylcatechol by H2O2
was measured photometrically at 420 nm [35]. The assay was carried out in triplicate.

The Folin–Ciocalteu Assay

The Folin–Ciocalteu (F-C) reaction is an antioxidant assay based on electron transfer,
which measures the reductive capacity of an antioxidant. A plant extract aliquot was mixed
with a diluted Folin–Ciocalteau reagent (2.5 mL, 10%) and Na2CO3 (4%, 2.0 mL) aqueous
solution, as described by [36]. After 24 h in the dark, absorbance was measured at 740 nm
using a spectrophotometer. A control sample was performed with 500 µL distilled water,
2.5 mL Folin–Ciocalteau reagent, and 2 mL Na2CO3 solution. The assay was carried out
in triplicate.

Guaiacol Peroxidase Activity

Guaiacol peroxidase is involved in many important biosynthetic processes and defence
against stress, e.g., exposure to polycyclic aromatic hydrocarbons, heavy metals, and
herbicides [37]. The reaction mixture contained 80 mM guaiacol and 10 mM H2O2 in
0.066 M K-Na phosphate buffer (pH = 7.4), with the addition of polyvinylpyrrolidone
according to [38]. The enzymatic reaction was started by adding 0.1 mL of the crude plant
extract to 3 mL of the reaction mixture. The activity of guaiacol peroxidase was measured
photometrically at 492 nm. The assay was carried out in triplicate.

2.7. Statistical Analysis

A one-way analysis of variance (ANOVA) was applied to evaluate the differences
between the obtained results. The level of significance was set to p < 0.05. All statisti-
cal analyses were performed using Microsoft Excel and CAT (Chemometrics agile tool)
software (Gruppo di Chemiometria della Divisione di Chimica Analitica della Società
Chimica Italiana).

For multivariate statistical analysis, Statistica for Windows 6.0 software packages
(StatSoft, Tulsa, OK, USA) were used. The calculation of mean concentrations of macro-
and trace elements in plants and water samples and the analysis of variance to estimate
statistically significant differences between groups of samples were carried out. To estimate
the relationships between element concentrations in plants, Pearson’s correlation coeffi-
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cients were calculated. Additionally, principal component analysis (PCA) was applied to
the experimental data sets. The data for PCA were normalized to unit concentration to
avoid misclassifications caused by different orders of magnitude in the variables. The com-
bination of PCA can assess the contribution of specific factors that may affect the variations
in the elements in different plant parts and appreciate the mechanisms influencing the
element distribution in each plant species regarding the effect of CsCl concentration.

3. Results
3.1. Accumulation of Cs and Other Metals by Aquatic Plants

The accumulation of Cs by macrophytes was measured after 10 days of incubation.
As shown in Figure 1A, the initial Cs concentration greatly influenced the intensity of Cs
accumulation in the plant biomass. Thus, the amount of Cs in biomass in the sets with
1000 µM Cs was 1.5–2.0 orders higher than that with 10 µM Cs. This trend was shown for
all tested plants. At the lowest Cs concentration (i.e., 1 µM), its accumulation in plants was
negligible, particularly 29.1, 35.3, 22.0, and 28.1 mg/kg dw for B. amplexicaulis, E. densa,
C. submersum, and L. laevigantum, respectively (Figure 1A). One of the most important
criteria for evaluating the metal-accumulation potential of plants is the transfer factor
(TF) of Cs-133 in the plants. The data on Cs TF values for the macrophytes under the
tested conditions are summarized in Table 1. The highest TF values were detected for
C. submersum and L. laevigantum at 1000 µM Cs, which reached 0.13 and 0.10, respectively.
Other measurements of TF for different initial Cs concentrations and four tested plants
were below 0.1 (Table 1).

Figure 1. Accumulation of Cs (A) and K (B) in aquatic plants after incubation with different concen-
trations of CsCl for 10 days. <LOD values are below the LOD limit of detection.

Table 1. The transfer factor of Cs-133 after the 10-day incubation of macrophytes in the aquatic phase
with different Cs concentrations.

