
Phragmites australis and Scirpus holoschoenus for metal(loid)s polluted 
groundwater remediation: a wetland mesocosm study with different 
exposure regimes
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Metal(loid)s polluted groundwater phy
toremediation in different regimes was 
studied.

• P. australis and S. holoschoenus per
formed phytostabilization of metal(loid) 
s.

• Mesocosms neutralized water pH 
(3.7–7.6), promoting to metal 
immobilization.

• Treated water restored the HepG2 cell 
viability, hence reducing health risk.

• Both plants showed higher tolerance 
and biomass in chronic exposure.
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A B S T R A C T

Mitigation of pollutants is crucial for long-term sustainable management of groundwater and freshwater systems 
and ecosystem health. However, the potential of nature-based attenuation strategies, such as phytoremediation, 
in the presence of multi-element contamination and under changing exposure conditions, remains largely un
explored. This study aimed to comprehensively assess the potential of Phragmites australis and Scirpus hol
oschoenus for metal(loid) remediation in contaminated groundwater. The investigation involved both medium 
(4 L) static and large dynamic (65 L) mesocosms to simulate different exposure conditions, including abrupt 
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(acute), and continuous (progressive and chronic), with a particular focus on reducing overall metal(loid) 
toxicity. Dynamic mesocosm results demonstrated that both macrophytes corrected water pH from 3.7 to 7.6, 
and significantly reduced Ni, Fe, and Cu, which initially exceeded the Flemish regulatory limits by up to 3182- 
fold. Additionally, P. australis exhibited superior bioenergy potential, with higher heating values (HHV) reaching 
up to 17.15 MJ kg⁻¹ . Metal uptake followed a clear phytostabilization trend for Al, Cu, Fe, Ni, and Zn. Most 
notably, macrophytes assisted phytoremediation restored the HepG2 cell viability from 0% to over 75%, indi
cating an effective neutralization of polluted groundwater toxicity. In conclusion, this study demonstrated the 
potential of phytoremediation using P. australis and S. holoschoenus as sustainable strategy for contaminated 
water treatment, providing simultaneous benefits of metalloids removal, toxicity reduction, and the valorization 
of biomass for bioenergy applications.

1. Introduction

The discharge of metal(loid)s into a wetland ecosystem due to nat
ural or anthropogenic sources can be detrimental to aquatic life and 
human health, as these systems are particularly vulnerable to such 
fluctuations [1,2]. Natural factors include strata geology, water-rock 
interactions, and weathering of deposits, while the anthropogenic ac
tivity is primarily linked with ill-managed industrial activities and dis
posals. In particular, the interface where contaminated groundwater 
discharges into wetland systems creates a complex biogeochemical zone 
where metal(loid)s mobility is highly sensitive to fluctuating the 
hydrogeological conditions [3,4]. For instance, the groundwater quality 
in former industrial areas is often very poor due to historical waste 
disposal. Seasonal aquifer fluctuations can create alternating static and 
dynamic hydraulic conditions. However, most phytoremediation studies 
are conducted in uniform flow setups, failing to capture the complexity 
of real-world groundwater-wetland interfaces [5,6]. If not properly 
managed, these legacy inorganic pollutants will be reintroduced into 
terrestrial and aquatic environments, necessitating proper disposal and 
or treatment mechanisms [7]. Adverse consequences include impaired 
growth and impaired reproductive cycles of flora and fauna and a 
decline in ecosystem services, like nutrient cycling and pollutant 
removal [8,9].

Macrophytes contribute to the natural attenuation of pollutants via 
processes such as phytoextraction, phytostabilisation and rhizofiltration 
[10,11]. These processes involve the uptake, immobilization and pre
cipitation of metals and metalloids by plant roots and associated mi
croorganisms [12]. Hence, to mitigate metal(loid)s impacts, metal(loid) 
s-tolerant macrophytes, such as Phragmites australis and Scirpus hol
oschoenus, can be utilized [13,14]. While these macrophytes have shown 
capacity for water remediation, their comparative efficacy under vary
ing hydraulic stress remains poorly understood [15,16]. The temporal 
nature of pollution can alter the long-term stabilization of metals and 
metalloids in aquatic systems [17]. Polechońska and Klink [18] sug
gested that the biological (plant type, genetic profile, growth and 
development stage) and nonbiological factors (water pH, salinity, redox 
potential, exposure time, metal speciation) influence the metal avail
ability and toxicity. Similarly, Serafini et al. [19] proposed that the 
wetland sediments act as binding sites and natural sink for metals and 
metalloids in the different geochemical phases reflecting their mobility, 
bioavailability, and their potential risk to the biota. Therefore, a holistic 
assessment should integrate metal(loid) uptake, and speciation in the 
sediments, under varying exposure regimes [19,20].

Macrophytes play a crucial role in maintaining the health of wet
lands, even in the presence of metal and metalloid contamination [18]. 
Strategically introducing these plants in contaminated wetlands can 
reduce the bioavailability of metal(loid)s and mitigate their toxic effects 
on other organisms. It can be hypothesized that groundwater phytor
emediation using different types of macrophyte, in different growing 
conditions, can result in changes in the phytoremediation efficiency. 
However, high removal percentage does not always correlate to the 
reduction in biological toxicity of the treated effluent, and it necessitates 
a combined chemical analysis and bio-toxicological assessment [21,22]. 
This will answer a critical question of how different exposure patterns (i. 

e. acute, progressive or continual exposure) affect plant resilience and 
contaminant partitioning, and whether the treated water meets safety 
levels for the residual toxicity.

In the present study macrophyte based phytoremediation was 
employed to treat polluted groundwater, to reduce the environmental 
impact and meet the Flemish sanitation standards for water discharge 
(in µg L− 1 Ni 40, Cu 100, Fe 200, Zn 500, As 20, Cd 5 and Pb 20). 
Therefore, the main aim of this work is to evaluate the phytoremediation 
capacity of P. australis and S. holoschoenus for removing metal(loid)s 
from groundwater under both static and dynamic (recirculating) con
ditions. Additionally, the study evaluates the impact of different expo
sure regimes (progressive, acute, and chronic) on plant growth, metal 
compartmentalization, and toxicity reduction following phytor
emediation of polluted groundwater.

2. Materials and methodology

2.1. Chemicals and reagents

Analytical and reagent grade solvents, solutions, and salts (including 
acetone ≥99.5%, hydrogen peroxide 33%, hydrochloric acid 37%, nitric 
acid 65%, tris-(hydroxymethyl)-aminomethane 99.8%, maleic acid 
99%, citric acid 99.5%, boric acid 99.5%, sodium hydroxide 97%, flu
orogenic 4-methylumbelliferone ≥ 98%, amino-4-methylcoumarin - 
≥ 98%, hydroxylamine hydrochloride, sodium acetate 99.9%, magne
sium chloride 98%, ammonium acetate 99%, sodium pyruvate 99%, 
sodium bicarbonate 99%, and Fetal Bovine Serum) were acquired from 
Merck Life Science S.L.U. (Madrid, Spain) or VWR International (Bar
celona, Spain). All solutions were prepared in ultrapure water (specific 
resistance of 18.2 MΩ cm) generated by an ELGA PURELAB Classic CLX 
DIM2 system (ELGA LabWater, High Wycombe, UK).

2.2. Plants, growth conditions, and polluted groundwater 
characterization

P. australis and S. holoschoenus seedlings were obtained from Viveros 
La Dehesa, Valdeobispo, Spain. Seedlings were maintained on a photo
period of 16:8 h light:darkness at 25:16 ◦C for day:night, at the plant 
growth facility of the Universidad de Burgos, Spain. Groundwater with 
elevated metal(loid) concentrations (notably Pb, Cu, Zn, As, and Ni) was 
obtained from an industrial site in Flanders (Belgium) previously 
described [23]. The polluted groundwater (PW) was characterized 
having an acidic pH of 3.7 and a moderately high EC of 5.3 dS m− 1. 
Metal(loid) concentrations (expressed in mg L− 1) Al 305.1, As 0.3, Cd 2, 
Cr 0.1, Cu 163, Fe 382, Ni 127, Pb 0.3, and 72 for Zn. The concentrations 
of all elements except for Fe (no regulatory limit) were significantly 
above the Flemish BSN regulatory values (remediation required). 
Consequently, the metal and metalloid concentrations exceeded the 
maximum permissible limits of Flemish sanitation standards by the 
following folds: Ni (3182), Fe (1910), Cu (1632), Cd (441), Zn (143), As 
(16), and Pb (16).
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2.3. Experimental conditions and exposure regimes

For the evaluation of the macrophyte tolerance capacity to polluted 
groundwater, experiments were performed in 2 different setups, each 
targeting a different exposure route: i) abrupt (subsection 2.3.1) and ii) 
continuous (subsection 2.3.2). The images of the acute exposure regime 
experiment and the macrophyte floating system are shown in Figures S1 
and S2 of the supplementary material, respectively.

