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ered: seedlings originating from natural (uncontaminated - Syncont) and anthropogenically changed environ-
ments (contaminated - Scone); this distinction was reflected in the baseline concentrations of trace metals
inside their tissues. The potentially toxic elements (PTEs) considered in this study were as follows: Zn, Cu, Cd,

Editor: Filip M.G.Tack Ni, Cr, and Pb. The aim of the study was to compare the uptake, accumulation, and translocation properties of

seedlings with different initial trace metal contents. The PTE concentrations were analyzed in sediments as
Keywords: well as in belowground and aboveground parts of plants in the middle (3rd month) and at the end of the inves-
Trace metals tigation period using inductively coupled plasma mass spectrometry (ICP-MS), and the accumulation of PTEs in
P. australis seedling selection plant tissues was calculated. Phytoextraction efficiency was evaluated using the bioconcentration factor (BF) and
Phytoremediation pathways translocation factor (TF). Plant morphology was assessed with scanning electron microscopy (SEM) to document
Mesocosm study plant stress due to PTE exposure. The results of our study indicated that P. australis seedlings originating from

Environmental stress sites differing in the initial trace metal content exhibited different behavior when grown on sediments dredged

from urban retention tanks. Syncone Seedlings with low initial metal contents tended to adapt to the dredged sed-
iments and showed phytoextraction ability, while S, seedlings originating from sites with initial high contents
of trace metals acted as phytoexcluders and tended to release PTEs from their tissues into the sediments. The
morphological and structural effects caused by metal toxicity were observed in growth limitation, root tissue dis-
turbance, root hair number decrease, and structural alterations in the epidermis and endodermis. Therefore, the

Suncont Seedlings presented better properties and adaptability for phytoremediation purposes.
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1. Introduction

For almost five decades, P. australis (common reed) has been fre-
quently used for phytoremediation of contaminated water, soil, and
sediment (Rezania et al., 2019). This species is classified as an emergent
macrophyte, while other species exhibit floating-leaf, submerged, or
free-floating life forms (Shaltout et al., 2006). There is valid interest in
the mechanisms regulating the growth and distribution of P. australis
due to the constant interest in wetland construction and restoration
for wildlife, water treatment and sustainable urban architecture accord-
ing to the green infrastructure approach. P. australis is a common species
that is widespread on almost all continents. Its habitat includes climate
zones ranging from cool to tropical and arid. For all European countries,
this species is recognized as native (Packer et al.,, 2017). P. australis dem-
onstrates high plasticity and the ability to adapt to a broad range of en-
vironmental conditions (Milke et al., 2020), especially in the context of
potentially toxic elements (PTEs), which are mostly represented by
metals (Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Sn, V, and Zn), metalloids
(As, Sb), and nonmetals (Se) (Antoniadis et al., 2021; Shaheen et al.,
2019). Based on the data provided by Packer et al. (2017), P. australis oc-
curs in its native range globally under the following substrate conditions
(in min-max ranges): N (0-2430 mg/kg), P (180-6890 mg/kg), Cd
(<44 mg/kg), Pb (<15,900 mg/kg), Cu (<275 mg/kg d.w.), Cr
(<218 mg/kg d.w.), Zn (<11,000 mg/kg d.w.), and Ni (<81.6 mg/kg).
In Europe, the pH of the solid substrate in which P. australis grows is
generally 7; however, populations thrive when the pH is between 5.5
and 7.5. The successful development of P. australis is also limited by
the water table and light (Shaltout et al., 2006). Common reeds have
the ability to take up high levels of trace metals due to their expanded
tissue system and defense mechanisms (Huang et al., 2018; Obarska-
Pempkowiak et al., 2015). The presence of aerenchyma in the roots
and rhizomes plays a vital role in the improvement of anaerobic condi-
tions and associated biogeochemical processes in sediments. In general,
mechanisms of purification performed by macrophytes encompass nu-
trient uptake, biofilm development, extracellular enzyme release, con-
taminant settling and binding in addition to metal redistribution (Yeh
et al., 2015). P. australis contains a high amount of lignin and cellulose,
which adsorb significant quantities of trace elements from aqueous so-
lutions and solid phases including sediment and soil (Shi et al., 2018).
The translocation of trace metals to different parts of P. australis has
been widely studied, with the highest element concentrations in the fol-
lowing order: roots, rhizomes, leaves, and stems (Al-Homaidan et al.,
2020). Some authors (Corzo Remigio et al., 2020; Wojciechowska and
Waara, 2011) proved that uptake is most intensive in the early stage
of the vegetative period. Colonies are generally propagated vegetatively
(but also through seeds) and expand peripherally by lateral rhizome
growth, which is typically subterranean. Vegetative propagation is use-
ful for solid material conservation and the stabilization of sediments
(Shaltout et al., 2006).