Initial Cs
Concentration (µM)

Plants

B. amplexicaulis E. densa C. submersum L. laevigantum

1 0.09 0.00 0.05 0.06
10 0.09 0.05 0.09 0.04

1000 0.02 0.04 0.13 0.10

Our data on Cs and K concentrations in plant biomass have been tested for their
possible correlation depending on the initial Cs concentrations. Putting together all the
data related to 0, 1, 10, and 1000 µM Cs, the correlation analysis showed a strong species-
specific effect. In particular, the concentrations of Cs and K in plant biomass were positively
correlated in B. amplexicaulis (R2 = 0.61) and E. densa (R2 = 0.50), while not correlated in C.
submersum (R2 = −0.00) and negatively correlated in L. laevigantum (R2 = −0.79) (Figure S1).
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3.2. Microbial Abundance and Enzyme Activity in an Aquatic Phase Depending on the
Cs Concentration

As was reported earlier, direct biological Cs accumulation from water/sediment/soil
occurs readily due to primary producers (i.e., plants) and microorganisms [10,11]. At the
beginning of the experiment, an aquatic phase contained a sustained microbial consor-
tium. Therefore, further incubation of different plants with Cs was expected to change
the microbial activity. The FDA hydrolysis activity assay was applied for estimation of
microbial response towards Cs-133 in an aquatic phase during the 10-day experiment.
As shown in Figure 2A, FDA hydrolysis activity did not show any trend with increasing
Cs concentration in the aquatic phase. No significant plant species-specific differences
were revealed. Another parameter that could indicate the effect of Cs on the microbial
community is the number of culturable microorganisms. As shown in Figure 2B, a decrease
in the CFU count by three orders in the presence of 1000 µM Cs was found compared to
the control set without Cs. The exceptions were the sets with E. densa and non-planted
sets, where the inhibition of culturable microorganisms by 1000 µM Cs was negligible
(Figure 2B).

Figure 2. Fluorescein diacetate (FDA) hydrolysis assay (A) and CFU counts (B) in an aquatic phase
before and after plant incubation with different concentrations of CsCl for 10 days. Concentrations of
CsCl: 0, 1, 10, and 1000 µM. The FDA hydrolysis assays were incubated for 72 h. For variables with
different letters, the difference between the means is statistically significant (p < 0.05). The differences
are shown within the dataset for one plant individually.

3.3. Changes in Enzyme Activity in Plant Crude Extract after Plant Incubation with Cs

In our study, the physiological response of macrophytes to Cs-133 was assessed by the
changes of different groups of enzymes, i.e., DHA, which reflects the electron transport sys-
tem activity, correlated with the respiration rate [39]; peroxidase and guaiacol peroxidase–
enzymatic antioxidants [40], L-DOPA+MBTH assay–phenol oxidases activity [41], and
Folin–Ciocalteu–polyphenols–nonenzymatic antioxidants [40]. Some of these reactions
developed relatively slowly and were thus measured after 24 h incubation (Figure 3), while
others reacted immediately after the addition of the enzyme substrate and monitored for
the first 15 min (Figure 4).
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Figure 3. Dehydrogenase (A) and Folin–Ciocalteu (B) assays with crude plant extracts after plant
incubation with different concentrations of CsCl for 10 days. Concentrations of CsCl: 0, 1, 10, and
1000 µM. A—Dehydrogenase; B—Folin–Ciocalteu assay. Enzyme activity was measured after 24 h
of incubation. For variables with different letters, the difference between the means is statistically
significant (p < 0.05). The differences are shown within the dataset for one plant individually.

Figure 4. L-DOPA + MBTH (A), peroxidase (B), and guaiacol peroxidase (C) assays with crude plant
extracts after plant incubation with different concentrations of CsCl for 10 days. Concentrations of
CsCl: 0, 1, 10, and 1000 µM. Enzyme activity of crude plant extracts is presented in units defined as a
0.001 change in absorbance per minute.

The activity of DHA gradually increased in the crude plant extract with increasing Cs
concentration in the aquatic phase. In particular, the enzyme activity in B. amplexicaulis,
E. densa, C. submersum, and L. laevigantum after incubation at 1000 µM Cs was 142, 279, 48
and 137% higher, respectively, than in the control without Cs (Figure 3A). An increase of
DHA activity in the presence of 1 µM Cs was significant (p < 0.05) in the sets with Bacopa
sp. and Limnobium sp. compared with the control. A further significant (p < 0.05) increase
in DHA activity with increasing Cs concentration from 1 to 10 µM Cs was observed for B.
amplexicaulis and E. densa (Figure 3A).