2.3.1. Abrupt exposure regime
For the abrupt exposure (Abr) experiment, uniform-sized plants were 

directly exposed to either polluted groundwater or non-polluted (tap) 
water as control using 4 L bucket batches. For each treatment, two 
plantlets of uniform size (growing on peat growth substrate - GS) were 
introduced onto a circular extruded polystyrene holding piece. This 
piece had holes to allow plastic baskets for root development and water 
sampling/monitoring within the microcosm floating system. Briefly, the 
4 L buckets used were made of polypropylene, with height of 19.7 cm, 
while top and bottom radius of 8.7 and 8.6 cm, respectively (max ca
pacity 4.6 L). Each microcosm was filled with 2 L water rinsed medi
um–fine gravel (4.75 – 10 mm, with porosity of 38.2%), while the 
remaining volume (~2.76 L) was filled either with polluted or clean 
water (depending on the treatment). Plants were exposed to these con
ditions for 2 months. Throughout the exposure duration, water levels 
were maintained with tap water to compensate for any losses due to 
evapotranspiration. Subsequently, plants, growth substrate and sedi
ments were harvested for analysis of physico-chemical and biological 
parameters. The analyses included pH, electrical conductivity (EC), and 
salinity (Sal) in water, metal(loid)s in water, growth substrate and 
plants, metal(loid) speciation and soil enzyme activities in growth sub
strate. Analytical methods are described in Sections 2.4–2.9.

2.3.2. Continuous exposure regime
The experiment was conducted in eight interconnected wetland 

mesocosms (black PVC plastic containers with W×L×H dimensions of 
45 ×75 ×30 cm), each with a total volume of ~65-liter. There were 4 
mesocosms per plant species (P. australis and S. holoschoenus). The 
containers were initially filled with fine-medium gravel (4.75 – 10 mm) 
to reach a total porosity of 38.2%, a specific yield of 34% and a specific 
retention of 4.2%. The void gravel spaces (~25 L per mesocosm) were 
filled with tap water. Equal sized young seedlings (3–4 weeks old) of 
P. australis and S. holoschoenus, (growing on peat GS) were planted on a 
floating Styrofoam sheet. On each floating sheet a total of 12 plants were 
placed in a similar way to 4 L mesocosm. Initially, plants were accli
matized in non-polluted water for 2 weeks.

After this acclimatization, the first phase of exposure initiated in 
which the plants were irrigated with polluted groundwater, at an HRT of 
60 days, which was maintained using flow rates (Q) of ~2.90 L week− 1 

per mesocosm. The flow rates were maintained considering the specified 
HRT (t), gravel porosity Φ), system depth (y), and area (A) and were 
calculated using Eq. (1). 

HRT =
A × y × Φ

Q
(1) 

Based on the flow rates (~2.90 L) and concentration of metal(loid)s 
in polluted water (mg L− 1), used to irrigate in the wetland mesocosm, 
the loading rates of each metal(loid)s per mesocosm (mg week− 1) were 
calculated using Eq. (2). 

L = Q × C (2) 

Hence, the loading rate (mg week− 1) identified during polluted 
groundwater irrigation were as follow Fe 1107.8, Al 884.79, Cu 472.70, 
Ni 368.3, Zn 208.8, Cd 5.80, As 0.87, Pb 0.87, and Cr 0.29. As there were 
8 interconnected mesocosms, that total pollutant loadings per week (mg 
week− 1) were as follow Fe 8862.4, Al 7078.32, Cu 3781.60, Ni 2946.40, 
Zn 1670.40, Cd 46.40, As 6.96, Pb 6.96, and Cr 2.32. A recirculation 
pump was used to feed the polluted groundwater in the wetland system, 
while inter-mesocosm was maintained by submerged pumps 
(Supplementary figure 2.a). During the first 4 months of exposure (first 
phase), the plants were irrigated only with the polluted water. During 
the first phase approximately 403 L of polluted groundwater were 
treated in the interconnected mesocosms. After this exposure, half of the 
plants were harvested (representatives of progressive exposure, Pro), 
and plant physiological parameters were determined.

The harvested plants were replaced by new seedlings of the same 
species of equal size (representatives of acute exposure, Acu). The other 
half of the plants (representatives of chronic exposure, Chr), that were 
initially included in the mesocosms, were left undisturbed to examine 
the changes in plant metal uptake for another 4 months (second phase). 
During this time the water level in the constructed wetland was main
tained solely using tap water. After 4 months of the second phase, plants 
were harvested and growth substrate, water, and gravel were sampled. 
Physiological parameters, elemental composition and gross higher 
heating values were assessed in plants (Section 2.4). Physico-chemical 
parameters and metal(loid) concentrations were measured in water 
(Sections 2.5 and 2.6). The metal(loid) content was analysed in both 
dried plants and growth substrate (Section 2.7), while the gravel sam
ples were also subjected to metal sequential extraction analysis (Section 
2.8). The wetland water was sampled also at the end of the mesocosms 
experiment for ecotoxicological profiling (Section 2.9).

2.4. Plant characterization: biomass production, photosynthetic pigments, 
and higher heating values

Following harvest, fresh and dry biomass (roots and shoots) was 
quantified gravimetrically and reported as g ± g. The dry biomass was 
estimated by heating a sample at 60 ◦C until attaining constant weight 
[12]. With the help of fresh and dried biomass, the water content (g) was 
calculated using the following Eq. (3). 

Water content = Fresh weight − Dried weight (3) 

Photosynthetic pigments were extracted from leaf samples in tripli
cate by homogenizing with 80% acetone and briefly centrifuging at 
12,000 g [24]. The supernatant was analyzed for pigments (total chlo
rophyll, chlorophyll a, chlorophyll b, and carotenoids) using an UV-Vis 
spectrophotometer (Synergy HT BioTek, Vermont USA). Contents were 
calculated using Eqs. 4–7 and values expressed in mg g− 1 fresh weight: 

Chlorophyll A (Chla) =
(12.25 Abs663.2 − 2.79 Abs646.8) × V

1000 × W
(4) 

Chlorophyll B (Chlb) =
(21.50 Abs646.8 − 5.10 Abs663.2) × V

1000 × W
(5) 

Total Chlorophyll (TChl) = Chla + Chlb (6) 

Total Carotenoids (Car) =
(1000 Abs470 − 1.82 Chla − 85.02 Chlb) × V

198 × 1000 × W
(7) 
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Where the calculation variables are Abs663.2, Abs646.8, and Abs470 
(absorbance at 663.2, 646.8, and 470 nm), V (solution volume in μL), 
and W (fresh biomass weight in g).

For the estimation of the capacity of biomass to be used as a feed
stock biofuel, gross higher heating values (HHVs) were calculated for 
different types of biomasses produced within progressive, acute, and 
chronic exposure [25]. The value of biomass HHVs was expressed as an 
MJ of energy per kg of dried biomass [26,27], and calculated using Eq. 
(8): 

HHV = 0.3516C +1.16225H − 0.1109O+0.0628N+0.10465S
(8) 

For this purpose, the C, H, N, O, and S total contents were quantified 
in milled plant samples using an automated dry combustion Flash 2000 
CHNS/O microanalyzer (Thermo Fisher Scientific, Milan, Italy), the 
system operated via automated dry combustion at 1100 ◦C. Alfalfa as a 
certified standard for calibration purposes (Ref. 502–273, LECO Cor
poration, St. Joseph, Michigan, USA).

2.5. Physical parameters of water

Water physico-chemical parameters (including pH, oxidation 
reduction potential – ORP, electrical conductance – EC, resistivity – Res, 
total dissolved solids – TDS, and salinity – Sal) were characterized using 
HI 98194 Multiparameter cell, Hanna Instruments, USA. Calibration of 
multimeter was performed using the company provided calibration 
standard solution of pH 4, 7, and 8. For the exposure experiments in 4 L 
buckets the analysis of physico-chemical parameters was performed on a 
weekly basis for 2 months, while for the wetland mesocosms the water 
was analysed twice monthly for 8 months.

