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e High TN removal in Equisetum hyemale
floating treatment wetlands (FTW)

e The presence of As suppresses PO4-P
removal

o FTW with E. hyemale effectively
removes Pb (up to 98 %) and As (up to
79 %)

e Pb treatment reduces bacterial biodi-
versity and selects Pseudomonas and
Azotobacter.

e Bacterial mediation suggested in
removal processes of As
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ABSTRACT

Floating treatment wetlands (FTW) are receiving growing interest as a phyto-technology. However, there are
significant research gaps regarding the actual role of plant species and plant-microbiome interactions. In this
study, the nutrient uptake of Equisetum hyemale was examined in FTW microcosms under the influence of abiotic
stressors: As (3 mg/L) and Pb (3 mg/L) as well as C1~ (300 and 800 mg/L) in reference to a control during a short
screening experiment. High removal efficiency of nutrients in water solutions, up to 88 % for TN and 93 % for
PO4-P, was observed. However, PO4-P removal was inhibited in the As reactor, with a maximum efficiency of
only 11 %. Lead and As were removed with high efficiency, reaching 98 % and 79 % respectively. At the same
time only Pb was effectively bound to root biomass, reaching up to 51 %. Limited As accumulation of 0.5 % in
plant roots suggests that microbial processes play a major role in its reduction. The development and structure of
microbiome in the microcosms was analysed by means of 16S rRNA gene amplicon sequencing, proving that Pb
was the most influential factor in terms of selection pressure on specified bacterial groups. In the As treatment,
the emergence of a Serratia subpopulation was observed, while the Cl™ treatment preserved a rhizobiome
composition most closely resembling the control. This study indicates that E. hyemale is a suitable species for use
in FTWs treating Pb polluted water that at the same time is capable to withstand periodic increases in salinity.
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E. hyemale exhibits low As binding in biomass; however, extended exposure might amplify this effect because of
the slow-acting, but beneficial, mechanism of As uptake by roots and shoots. Microbiome analysis complements
insights into mechanisms of FTW performance and impact of stress factors on bacterial structure and functions.

1. Introduction

Anthropogenic-related activities such as expanding industrialization,
urbanization, as well as agriculture have disturbed the biogeochemical
cycles of nutrients (Geng et al., 2017), leading to rapid increase of ni-
trogen (N) and phosphorus (P) concentrations in aquatic ecosystems
during the last decades. The elevated nutrient loads contribute to the
eutrophication as well as impoverishment of aquatic species. At present
effective, low-cost and environmentally friendly treatment of lakes,
ponds, streams, and rivers supplemented with excessive nutrients still
remains a challenge. Apart from nutrient supplementation, water bodies
also suffer from inputs of potentially toxic elements (PTEs), mostly
heavy metals and arsenic (As), delivered with contaminated surface
runoff (Colares et al., 2020). Low-investment nature-based solutions
with minimal energy consumption and environmental imprint such as
constructed wetlands can mitigate these problems. However, typical
constructed wetland systems located near the receiving waters are land
demanding, which can be problematic at densely populated sites. In
contrast, floating treatment wetlands (FTW), small artificial platforms
where macrophytes grow hydroponically, have no specific land re-
quirements and can be easily deployed in situ on natural and man-made
water bodies (Wang et al., 2019). Plant roots expanding in the water
column provide an extensive surface area for the growth of the attached
biofilm and entrapment of suspended particulate matter (Borne et al.,
2013). The nutrient removal pathways of FTW systems include several
biotic and abiotic pathways. The roots suspended in the water column
remove nutrients either by incorporating them into their tissues through
biosynthesis (both N and P) or by settling (P removal). Microbially
driven processes, such as nitrification, denitrification, and anaerobic
ammonium oxidation (anammox), mediate N removal in FTW. Pavlineri
et al. (2017) point out that nutrient removal varies between research
studies in a wide range from 14 to 74 % for N and from 11 to 99 % for P.
Hence, the role of plants is worth further exploration with regard to
different species and environmental stressors that may stimulate or
decrease the phyto-uptake capability, such as PTEs washed off from
urban catchments, or elevated concentrations of chloride (Cl™), a com-
mon de-icing agent used in winter on streets under cold and temperate
climate. Plant species tolerant to stress factors, capable to maintain high
N and P removal, and possibly also capable of taking up PTEs, will be a
good selection for FTWs in the urban environment. In general, many
plant species demonstrate a high ability to adapt to prevailing envi-
ronmental conditions, i.e., contamination, pH, salinity, etc. For example,
metal-tolerant macrophytes include Phragmites australis, Lemna minor,
Pistia stratiotes, and Iris pseudacorus. However, in each environment,
there are more species with unique traits that can be considered in FTW
application to increase biodiversity and strengthen the system's abilities
to mitigate pollutant concentrations and maintain healthier ecosystems.

Equisetum sp., fern-like plants that can live in both aquatic and land
habitats, have been appointed as As and metals hyperaccumulators,
capable of accumulation of up to 100,000 mg As/kg d.w. from
contaminated soils around mining sites in their tissues (Koch et al.,
2022). Equisetum (horsetail plants) are commonly found worldwide
except Australia and New Zealand. The plants are made of annual and
perennial stems that arise from a deep perennial rhizome, and their root
system is extensive. Equisetum sp. is also highly tolerant to acidic pH, and
it is characterized by a high silicate content of the stem (approx. 25 % d.
w.). Silicon in plants can affect metal mineralization by solution or solid-
state interactions. It also imparts structural, defensive, and photosyn-
thetic advantages to plant systems, and silicon-metal interaction is an
important part of their biochemistry. According to Pant et al. (2015)

Equisetum spp. (including E. diffusum) is useful for detoxification of e-
wastes containing Pb, while Cannon et al. (1968) reported generally
good tolerance of Equisetum spp. to heavy metals. To date, apart from the
recent study of Koch et al. (2022), who investigated As uptake of three
Equisetum spp. in hydroponic conditions, no research thus far examined
the use of these plants in treatment wetlands. The distinguished ability
of Equisetum spp. to mediate As contamination can be of potential in-
terest in such systems.

Some recently published studies underline the significance of plant-
microbiome synergism as a major driving factor of processes inside
FTWs (Yasin et al., 2021). Plant species stimulate the selective devel-
opment of microbial consortia, while the microbiome supports plants
physiological processes and adaptation to environmental stress factors.
Still little is known about structure and diversity of microbiome in FTWs,
particularly with regard to abiotic stress response. Since microbiome is
an integral component of FTW phyto-technology, exploration of the
development of microbial consortia under stress factors is of utmost
significance and will contribute to understanding its contribution to the
overall performance of FTW.

The objective of this study is to assess the impact of stress factors (Pb,
As, increased salinity) on the nutrient uptake capacity of Equisetum
hyemale in FTW microcosms. The ability of E. hyemale to uptake Pb and
As is also investigated. Additionally, the study aims to identify the
structure and diversity of microbial communities in FTW with E. hyemale
under these stress conditions. The research hypothesis is that E. hyemale
can be effectively used in hydroponic systems for detoxification of toxic
compounds due to its high Si content, which confers multiple benefits on
plants, enhancing their structural integrity, defense mechanisms, and
photosynthetic efficiency. The findings of this study will contribute to a
better understanding of the treatment mechanisms and the role of biotic
components of FTWs, and explore the potential of E. hyemale as a plant
species for removal of Pb and As from water bodies.