The FC assay revealed a slight Cs activation effect for E. densa and L. laevigantum,
while no effect and a gradual decrease in B. amplexicaulis (p > 0.05) and C. submersum,
respectively, were detected (Figure 3B). Specifically, a gradual significant (p < 0.05) decrease
in the activity was detected in C. submersum at 1, 10, and 500 µM Cs (Figure 3B).

The fast development of a colour reaction in the L-DOPA, peroxidase, and guaiacol per-
oxidase assays revealed the more precise differences in the kinetics of antioxidant response
in four tested plants depending on the Cs concentration (Figures S2–S4 of the Supplemen-
tary Material). A considerable increase of enzyme activity at 10 µM Cs, compared with
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the control, was shown in E. densa in DOPA and peroxidase assays and in L. laevigantum
in a guaiacol peroxidase assay (Figures S2 and S3). More precisely, quantification of these
differences (i.e., change in absorbance per minute) showed an increase in the mentioned
enzymes 1.61, 2.28, and 1.49 times compared to the control, respectively (Figure 4).

3.4. Principal Component Analysis

Previous studies showed that in the case of a large amount of multivariate data, PCA
can be effectively used to indicate covariation in different measured parameters between
different plant species [42].

PCA of the studied plants after plant incubation with different concentrations of CsCl
showed that the most variability we observed was in Component 1 (PC1, 41.4% of variance).
Cs (−0.1 on PC1) is not the main factor that varies in different samples. The differences
in PC1 are explained by the different elemental patterns of each plant species. There is
good separation of different species on PC1. C. submersum forms a separate cluster with
a centre at −3.4 on PC1, L. laevigantum and E. densa with a centre at 0 on PC1, and B.
amplexicaulis with a centre at +3.2 on PC1. The main differences are related to the negative
correlation of Na and Ca (1.8–2.6, PC1) and Mg, K, and P (−1.8–−2.6, PC1). Component 2
(PC2, 17.4%) shows the impact of increasing the Cs concentration on different plant species.
There is practically no impact of increasing the Cs concentration on L. laevigantum, while
there is a negative correlation between Cs and Mg content in C. submersum and a negative
correlation between Cs and Mg content in B. amplexicaulis. Significant changes in the
content of macroelements for C. submersum, B. amplexicaulis, and E. densa appear at a very
high Cs content (1000 µM CsCl) (Figure 5). The accumulation of different elements in plant
biomass after the 10-day incubation is shown in Figure S1 of the Supplementary Material.
PCA also shows that the dehydrogenase and Folin–Ciocalteu assays covariate with Cs
concentration and are most expressed in B. amplexicaulis. Guiacol peroxidase increases with
increased Cs concentration and is most expressed in C. submersum L-DOPA + MBTH, and
peroxidase activity decreases with the increase in Cs concentration. These changes are more
expressed in E. densa and L. laevigantum.

Figure 5. Principal component analysis (PCA) of macroelements in the studied plants (B—B. amplex-
icaulis, C—C. submersum, E—E. densa, and L—L. laevigantum) after plant incubation with different
concentrations of CsCl for 10 days. Concentrations of CsCl: 0, 1, 10, and 1000 µM.
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4. Discussion

Our results showed that the amount of Cs accumulated by macrophytes depended on
the initial Cs concentrations in an aquatic phase. This observation is in good agreement
with [14], who reported that concentrations of endogenous Cs were correlated with those
in the environment, particularly sediments [14]. In this respect, the possible adsorption
mechanisms of Cs-133 can explain the dependence of Cs accumulation on the initial
concentration of Cs in water. This mechanism was proposed by [14] in model experiments
with E. densa in hydroponics with predominant localization of Cs-133 in the cell wall or
apoplectic regions. The same dependence was also reported to be attributed to other metals,
e.g., Co [43]. However, the non-even distribution of Cs-133 in plant organs with greater
amounts of Cs in younger parts of stems and leaf blades indicated the selective sorption of
Cs by plants [4]. Vacula et al. [15] recently reported on Cs accumulation by C. demersum L.
under laboratory and field conditions with a Cs concentration range comparable with that
in our study. Thus, in the sets with initial Cs concentrations of 8 and 1067 µM after 8 days,
the plant biomass accumulated on average 78 and 6248 mg/kg Cs, respectively [15]. In our
study, after 10 days, at initial Cs concentrations of 10 and 1000 µM, 201.3 and 8763.2 mg/kg
Cs, respectively, were accumulated by C. submersum (Figure 1A).