2.6. Soil enzyme activities

Enzyme activities in growth substrate, including acid phosphatases 
(AcPA), β-glucosidase (bGA), N-acetyl-β-glucosaminidase (bNAG), and 
leucyl-aminopeptidase (LeuAMP), were measured using fluorogenic 4- 
methylumbelliferone (MUF) or amino-4-methylcoumarin (AMC)-sub
strates in 96-microtiter plates [28]. Frozen growth substrate samples 
(1 g) were suspended in 20 mL of sterilized and deionized water and 
subjected to pulsed sonication (40 W) for 2 min, for soil extract prepa
ration. For each respective enzymatic assay, 50 μL of GS extract aliquot 
was mixed with 50 μL of 500 μM of Modified Universal Buffer (MUB), at 
a pH adjusted between 5–10, depending on the enzyme activity. Sub
sequently, the samples were incubated at 30 ◦C for 3 h. The reaction was 
terminated by addition of tris buffer (pH 12).

The samples were analysed on a fluorometric plate-reader (TECAN 
Group Ltd., Männedorf, Switzerland) at 360 and 450 nm. Fluorescence 
was converted into product amounts (MUB or AMC) using a calibration 
standard (0–1500 pmol) converted to product amounts (MUB/AMC) via 
calibration standards that accounted for quenching and expressed in soil 
enzyme activities nmol g− 1 min− 1.

2.7. Sequential metal(loid)s extraction

The gravel samples were subjected to sequential fractionation for the 
determination of the exchangeable, carbonate, Fe and Mn oxide, organic 
matter, and residual fractions [29,30]. Dry samples (1.0 g) were 
sequentially extracted with i) 1 M MgCl2 (pH 7) (exchangeable fraction), 
ii) 1 M NaOAc (pH 5) (carbonate bound), iii) 0.04 M hydroxylamine 
hydrochloride in 25% acetic acid (Fe- and Mn-oxides adsorbed – 
reducible), and iv) 0.02 M HNO3 + 30% H2O2 (pH 2) and subsequently 
with 3.2 M ammonium acetate in 20% HNO3 (organically bound – 
oxidizable). The solid residue was rinsed with DI water between 
extraction steps [29], and finally, metal(loid)s in residual form were 
assessed as in Section 2.8.

2.8. Metal(loid)s content in plant, soil, and water

The metal(loid) concentrations in water samples were analysed after 
centrifugation, filtration, and acidification using (1:9 v:v) concentrated 
HNO3 to water sample [31]. For assessing metal(loid) concentrations in 
plant and GS samples, they were firstly dried at 60 ◦C until constant 
weight was reached, and subsequently subjected to acid digestion with 
2 mL of 33% v/v H2O2 and 8 mL of 65% concentrated nitric acid using a 
microwave oven (ETHOS ONE, Millestone, USA), for 20 min at 190 ◦C 
[32,33]. For quality assurance rye grass-certified standard material 
(ERM-CD281), soil standard (BCR-483), and blanks were included in 
digestion batches. The final digested solutions were filtered using 
Scharlau CF/WASH110 filter paper (Ø 110 mm) and brought to a final 
volume of 50 mL with deionized water.

Finally, metal(loid) concentrations (mg kg− 1) in the extracts and 
water were measured via ICP–OES (SpectroGenesis or Arcos, AMETEC, 
Germany) and ICP-MS/MS (8900, Agilent, USA). The accuracy of 
instrumental measurements for plant samples ranged between highest 
recovery of 98.18 ± 1.87 for Zn, to lowest recovery of Ni 95.5 ± 4.78, 
corresponding to the standard certified reference material (SRM) ERM- 
CD281. While highest recovery of 97.28 ± 2.91 for Cu to lowest re
covery of Cd 96.94 ± 3.18, corresponding to the SRM BCR-483.

2.9. HepG2 Dynamic Spheroid Formation and Viability Assessment

Advanced 3D cell culture methodology was employed using HepG2 
spheroids as an in vitro liver model to assess the cytotoxicity of 
groundwater samples. The 3D format was selected due to its improved 
physiological relevance over traditional 2D cultures, allowing for a more 
representative evaluation of potential human health risks. Spheroids 
were generated according to the protocol described by Štampar et al., 
[34] and incubated for 3 days at 37 ◦C in a humidified atmosphere 
containing 5% CO₂. Following this initial incubation, spheroids were 
transferred to the CelVivo system (CelVivo ApS, Værløse, Denmark), a 
norm gravity, omnidirectional clinostat bioreactor [35,36], and cultured 
under dynamic conditions for an additional 17 days. After 20 days of 
culture, spheroids were harvested for viability assessment and a 24-hour 
acute exposure assay using groundwater samples from phytor
emediation experiments. Prior to exposure, water samples were filtered 
through 0.2 µm PES membranes to remove potential microbial con
taminants, preventing confounding effects due to microbial metabolism 
during assays and ensuring accurate downstream analyses.

Acute exposures were performed using 90% (v/v) water samples 
diluted in 10x Minimum Essential Medium (MEM) supplemented with 
1% Fetal Bovine Serum (FBS), 1% sodium pyruvate, and 2% NaHCO₃. 
The 90% concentration was selected to simulate high exposure levels, 
allowing sensitive detection of cytotoxic responses to groundwater 
contaminants. Three water conditions were tested: (i) non-polluted 
water previously exposed to P. australis and S. holoschoenus, (ii) non- 
treated polluted water, and (iii) phytoremediated water collected at 
the final timepoint following plant exposure. Appropriate controls, 
including untreated spheroids and vehicle controls, were included to 
validate the specificity of the observed effects. Intracellular ATP levels 
were quantified for post-exposure to assess cytotoxicity. Total protein 
content was determined using the Bradford assay to normalize ATP 
levels to cellular biomass, following the protocols of Fey and Wrzesinski 
[35] and Wrzesinski et al. [36], respectively.

2.10. Statistical analysis

All analytical procedures were performed under strict quality control 
protocols. All samples were analyzed in triplicate (n = 3), and the 
standard deviation (SD) was maintained below 5%. Reagent blanks were 
processed alongside every batch of samples to monitor potential 
contamination. One-way ANOVA was performed to test significant dif
ferences between treatments using the software SPSS v.20. All the 
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analyses were performed in triplicate. In addition, Duncan’s multiple 
range test was also performed (p ≤ 0.05) to assess the differences be
tween specific groups/parameters from each other in all data collected, 
except in the case of HepG2 spheroid viability where Dunnet multiple 
comparisons test was applied. The mean and the standard deviation 
were calculated using triplicates of biological data. To better identify the 
underlying patterns and relationships between the parameters studied 
and plant type, a multivariate principal component analysis (PCA) was 
performed also with the software SPSS v.20. Scatter plots were con
structed using the loading values of the first 2 principal components 
(having eigen values greater than 1).

3. Results

3.1. Abrupt exposure experiment in 4 L batch mesocosms

3.1.1. Plant physiological parameters
The comparison of parameters studied for P. australis and 

S. holoschoenus, both cultivated in 4-L mesocosms and subjected to an 
Abr exposure, is presented in Table 1. In P. australis no significant 
changes were noted in plant biomass (fresh and dried) and heights for 
both roots and shoots, except in the case of change in root length, which 
was significantly higher for plants cultivated in polluted water (12.27 
± 1.87). In contrast, for S. holoschoenus, the fresh and dried weights for 
shoot biomass were found to be significantly different between plants 
cultivated with non-polluted control and polluted water. Fresh weight 
(5.18 ± 0.74), dried weight (1.54 ± 0.25), and plant water content 

(3.63 ± 0.50) of S. holoschoenus were 68, 69, and 67% higher in plants 
cultivated with polluted water than those of plants cultivated with non- 
polluted water. For the content of the chlorophyll pigments including 
Chl A, Chl B, Total Chl, and Carotenoids (Car), no significant differences 
were observed between non-polluted control and polluted water 
irrigation.

3.1.2. Studied properties of plant growth substrate and sediments
For enzyme activities no clear trend was observed in mesocosms with 

P. australis including an increase in AcPA (42.37 ± 4.36) and bNAG 
(55.21 ± 7.36), no change in bGA (6.56 ± 1.21), and decrease in 
LeuAMP (92.48 ± 17.5) when plants were exposed to polluted water. 
On the contrary, a significant decrease was observed for all enzyme 
activities in mesocosms with S. holoschoenus exposed to polluted water 
compared to non-polluted controls. The metal(loid) concentrations in 
the rhizospheric GS are shown in Table 1. For P. australis and 
S. holoschoenus, respectively, higher concentrations (mg kg− 1) of Cu 
(1990.81 ± 458.55 and 1238.57 ± 194.61), Fe (4357.59 ± 818.80 and 
3380.26 ± 239.81), Ni (1230.40 ± 105.18 and 1383.95 ± 225.00), and 
Zn (528.29 ± 41.35 and 551.94 ± 111.19) were noted in mesocosms 
exposed to polluted water than non-polluted controls.