2. Materials & methods
2.1. Experiment design

A microcosm experiment was carried out in eight plastic reactors (15
L volume), with the following dimensions: diameter 0.3 m, height 0.31
m, and surface area 0.1 m?. A floating raft with 5 seedlings of E. hyemale
‘Robustum’ was placed in each reactor (0.03 m? of coverage ratio).
E. hyemale seedlings used in the experiment had a stem approximately
28 cm long and exhibited a rhizome with well-developed roots and
branches ranging from 3.6 to 5.8 cm in length. Each seedling had 2-3
stems attached to the rhizome. Before transplanting, each seedling was
thoroughly washed with deionized water. Five seedlings were planted in
each of the eight reactors, resulting in a similar arrangement of roots and
rhizomes with a comparable moist weight (12.5-13.7 g). For the one-
week acclimatisation period before the experiment, the reactors were
supplied with tap water. The reactors were kept in the semi-controlled
laboratory conditions with a constant air temperature of 20 + 2 °C
and artificial lightening (LED grow 10 W; red 660 nm and blue 460 nm
light) with photo period 12/12 h.

Following the acclimatisation period, nutrient solutions containing
4.0 mg/L of N and 1.0 mg/L of PO4-P were added. The experimental
setup consisted of the following treatments chloride (NaCl), lead (Pb),
arsenic (As), marked further as R¢j., Rpp, Ras, respectively. Nutrient
treatments without additional stress factors served as control reactors -
Reont-

Nutrient stock solutions were prepared as a mixture of tap water,
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ammonium nitrate (NH4NOs3) and potassium dihydrogen phosphate
(KH2POy4). To induce stress sodium chloride NaCl, lead(IDnitrate (Pb
(NO3)5) (CAS 10,099-74-8), and arsenic solution (CAS 7440-38-2) were
added to specific treatments. The doses of reagents used to prepare
specific treatments are presented in Table 1. Citric acid (CcHgO7) was
used to regulate pH and maintain a slightly acidic environment in all
reactors (5.5-6.3) throughout the experiment. The whole experiment
lasted 50 days, from March 1st to April 21st, 2021. Due to observed
depletion of nutrients, the solutions were entirely replaced after 30 days
of experiment. Therefore, the experiment was divided into two phases:
30 days (1st phase) and another 20 days after replenishing nutrient
solutions (2nd phase). The initial concentrations for both experimental
phases are presented in Table 1.

2.1.1. Sampling

Nutrient concentrations (TN and PO4-P) were monitored weekly in
the 1st phase and every five days in the 2nd phase, resulting in a total 96
analyses across all treatments. On the start and final day of each
experimental phase 30 mL of subsample was taken with a volumetric
pipette for Pb and As analyses. Plant tissues (shoots and roots) were
harvested at the beginning (random selection of 5 seedlings as repre-
sentative), at the end of the 1st phase (random harvest of several shoots
and roots samples from duplicated treatments), and at the end of the 2nd
phase (all produced biomass) for As, Pb, Nkje;, and P analyses. Addi-
tionally, at the end of the experiment, roots were collected for the an-
alyses of microbial communities and fresh tissues were used for
microscopic examination to verify the potential stressors impact on
anatomical structure of E. hyemale.

2.2. Chemical analyses

2.2.1. Water samples

Acidity (pH) and temperature (°C) were measured using a portable
multi-meter (model HQ4300, Hach Lange, USA). The concentrations of
TN, PO4-P, and Cl” were determined with a spectrophotometer
(DR3900, Hach Lange, USA) according to EN ISO 11905-1, EN ISO 6878,
and iron (IIT) thiocyanate method. Liquid samples for Pb were collected
with a syringe, filtered through Millipore filters (0.45 pm), and stored at
8 °C in polypropylene tubes to which 100 pL of 65 % HNOg3 (Suprapur,
Merck) per 10 mL was added. Pb content in liquid samples was deter-
mined using ICP-MS (Perkin-Elmer, ELAN 9000, USA). Quality control
was ensured by analyzing subsamples prepared from the Pb standard
(with an initial concentration of 10,000 mg/L) and “blanks”, according
to the same procedure. Recoveries ranged from 92 to 103 %. The pre-
cision, expressed as relative standard deviation, ranged from 3 to 5 %.

Table 1
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Liquid samples for As were filtered through Millipore filters (0.45 pm)
and stored frozen in polypropylene tubes after collection. From the
defrosted sample, 10 mL of subsample (original or diluted depending on
the estimated As content) was taken for analysis. Subsequently 1.25 mL
of 30 % HCI (Suprapur, Merck) and 1 mL of 20 % KI (EMSURE grade)
solution was added in order to ensure conversion of the arsenic to As
(III). Arsenic was measured using hydride atomic absorption spec-
trometer (AAS, Shimadzu 6800, Japan), equipped with a HVG-1 hydride
vapor generator (Shimadzu, Japan) with deuterium background
correction. Arsenic was determined at a wavelength of 193.7 nm. Re-
coveries ranged from 93 to 112 %. Precision, given as relative standard
deviation, was in the range of 3 to 5 %.

2.2.2. Plant material

Ngjet was determined using semi-automatic Kjeldahl distillation
(Behrotest S4, Behr Labor-Technic, Germany). Approximately 0.2 g of
plant material was added to 250 mL glass tubes, and 2.4 mL of HySOy,
and Kjeldahl tabs Missouri (5 g/tablet, Supelco, Merck) were added.
Then the mixture was heated in a heating block (Behrotest, behr Labor-
Technic, Germany), gradually increasing the temperature to 380 °C
(Table S.1). After cooling the samples were turned alkaline by adding 30
% NaOH water solution (approx. 30 mL) and subjected to steam distil-
lation according to the standard procedure for Ngje determination
(Chemat et al., 1998).

P was determined with the use of the molybdenum blue method
(APHA, 4500 PE) as a PO4-P and determined spectrophotometrically at
690 nm with Tecan GENios Microplate Reader (Tecan Group Ltd.,
Switzerland). Specific description is attached in Table S.1.

For As determination 0.1 to 2 mL of the solution, depending on As
concentrations in the sample, was transferred into polyethylene test tube
and diluted with Milli-Q to the volume of 10 mL. Then 1.25 mL of 30 %
HCI (Suprapur, Merck) and 1 mL of 20 % KI (EMSURE grade) solution
was added so As could be reduced into one oxidation state — As(III).
Measurements with AAS equipped with a deuterium background
corrector and a HVG-1 hydride vapor generator (Shimadzu, Japan) were
proceeded after 30 min and each sample was analysed in triplicate. The
operating parameters for working element were set as recommended by
the manufacturers. The Pb concentrations were measured in inductively
coupled plasma mass spectrometry (ICP-MS, Perkin Elmer 9000 Sciex.,
USA). To ensure the quality of the results, the same procedure was
applied to certified reference material of plant LGC7162 (strawberry
leaves), whose As content is 0.28 + 0.07 mg/kg and Pb content is 1.8 +
0.4 mg/kg. The obtained results of CRM were 0.262 + 0.04 and 1.95 +
0.03 mg/kg respectively for As and Pb, and as such in good agreement
with the certified values (recoveries 93.5 and 108 %, respectively). All

Initial properties of synthetic wastewater in microcosm reactors at the beginning of 1st and 2nd phases. Control reactor (Reont), chloride treated reactor (Rcy), lead

treated reactor (Rpp), and arsenic treated reactor (Rag).