The possible mechanisms responsible for metal accumulation in submerged plants
have been summarized by [44]. This review demonstrated a broad variability of the
extent of metal accumulation in aquatic plants, depending on plant species, environmental
conditions (including metal abundance and concentration), and experiment design. Among
the protective functions of submerged plants against metal cytotoxicity, access control,
rapid translocation, efficient accumulation, and detoxification are indicated [44]. The key
roles in metal homeostasis and tolerance use such proteins as heavy metal-transporting
ATPases, natural resistance-associated macrophage proteins, cation diffusion facilitator
family proteins, and multidrug and toxin efflux proteins [45].

The values of TF are species-specific and greatly depend on the environmental condi-
tions and the period of plant contact with metals [3,15]. For example, the TF of Cs from soil
by shoots and brown rice ranged from 0.018 to 0.068 and 0.004 to 0.065, respectively [1].
Shinano et al. [3] compared the TF of radiocaesium (Cs-137, Cs-134) in 33 varieties of
terrestrial Amaranthus spp. and indicated species-specific differences, which varied in the
range from 0.048 to 0.170 [3]. Among the TF, other parameters are widely used in aquatic
toxicology, e.g., bioconcentration and bioaccumulation factors. These factors are calculated
by similar equations however differ by considering either only the dissolved phase or
both the dissolved and particulate phases of a contaminant in the environment [46]. In
addition, root and shoot accumulation factors, as well as translocation factors, are used for
distinguishing metal localization in the plant [47].

Most of the studies focusing on Cs uptake by plants also emphasized Cs and K
interrelations in the plants. In particular, the removal of Cs from water/sediments/soil
often correlated with the K concentration. Absorption of Cs+ into the roots was suggested
to have occurred using two types of K+ transporters (i.e., high affinity and low affinity) [48].
Our results indicate a strong species-specific effect. This fact is concordant with the studies
of other authors [49]. In a study on Cs-137 and K-40 distribution in a lake, a negative
correlation of Cs accumulation by Phragmites australis and K concentration was found [7].
Another field trial for 552 days in a pond reservoir spiked with Cs-133 demonstrated a
correlation of Cs-133 removal with a period of increasing K concentration in the water,
e.g., in winter [12]. As reported by [43], a high discrimination of the K+ transporter against
Cs+ on the plant cell membranes takes place at enhanced K concentrations, i.e., above
0.3 mM. In our study, the K concentration in water did not exceed 0.1 mM (p.2.3), so it
is unlikely to affect Cs accumulation in plants under the tested conditions. Inhibition of
Cs uptake by plants can also occur in the presence of divalent ions, i.e., Ca2+, Mg2+, and
Ba2+ [50,51].
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Another factor that could facilitate Cs removal from aquatic environments is micro-
bial activity. Microorganisms can directly interact with and change the physicochemical
properties of certain elements [44,52].

The response of microorganisms to Cs-133 in an aquatic phase in our study was
evaluated by enzyme activity and CFU count. The FDA hydrolysis assay is based on the
ability of bacteria or fungi to split the FDA molecule using several enzymes (e.g., esterases,
lipases, proteases) [39]. FDA hydrolysis activity may correlate with the total physiolog-
ical activity of heterotrophic microorganisms in environmental samples, which reflects
local/microhabitat conditions [53]. Interestingly, FDA hydrolysis activity was not sig-
nificantly changed at different Cs concentrations, while the number of CFU decreased
by three orders of magnitude at 1000 µM CsCl. The mechanisms of interrelations “Cs:
microorganisms” are still poorly understood. Nevertheless, some interesting data can be
found for explaining the physiological processes occurring in microbial cells under Cs
stress. Thus, in the study on yeast response to Cs and other monovalent cations, the yeast’s
ability to substitute for K in the activation of several enzymes was assessed [54]. Pyruvate
kinase from Rhodotorula rubra was more inhibited by cations, whose ionic radii are smaller
(e.g., Na+ (97 pm) and Li+ (78 pm)) or larger (Cs+ (166 pm) compared to K+ (133 pm).
At the same time, an abundance of Cs of up to 100 mM did not affect a pyruvate kinase
from Saccharomyces cerevisiae [54]. These observations support the hypothesis on species
specificity in microbial response to metal stress.