In addition, the metal(loid) fractionation in sediments is shown in 
Fig. 1. Polluted water cultivated treatments showed significantly higher 
variation in the metal(loid)s fractions compared to control. The speci
ation of metal(loid)s in GS varied between elements as well as between 
the non-polluted control and polluted treatments, except for chromium 
(Cr) and iron (Fe). The most relevant differences in speciation were 

Table 1 
Plant and soil characteristics following harvest for the 4 L mesocosm experiments.

Matrice and parameter* P. australis S. holoschoenus

Con1 Pol1 Con1 Pol1

Shoot  
(Stem + Leaves)

FW 1.08 ± 0.19 a 1.65 ± 0.41 a 3.08 ± 0.91 b* 5.18 ± 0.74 a*
DW 0.70 ± 0.12 a 0.77 ± 0.16 a 0.91 ± 0.22 b* 1.54 ± 0.25 a*
WC 0.38 ± 0.17 b 0.88 ± 0.26 a 2.17 ± 0.70 b 3.63 ± 0.50 a*
IL 15.48 ± 3.73 a 16.10 ± 6.43 a 13.60 ± 3.52 a 16.35 ± 3.76 a
FL 21.08 ± 4.59 a* 23.10 ± 6.24 a* 16.33 ± 5.13 a 18.23 ± 3.79 a
CL 5.60 ± 2.45 a* 7.00 ± 1.31 a* 2.73 ± 2.20 a 1.88 ± 0.26 a

Root FW 3.00 ± 0.61 a 3.46 ± 0.85 a 4.61 ± 1.87 a 4.19 ± 1.39 a
DW 0.84 ± 0.02 a 0.68 ± 0.12 a 1.29 ± 0.26 a* 0.80 ± 0.19 a*
WC 2.16 ± 0.63 a 2.78 ± 0.73 a 3.32 ± 2.03 a* 3.39 ± 1.20 a
IL 21.13 ± 8.14 a* 13.48 ± 5.70 b* 8.90 ± 3.40 a 7.10 ± 2.42 b
FL 27.82 ± 8.39 a 25.75 ± 6.56 a 25.92 ± 4.40 a 22.58 ± 1.45 a
CL 6.69 ± 1.08 b 12.27 ± 1.87 a 17.02 ± 4.11 a* 15.49 ± 2.96 a*

Leaves Chl A 0.43 ± 0.16 a 0.64 ± 0.13 a* 0.33 ± 0.06 a 0.43 ± 0.15 a
Chl B 0.10 ± 0.04 a 0.15 ± 0.03 a 0.08 ± 0.01 a 0.11 ± 0.04 a
Total Chl 0.53 ± 0.20 a 0.79 ± 0.16 a* 0.41 ± 0.07 a 0.54 ± 0.18 a
Car 0.05 ± 0.02 a 0.08 ± 0.02 a 0.04 ± 0.01 a 0.05 ± 0.02 a
Chl a/Chl b 4.44 ± 0.33 a 4.38 ± 0.06 a 4.14 ± 0.15 a 4.08 ± 0.21 a
Total Chl/Car 9.77 ± 0.56 a 9.57 ± 0.02 a 10.15 ± 0.41 a 10.14 ± 0.49 a

Growth 
substrate

AcPA 27.87 ± 3.96 b* 42.37 ± 4.36 a* 16.15 ± 3.3 a 11.68 ± 2.89 b
bGA 7.36 ± 1.06 a 6.56 ± 1.21 a 13.59 ± 1.97 a* 10.15 ± 3.24 b*
bNAG 84.17 ± 21.31 a* 55.21 ± 7.36 a* 75.76 ± 5.9 a 32.46 ± 6.49 b
LeuAMP 117.73 ± 20.45 a* 92.48 ± 17.51 b* 101.7 ± 9.89 a 47.02 ± 3.85 b
Al 1049.57 ± 158.74 a 1025.87 ± 244.02 a 876.54 ± 37.37 a 946.79 ± 107.34 a
As 1.58 ± 0.15 b 2.50 ± 0.28 a 1.50 ±.29 b 2.50 ± 0.14 a
Cd 1.12 ± 0.29 b 8.71 ± 3.08 a 0.96 ± 0.25 b 8.12 ± 3.87 a
Cr 2.36 ± 0.28 b 3.87 ± 0.63 a 1.95 ± 0.25 b 3.61 ± 0.52 a
Cu 28.85 ± 2.75 b 1990.81 ± 458.55 a 31.3 ± 2.69 b 1238.57 ± 194.61 a
Fe 1638.79 ± 337.55 b 4357.59 ± 818.8 a 1742.39 ± 34.9 b 3380.26 ± 239.81 a
Ni 4.91 ± 1.13 b 1230.40 ± 105.18 a 3.24 ± 0.43 b 1383.95 ± 225.00 a
Pb 0.83 ± 0.38 b 8.00 ± 0.96 a* 1.16 ± 0.90 b 5.83 ± 0.52 a
Zn 33.81 ± 10.46 b 528.29 ± 41.35 a 15.13 ± 1.04 b 551.94 ± 111.19 a

* Parameters studied are abbreviated as FW = Fresh weight, DW = Dried weight, and WC = Water content in shoot, root, and soil (g), while IL = Initial length, 
FL= Final length, CL = Change in length noted for shoot and root (cm), AcPA = Acid phosphatase, bGA = β-glucosidase, bNAG = N-acetyl-glucosidase, and LeuAMP 
= leucyl- aminopeptidase for soil (nmol g− 1 min− 1), and Chl A = Chlorophyll A, Chl B = Chlorophyll B, Total Chl = Total Chlorophyll, and Car = Catenoids (mg g− 1 

FW), while Chl A/Chl B and Total Chl/Car are the ratios for leaves. Metal and metalloid contents in soil are expressed in mg kg− 1. 1Con = Control (tap water irrigated 
population), while Pol = Polluted water exposed population. Different letters between rows of the same species (a being significant higher followed by other al
phabets), while * between same treatment displays significant statistical differences at p < 0.05.
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reported for Cu and Ni, both present at very different concentrations in 
control and polluted GSs, as well as for As, present at similar concen
trations in both treatments. Generally, the speciation of metal(loid)s in 
GS was similar for both plants and controls without plants exposed to the 
same type of water, suggesting that the presence of the plants had no 
significant effect.

3.1.3. Water physicochemical parameters
The distribution of the water parameters data is shown in box and 

whisker plots (prepared using measurements at weekly intervals for 2 
months, n = 8) on Fig. 2. Significant differences were observed for pH, 
ORP, EC, TDS, and Sal between polluted and non-polluted controls, but 
also temporarily for the same treatment. In this manner, the pH of the 

Fig. 1. Speciation of metals and metalloids in sediments (gravel) collected from the 4 L mesocosms of plants (P. australis and S. holoschoenus) and blanks (abiotic 
treatment without plants) at the end of the incubation period. “Con” and “Pol” at the x-axis represent the control (non-polluted water) and the polluted water 
treatments for incubations with plants (P. australis and S. holoschoenus) and without plants.

Fig. 2. Physical and chemical parameters of water analyzed and presented in box plots for the 4 L mesocosms of plants (P. australis and S. holoschoenus) and blanks 
(abiotic treatment without plants) during the incubation period (2 months). “Con” and “Pol” at the x-axis represent the control (non-polluted water) and polluted 
water treatments of P. australis, S. holoschoenus, and blanks (microsomes without plants). The bracket “ ”on top of Cons’ or Pols’ bars indicates a significant 
difference (p ≤ 0.05; repeated measures ANOVA) between plant and blank treatments, while the “*” indicates a significant difference (p ≤ 0.05; repeated measures 
ANOVA) between the initial and the final time for the studied parameter.
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water changed from initially 3.74 ± 0.09 to nearly 6 after addition to the 
4-L mesocosm, to nearly 7.5–7.6 at the end of the experiment in both 
plant-based treatments (PBTs) and the control without plants (CWP). 
The ORP of the polluted water also changed from initially 0.28 
± 0.01 V, to ~0.17 V following addition to the 4-L mesocosms in both 
PBT and CWP and gradually increased to ~0.25 V for PBTs and ~0.28 V 
for CWP. For the EC, significant temporal variation was noted only in 
those treatments irrigated with polluted water; however, the variation 
was less marked in the PBT compared to the CWP mesocosms. In addi
tion, significant differences were observed for EC, Res, TDS, and Sal 
between PBT and CWP, for both polluted and non-polluted water 
treatments. Values for EC, TDS, and Sal in water were significantly 
higher in polluted mesocosms for PBTs and CWP, while Res was 
significantly lower. In this manner, initial values were 2268.50 ± 68.59 
µS cm− 1 for EC, 0.44 ±0.01KΩ cm for Res, 1.13 ± 0.03 mg L− 1 for TDS, 
and 1.17 ± 0.04 for Sal (Practical Salinity Use, PSU). By contrast, at the 
end of the exposure time the final values measured were for EC between 

4199–4434 µS cm− 1 for PBT and 3643 µS cm− 1 for CWT, for Res between 
0.69–0.71 KΩ cm for PBT and 0.77 KΩ cm for CWT, for TDS between 
0.72–0.77 mg L− 1 for PBT and 0.77 mg L− 1 for CWT, and finally, for Sal 
(PSU) between 0.72–0.78 for PBT and 0.66 for CWT.