Initial physiochemical properties of synthetic wastewater

Element N PO4-P Cl- Pb As pH*
[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [-]

Phase 1st 2nd 1st 2nd 1st 2nd Ist 2nd 1st 2nd 1st 2nd

Reont 101 +3 313 £ 10 0.0002 0.03 6.1 5.5
4.0 +£0.1 1.0 £ 0.1

Rai 278 £5 820 + 8** 0.0002 0.03 6.3 5.6
4.0+0.1 1.0+ 0.1

Rpp 105 + 2 292 + 2 3.0+ 0.2 0.03 6.2 5.5
4.0 +0.1 1.0+ 0.1

Ras 102 £ 2 299 +1 0.0002 3.0+0.1 6.1 5.6
4.0 +£0.0 1.0+ 0.1

Explanation:

Reont — control reactor, R¢y. - reactor with additional Cl~ dose, Ras — reactor with additional As dose, Rp}, — reactor with additional Pb dose, 1st phase duration: 1-31

March (30 days), 2nd phase duration: 1-21 April (20 days).

* pH was regulated systematically (every 2 days) with the use of citric acid CHgO; (2-5 drops)
" value determined basing on the concentrations observed in stormwater retention ponds (Schiick and Greger, 2022)
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elements concentrations in plants and sediments were reported on a dry
weight (d.w.) basis.

2.3. Plant characteristics

Plant height was measured, and the external appearance of plants
was inspected once a week, to detect possible senescence. Plants in the
FTW basket were lifted above the water level and measured using a
portable cm measure. The minimum and maximum range [cm] were
recorded. The chlorophyll content index (CCI) was determined using a
portable chlorophyll meter (CCM-200 Plus, Opti-Sciences, USA), which
provides non-destructive measurements of plants during their growth
and cultivation. One sample consisted of a 0.7 cm? leaf apex. CCI values
were determined using the exact same shoot from the same plants above
the last node. The measurements were carried out to avoid damaging the
elastic structure of the stems. Measurements were taken for each repli-
cate of each treatment following the methodology proposed by Higbie
et al. (2010) and Ling et al. (2011).

2.3.1. Microscope observation

Plant tissues were cut into semi-thin (0.5-1 mm) slices and placed in
a watch glass filled with redistilled water (Milli-Q Ultrapure Water
System, Merck). After soaking in water for 2-3 min, the cross-sections
were immersed in the staining solution for one minute. To distinguish
between tissue structures, toluidine blue was used (Parker et al., 1982).
After staining, sections were washed in redistilled water, placed on a
clean glass slide with a drop of water, and covered with a coverslip. A
light microscope (Biolar, PZO Poland) was used to examine cross-
sections of roots, stems, and leaves at 5x and 10x magnification of
lens and 10x magnification of eyepiece.

2.3.2. Relative growth rate

The relative growth rate (RGR) was calculated considering the initial
and final plant heights, according to Eq. (1) as described by Gao et al.
(2018):

RGR =100

In(H,/H;) {i} '6))

Ty, —T; day

where H; and Hy are the initial and final plant heights (cm), respec-
tively, and (T — T;) is the experimental period (days).

2.4. Microbial analyses

2.4.1. DNA extraction and high-throughput 16S rDNA sequencing

Samples for microbiological analyses were taken at the end of the
2nd phase of the experiment, by cutting off part of the rhizosphere of
E. hyemale derived from each reactor. The 2-3 cm slices of roots and
rhizomes with attached biofilm, obtained from each plant in a given
microcosm were packed into single 30 mL polypropylene flask until filly
filled with loosely packed tissue fragments. The DNA extraction from the
microbial communities developed on plant roots was performed by
using 1 g of root tissue sample with the FastDNA™ SPIN KIT (MP Bio-
medicals, USA) following the manufacturer's protocol. Genomic DNA
isolation was carried out in duplicate from each sample. After the
extraction step, the genomic DNA solutions from repetitions were
combined.

After quality control by spectrophotometry, genomic DNA was sub-
jected to high-throughput Illumina sequencing of the V3-V4 region of
the 16S rRNA gene, using the primer set proposed by (Klindworth et al.,
2013). The MiSeq sequencing platform (Illumina, USA) using the MiSeq
Reagent Kit V2 according to the manufacturer's protocols was used to
perform paired-end, 2 x 250 nt sequencing reactions (at sequencing
depth with >60,000 reads per sample). The Usegalaxy platform (htt
ps://usegalaxy.org) was used to join paired-end reads, filter DNA se-
quences by quality (Phred score > 20) and length (> 100 bp) and

Science of the Total Environment 946 (2024) 174468

perform final quality control using the FastQC tool. After additional
checking of chimeras using the online Decipher tool (www2.decipher.
codes/FindChimeras.html), DNA sequences were classified at each
taxonomic level using the SILVA server (www.arb-silva.de), as described
in the earlier work (Kowal et al., 2022).

The sequencing data sets were submitted to GenBank (National
Center for Biotechnology Information, U.S.A) to allow public access
under submission  numbers  SUB14194396, SUB14194469,
SUB14194475, and SUB14151478.

2.5. Statistical data treatment

Competitive analysis of the bacterial community structure after
exposure to As, Pb, Cl and in the control reactor was performed using the
Statistical Analysis of Metagenomic Profiles (STAMP v. 2.1.3) software
(Parks and Beiko, 2010) by performing an ANOVA test followed by a
Tukey-Kramer post-hoc test at a significance level of 95 % (p < 0.05) and
visualised as a Principal Component Analysis (PCA) plot. Additionally,
bacterial communities were characterized in terms of the biodiversity
assessed with the Shannon's (H) and Simpson's (D) diversity indices
calculated by the following formulas (2,3):

R
H=-) . bl 2

D=1-Yp ®

where p; is the ratio between the number of DNA sequences assigned to
the particular ith genus to the total number of DNA sequences obtained
from the sample. The derived values of Shannon and Simpson indices
were independently used to calculate the mean and standard deviation
(SD) to determine the statistical significance in bacterial community
diversity between the analysed microcosms.

A minimum, maximum, and average value for nutrients, Pb, and As
concentration in liquids were determined. The results are presented as
the means + standard error (SE) of three measurements. The concen-
trations of Pb, As, Ngje, PO4-P in plant material were measured in
homogenised and mixed samples of harvested biomass from randomly
selected plants (in duplicates). The analysis of variance (ANOVA) was
run using SPSS (ver. 27, NY, USA) to examine the effects of different
treatments on studied species and elements accumulation at a signifi-
cance level of 95 % (p < 0.05) followed by the Tukey honestly Signifi-
cant Difference (HSD) test.

2.6. Removal and plant accumulation calculations

The removal efficiency (RE; %) of nutrients in the FTW system was
estimated using the difference in initial (Cj,) and final (Cy) concentration
(4):

RE = (Ci» — Cr)-100 [%] 4)

The removal rate (RR; mg/mz/d) was estimated as the difference

initial (Cy) and final (Cf) concentration divided by FTWe., (0.03 m?)
and divided by time of exposure (T.y,) (5).