As previously reported in the discussion, the influx of Cs into the plant biomass occurs
via K+ transporters. Potassium regulates the osmotic pressure of cells, which in turn is
essential for enzymatic reactions. In cases where the increased Cs concentrations replace
K in cells, the cytotoxicity increases due to inhibition of enzymes [51,55,56]. The results
obtained in this study indicated that the dependence of K concentration in the plant tissues
on Cs accumulation was plant species-specific. In this respect, the changes in enzyme
activity in the plant crude extract after incubation with Cs in different concentrations would
bring new insight into plant ecotoxicological response towards Cs.

L-DOPA is known to be one of the most used substrates for phenol oxidase (PO) and
peroxidase assays in soil and other environmental samples [41]. The effect of divalent metals
(up to 800 mM) on PO activity in soil was tested by [57]. PO activities were stimulated by
Mg(II), Mn(II), and Zn(II) and were inhibited by other metals [57]. Thus far, no data on
the Cs effect on PO activity in aquatic plants under metal stress has been reported. Our
data corroborate with other studies, which showed that Cs-133 affects plant functioning
via activating the defence mechanism against oxidative stress [58,59].

In a recent study with a freshwater macro-algae Nitella pseudoflabellata, an increased
activity of catalase and guaiacol peroxidase was observed at 0.75 µM Cs-133 compared to
the control [58]. This effect is also attributable to other metals. Thus, an increasing activity
of antioxidant enzymes has also been detected in macrophyte Hydrilla verticillate when
exposed to cobalt (up to 100 µM) for seven days [43]. However, in the study with Elodea sp.,
activation of antioxidant enzymes was detected during the first eight hours of exposure to
nickel, which corresponds to the passive binding of metal ions (chemisorption) [60].

Nevertheless, the metal-induced activation of antioxidant enzymes in plants is deter-
mined by species-specific characteristics. In the comparative study on Cd accumulation
by the semi-aquatic plant Nymphoides peltata and the aquatic plant Nymphaea sp., a similar
level of Cd accumulation was shown; however, the plant resistance towards Cd differed.
In particular, Nymphaea had greater peroxidase activity and was more resistant to Cd
than N. peltata [61]. In our study, the highest concentration of Cs, i.e., 1000 µM, resulted in
the strongest inhibition of peroxidase and guaiacol peroxidase activity in B. amplexicaulis.
However, no linear dependence of enzyme activity on Cs concentration was observed.

5. Conclusions

The accumulation of caesium in macrophytes was greatly influenced by an initial
concentration added during the aquatic phase. The amount of Cs in biomass in the sets with
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1000 µM Cs was 1.5–2.0 orders higher than that with 10 µM Cs. This trend was indicated
for all tested plants. The PCA analysis revealed a species-specific elemental distribution in
plant biomass and the aquatic phase. The main differences could be related to the negative
correlation of Na and Ca (2.0–2.5, PC1) and Mg, K, and P (−2, PC1).

An inhibitory effect of 1000 µM Cs on aquatic microorganisms was detected; specifi-
cally, the CFU count was decreased by up to three orders of magnitude, as compared to
the set without Cs. Nevertheless, FDA hydrolysis activity did not show any considerable
changes after incubation with different Cs concentrations.

The activity of DHA gradually increased in the crude plant extract with increasing Cs
concentration in the aquatic phase. Importantly, this effect was also detected at 1 µM Cs in
the sets with B. amplexicaulis and L. laevigantum compared with the control (p < 0.05).

A considerable increase in antioxidative enzyme activity at 10 uM Cs, compared with
the control, was shown in E. densa in DOPA+MBTH (1.61 times) and peroxidase assays
(2.28 times) and in L. laevigantum in a guaiacol peroxidase assay (1.49 times) compared with
the control.