Concerning urban districts, the introduction of potentially toxic ele-
ments (PTEs) to the surrounding environment (soil, sediment, and
water) remains a valid concern and poses serious environmental and
health risks. Thus, it is ecologically justified to consider the abilities of
common reed for the treatment of sediments affected by PTEs. Sediments
deposited in urban stormwater drainage systems (including streams and
rivers flowing through cities as well as urban retention ponds) constitute
a specific sink for contaminants. Through the influence of different path-
ways, such as highway traffic, fossil fuel combustion, and industrial pro-
duction, airborne pollutants are deposited onto impermeable surfaces
during the dry period (Murphy et al., 2015; Nawrot et al., 2020a). They
are subsequently washed away by surface runoff, which affects the qual-
ity of stormwater receivers (Nawrot and Wojciechowska, 2018). Trace el-
ements entering the aquatic ecosystem are associated with the fine-
grained fraction of sediments and suspended solids due to their large sur-
face areas and high sorption capacities (Bednarova et al., 2013). Through-
out the hydrological cycle, 99% of trace metals are stored in sediments,
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which, therefore, are the major sinks and carriers for contaminants in
aquatic environments (Bartoli et al., 2012). Far less than 1% of PTEs remain
dissolved in water; the water quality is, therefore, a temporary reflection
of environmental contamination status (Omwene et al., 2018), while sed-
iments are the ultimate repository reflecting long-term changes. During
the last 20 years, the approach to contaminated sediment management
changed from storage in confined disposal facilities to the use of
phytotechnology and revitalization in situ. The volumes estimated by
SedNet (European Sediment Network) indicate that approximately
100-200 million cubic meters of contaminated sediments might be pro-
duced yearly in Europe. Moreover, urban sediments have specific charac-
teristics, including a high content of mineral matter and little organic
matter; therefore, their use as organic raw materials is completely out
of question. In addition to trace metal loading, they may contain other
hazardous substances, such as polycyclic aromatic hydrocarbons
(PAHs). Due to the large scale of the problem and the large volume of sed-
iments formed, European policy encourages sediment valorization
(Achour et al.,, 2014). The sustainable approach included in the “best man-
agement practices” noted phytoremediation as an alternative to techno-
logically advanced methods (Rezania et al., 2016). This strategy is also
in line with the approaches defined in the UN Sustainable Development
Goals 13 (climate action) and 15 (life on land). Due to the low costs, sim-
ple operation, and efficiency of macrophytes for phytoextraction, numer-
ous phytoremediation feasibility studies have focused on the treatment of
sediments contaminated with toxic elements (Cicero-Fernandez et al.,
2017; Sarwar et al.,, 2017). Moreover, this approach can be integrated
quite intuitively into the existing water infrastructure inside cities,
which relies on the use of hydrophytes with specific PTE absorbing abili-
ties, e.g., native P. australis.

To the best of our knowledge, the properties of P. australis seedlings
and their original metal content in the context of metal uptake, accumu-
lation, and translocation at the first stage of growth as well as their re-
sponses to dredged sediment exposure have not been studied thus far.
The successful use of green technologies requires thorough investment
and efficiency analyses. Plants have to be able to grow on the site and
“work” at the desired level, which can sometimes be disturbed. Therefore,
a mesocosm study with P. australis seedlings (with different places of or-
igin and initial trace metal contents including those of Zn, Cu, Pb, Cd, Ni,
and Cr) planted in urban dredged sediments in batch reactors was per-
formed to gain information on trace metal redistribution on plant-
sediment borders. Two types of seedlings were tested: (1) those originat-
ing from a natural environment (uncontaminated) and (2) those originat-
ing from an anthropogenically changed (contaminated) environment
where the exposure of PTEs in the initial stage of growth occurred at di-
verse levels. Trace metals were analyzed in the belowground and above-
ground parts of P. australis. The toxic effects of Zn, Cu, Pb, Ni, Cr, and Cd in
P. australis were determined by analysis of the structural changes in tis-
sues (roots & rhizomes). The main research question stated under this
study is whether different initial contents of trace metals in vegetative
seedlings of common reed affect the uptake of metals from dredged sed-
iment substrates. Moreover, whether seedlings showed the ability to
adapt and grow on dredged sediments and how this environment af-
fected their status in terms of morphological and anatomical changes
was investigated. A side topic of this study is the effect of sediment
phytoremediation.