3.1.4. Metal and metalloid contents in plants
The metal and metalloid uptake profile of P. australis and 

S. holoschoenus is shown in Fig. 3. A clear trend to phytostabilization was 
observed when metals and metalloids were present, being more pre
dominant in the case with metals having higher concentration in the 
polluted water. Generally, enhanced accumulation in the roots was 
observed for those metals with higher concentrations in the polluted 
water including Al, Cu, Fe, Ni, and Zn. In the case of As, Cd, Cr, signif
icant concentrations were also reported for the aerial part, particularly 
for mesocosm exposed to the polluted water. For Pb there were no sig
nificant differences, neither between plants, nor between polluted 
treatments and non-polluted controls. Except for Cd (higher in shoots 

Fig. 3. Metal(loid)s compartmentalization in plants dried biomass in 4 L mesocosms. “Con” and “Pol” at x-axis represent the control (non-polluted water) and 
polluted water treatments for either P. australis or S. holoschoenus. The brackets “ ”on top of Con and Pol bars indicate a significant difference (p ≤ 0.05; one way 
ANOVA) between the exposure conditions within respective plants, while the “*” indicate the significant difference (p ≤ 0.05) between the plants within the 
respective exposure condition.
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Table 2 
Plant and soil characteristics following harvest for the wetland mesocosm experiment.

Matrice and parameter* P. australis S. holoschoenus

Pro1 Acu1 Chr1 Pro1 Acu1 Chr1

Shoot (Stem + Leaves) FW 20.75 ± 0.50 a 3.02 ± 0.54c 11.85 ± 1.58 b 24.79 ± 2.59 a* 13.33 ± 1.17 b* 19.18 ± 6.42 b*
DW 5.55 ± 0.22 a 1.53 ± 0.19 b 5.16 ± 0.42 a 6.89 ± 1.03 ab* 5.11 ± 0.62 b* 8.46 ± 2.85 a*
WC 15.20 ± 0.55 a 1.49 ± 0.43c 6.69 ± 1.77 b 17.90 ± 3.00 a 8.22 ± 1.07 b* 10.71 ± 3.59 b*
IL 20.33 ± 5.22 a* 15.66 ± 4.25 b* 19.83 ± 4.52 a* 14.03 ± 2.29 a 12.90 ± 2.15 ab 12.17 ± 3.00 b
FL 44.51 ± 8.39 b* 22.87 ± 6.17c* 51.58 ± 12.68 a* 21.20 ± 4.04 a 16.54 ± 2.88 b 22.60 ± 4.98 a
CL 24.18 ± 7.44 b* 7.21 ± 4.68c* 31.74 ± 12.92 a* 7.16 ± 4.28 b 3.64 ± 3.27c 10.43 ± 4.93 a

Root FW 33.13 ± 2.81 a* 9.87 ± 2.45c 29.81 ± 4.12 b 25.21 ± 2.24c 33.29 ± 14.83 b* 48.65 ± 20.44 a*
DW 6.33 ± 0.74 a* 1.87 ± 0.38 b 8.08 ± 2.39 a 3.04 ± 0.32 b 4.50 ± 2.09 b* 6.72 ± 2.95 a
WC 26.80 ± 2.56 a* 8.00 ± 2.51c 21.73 ± 1.90 b 22.16 ± 2.22 b 28.79 ± 13.41 b* 41.93 ± 18.29a*
IL 16.36 ± 6.19 a 16.58 ± 5.18 a 16.28 ± 6.29 a 15.89 ± 4.40 a 18.83 ± 5.34 a 17.03 ± 4.54 a
FL 30.71 ± 5.66 ab 27.65 ± 6.42 b 35.24 ± 13.41 a 28.49 ± 9.53 b 32.82 ± 13.97 b 60.34 ± 19.68 a*
CL 14.35 ± 7.62 ab 11.07 ± 7.68 b 18.96 ± 13.66 a 12.60 ± 7.85 b 13.98 ± 13.73 b 43.32 ± 19.33 a*

Biomass (shoot) C% 40.34 ± 0.48 a* 38.44 ± 1.17 b* 40.37 ± 0.58 a* 34.49 ± 2.58 a 33.31 ± 3.65 a 28.20 ± 5.61 a
H% 6.19 ± 0.11 a* 6.00 ± 0.21 b* 6.17 ± 0.08 a* 5.59 ± 0.30 a 5.54 ± 0.38 a 5.05 ± 0.55 b
N% 0.34 ± 0.08 b 0.74 ± 0.60 ab 1.12 ± 0.51 a 0.70 ± 0.56 a* 0.48 ± 0.26 a 0.82 ± 0.48 a
O% 38.29 ± 0.99 a 35.78 ± 2.63 a 39.36 ± 3.89 a 43.13 ± 3.91 a* 40.80 ± 3.30 a* 37.89 ± 7.38 a
HVV 17.15 ± 0.25 a* 16.57 ± 0.52 b* 17.07 ± 0.57 a* 13.88 ± 1.12 a 13.66 ± 1.95 a 11.64 ± 2.63 b

Growth substrate Al 1095.05 ± 289.88 a 348.4 ± 99.27 b 543.37 ± 215.91 b 1159.38 ± 219.48 a 439.28 ± 51.57 b 461.59 ± 88.62 b
As 2.08 ± 0.97 a 1.63 ± 0.75 ab 0.75 ± 0.26 b 2.25 ± 1.20 a 0.54 ± 0.21 b 0.33 ± 0.13 b
Cd 22.65 ± 1.43 a 21.68 ± 1.23 a 8.03 ± 4.91 b 18.88 ± 6.17 a 2.62 ± 0.90 b 6.20 ± 5.46 b
Cr 5.57 ± 2.04 a 3.76 ± 2.15 b 4.65 ± 2.39 ab 5.41 ± 1.79 a 3.32 ± 0.77 b 3.90 ± 1.60 b
Cu 2006.72 ± 413.21 a 367.05 ± 73.31 b 637.73 ± 79.39 b 2074.55 ± 323.43 a 553.7 ± 101.07 b 503.23 ± 183.89 b
Fe 2382.22 ± 508.55 a 1048.03 ± 413.32 b 1307.89 ± 314.66 b 2517.24 ± 511.94 a 1316.63 ± 469.86 b 1232.36 ± 418.74 b
Ni 1688.62 ± 85.17 a 221.95 ± 22.69c 651.28 ± 160.95 b 1610.86 ± 127.86 a 297.26 ± 60.14c 890.26 ± 109.00 b
Pb 3.37 ± 0.53 a 1.61 ± 1.19 b 2.31 ± 1.70 ab 4.42 ± 1.29 a 1.21 ± 0.80 b 2.45 ± 1.19 b
Zn 772.9 ± 72.06 a 180.08 ± 40.16c 515.35 ± 89.59 b 687.69 ± 75.40 a 260.37 ± 40.88c 483.44 ± 55.56 b

* Parameters studied are abbreviated as FW = Fresh weight, DW = Dried weight, and WC = Water content in shoot, root, and soil (g), while IL = Initial length, FL= Final length, CL = Change in length noted for shoot 
and root (cm). For biomass the C% = Carbon%, H% = Hydrogen%, N = Nitrogen%, O = Oxygen%, and HHV = higher heating values (MJ of energy per kg− 1 DW). Metal and metalloid contents in soil are presented in mg 
kg− 1. 1Pro= Progressively-, Chr= Chronically-, and Acu= Acutely- exposed macrophyte populations irrigated with polluted water. Different letters between rows of the same species (a being significant higher followed by 
other alphabets), while * between same treatment displays significant statistical differences at p < 0.05.
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than in roots for P. australis, and in roots than in shoots for 
S. holoschoenus) and Cu (higher in P. australis roots than in shoots), a 
similar metal(loid) uptake profile was observed for both plants. When 
irrigated with polluted water, the cumulative metal(loid) uptake was in 
decreasing order Fe > Cu > Al > Zn > Ni > Cd > Pb > As, and Cr.