RR =

- _ ()
FTWarea 'Texp

e )

Nutrients, Pb and As accumulation (mg) was calculated by multi-
plying the element concentration in plant dry biomass (ppm; mg/kg d.
w.; pg/g d.w.) with dry biomass (g). Accumulation at the end of the 1st
phase of the experiment was estimated using the growth parameters of
E. hyemale and the percentage growth increase of shoots and roots in
relations to the initial growth parameters. Shoot and root growth in each
reactor was measured using measuring tape to determine min-max
ranges. Mass balance calculation strategy of Pb and As in reactors
with FTW included determination of (1) Pb and As total content [mg] in
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water solution in reactors at the beginning of the 1st and 2nd phase, (2)
accumulation of Pb and As in plant tissues (shoots and roots) at the end
of the 1st and 2nd phase, (3) Pb and As left in water solution at the end of
the 1st and 2nd phase, and (4) Pb and As removed by “other processes”
at the of the 1st and 2nd phase. In this approach, “other processes” could
mean removing Pb and As (1) from roots through washing before drying
harvested plant biomass, (2) related to microorganisms and suspension
deposited on the 0.45 pm filter, and (3) precipitating or sorbed on the
reactor walls/bottom.

3. Results
3.1. Nutrient removal

During the 1st phase of the experiment the removal efficiency (RE) of
TN was from 75 % in Rcy. to 88 % in Ras (Fig. 1) with 79 % achieved in
Reont- The percent removal in the initial period was the highest for Rpy,
and Ry, resulting in the same highest removal rates (RR) of 3.6 and 3.8
mg/m?/day, respectively (Table 2). In the case of PO4-P significant
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disparities in removal efficiency are observed; it was only 11 % for Ras
and 93 % for Rpp, with 64 % for Reont. It can also be observed that during
the first 24-days, the decrease in dissolved PO4-P in Riope and R was
small (14 and 34 %, respectively), whereas in the case of Rpp, PO4-P
sharp depletion began after 7 days. Further decrease of PO4-P concen-
tration was observed after 24 days till the end of the 1st phase (30 day).
The average RR (in mg/m?/day) for PO4-P in the 1st phase dropped as
follows: 1.0 for Rpp; > 0.9 for Rgy; > 0.7 for Reon; and > 0.1 for Rags.

Following solution renewal in the 2nd phase of the experiment,
nutrient removal efficiencies were comparable to those achieved in the
1st phase. Nitrogen RR ranged from 3.6 in Ra, to 4.5 mg/m?/day in Rpy,.
P-PO,4 depletion was the fastest for Rpp, (65 %; RR = 1.0 mg/mz/day),
but also observed in Reont (35 %; RR = 0.5 rng/mz/day) and R¢y. (38 %;
RR = 0.6 mg/m?/day). On the other hand, during the 2nd phase PO4-P
in Rpg was virtually unchanged.

3.2. Uptake and translocation in plant tissues

Ngje and PO4-P concentrations increased in plant tissues during both
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Fig. 1. Changes in TN and PO4-P concentrations (uncertainty intervals +10 %) and removal efficiencies in a) Reont, b) Rey., €) Rpp, and d) Ras treatments during two
phases of the experiment (1st and 2nd phases). Control reactor (Reont), chloride treated reactor (Rc.), lead treated reactor (Rpp), and arsenic treated reactor (Ras),

removal efficiency (RE), total nitrogen (TN), orthophosphate phosphorus (PO4-P).
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Table 2

Concentrations of Ngjel, PO4-P, Pb and As in plant biomass, Pb and As in liquids
at the beginning and end of two subsequent phases of the experiment. Control
reactor (Reont), chloride treated reactor (Rcy), lead treated reactor (Rpp), and
arsenic treated reactor (Ras). Superscript letters indicate significant differences
among treatments for each species at p < 0.05.

Parameter/ Unit Reactor
part of plant pose Reont Ra Rpp Ras
of experiment
Niel
shootS ¢ phase start 8.5 + 0.25%
ShoOtS 15t phase end/ 10.9 + 12.6 + 11.5 +
2nd phase start 9.4 +0.28% 0.33° 0.38° 0.35°
13.6 + 13.1 + 13.4 +
ShOOLS 2 phase end 14.1 £ 0.42° 0.41%° 0.39" 0.40°
TOOtS1s¢ phase start 13.2 4+ 0.40%
TOOLS 15t phase end/ 13.8 + 14.2 + 14.1 +
2nd phase start 13.2 + 0.40° 0.41%° 0.43° 0.42°
14.5 + 22.9 + 15.6 +
TOOtS 2nd phase end 87k 13.8 £ 0.41° 0.44° 0.69° 0.47°
PO,-P!
shoots 15¢ phase start 0.89 £ 0.07°
shoOtS 14t phase end/ 1.22 + 1.46 + 1.12 +
2nd phase start 1.38+0.11*  0.10* 0.12° 0.09°
1.54 + 1.63 + 1.35 +
ShOOLS 2nd phase end 1.45+0.12°  0.12% 0.13° 0.11°
TOOLS 15t phase start 0.56 =+ 0.05%
TOOLS 15t phase end/ 1.42 + 1.98 + 0.88 +
2nd phase start 1.56 + 0.12% 0.11° 0.16° 0.07¢
1.65 + 211 + 1.01 +
TOOtS 2nd phase end  8/kg 1.6 £0.137 0.13% 0.17° 0.08¢
Pb and As in liquids
15t phase start Pb-0.0002°/ 3.1+ 3.05 +
As - 0.03% 0.3 0.1¢
0.06 + 0.65 +
1st phase end/ mg/ Pb - 0.0002%/ 0.01%/ 0.04¢/
2nd phase start L As - 0.03% - 3.0+ 3.01 +
0.2 0.08°
and phase end Pb-0.0002%/ 0.23 + 0.78 +
As - 0.03? 0.02° 0.05°
Pb plant material
shoots 15¢ phase start 1.3 £ 0.5%
ShoOtS 15t phase end/ 57.7 +
2nd phase start 1.77 £ 0.5° - 1.1° —
89.2 +
ShOOLS 2nd phase end 1.91 + 0.6° - 1.8° -
TOOLS 15t phase start 11.4 + 5.6%
TOOLS 15t phase end/ 3203 +
2nd phase start 8.14 + 3.1* - ob _
mg/ 4901 +
TOOtS 20 phase end K8 9.22 + 4.6 - 5P -
As plant material
ShoOts 1¢ phase start 0.07 £ 0.06*
ShoOts 15t phase end/ 11+
2nd phase start 0.19 + 0.07% - - 2.3b
20.3 +
ShOOLS 2 phase end 0.22 + 0.1 - - 1.8
TOOLS 15t phase start 0.28 + 0.1*
TOOLS 15t phase end/ 25.4 +
2nd phase start 0.17 £ 0.1* - - 2.7
mg/ 48.1 +
TOOtS 2nd phase end kg 0.34 +0.1* - - 2.1

TNKjel — Kjeldahl nitrogen [g/kg], PO4-P — orthophosphates [g/kg]

phases of the experiment (Table 2). Although it is widely recognized that
nutrients usually accumulate in aerial parts of higher plants (Marschner,
2012), in this study Nkje; and PO4-P concentrations in E. hyemale were
greater in roots than in shoots. The exception was Rps, where POy4-P
concentration was higher in shoots than in roots. Reont, Rel, and Rag
showed similar results for Ngje; in shoots and roots at the end of both
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phases of experiment. In contrast, in Rpp, Ngjei concentration was
approximately 1.5 times higher at the end of the 2nd phase in com-
parison to the 1st phase. The different uptake pattern in this reactor
could be associated with observed effects of Pb addition on microbiome
structure, which is further discussed.