2. Materials & methods
2.1. Laboratory set-up

A series of batch mesocosm experiments were conducted between
April and September 2018. The mesocosm phytoremediation setup
(Fig. 1) consisted of 2 configurations of 3 columns of a 0.6 m® volume.
Each column was equipped with a drainage system comprising the fol-
lowing (from the bottom): an outlet protected by stones (32-60 mm),
20 cm drainage layer of stones (16-32 mm), 20 cm drainage layer of
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Fig. 1. Scheme of the mesocosm system for phytoremediation analysis with the use of P. australis seedlings with different origins and initial contents of trace metals: Syncont (collected from
uncontaminated site) and Scone (collected from contaminated site) on diverse sediments dredged from urban open stormwater retention ponds; Column 1 (C1) - sediments extracted from
Ogrodowa, Column 2 (C2) - sediments extracted from Grunwaldzka, and Column 3 (C3) - sediments extracted from Potokowa retention ponds.

gravel (2-16 mm), 20 cm drainage layer of fine sand (0.1 mm) and
30 cm layer of tested dredged sediments. Dredged sediments were col-
lected in March 2018 from three open stormwater retention ponds
(which are the receivers for stormwater runoff) (Ogrodowa 54°22’
12.2"N 18°34/20.0"E, Grunwaldzka 54°24'46.4"N 18°34'02.9"E, and
Potokowa 54°22/28.3"N 18°34'09.6"E retention ponds) located on the
two longest streams in Gdansk - the Strzyza and Oliwski streams -and
placed in the mesocosm setup. From each retention pond, a volume of
0.5 m*® of wet sediments was dredged, mixed, and homogenized.
Then, a volume of 0.15 m> of representative sediments was used in
the mesocosm as a top layer (where P. australis seedlings were planted),
and representative subsamples of sediments were collected in PE bags
for further chemical analyses, allowing us to determine the trace
metal contents in the dredged sediments. Ultimately, the mesocosm
setup consisted of 2 sets of 3 columns with diverse dredged sediments
used as a surface layer in each batch reactor (dredged sediment ar-
rangement: Cl- sediments from Ogrodowa, C2- sediments from
Grunwaldzka, and C3- sediments from Potokowa retention ponds).
These dredged sediments were chosen due to their high trace element
content detected in urban open stormwater retention ponds in Gdansk
in previous studies by (Nawrot et al., 2020b; Wojciechowska et al.,
2017,2019).

P. australis seedlings (3-4 seedlings) were planted in each column
after harvest from their original site. The seedlings were collected in
the 2nd half of April 2018, which means that at the time of their collec-
tion, the seedlings at the original site had shown active growth (the
early vegetation period in 2018) for approx. 2-3 weeks since the vege-
tation period in northern Poland starts no sooner than April. Two differ-
ent sampling points were chosen for collection purposes- the natural
lake edge hereinafter referred to as the uncontaminated seedling sam-
pling site (seedlings marked as Syncont) and along the roadside ditch fur-
ther referred to as the contaminated site (seedlings marked as Scon). In
this study, seedlings were distinguished by an index referring to the
place of origin (Syncont and Scont), Which was also connected with differ-
ent initial trace metal contents inside their tissues, as presented in
Table 1. The analyzed trace elements in plants and sediments included
Cu, Zn, Pb, Cd, Ni, and Cr. In both locations, along with the 80-100 m dis-
tance, 10-12 samples for the mesocosm setup, 4 samples for chemical
composition testing and 2 control samples (CONTROL) of P. australis
seedlings were collected within a 5 x 2 m? plot (as shown in Fig. S.1).
Vegetative seedlings of different clones were sampled. Seedling collec-
tion, preparation, and initial trace metal analyses were performed ac-
cording to Nawrot et al. (2019). Seedlings were transported in water

and taken to the laboratory within 1 h after extraction. Immediately,
seedlings of P. australis were cleaned using Milli-Q water and planted
in the mesocosm setup. The representative group of seedling samples
for chemical composition assessment at the beginning of the experi-
ment was determined according to section 2.2.1.