3.2. Continuous exposure experiment in wetland mesocosms

3.2.1. Plant physiology
The data for plant biomass production is shown in Table 2. In gen

eral, plants cultivated under Pro and Chr exposure exhibited greater 
tolerance to pollutants than those under Acu exposure. This was 
particularly evident in terms of shoot and root characteristics, as 
assessed by means of fresh and dry weight, water content, initial and 
final length as well as change in length, particularly for P. australis. For 
S. holoschoenus, however, the greatest root development occurred under 
the Chr regime, followed by the Acu and Pro regimes.

Shoot fresh weight, water content, final length, and changes in 
length were significantly higher for both plants in Pro exposure, in 
comparison to Acu and Chr exposure. The shoot dried weight (SDW) for 
S. holoschoenus was significantly higher in Chr (8.46 ± 2.85 g), followed 
by Pro and Acu, while with P. australis the SDW was higher in Pro (5.55 
± 0.22 g) and Chr (5.16 ± 0.42 g) compared to Acu (1.53 ± 0.19 g). 
The root fresh weight (RFW; 33.13 ± 2.81 g), dried weights (RDW; 6.33 
± 0.74 g), and the water content (RWC; 26.80 ± 2.56 g) for P. australis 
were significantly higher under Pro exposure, followed by Chr and Acu. 
By contrast, higher RFW, RDW, and RWC were measured in Chr for 
S. holoschoenus, 48.65 ± 20.44, 6.72 ± 2.95, and 41.93 ± 18.29, 
respectively. The root FL and CL for both plants were noted significantly 
higher in Chr, with S. holoschoenus showing higher root lengths (FL =
60.34 ± 19.68 and Cl = 43.32 ± 19.33), compared to P. australis (35.24 
± 13.41 and 18.96 ± 13.66, root FL and CL, respectively).

The elemental composition (C, H, N and O) and higher heating values 
(HHV) of the plants are presented in Table 2. For P. australis, the HHV 
was highest under the Pro and Chr exposure regimes compared to the 
Acu regime, whereas for S. holoschoenus the HHV was highest under the 
Chr exposure regime, followed by the Acu and Pro regimes. Concomi
tantly, plants with higher HHV showed a greater relative abundance of 
C, H and O, but not necessarily N. P. australis showed a greater HHV than 
S. holoschoenus under all exposure regimes. The higher C%, H%, and 
HHV were noted in P. australis, in comparison to S. holoschoenus, within 
all exposure regimes. With reference to C%, the higher contents were 
noted in Pro (40.34 ± 0.48) and Chr (40.37 ± 0.58), compared to Acu 
(38.44 ± 1.17) in P. australis, while with the S. holoschoenus the C% of 
Pro (34.49 ± 2.58) and Acu (33.31 ± 3.65) were significantly higher 
than Chr (28.20 ± 5.61). Similarly, the H% were higher in Pro and Chr, 
than Acu for P. australis, while for S. holoschoenus the H% contents were 
higher in Pro and Acu, compared to Chr. The N% of S. holoschoenus 

(0.70 ± 0.56) in Pro was significantly higher than that of P. australis in 
the same exposure regime, while no significant differences were noted 
between plants exposed with Acu or Chr. There was no significant dif
ference in the O% for both plants with reference to difference exposure 
types. The HHV was found highest for P. australis biomass, in all the 
exposure regimes (MJ of energy kg− 1) compared to the S. holoschoenus 
biomass, with significantly higher HHV in Pro and Chr (17.15 ± 0.25 
and 17.07 ± 0.57), followed by Acu (16.57 ± 0.52). While, for 
S. holoschoenus biomass, the higher HHVs were noted in Pro and Acu 
(13.88 ± 1.12 and 13.66 ± 1.95, respectively) compared to Chr (11.64 
± 2.63).

3.2.2. Water physico-chemical parameters
The physico-chemical parameters of polluted water for the wetland 

mesocosm experiment are presented in supplementary figure 3. In 
general, the quality of the polluted water as assessed by pH, ORP, EC, 
RES, TDS, and Sal were similar in the plant mesocosms. Only the pH of 
the water in S. holoschoenus mesocosms (6.1 – 7.1 units) was slightly 
more acidic than in P. australis mesocosms (6.8 – 7.2 units). The ORP 
range was higher under Pro and Chr exposure regimes compared to the 
Acu, whereas the opposite trend was observed for EC. The pH range 
under Acu exposure was slightly higher (more basic) for P. australis 
mesocosms than under the Pro and Chr exposure regimes. The differ
ences show some trends, but they were not statistically assessed. No 
evident effects due to the exposure regime were observed for the pa
rameters RES, TDS and Sal. Among the parameters studied, changes 
were observed with reference to the exposure regime and plant type.

The PCA of the parameters with reference to different exposure re
gimes resulted in extraction of 2 principal components (PCs) with ei
genvalues > 1 for Pro, 3 PCs for Acu, and 3 PCs with Chr 
(Supplementary Table 1S). Besides, the chosen PCs have eigenvalue 
higher than 1, the scattering plots were constructed only with the initial 
2 PCs, accounting more than 70% of variance, and are presented in 
Fig. 4. The cumulative percentage variance of the first 2 PCs for Pro, 
Acu, and Chr was 72.28, 80.94, and 72.41, respectively. With reference 
to different exposure regimes, it was identified that for progressive 
exposure (Pro) the pH, EC, TDS, and Sal were in PC1, with eigenvalue of 
3.884, contributing higher to the data variability (55.49%), while the 
influence of plant type, ORP, and RES were in PC2 (eigenvalue 1.176) 
with contribution to data variance of 16.79%. In the acute exposure 
regime, the EC, ORP, TDS, and Sal were in PC1 (eigenvalue 4.099) with a 
contribution to data variability of 58.55%, while pH, RES, and plant type 
were in PC2 (eigenvalue 1.568) with a data variability contribution of 
22.38%. However, in chronic exposure regime (Chr) the role of plant 
type was in PC1 (eigenvalue 3.938), along with EC, ORP, TDS, and SAL, 
contribution 56.25% in data variability, while pH and Res were in PC2 
(eigenvalue 1.131) with a contribution to data variability of 16.15%.

Fig. 4. Principal component analysis on the data for water parameters and plants. a) progressively exposed population (Pro), b) acutely exposed population (Acu), 
and c) chronically exposed population (Chr). The blue parameters have significantly higher loading values in principal component 1, while the green parameters have 
significantly higher loading values in principal component 2.
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3.2.3. Metal and metalloid contents in growth substrate and plants
The total GS metal(loid) content about the exposure regime is pre

sented in Table 2. Significantly higher concentrations of all metal(loid)s 
(mg kg− 1) in GS were observed for both plant treatments under Pro 
exposure compared to Acu and Chr. For P. australis and S. holoschoenus 
cultivated in Pro regime the metal(loid)s content (mg kg− 1), which were 
very high, are as follows (alphabetically) Al (1095.05 ± 289.88 and 
1159.38 ± 219.48), Cu (2006.72 ± 413.21 and 2074.55 ± 323.43), Fe 
(2382.22 ± 508.55 and 2517.24 ± 511.94), Ni (1688.62 ± 85.17 and 
1610.86 ± 127.86), and Zn (772.9 ± 72.06 and 687.69 ± 75.40). Con
centrations in the GS were approximately in the range 300 – 2000 mg/kg 
for Fe, Cu, Ni, Al and Zn, 2.6 – 23 mg/kg for Cd and 0.5 – 5.4 for Pb, Cr 
and As for both plant treatments. The extent of the metal(loid) adsorp
tion in GS was similar for both plants, but slightly different between 
exposure regimes. In this manner, metal(loid) concentrations in GS 
followed the order Fe > Cu > Ni > Al > Zn > Cd > Pb > Cr > As - under 

Pro exposure, Fe > Cu > Al > Ni > Zn > Cd > Cr > Pb, and As - under 
Acu exposure, and Fe > Ni > Cu >Al > Zn > Cd > Cr > As, and Pb - 
under Chr exposure.