Pb removal efficiency (RE) in Rpp, reached 98 % at the end of the 1st
phase, and 92 % at the end of the 2nd phase (Table 2, Fig. 2a). Pb
concentration in shoots increased from 1.3 & 0.5 mg/kg d.w. to 57.7 +
1.1 mg/kg d.w. (44 times) by the end of the 1st phase and to 89.2 + 1.8
mg/kg d.w. (69 times) by the end of the 2nd phase. At the same time, Pb
concentrations increased in roots reaching 3203 + 2 mg/kg d.w. (28
times) by the end of the 1st phase and 4901 + 5 mg/kg d.w. (43 times)
by the end of the 2nd phase. Translocation of Pb from roots to shoots was
rather poor (at the end of the 1st and 2nd phase shoot/root ratio: 0.02),
which is confirmed by observations reported in other studies (Liu et al.,
2023). According to a mass balance (Fig. 2a) 50 % of Pb at the end of the
1st phase and 32 % of Pb at the end of the 2nd phase were bound in
roots. Shoots were responsible for 1 % Pb accumulation at the end of
both phases. Still about 47 % of Pb in the 1st phase and 60 % of Pb in the
2nd phase were subjected to removal by other processes.

As was removed with 79 % and 74 % efficacy during 1st and 2nd
phase, respectively, which is similar to the findings demonstrated by
Koch et al. (2022) who reported the removal efficiency in the range
53-78 % for different Equisetum sp. in 1 mg/L treatment, with E. hyemale
achieving a range of 69-71 %. The As concentration in roots increased
from 0.28 + 0.1 mg/kg d.w. to 25.4 &+ 2.7 mg/kg d.w. at the end of the
1st phase and to 48.1 + 2.1 mg/kg d.w. at the end of the 2nd phase.
These results demonstrate capability of As uptake by E. hyemale. How-
ever, the percentage accumulation of As in plant tissues was very poor,
achieving 0.2 % for shoots and 0.5 % for roots at the end of both phases,
in accordance with the mass balance (Fig. 2b).

3.3. Development of E. hyemale under abiotic stress in FTW reactors

E. hyemale demonstrated growth of both aerial and underwater parts
during the experiment (Fig. 3). The RGR for shoots during 1st phase was
between 0.07 and 0.15 % per day and during 2nd phase between 0.06
and 0.21 % per day. For roots the highest RGR was observed for control.
Remarkably, RGR = 0.41 % per day for roots in Ras during the 1st phase
suggests that As dosage had no adverse effect on E. hyemale growth. In
general, E. hyemale grows up to 90 cm in the wild (Walkowiak, 2018).
During the experiment, the plants were approx. 30 cm high. It should
however be noted that the experiment duration was short: it lasted for
only 50 days outside the flowering season. The morphometric parame-
ters for shoots and roots were similar for control, salinity, and As
treatments. A different pattern (faster growth of shoots and roots) was
achieved by E. hyemale in Rpy,.

Chlorophyll content index (CCI) (Table 3) in all reactors decreased
with time. No significant differences were observed between treatments.
The decrease of CCI during the experiment may suggest that artificial
conditions affected the photosynthesis process. In other studies (Mohsin
etal., 2023; Yang et al., 2020) a increase of CCI with increased dosage of
Cd and Pb was demonstrated for Phragmites australis, Iris pseudacorus,
and Davidia involucrate. On the other hand, Spinedi et al. (2019) found
that CCI decreased with increasing anthracene concentrations in
Marchantia polymorpha. The diminishing trend of CCI could be associ-
ated with a decrease in a specific plant's susceptibility to the cultivation
conditions.

Internode cross sections of rhizome and aerial stem, both made of the
outermost layer — epidermis (Ep), with silica deposits in their outer and
lateral walls, are depicted in Fig. 4.a-b. Between Ep and endodermis (En)
the outer and inner regions of cortex (Cortx) are visible in all treatments
(Fig. 4a). The central area of the rhizomes and aerial shoot's internode is
occupied by a huge pith cavity (PC) generated by fast extension of the
internodal region. Vallecular canals (VC) and vascular bundles (carinal
canal, CC) are arranged alternate in a ring. In Rpp, rhizomes disturbances
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Fig. 2. Removal efficiency of a) Pb and b) As in floating treatment wetlands with E. hyemale and percentage mass balance of each element at the end of the 1st and

2nd phase of the experiment.

in a septum are visible (marked with a red arrow); it appears to be VC
formation, with two CC visible fairly irregularly formed. VC are elon-
gated in the Cortx of Ry, reaching from Ep to En, while CC are organized
regularly. Aerial stem cross section (Fig. 4b) is wavy in outline because
of the presence of ridges and grooves. A large patch of sclerenchyma,
mechanical in function, is located just below each ridge. The chloren-
chyma is represented by the green colour. Sc is also found beneath the
grooves between the chlorenchyma. In general, aerial stems in all
treatments are arrange on similar way; the only exception is Rpp, where

CC formation is irregular.

3.4. Structure and diversity of the bacterial communities

After quality control, a total number of 333,499 DNA sequences of
the 16S rRNA gene fragment were obtained. Considering the samples
from a given reactor, the following numbers of amplicons were ob-
tained: Reont — 76,102, Rpp — 86,936, Ras — 79,206, Rey — 91,255. The
averaged G + C content within the DNA sequence data sets analysed was
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Fig. 3. E. hyemale growth parameters of a) shoots and b) roots at different stages of the experiment and relative growth rate RGR [%/day] in Reont, Rci, Rpp, and Ras.
Control reactor (Reont), chloride treated reactor (Rcy.), lead treated reactor (Rpy), and arsenic treated reactor (Ras).

Table 3

Heat map of the relative abundance of the specified bacteria taxa in the total bacterial community at the genus level. Percentage identity of DNA sequences with 16S
rRNA sequences of the currently characterized genera was the main criterion for taxonomic assignment. In terms of heatmap colours from white (0 %) to intensive
red (25 %) corresponds to low and high standardized relative abundance values, respectively. Colours in the metabolic features correspond to the: widely
recognized dominant metabolic model (green) and potential and/or facultative (yellow).