Under the mesocosm configuration, the first set of 3 columns was
planted with Syncont, and the second set of 3 columns was planted
with Seone. The set ups were equipped with a 10 L water tank, irrigation,
and a pump to maintain a constant water level in each column (the
water level was maintained 2 cm above the surface of the sediments).
The outflows were protected by ball valves. Tap water used to supple-
ment the experimental setups corresponded to the following metal con-
tents: Pb < 10 pg/L, Cu < 2 mg/L, Cd < 5 pg/L, Cr < 50 pg/L, and
Ni < 20 pg/L. Every week, the water level was checked and supple-
mented if needed. No additional fertilization was carried out. Plant
growth was determined by a measuring tape in one-week intervals.
The experiment lasted for almost 6 months and covered almost the en-
tire vegetation season for P. australis in Poland. Seedling samples were
collected at the middle (June 2018) and end (September 2018) of the
experiment for chemical analyses. In the case of sediments, the trace
metal concentration was checked at the end of the experiment. In the
middle and at the end of the experiment, Syncont (from column C3,
where the appearance of reeds indicated the stress caused by sediment
toxicity) was collected for scanning electron microscopy (SEM) analysis.
The biomasses of harvested seedlings of Syncont and Scone at the end of
the mesocosm experiment are presented in Table S.1.

2.2. Chemical analyses of trace metals

2.2.1. P. australis

Samples of P. australis for chemical analyses were preliminarily
cleaned using Milli-Q water and separated into roots and rhizomes
(BG - belowground parts), stems (ST), and leaves (LF). The sorted
plant tissues were placed in Petri dishes and lyophilized to a constant
weight. After that, plant organs were weighed and ground in a mill
(Millix 20) and processed. The mineralization process was performed
with the use of 65% HNO3 (Suprapur) and 70% HCIO4 (Suprapur) ac-
cording to the procedure proposed by Massaquoi et al. (2015). First, ho-
mogenized plant material (0.5 g of subsample—0.001 g accuracy) was
mineralized at 60 °C for 12 h. After that, nitric acid was used for evapo-
ration at 130 °C. When the samples cooled down, 70% HCIO,4 (Suprapur)
was added to each sample, and the samples were heated to 220 °C. The
mineralized subsamples were diluted with 10 mL of 0.1 M HNO3
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Table 1
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Average heavy metal concentrations (4-SD) in mg/kg d.w. in organs of P. australis seedlings collected from uncontaminated (Syncont) and contaminated (Scone) Sites (Nawrot et al., 2019).

Site Plant part Heavy metal concentrations [mg/kg d.w.] in plant tissues
Cu Zn Pb cd Ni Cr

Suncont ~ BG 3.19 + 0.11 23.1 + 1.1 2.88 + 0.16 0.107 +  0.005 1.69 + 0.07 3.81 + 0.16
ST 0.827 + 0.029 11.7 + 05 0153 + 0.01 0.007 + 0 0264 + 0.012  0.241 + 0.010
LF 1.92 + 0.07 245 + 1.1 0.212 + 0.012  0.015 + 0 0.845 + 0.037 0219 &+ 0.009

Scont BG 66.2 + 23 691 + 32 4.43 + 0.24 0.833 + 0.038 124 + 0.55 6.84 + 0.29
ST 14.4 + 0.5 473 + 22 0.109 + 0 0.055 + 0.003 0594 + 0.026  0.901 + 0.038
LF 113 + 04 340 + 16 0.039 + 0 0.021 + 0 1.06 + 0.05 0.868 + 0.037

BG - belowground organs: roots and rhizomes; ST - stems; LF - leaves.

(Suprapur) and placed in PP test tubes. Plant samples were analyzed
using inductively coupled plasma mass spectrometry (ICP-MS) (Perkin
Elmer). All analyses were performed in three replicates, and the results
for P. australis were given on a dry weight basis. Blank samples were
measured according to the same procedure. Analytical accuracy was de-
termined using a certified reference of strawberry leaves (LGC716). Re-
coveries were within 10% of the certified values.