This study has revealed certain enzyme groups in the tested aquatic plants that specif-
ically respond to the presence of Cs in water, e.g., dehydrogenase and guaiacol peroxidase.
These parameters could serve as bioindicators for the ecotoxicological evaluation of Cs-
contaminated sites. Further intensive research is needed to describe the mechanisms of
Cs accumulation in aquatic plants in environmental, technological, and ecotoxicological
aspects. These results provide important information about the effect of Cs ions and can
also be attributed to the evaluation of radioactive Cs accumulation in plants. It can be
concluded that there is a low effect of Cs-133 on plant species at low concentrations; thus, in
the case of Cs-137, radioactivity may be the main factor affecting plant species and should
be addressed in further studies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su14031132/s1, Figure S1. Accumulation of different elements in B. amplexicaulis, E. densa, C.
submersum, and L. laevigantum. Biomass after 10-day incubation in the presence of 0, 1, 10, and 1000 µM
CsCl. Figure S2. Dopaquinone and 3-methyl-2-benzothiazoninone hydrazine (DOPA+MBTH) activity
of crude plant extracts (A—B. amplexicaulis, B—E. densa, C—C. submersum, D—L. laevigantum) after
plant incubation with 0 to 1000 µmol/L (µM) CsCl for 10 days. Figure S3. Peroxidase activity of
crude plant extracts (A—B. amplexicaulis, B—E. densa, C—C. submersum, D—L. laevigantum) after plant
incubation with 0 to 1000 µmol/L (µM) CsCl for 10 days. Figure S4. Guaiacol peroxidase activity
of crude plant extracts (A—B. amplexicaulis, B—E. densa, C—C. submersum, D—L. laevigantum) after
plant incubation with 0 to 1000 µmol/L (µM) of CsCl for 10 days.
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6. Marčiulionienė, D.; Mazeika, J.; Paškauskas, R.; Jefanova, O. Specific patterns of 137Cs, 60Co, and 54Mn accumulation by
macrophytes and bottom sediments. Zool. Ecol. 2014, 24, 168–176. [CrossRef]

7. Krolak, E.; Golub, G.; Barczak, K. Caesium-137 and potassium-40 in selected oxbow lakes of the border Bug River more than
20 years after the Chernobyl accident. Water Int. 2012, 37, 75–85. [CrossRef]

8. Pavlyutin, A.P.; Babitskii, B.A. Higher Aquatic Plants in a Lake Contaminated with Radionuclides: Composition, distribution,
storage, and accumulation of Cesium-137. Hydrobiol. J. 1998, 34, 1–9. [CrossRef]

9. Riekstina, D.; Berzins, J.; Krasta, T.; Kizane, G.; Rudzitis, J. Impact of the former Salaspils Nuclear Reactor on the surrounding
territory. Latv. J. Phys. Tech. Sci. 2016, 53, 67–76. [CrossRef]

10. Ashraf, M.A.; Akib, S.; Maah, M.J.; Yusoff, I.; Balkhair, K. Cesium-137: Radio-chemistry, fate, and transport, remediation, and
future concerns. Crit. Rev. Environ. Sci. Technol. 2014, 44, 1740–1793. [CrossRef]

11. Avery, S. Fate of caesium in the environment: Distribution between the abiotic and biotic components of aquatic and terrestrial
ecosystems. J. Environ. Radioact. 1996, 30, 139–171. [CrossRef]

12. Pinder, J.E.; Hinton, T.; Whicker, F. Contrasting cesium dynamics in neighboring deep and shallow warm-water reservoirs. J.
Environ. Radioact. 2010, 101, 659–669. [CrossRef] [PubMed]

13. Jeong, H.; Miller, V.; Hinton, T.G.; Johnson, T.E.; Pinder, J.E. Model-based analyses of the cesium dynamics in the small mesotrophic
reservoir, Pond 4. I. Estimating the inventories of and the fluxes among the pond’s major biotic components. J. Environ. Radioact.
2018, 189, 282–296. [CrossRef] [PubMed]

14. Kowata, H.; Nagakawa, Y.; Sakurai, N.; Hokura, A.; Terada, Y.; Hasegawa, H.; Harada, E. Radiocesium accumulation in Egeria
densa, a submerged plant – possible mechanism of cesium absorption. J. Anal. At. Spectrom. 2014, 29, 868–874. [CrossRef]

15. Vacula, J.; Komínková, D.; Pecharová, E.; Doksanská, T.; Pechar, L. Uptake of 133Cs and 134Cs by Ceratophyllum demersum L.
under field and greenhouse conditions. Sci. Total. Environ. 2020, 720, 137292. [CrossRef]