'E o0 g g
. o} = £ S
BLAST/MiDAS 4.8.1 closest s 5 2 £ S
Per. Ident Predominant metabolism EZ 2 2 £ -1 2
relative genera £ = E] = Z:
E5 £F & o ¢ cE
Eg 23 2 5 £ SE
< s Z o 7] = 4 A=
4.7% 2.5% 2.9% 12% Nakamurella 99.0% Aerobic heterotroph
4.5% 2.0% 32% Pseudomonas sp. 98.8% Aerobic heterotroph
3.9% Mycobacterium 99.8% Aerobic heterotroph/chemoautotroph
3.6% 14% 29% 1.1% Nocardioides 96.1% Aerobic heterotroph
2.6% 2.6% 24% 0.4% Limnohabitans 99.8% Aerobic heterotroph
24% 0.8% 0.9% 0.1% Rhodoferax 99.3% Aerobic heterotroph
2.1% 4.7% 3.4% 2.7% Rhodobacter 97.0% Aerobic heterotroph/chemoautotroph
2.1% 33% 13% 0.8% Bradyrhizobium 96.5% Aerobic heterotroph/chemoautotroph [ ]
19% 0.7% 12% 0.3% Variovorax 98.6% Aerobic heterotroph/chemoautotroph
1.8% 23% 23% 04% Rubrivivax 98.3% Aerobic heterotroph/chemoautotroph [ ]
1.7% 0.3% 0.6% 0.0% Hydrogenophaga 99.3% Aerobic heterotroph/chemoautotroph
1.6% 1.7% 1.7% "55% Aestuariivirga 92.4% Not defined
Allorhizobium-Neorhizobium-
LAl Il 03% Pararhizobium-Rhizobium 100.0% Aerobic heterotroph -
14% 0.7% 22% 0.0% Massilia 97.6% Not defined
1.1% 0.8% 1.5% 0.2% Pirellula 99.3% Aerobic heterotroph
1.1% 1.8% 15% 0.9% Reyranella 96.6% Aerobic heterotroph h
09% 12% 2.0% 3.1% Devosia 99.0% Heterotroph
0.4% 0.7% 0.5% 0.8% Nitrosomonas 90-92% Chemoautotroph/mixotroph [ ] ]
03% 0.6% 13% 0.1% Chthoniobacter 93.1% Not defined
02% 02% 0.1% 0.1% Nitrospira 99.8% Chemoautotroph/mixotroph [ ] “
02% 02% 0.4% 2.0% Pseudomonas poae 91.9% Aerobic heterotroph
0.1% 0.1% 0.0% | 1.2% Saprospiracea_midas_g 729 99.8% Heterotroph
0.04% 0.02% 0.02% 0.02% Nitrosopira 100.0% Chemoautotroph/mixotroph [ ] ]
0.0% 0.1% 0.1%  1.0% Afifella 92.6% Heterotroph
0.0% 04% 02% [109%] Azotobacter 98.6% Aerobic heterotroph
0.0% 0.8% 0.0% 0.0% Serratia 99.5% Aerobic heterotroph

54 + 4 %. PCA analysis showed variation in bacterial community
composition between the experimental reactors (Fig. 5a). The most
similar bacterial rhizobiome composition in relation to control was
noted for Rg, then for Ras. The bacterial community in Rpp, was
noticeably different from the others. This suggests that Pb, at the con-
centrations applied, was the most influential factor in terms of selection
pressure on specified bacterial groups.

Rarefaction curve analysis confirmed sufficient sampling coverage of
the analysed amplicons sets (Fig. 5b). The highest normalized OTU
richness per 1000 reads was noted for Ras (102 OTUs), then R¢. (93
OTUs), Reont (84 OTUs), and the lowest for the Rpp, (78 OTUs). The values
of the Shannon index were at comparable levels for Ras, Rcl., Reont and
ranged from 4.93 to 5.10 (in relation to the mean value from all analysed
cases 4.76 + 0.50), while it was significantly lower for Rpp,, whose value
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Fig. 4. E. hyemale cross section of an internode of a) rhizome and b) aerial stem in Reont, Rai., Rpp, and Ras at the end of the experiment.

Explanations: Ep — epidermis; En — endodermis; Cortx — cortex; VC — vallecular canal; CC - carinal canal; PC — pith cavity; Sc — sclerenchyma. Control reactor (Reont),
chloride treated reactor (Rcy.), lead treated reactor (Rpp), and arsenic treated reactor (Ras). Scale bars 500 pm (a) and 250 pm (b). Red arrows/lines point out: a)
disturbances in a septum (Rpp) and elongation of VC in Cortx (Ras) and b) irregular CC formation (Rpp).
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Fig. 5. Biodiversity and structure of the bacterial communities in the rhizosphere of the E. hyemale in the control reactor (Rcon:) and in the reactors treated with As
(Ras), Cl (Rc) and Pb (Rpp) expressed as: a) PCA plot reflecting differences between bacterial community structure in samples from the tested reactors on phylum
level, calculated with the ANOVA test in STAMP (p < 0.05) (b) rarefaction curves, (c) Shannon and Simpson diversity indices and (d) Venn diagram for the genera
>0.8 % within total bacterial community
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was 4.02 (Fig. 5¢). Simpson index values proved relatively high evenness
of the taxa in the Ry, Re1., and Reont, Which reached 0.98 + 0.01. In the
Rpp, the Simpson index value of 0.92 was visibly lower than the mean
value from the all analysed cases 0.97 (SD + 0.03), which suggests the
predominance of the specified bacterial taxa within the total bacterial
community.

Taxonomic data analysis identified 10 bacteria phyla which
accounted for >1.5 % in total bacterial community. At the phylum level,
the predominant bacteria belonged to the Proteobacteria (54.1 % + 5.1
%) and Actinobacteriota (22.2 + 3.4%). In the Pb treatment, the abun-
dance of Proteobacteria was relatively high (61.8%), whereas the abun-
dance of Actinobacteriota was relatively low (17.2 %). The averaged
shares of the remaining Phyla were notably lower, ranging from 0.7 % to
5.3 % for the Bacteroidota, Cyanobacteria, Planctomyceota, Acid-
obacteriota, Chloroflexi, Bdellovibrionota, Verrucomicrobiota and
Firmicutes.

The bacterial consortia showed greater variation in composition at
the genus level between reactors. By considering shares > 0.8 % within
the total bacterial community, representatives of the ten genera (Allo-
rhizobium-Neorhizobium-Pararhizobium-Rhizobium, Bradyrhizobium,
Devosia, Mycobacterium, Nakamurella, Nocardioides, Pseudomonas, Rey-
ranella, Rhizobium, Rhodobacter) constituted common component in all
analysed reactors (Fig. 5d). In terms of other genera with shares > 0.8 %,
representatives of Limnohabitans, Massilia, Pirellulafor, Rubrivivax, Rhi-
zobacter, Variovorax occurred mutually in control, salinity, and As
treatment. However, their abundance was limited in Pb treatment.

The set of the predominant bacterial genera (> 0.8 %,) was most
similar between control and salinity treatment. The most significant
differences between Reone and Rg) were in the abundances of Mycobac-
terium, Hydrogenophaga, Pseudomonas and Rhodoferax (Fig. S.1). Under
conditions of elevated chloride concentration the share of Mycobacte-
rium was about twice as high (7.8 % vs. 3.9 %), while the contribution of
Hydrogenophaga, Pseudomonas and Rhodoferax to the rhizomicrobiome
was slightly reduced. Representatives of Mycobacterium are considered
as a common and often predominant component of the microbiome of
the plant roots (Wang et al., 2016). A study by Bouam et al. (2018)
confirmed tolerance of Mycobacterium tolerance to NaCl concentrations
ranging from 0 to 10 %, as well as versatile capability for hydrocarbons
biodegradation, which enable them to colonize plant roots and promote
plant growth, thus gain potential advantage over other bacterial groups
under elevated salinity.

In the Rpy, four unique genera emerged over the experimental period
including representatives of Azotobacter, Afifella, Pseudomonas poae and
Saprospiraceae. Another specific feature of the rhizobiome in Rp}, was the
noticeable reduction or even elimination of many bacterial genera such
as Bradyrhizobium, Hydrogenophaga, Limnohabitans, Massilia or Rhodo-
ferax, while on the other hand Pseudomonas and Azotobacter, both
belonging to the phylum of the Proteobacteria, dominated the commu-
nity with shares of 24.4 % and 10.7 % respectively. In the other treat-
ments, no group achieved such advantage, which is consistent with the
lowest biodiversity index for treatment Rpp,

In treatment Rug similar patterns were observed for the Reopt rhizo-
microbiome, i.e. Mycobcaterium showed higher abundance (6.2 %),
while Hydrogenophaga, Pseudomonas and Rhodoferax were the genera
with the most reduced occurrence.