2.2.2. Sediments

Sediment samples for chemical analyses were collected before the ex-
periment started (as described in 2.1.). At the end of the experiment, sed-
iment samples were taken from the 0-10 cm layer of the test sediments
and from depths near the plant roots. Then, samples were mixed, homog-
enized, and transported to the laboratory. Next, sediments for trace metal
analyses were lyophilized to a constant weight and homogenized again.
Mineralization was performed with the use of HCIO4, HF, and HCI
(3:2:1; Suprapur) according to the procedure described by Vallius and
Leivuori (1999) and Zaborska (2014). Sediment samples were analyzed
using ICP-MS Perkin Elmer. All analyses were performed in three repli-
cates, and the results for the analyzed sediments were given on a dry
weight basis. Blank samples were measured according to the same proce-
dure. Analytical accuracy was determined using certified reference sedi-
ments (IAEA-433). Recoveries in the range of 93-103%, depending on
individual metals, were achieved, thus indicating good agreement be-
tween standard and analytical values.

The precision, given as the relative standard deviation, was in the
range of 3-5%. The limits of detection (LODs) of each element were set
at 3-SD (blank), where the SD values were the standard deviations of
the blank samples (n = 5). LODs were as follows: Zn = 0.5 mg/kg d.w.,
Cu = 0.3 mg/kg d.w., Pb = 1.0 mg/kg d.w., Cr = 1.5 mg/kg d.w., Ni =
0.7 mg/kg d.w., Cd = 0.1 mg/kg d.w. The limit of quantification (LOQ)
for a given element was set at 9-SD (blank), and ranged from 0.2 mg/kg
(Cd) to 0.9 mg/kg (Pb). The LOQ is usually established as the difference
between two distinct concentrations that could be measured.

The sediment pH was determined with a pH meter (Extech Instru-
ment) by inputting the probe into the analyzed sediments. The pH
was checked over the entire experimental period. The total organic mat-
ter content in the sediments was determined by combustion of dried
sediments at 450 °C for 2 h in a muffle furnace (Carbolite); it was as-
sumed that the loss during heating corresponded to the proportion of
organic substances in the analyzed samples.

2.3. Microscopy procedures

Two times during the investigation period, freshly cut plant tissues of
C3 Suncont and CONTROL P. australis seedlings were placed in PE bags and
immediately transported to the laboratory for SEM analysis with a
QUANTA FEG 250. The CONTROL samples were collected in April 2018
and grown in sediments from the original site stored in a tank filled
with tap water during the entire experimental period. In the laboratory,
the tissue preparations (dimensions in the projection - 0.5 cm?) were
placed on a flat mat with a supporting surface of approximately 1 cm?,
placed in the handle, and inserted into the chamber. Nonconductive

samples were sprayed with a thin layer of gold (Au (99.99%) - 10 nm)
with a LEICA EM SCD 500 vacuum sprayer. This layer plays the roles of
conducting electric current and protecting the test material against dam-
age from the electron beam (Pathan et al., 2009). The observation was
performed in a low vacuum (LV-SEM - Low Vacuum Scanning Electron
Microscopy). The basic parameters of the SEM were as follows: vacuum
pressure of approx. 70 Pa, HV = 5 kV, detection via large field detector
(LFD), secondary electron (SE) mode, magnification from 10x to
100,000x, and working distance (WD) of approx. 10 mm.

2.4. Metal uptake efficiency assessment

To quantify the phytoextraction efficiency, the bioconcentration fac-
tor (BF) (Ali et al., 2013) and translocation factor (TF) (Bonanno and
Vymazal, 2017) were used. The BF shows the plants’ ability to accumu-
late a metal into their tissues from the surrounding environment (sedi-
ments). The BF is expressed by the following Formula (1):

_ trace elementpg 1
" trace element segiments 1

The TF shows the efficiency of the plant in translocating the accumu-
lated metal from its belowground (BG) parts (roots and rhizomes) to
stems (ST) and leaves (LF) and between aboveground (ABG) parts (ST
and LF), according to Formulas (2), (3), and (4), respectively:

trace elementsy
trace elementpg

TFsr/p6 = (2)

trace elementr
trace elementgg

TFir/pc = 3)

trace element
trace elementsy

TFig)sr = (4)

The concentration in roots and rhizomes (BG parts) was determined
for these parts together. The concentration in ST and LF (ABG parts) was
evaluated using Formula (5) (Vymazal, 2016):

trace elementsr-weightsy -+ trace element;-weight;

ABG = weightsr + weight

()

To determine the accumulation [ug/m?] of metals in plants, the con-
centrations [mg/kg = ig/g = ppm] in ABG and BG parts were calculated
in terms of the biomass weight [g] per m2.