16. Moogouei, R.; Chen, Y. Removal of cesium, lead, nitrate and sodium from wastewater using hydroponic constructed wetland. Int.
J. Environ. Sci. Technol. 2020, 17, 3495–3502. [CrossRef]

17. Sansone, U.; Belli, M.; Riccardi, M.; Alonzi, A.; Jeran, Z.; Radojko, J.; Smodis, B.; Montanari, M.; Cavolo, F. Adhesion of
water-borne particulates on freshwater biota. Sci. Total Environ. 1998, 219, 21–28. [CrossRef]

18. Burger, A.; Lichtscheidl, I. Stable and radioactive cesium: A review about distribution in the environment, uptake and translocation
in plants, plant reactions and plants’ potential for bioremediation. Sci. Total Environ. 2018, 618, 1459–1485. [CrossRef] [PubMed]

19. Du, Y.; Wu, Q.; Kong, D.; Shi, Y.; Huang, X.; Luo, D.; Chen, Z.; Xiao, T.; Leung, J.Y. Accumulation and translocation of heavy
metals in water hyacinth: Maximising the use of green resources to remediate sites impacted by e-waste recycling activities. Ecol.
Indic. 2020, 115, 106384. [CrossRef]

20. Rai, U.; Sinha, S.; Tripathi, R.D.; Chandra, P. Wastewater treatability potential of some aquatic macrophytes: Removal of heavy
metals. Ecol. Eng. 1995, 5, 5–12. [CrossRef]

21. Abdussalam, A.K.; Ratheesh-Chandra, P. Bio-accumulation of heavy metals in Bacopa monnieri (L.) Pennell growing under
different habitat. Int. J. Ecol. Dev. 2010, 15, 66–73.

22. Kumar, N.; Bauddh, K.; Dwivedi, N.; Barman, S.C.; Singh, D.P. Accumulation of metals in selected macrophytes grown in mixture
of drain water and tannery effluent and their phytoremediation potential. J. Environ. Biol. 2012, 33, 923–927. [PubMed]

23. Gouder de Beauregard, A.C.; Mahy, G. Phytoremediation of heavy metals: The role of macrophytes in a stormwater basin. Int. J.
Ecohydrol. Hydrobiol. 2002, 2, 1–4.

24. Maleva, M.G.; Nekrasova, G.F.; Bezel, V.S. The response of hydrophytes to environmental pollution with heavy metals. Russ. J.
Ecol. 2004, 35, 230–235. [CrossRef]

http://doi.org/10.1080/00380768.2014.973347
http://doi.org/10.2298/NTRP1602173S
http://doi.org/10.1080/00380768.2014.922035
http://doi.org/10.1007/s42452-019-1750-3
http://doi.org/10.1007/s10967-018-6304-4
http://doi.org/10.1080/21658005.2014.925234
http://doi.org/10.1080/02508060.2011.645614
http://doi.org/10.1615/HydrobJ.v34.i6.10
http://doi.org/10.1515/lpts-2016-0022
http://doi.org/10.1080/10643389.2013.790753
http://doi.org/10.1016/0265-931X(96)89276-9
http://doi.org/10.1016/j.jenvrad.2010.02.010
http://www.ncbi.nlm.nih.gov/pubmed/20547434
http://doi.org/10.1016/j.jenvrad.2018.02.005
http://www.ncbi.nlm.nih.gov/pubmed/29653692
http://doi.org/10.1039/c3ja50346a
http://doi.org/10.1016/j.scitotenv.2020.137292
http://doi.org/10.1007/s13762-020-02627-x
http://doi.org/10.1016/S0048-9697(98)00235-6
http://doi.org/10.1016/j.scitotenv.2017.09.298
http://www.ncbi.nlm.nih.gov/pubmed/29122347
http://doi.org/10.1016/j.ecolind.2020.106384
http://doi.org/10.1016/0925-8574(95)00011-7
http://www.ncbi.nlm.nih.gov/pubmed/23734460
http://doi.org/10.1023/B:RUSE.0000033791.94837.9e


Sustainability 2022, 14, 1132 14 of 15

25. Pasichnaya, Y.A.; Gorbatiuk, L.O.; Arsan, O.M.; Platonov, N.A.; Burmistrenko, S.P.; Godlevska, O.; Gopinath, A. Assessment of a
possibility of the use of aquatic macrophytes for biomonitoring and phytoindication of the contamination of natural waters by
heavy metals. Hydrobiol. J. 2020, 56, 81–89. [CrossRef]