The compartmentalization of metals and metalloids in the roots and 
shoots of P. australis and S. holoschoenus in the wetland mesocosms was 
very similar to that observed in the 4 L mesocosms (supplementary 
figure 4). Generally, the concentrations of metals and metalloids in the 
roots of both plants were significantly higher than in the shoots, except 
for As, and to a lesser extent, Cr and Pb, where the concentrations were 
comparable. The concentration of metals and metalloids in the roots of 
both plants correlated with the respective concentrations initially pre
sent in the polluted water. Consequently, the highest concentrations in 
the roots were recorded for the elements with the highest concentrations 
in the polluted water: Al, Cu, Fe, Ni, and Zn. The concentrations of el
ements in the shoots were comparatively negligible.

In general, metal(loid) speciation in GS was element-dependent, 

Fig. 5. Speciation of metals and metalloids in sediments (gravel) collected from the wetland mesocosm plants (P. australis and S. holoschoenus) under different 
exposure regimes at the end of the incubation period. “Pro”, “Acu”, and “Chr” at x-axis represent the progressive, acutely, and chronically exposed population of 
P. australis and S. holoschoenus.

Fig. 6. HepG2 spheroid viability. a) The graph represents the relative intracellular ATP content in liver spheroids after a 24-hour treatment with water samples, 
determined using the ATP assay and normalized to total protein content. Three independent experiments were performed, and at least four spheroids from each 
bioreactor were collected. Results are presented as the mean ± SEM of relative µM ATP/μg protein, normalized to the technical control (CME). b) Morphological 
boundaries of spheroids under each condition. The red arrow indicates disaggregation of cells exposed to polluted water. CME: control cell media; CTR: death control 
(10% Triton X-100); CWS: control water Scirpus holoschoenus; PWC: control water polluted without treatment; PTS: polluted treated water Scirpus holoschoenus; PTP: 
polluted treated water Phragmites australis. Scale bar: 250 µm. Differences were analyzed using one-way ANOVA followed by a Dunnet multiple comparisons test, 
with significance set at p ≤ 0.05.
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meaning that distinctive speciation patterns were observed depending 
on the element. These patterns were generally more evident than the 
effects of potential speciation due to plant or exposure treatment 
(Fig. 5). In this manner, Cd and Pb were primarily associated with Fe- 
and Mn-oxides, and to a lesser extent with carbonates. In contrast, Cr, 
Ni, and Zn were primarily associated with the carbonate fraction, fol
lowed by the Fe- and Mn-oxide fraction. Al, As, and Cu speciation mainly 
occurred within the Fe- and Mn-oxide and the residual fractions, 
whereas Fe exhibited the most varied speciation of all the elements. Iron 
was present in all fractions, with the lowest association with the organic 
fraction. In terms of exposure regime, the speciation of the elements Cd, 
Cr and Zn within the Fe- and Mn-oxide fraction was over 10% higher 
under Acu exposure than under Pro and Chr exposure. The most relevant 
difference for the plants was observed for Al, which was found to be 
significantly more highly associated with the Fe- and Mn-oxide fraction 
relative to the residual fraction in S. holoschoenus mesocosms than in 
P. australis mesocosms under Pro and Chr exposure.

3.3. Effect of Groundwater Phytoremediation on the Viability of Mature 
HepG2 Spheroids

The viability of the HepG2 hepatocellular carcinoma cell line was 
assessed to determine the maximum suitable water dosage for evalu
ating potential oral human health effects, as well as to compare toxicity 
levels before and after phytoremediation (Fig. 6a). After 24 h of expo
sure, the polluted water control (PWC) resulted in almost total loss of 
cell viability, which was similar to the death control (CTR), which 
contained 10% Triton X-100. In contrast, the non-polluted control 
without plants (CME) (representing 100% cell viability) and the non- 
polluted water control treatments with plants (CWS for S. holoschoenus 
and CWP for P. australis), showed no reduction in cell viability. The 
treatment of the polluted groundwater using Phragmites australis and 
Scirpus holoschoenus (designated as PTP and PTS, respectively) signifi
cantly improved cell viability compared with PWC, reaching values over 
75% cell viability, which is considered non-toxic. There were no sig
nificant differences in performance between the two plant treatments, 
neither for the controls without polluted water (CWS and CWP) nor for 
the ones with polluted water (PTS and PTP) with and without polluted 
water.

Regarding the liver spheroid morphology depicted in Fig. 6b, the 
constructs exhibited a well-defined boundary in all treatments, except 
for PWC where the cells appeared detached from the spheroid core and 
dead, as shown in Fig. 6a, likely due to exposure to the polluted water. 
The results indicate that mesocosms planted with P. australis and 
S. holoschoenus effectively removed metals and metalloids from 
contaminated groundwater, thereby enhancing water quality and 
rendering the treated water compatible with cell survival. The compa
rable efficacy observed between the two species suggests that both are 
viable options for phytoremediation in similar contexts. Overall, these 
findings reinforce the potential of phytoremediation as a sustainable and 
effective strategy for groundwater decontamination with positive im
plications for human health, addressing an important environmental 
and public health challenge.

4. Discussion

Polluted groundwater poses a significant risk to both drinking water 
resources and hydraulically connected surface water bodies [13]. 
Macrophyte-based phytoremediation can provide a nature-based solu
tion for treating contaminated groundwater either in constructed 
wetland systems or in situ in areas where vegetation grows along the 
affected surface water bodies [37,38]. However, the potential of mac
rophytes for phyto-treatment depends on the type of plant, contaminant 
type and concentration, and the exposure regime (acute, progressive, or 
chronic). The physiological response of plants (Phragmites australis and 
Scirpus holoschoenus) exposed to metal(loid)s containing groundwater in 

the acute experiment (4 L batch mesocosms) demonstrated strong 
tolerance. Both plants managed to maintain biomass and photosynthetic 
pigments that are comparable to control plants. This indicates the 
tolerance of both species to the multi-metal(loid) contamination. These 
findings are consistent with previous studies highlighting the tolerance 
of P. australis to various heavy metals through mechanisms such as 
pollutant exclusion, phytostabilization, and increased root growth, 
which enhances the surface area of contact with the contaminated 
substrate [21]. Previous work has also shown that S. holoschoenus 
exposed to polluted water can exhibit increased shoot biomass and tis
sue water content, suggesting mechanisms that enhance water uptake 
and biomass production, enabling dilution of pollutants within plant 
tissues [11]. However, prolonged exposure to polluted groundwater 
could lead to phytotoxic effect.

Metal(loid)s contamination soil, sediment, or growth substrate can 
influence soil health by affecting microbial processes and rhizospheric 
enzymatic activities [37,39]. In the present study, several enzymatic 
activities increased in the acute exposure experiment, such as AcPA and 
bNAG in the P. australis treatment, indicating possible microbial adap
tion or changes in nutrient cycling in response to pollutants. In contrast, 
significantly lower enzyme activities in the S. holoschoenus treatment 
suggest an induced inhibitory effect on the rhizospheric microbial 
community. The presence of metal(loid)s is known to alter the rhizo
spheric enzyme activities by inhibiting the microbial population and 
reducing root exudation and growth [40]. These responses may also be 
influenced by changes in the environmental conditions, such as 
physico-chemical parameters pH, electrical conductivity, soil composi
tion, and organic matter [12,41,42].

A significant accumulation of metals in growth substrate was 
observed in all 4 L mesocosms exposed to the polluted water with high 
metal load, particularly for Cu, Fe, Ni, and Zn. Consequently, significant 
uptake and accumulation occurred in the roots of both plants, indicating 
a phytostabilization rather than a phytoextraction mechanism. Root 
accumulation driven by increasing metal(loid)s levels in water and soil/ 
substrate is desirable for phyto-attenuation/-stabilization as it mini
mizes transfer of contaminants to aerial plant tissues [43,44]. A signif
icant increase in the pH of the water (from acidic to near neutral) was 
observed across all mesocosms by the end of the two-month experiment. 
This pH shift occurred in both planted and unplanted systems, indicating 
an abiotic baseline contribution to the metal(loid) attenuation through 
chemical precipitation. However, the planted mesocosms exhibited 
significantly lower EC, TDS, and Sal compared to the unplanted meso
cosms, suggesting an additional vegetation-mediated removed the re
sidual dissolved solid. Changes in metal(loid) fractionation in GS were 
observed in the planted mesocosms, particularly for Al, As, Fe, Pb, and 
Zn, indicating the influence of rhizospheric process such as root 
exudation, organic matter incorporation, and rhizospheric microbiome 
changes [11,15,32]. Therefore, it indicates that the abiotic pH shifts can 
initiate the remediation process, however plants play a pivotal role in 
enhancing and sustaining the metal and metalloid removal which en
sures the long-term stabilization of sequestered elements. Wetland sys
tems involve complex interactions between biotic and abiotic 
geochemical processes that affect pH and the solubility of elements such 
as Al and Fe [40,45]. The higher Fe concentration in the tested polluted 
water likely contributed to the fractionation of various elements, 
including As, Cd, Cr, Cu, Ni, Pb, and Zn, within the Fe- and Mn-oxides 
fraction.