3.5. Abundance of specific metabolic bacterial groups

Most of the identified bacterial groups represented typical hetero-
trophic (HET)/mixotrophic metabolism, with a preference for aerobic
growth and capability for the decomposition of sugars and proteins
(Table 3). Despite the presence of HET bacteria, canonical nitrifiers were
found in all reactors. The most abundant ammonium oxidizing bacteria
(AOB) groups were representatives of Nitrosomonas, which contributed
0.45 + 0.04 % in the Reont, Rcp and 0.75 + 0.12 % in the Rpp and Ras. The
second detected AOB genera was Nitrosospira with averaged share 0.25
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+ 0.01 %. Nitrite oxidizing bacteria (NOB) were exclusive represented
by genus Nitrospira (avg. 0.2 £ 0.01 %).

DNA sequences specified for nitrogen fixing bacteria were abundant
components of the obtained 16S rRNA gene libraries. Members of three
genera, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Bradyrhi-
zobium and Rubrivivax were detected in all analysed systems. However,
their shares were significantly lower in the reactor treated with Pb (SI
data). This observation suggests that Pb toxicity disrupts the structure of
the rhizobiome.

4. Discussion

None of the applied stress factors, i.e., increased salinity, presence of
Pb, or presence of As, affected removal of total nitrogen (TN) in floating
treatment wetland (FTW) microcosms planted with E. hyemale, sug-
gesting that nitrogen removal pathways were not disturbed. Pavlineri
et al. (2017) evaluated the effectiveness of 63 FTW systems in removing
TN from wastewater. They reported an average TN removal efficiency of
58 % across the systems. In microcosm studies, E. hyemale FTW systems
demonstrated effective TN removal capabilities. Arsenic presence
adversely impacted PO4-P.

4.1. Salinity

Salinity, commonly resulting from road salt application during frosts,
does not hinder the nutrient removal performance of E. hyemale FTWs.
In fact, elevated salt concentrations accelerated PO4-P depletion
compared to the control treatment, where PO4-P began to decline after
25 days. Salt stress, caused both by sodium (Na™) and chloride (Cl7)
ions, disrupts plant water balance in the short-term (osmotic stress),
while long-term exposure leads to ion accumulation and phytotoxicity
(Ebeed et al., 2024). Sodium (Na™) ions compete with potassium (K™)
for uptake, while chloride (Cl™) disrupts anion uptake (e.g. NO3 and
PO%’) in plants through antagonism (Massa et al., 2009). A balance of
ions in the natural environment is essential for optimal plant growth and
development. Ebeed et al. (2024) highlighted the beneficial role of sil-
icon (Si) for plants under salt stress. In current short-term experiment,
E. hyemale exhibited tolerance to salts (Fig. S.2).

Landaverde et al. (2024) examined the growth of saltmarsh plants in
FTWs and discovered that species respond differently to salinity expo-
sures; Distichlis spicata and Juncus roemerianus exhibited apparent inhi-
bition of growth, whereas Spartina alterniflora and Spartina patens
exhibited the highest biomass production when exposed to saline con-
ditions. Schiick and Greger (2022) established a correlation between
chloride removal capacity and biomass, dry: fresh biomass ratio, water
uptake, and transpiration of plants. Plant species employed for phyto-
desalination in hydroponic settings should remove at least 7 kg Cl™/
m? to be considered suitable candidates (Schiick and Greger, 2022).

Similar bacterial structures in the control and salinity treatment
indicate that elevated salt concentrations (800 mg/L Cl~ compared to
300 mg/L in other reactors, did not significantly impact bacterial com-
munity biodiversity or selection of the specified genera. Baldwin et al.
(2006) obtained a similar finding in their assessment of short-term ef-
fects of salinization, ranging from 0 to 3545 mg/L, on bacterial com-
munity structure in freshwater wetland sediment. Their study only
revealed minor differences in terminal restriction fragment length
polymorphism (T-RFLP). In addition, Roeller et al. (2003) demonstrated
that a broad group of bacteria, including Bacillus, Escherichia and Para-
coccus genera, can tolerate and maintain effective growth in chloride
concentrations up to 28,360 mg/L (up to 53,173 mg/L in the case of
Proteus mirabilis).

4.2. Lead (Pb)

The most surprising outcome was observed in Rpp, where the highest
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nutrients removal efficiencies were achieved compared to all other
treatments. The addition of Pb did not hinder nutrient removal processes
and even seemed to accelerate them. This unexpected result is likely due
to the changes in bacterial community structure observed in Rpp. Lead
was the most influential stress factor in terms of bacterial community
composition, causing a significant reduction in biodiversity. However, it
also favoured the development of certain taxa that are resistant to Pb
toxicity. Two genera, Pseudomonas and Azotobacter, gained a competi-
tive advantage over other bacterial groups in Rpp. Pseudmonas and
Azotobacter are both aerobic heterotrophs that are capable of carrying
out denitrification.

Members of the genus Pseudomonas are known for their tolerance to
elevated Pb concentrations, with some strains able to withstand 200 mg/
L of Pb (Kalita and Joshi, 2017). Pseudomonas species are also charac-
terized by their versatile metabolic capabilities, which enable them to
adapt to even highly polluted environments and respond effectively to
various physicochemical stresses. This allows them to outcompete over
other bacterial groups (Weimer et al., 2020).

In terms of the Pb contamination, members of Pseudomonas synthe-
sise and excrete rhamnolipid biosurfactants, which can sequester lead
(Chen et al., 2021). Additionally, Pseudomonas species have a wide range
of metabolic pathways that help them to respond to stress, such as
expressing stress resistance proteins, altering their cell membrane
composition, and trans-isomerization cell membrane phospholipids
(Ramos et al., 2015). These adaptations allow them to survive in the
toxic environment of treatment Rpp.

Similar metabolic features were observed in Azotobacter bacteria,
which showed a high capacity to biosorb Pb at concentrations as high as
250 mg/L (Dhevagi et al., 2021). The suppression of less resistant bac-
terial groups and the proliferation of Pb-tolerant Pseudomonas and
Azotobacter species had a beneficial effect on nitrogen removal in
treatment Rpp,.

The Pb(II) added as nitrate to the FTW reactors quickly adsorbs onto
plant roots hanging in the water column or forms organic complexes in
solution. The mass balance indicated that 50 % of Pb at the end of the
first phase and 32 % of Pb at the end of the second phase was accu-
mulated in the root biomass of E. hyemale (Fig. 2). That can be consid-
ered as a considerable accumulation. In comparison to another study
(Nawrot et al., 2023) on treatment of chromium (Cr) in FTWs using
Phragmites australis and Iris pseudacorus, the maximum percentage of Cr
bound by plants was 19 and 22 %, respectively. Lead is generally taken
up by plants passively and stored mainly in the roots (Kabata-Pendias
and Pendias, 2001).