26. Arán, D.S.; Harguinteguy, C.A.; Fernandez-Cirelli, A.; Pignata, M.L. Phytoextraction of Pb, Cr, Ni, and Zn using the aquatic
plant Limnobium laevigatum and its potential use in the treatment of wastewater. Environ. Sci. Pollut. Res. 2017, 24, 18295–18308.
[CrossRef]

27. Pamila, D.; Sivalingam, A.; Thirumarimurugan, M. Green revolution- phytoremediation of heavy metals from industrial effluent
by water hyacinth. Eng. Technol. India 2016, 7, 56–64. [CrossRef]

28. Thamkaew, G.; Sjöholm, I.; Galindo, F.G. A review of drying methods for improving the quality of dried herbs. Cri. Rev. Food Sci.
Nutr. 2021, 61, 1763–1786. [CrossRef] [PubMed]

29. Prabasiwi, D.S.; Murniasih, S.; Rozana, K. Transfer factor as indicator of heavy metal content in plants around adipala steam
power plant. J. Physics: Conf. Ser. 2020, 1436, 012133. [CrossRef]

30. Chen, W. The role of microbial activity in suppression of damping-off caused by Pythium ultimum. Phytopathology 1988, 78,
314–322. [CrossRef]

31. Alici, E.H.; Arabaci, G. Determination of SOD, POD, PPO and CAT enzyme activities in Rumex obtusifolius L. Annu. Res. Rev. Biol.
2016, 11, 1–7. [CrossRef]

32. Technical Bulletin. Available online: https://2020.igem.org/wiki/images/1/19/T--IIT_Roorkee--documents--WetLab_
Protocols_Bradford.pdf (accessed on 1 December 2021).

33. Winder, A.J. A stopped spectrophotometric assay for the dopa oxidase activity of tyrosinase. J. Biochem. Biophys. Methods 1994, 28,
173–183. [CrossRef]

34. Camiña, F.; Trasar-Cepeda, C.; Gil-Sotres, F.; Leirós, C. Measurement of dehydrogenase activity in acid soils rich in organic matter.
Soil Biol. Biochem. 1998, 30, 1005–1011. [CrossRef]

35. Onsa, G.H.; Saari, N.; Selamat, J.; Bakar, J. Purification and characterization of membrane-bound peroxidases from Metroxylon
sagu. Food Chem. 2004, 85, 365–376. [CrossRef]

36. Singleton, V.L.; Orthofer, R.; Lamuela-Raventós, R.M. Analysis of total phenols and other oxidation substrates and antioxidants
by means of Folin-Ciocalteu Reagent author links open overlay panel. Met. Enzymol. 1999, 299, 152–178.

37. Erofeeva, E.A. Dependence of guaiacol peroxidase activity and lipid peroxidation rate in drooping birch (Betula pendula Roth) and
tillet (Tilia cordata Mill) leaf on motor traffic pollution intensity. Dose-Response 2015, 13, 13. [CrossRef]

38. Shevyakova, N.I.; Stetsenko, L.A.; Meshcheryakov, A.B.; Kuznetsov, V.V. The activity of the peroxidase system in the course of
stress-induced CAM development. Russ. J. Plant Physiol. 2002, 49, 598–604. [CrossRef]

39. Fontvieille, D.; Outaguerouine, A.; Thevenot, D. Fluorescein diacetate hydrolysis as a measure of microbial activity in aquatic
systems: Application to activated sludges. Environ. Technol. 1992, 13, 531–540. [CrossRef]

40. Haida, Z.; Hakiman, M. A comprehensive review on the determination of enzymatic assay and nonenzymatic antioxidant
activities. Food Sci. Nutr. 2019, 7, 1555–1563. [CrossRef]

41. Bach, C.E.; Warnock, D.D.; Van Horn, D.J.; Weintraub, M.; Sinsabaugh, R.L.; Allison, S.D.; German, D.P. Measuring phenol
oxidase and peroxidase activities with pyrogallol, l-DOPA, and ABTS: Effect of assay conditions and soil type. Soil Biol. Biochem.
2013, 67, 183–191. [CrossRef]
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