Using appropriate macrophytes is critical for large-scale phytor
emediation applications [10]. Short-term treatability tests allow rapid 
screening of suitable plants before longer-term testing under larger 
treatment volumes [11,12]. However, aquatic plants in natural systems 
are more often exposed gradually and continuously to contaminates 
through non-point pollution sources and flowing water [6,14]. There
fore, it is crucial to determine the effects of different exposure regimes to 
evaluate the potential of phytoremediation approaches using macro
phytes. In the study, plants exposed to progressive and chronic regimes 
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generally showed greater tolerance than those exposed to acute condi
tions, particularly in terms of plant growth. Previous studies have shown 
that gradual exposure to acidic and metal(loid) contaminated water can 
lead to the development of tolerance, whereas acute exposure may 
induce plant stress even when metal(loid) mobilization or uptake re
mains limited [11,41,45]. Therefore, Pro and Chr exposure allows plants 
to acclimatize to polluted environments and maintain biomass produc
tion [38,46].

The metal(loid) uptake profile in the continued exposure wetland 
experiment, was similar as of the acute experiment, showed preferential 
accumulation of metal(loid)s in roots except for As, and to a lesser extent 
Cr and Pb. These elements together with Cd, were at lower concentra
tion in the polluted water and GS, which may explain the smaller dif
ference between roots and shoots concentrations. For elements at high 
concentrations, the metal(loid) accumulation occurred more mainly in 
the roots than in aerial tissues. Hamidian et al. [20] also reported that 
P. australis growing on Shoor River, Iran, accumulated higher metal 
(loid)s in root compared to aerial parts, when the concentration of metal 
(loid)s in sediments was found in following order Al > Fe > Mn > Zn 
> Mg > Ni > Cr > Pb > Cu > As > V. Similarly, significant phy
toattenuation and metal(loid) accumulation was observed in roots for 
S. holoschoenus growing on highly acidic water (pH 2–3) and sediments 
of Água Forte and the Roxo streams, Portugal [22]. Apart from the 
evident preferential metal(loid) accumulation in the roots, no consistent 
pattern was observed regarding the influence of the exposure regime or 
the plant species on metal(loid) distribution within plant tissues. This 
suggests that continued exposure may stabilize metal(loid) uptake pat
terns over time, as previously reported in studies with different incu
bation periods. Khan et al. [47] reported that S. holoschoenus, when 
irrigated with polluted groundwater at different hydraulic retention 
times (15 and 30 days) showed fluctuations in the metal(loid)s uptake 
and compartmentalization.

Analysis of total metal(loid)s in GS under continuous exposure 
showed the highest accumulation in the Pro exposure treatment. This 
was attributed to the gradual increase in pollutant concentration from 
the continued addition of contaminated groundwater, which promoted 
stabilization of trace elements onto the growth substrate and rhizo
sphere [45]. Overall, the exposure regime and the plant species had a 
limited effect on metal(loid) speciation compared with the nature and 
concentration of the element after continued exposure. These results 
highlight the dynamic interplay between plant activity, exposure dura
tion, organic matter, redox fluctuation, anoxic/oxic conditions, and 
metal speciation [48,49]. The polluted groundwater phytoremediation 
for long term continuous exposure by P. australis and S. holoschoenus, not 
only helps in the pollutants’ remediation, but also improves water 
quality, as reflected by a significant enhancement of the viability of 
mature HepG2 spheroids. The recovery in cell viability after phytor
emediation provides convincing evidence for the potential of these 
plants to mitigate the harmful effects of the polluted water on human 
health. The finding links the ecological benefits of phytoremediation to 
tangible improvements in water quality, as indicated by the reduction in 
the treated-water cytotoxicity to HepG2 cells.

In phytoremediation systems, harvested biomass containing metal 
(loid)s may require management after treatment. Biomass valorization 
via incineration is among the commonly adopted practices to manage 
plant residues [50,51]. The assessment of the biomass for bioenergy 
potential showed higher carbon content (%) and HHV in P. australis 
compared with S. holoschoenus. A feedstock with a calorific value of 
15–17 MJ kg− 1 is considered marginally good for biomass energy pro
duction or fuel generation. Such calorific values are comparable with 
feedstock such as rice straw (~15.8 MJ kg− 1) and low-grade coal 
(~17–23.2 MJ kg− 1) [26,52]. In this study, the HHV of P. australis 
reached 17.15 ± 0.25 MJ kg− 1 under progressive exposure, indicating 
the potential of energy recovery after phytoremediation. However, 
variations in these parameters across the exposure regimes indicate that 
pollutant exposure can influence the biochemical composition and 

calorific values of the plant biomass.
This work presents a concrete foundation to use the potential aquatic 

plants P. australis and S. holoschoenus for an extended and sustainable 
remediation option for metal(loid)-polluted water bodies. However, 
more detailed investigations are needed to quantify the role of such 
parameters and complexity of natural wetland environment, as these 
aspects can impact on the NBS-based remediation and metal(loid)s long- 
term fate and bioavailability [14,39,49]. The proceeding studies to this 
work should focus on the scaling up the mesocosm studies to pilot-scale 
constructed wetlands by evaluating the performance of plant species 
under more realistic field conditions, considering factors like seasonal 
variations, hydraulic loading rates, long-term accumulation of pollut
ants, and global changes. Evaluating the environmental footprint, life 
cycle analysis, costing and impacts, including energy consumption, 
greenhouse gas emissions, and waste generation, to ensure its true sus
tainability compared to conventional remediation methods.

5. Conclusion

To mitigate the risks posed by complex multi-metal(loid) contami
nation in groundwater, nature-based solutions using aquatic plants 
represent a sustainable, dual-purpose strategy for detoxification and 
simultaneous environmental restoration. This research establishes a 
unique framework for evaluating the resilience of phytoremediation 
systems by shifting focus from static assessments to dynamic regimes 
(acute, progressive, and chronic). This study demonstrates that exposure 
dynamics are a critical determinant of macrophyte performance. Based 
on the evidence of superior biomass production and pollutant removal 
observed under progressive and chronic exposure, the study suggests 
that the gradual acclimatization of macrophytes (biological priming) is 
pivotal for the long-term sequestration capacity of large-scale con
structed wetlands. Furthermore, the successful recovery of HepG2 cell 
viability due to removal of metal(loid)s and stabilization of water 
physical parameters (notably pH), affirms the efficacy of macrophyte- 
based remediation in effectively removing the pollutant and miti
gating the human health risk. It highlights the necessity of integrated 
testing, monitoring both pollutant removal and ecotoxicity reduction, to 
ensure robust nature-based remediation outcomes and prevent 
cascading failures. Finally, this study confirms the potential of post- 
phytoremediation biomass valorization, supporting bioresource recov
ery. These findings provide a sound scientific foundation for deployment 
of macrophyte assisted phytoremediation to tackle the global challenge 
of groundwater restoration.

Environmental Implications

Groundwater polluted with metal(loid)s and hydraulically con
nected to surface watercourses may pose a significant environmental 
and economic threat to freshwater ecosystems and catchment areas, 
depending on seasonal hydrological fluctuations. Using macrophyte 
plants for phytoremediation/attenuation offers an attractive, nature- 
based approach to mitigating the effects of pollutants entering fresh
water systems from groundwater. To validate their phytoremediation 
potential, P. australis and S. holoschoenus were subjected to variable 
exposure regimes involving polluted groundwater. Our study shows that 
both plant species can be successfully incorporated into phytor
emediation strategies for water contaminated by multiple metals and 
metalloids under changing conditions, as represented by different 
exposure regimes.
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alization. Alfredo Pérez-de-Mora: Resources, Project administration, 
Formal analysis. Aqib Hassan Ali Khan: Writing – review & editing, 
Writing – original draft, Visualization, Validation, Supervision, Soft
ware, Investigation, Formal analysis, Data curation, Conceptualization. 
Carlos Rad: Writing – review & editing, Writing – original draft, Vali
dation, Methodology, Formal analysis. Alberto Soto-Cañas: Writing – 
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