The response of E. hyemale to Pb stress is evident in micrographs of
rhizomes, which show disturbance in a septum (marked with a red
arrow in Fig. 4a) in Rpp, This may be related to high Pb uptake by
E. hyemale. Additionally, aerial stems in Rpy, showed irregular carinal
canal formation. Anatomical changes in plant organs, such as changes in
vascular tissues, are primarily induced by reduced cell elongation,
restricted stimulation of cell division, and changes in cell differentiation
circumstances under stresses. Stress causes the generation of reactive
oxygen species (so called oxidative stress), resulting in growth retarda-
tion, altered photosynthetic apparatus, and changes in the ultrastructure
of plant tissues, plasma membrane permeability, stomatal behaviour,
etc. (Roychoudhury and Tripathi, 2019).

High and quick increase of Pb concentration in roots suggest that
E. hyemale is effective for phytoaccumulation of Pb. This could be due to
a high concentration of silicon (Si) in E. hyemale sp. tissues, as reported
in the literature (Gierlinger et al., 2008; Sapei et al., 2007). Silicon and
Pb belong to the same group of elements. In addition to monosilicic acid,
monoplumbic acid is produced in the roots of Pb-exposed plants; this
reaction intermediate is connected with Pb bioaccumulation (Pant et al.,
2015). The results obtained in this study may indicate that the Si char-
acteristic of the tissues of E. hyemale sp. plays a protective role in
reducing the effects of abiotic stress, which was previously confirmed by
Guerriero et al. (2016).
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4.3. Arsenic (As)

The As treatment significantly impaired PO4-P removal, while ni-
trogen removal efficiency was slightly higher than in Reont. This could be
due to the similar physiochemical characteristics of phosphate- and
arsenate compounds, which lead to competition for uptake by plants
(Anawar et al., 2018). According to Li et al. (2016), As(V) enters plant
roots easily through phosphate transporters, whereas As(II) enters
through aquaporins, which are membrane channels that transport water
and small neutral molecules. In comparison to the initial As root con-
centration (0.28 + 0.1 mg/kg d.w.), the concentration of As in the
plant's roots increased to 20.3 + 1.8 mg/kg d.w. at the end of the 1st
phase and to 48.1 + 2.1 mg/kg d.w. at the end of the 2nd. The change in
concentration was evident, however the mass balance indicates that
only 0.5 % of As was bound to plant root biomass at the end of both
phases of the experiment (Fig. 2). This could be due to the duration of
the experiment; short-term screening results (50 days) do not confirm
E. hyemale as an As bioaccumulator. Other expected pathways for As
removal that could not be quantified in this study include: 1) loss
through washing roots at the end of the experiment; 2) binding by mi-
croorganisms and suspension deposited on the 0.45 pm filter during
liquid sample collection; and 3) precipitation or sorbed on the reactor
walls/bottom.

The As treatment appeared to have minor detrimental effects on
E. hyemale plants. The relative growth rate observed in Rps was similar to
those observed in Reont and Rgy. Also the chlorophyll content index was
similar to Reopt, indicating that As had no further influence on plant
condition. Only subtle tissue-level changes were observed in Ras, with
elongation of vallecular canal in the cortex with carinal canal regular
formation.

Unlike in all other treatments, a unique Serratia subpopulation
developed in Rps. The presence of Serratia is likely associated with its
high tolerance to arsenate (almost 30,000 mg/L) and its ability to dis-
similative arsenate reduction, as confirmed by Drewniak et al. (2014).
Additionally, a study by Cheng et al. (2020) found that Serratia lique-
faciens played a key role in immobilizing As in arsenic-contaminated
soil, thereby reducing the toxic effects of As on plant growth. The po-
tential synergy between E. hyemale and Serratia may play a crucial role
in mitigating the adverse effects of As to plants, as evidenced by the
minimal effects of As on elongation of the vallecular canals as mentioned
above.

Besides the genus Serratia, the ability to oxidize As(IIl) to As(V) has
been identified for a number of other bacteria, such as Achromobacter,
Acinetobacter, Alcaligenes, Bacillus, Klebsiella, Lysinibacillus, Pseudomonas,
where, compared to As(III), As(V) shows less toxicity and has a strong
affinity for particulate matter such as iron and manganese oxides. This
affinity limits the migration of As(V) in the environment and reduces its
bioavailability to other organisms, including plants (He et al., 2023).
Arsenic resistance and transformation in mentioned bacterial groups are
attributed to their detoxification mechanisms, regulated by correlated
genes such as aio, arr, and ars (Badilla et al., 2018). For instance He et al.
(2023) identified high accumulation capacity (up to 2977 mg/g) of As
by the Pseudomonas sp. SMS11 strain, which effectively removed As
from the liquid solution. Therefore, the low As content in the liquid
phase observed in this study should be linked to the potential bio-
accumulation of As in the bacterial biomass/biofilm deposited in the
reactor. Overall, 21 and 26 % of As remained in solution at the end of
phases 1 and 2, and over 78 and 73 % of As was removed by another
removal route. Microorganisms may have been significant in this case,
although they might have been efficiently retained by filtering liquid
samples with a 0.45 um filter size (part of the filter was not retrieved).

5. Conclusions

This study investigated the performance of nutrient removal in a
FTW with E. hyemale under the influence of abiotic stressors, namely
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salinity, Pb, and As during a short-term screening period spanning 50
days divided into 2 phases. The findings affirm that E. hyemale robustly
supports nitrogen removal in FTW applications, even under unfavorable
conditions induced by the addition of As, Pb, and elevated salinity
levels. Notably, E. hyemale efficiently removed phosphate-phosphorus
(PO4-P) except when As was present. The chemical similarity between
phosphate and arsenate likely led to competition for uptake sites within
the plants.

The study further revealed that FTWs with E. hyemale effectively
removed lead (Pb) and arsenic (As), achieving removal rates as high as
98 % for Pb and 79 % for As. Interestingly, chloride (Cl™) treatment did
not hinder nutrient removal or harm plant health, indicating E. hyemale's
tolerance to chloride. The significant accumulation of Pb in plant ma-
terial (reaching 51 % and 33 % at the end of first and second phases,
respectively) highlights E. hyemale's potential as a Pb bioaccumulator,
although stress-induced disruptions were observed at the tissue level.

Furthermore, the high silicon (Si) content in E. hyemale might
effectively mitigate stress from toxic Pb, making it an even more
attractive choice for FTWs applications. While As treatments led to a
substantial decrease in aqueous As concentration, low absorption and
binding in biomass suggests limited uptake by plants. Notably, Pb
exposure had a more pronounced effect on E. hyemale than As, impacting
both its growth and microscopic features more strongly than in the As
treatment.

The different treatments significantly impacted the rhizobiome
within the FTWs. The salinity treatment resembled the control group,
while the As treatment fostered a unique Serratia subpopulation with
high tolerance and arsenate-reducing capabilities. However, it also led
to a decrease in Hydrogenophaga, Pseudomonas, and Rhodoferax pop-
ulations. Pb exposure had the most dramatic effect, reducing overall
bacterial biodiversity and eliminating specific genera. However, it also
promoted tolerant groups like Pseudomonas and Azotobacter, whose
dominance as heterotrophic denitrifiers likely explains the observed
high nitrogen removal rates observed in the Pb treatment. In conclusion,
E. hyemale demonstrated suitability for FTW applications due to its
resilience to abiotic stressors and efficient uptake of Pb and As.
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