Plant height and the external appearance of plants were measured
and observed to detect possible senescence. The relative growth rate
(RGR) (% - day~ ') was calculated in each column considering the initial
and final plant heights, according to Eq. (6) as described by Gao et al.
(2018):

RGR = 100

T,—T; |day

In (Ha/Hy) {dfy}
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where H; and H; are the initial and final plant heights (cm), respec-
tively, and (T, — Ty) is the experimental period (days).

The chemical analysis results correspond to the mean of three repli-
cates. All values are reported as the mean and the standard deviation
(SD) of the mean unless otherwise noted.

2.5. Sediment contamination status

To assess the contamination status of the dredged sediments used in
the mesocosm setup, the German Lander-Arbeitsgemeinschaft Wasser
classification (LAWA) (LAWA-Arbeitskreis, 1998) and pollution load
index (PLI) were used (Tomlinson et al., 1980). The PLI was calculated
according to Formula (7):

PLI = {/CF,-CF5-....CFy (7)

where CF is the contamination factor calculated for each metal sepa-
rately according to Eq. (8):

CF = CmSample (8)
CmBackgmud

where Cmsgmplels the trace metal concentration in the analyzed sample
and CMpgckgrounaiS the geochemical background concentration of the
trace metal. The Cggcigrouna Value was established in accordance with
Nawrot et al. (2020b). A PLI value <1 corresponds to excellent sediment
quality, PLI = 1 shows that only baseline levels of pollutants are present,
and PLI > 1 indicates deterioration of site quality.

3. Results & discussion

3.1. Trace metal contents in sediments and plants

3.1.1. Sediment contamination status of dredged sediments applied to
mesocosms

Data on the trace metal contents in the dredged sediments used in
the mesocosm setup are presented in Table 2. The sediments presented

Table 2
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diverse contamination statuses from moderately contaminated in C2 to
very strongly contaminated in C1, according to LAWA-Arbeitskreis
(1998). The PLI identified the deterioration of quality in the sediments
collected from retention ponds in the Strzyza stream area (C1 and C3).
The pH values of the sediments used the columns varied from 7.1-7.4
during the experimental period. The organic matter content was 7.5%
in C1, 13.5% in C2, and 11.5% in C3.

3.1.2. Trace metal concentrations in P. australis tissues tested in the
mesocosms

Trace metal concentrations in P. australis tissues at the middle and
end of the investigation period in relation to the initial PTE contents
for Suncont and Scone Seedlings are presented in Fig. 2a-b. The average +
SD values are presented in Table S.2. In general, the concentrations of all
studied trace metals were significantly higher in BG than in ABG bio-
mass. The trace metal contents in Sypcont and Scone decreased in the fol-
lowing order: Zn > Cu > Pb > Cr > Ni > Cd.

With regard to Syncont, the overall trace metal concentrations in BG
parts, ST, and LF presented an increase during the 6 months of the ex-
periment. The highest Cu, Cd, and Ni concentrations in Sypcont for the
BG parts occurred in C2, with 15.4, 0.25, and 6.99 mg/kg d.w., respec-
tively, while those for Zn were observed in C3 at 155 mg/kg d.w., and
those for Pb and Cr were observed for C1 at 39.2 and 9.87 mg/kg d.w.,
respectively. Metal concentrations increased on average in the BG
parts from 1.2 times for Cd to 5.7 times for Pb from the baseline levels,
in LF from 1.5 times for Pb to 6.0 times for Zn, and in ST from 1.1
times for Pb to 2.3 times for Zn. The highest increase in Cu inside the
BG and ABG tissues occurred in C3; the intense Cu accumulation in
the whole P. australis body could be related to the sufficient (at the
level of 130 mg/kg d.w.) Cu availability in the sediments (soil). Pb and
Ni were mainly accumulated by the BG parts, while Cd and Cr increases
were observed in both BG parts and ST. From the middle of the research
period to the end of the experiment (VI - X 2018), the increase in trace
metals throughout P. australis tissues was in the range of 1 to 2 times. A
sharp increase in concentration was noted only in the cases of Zn in C2
LF (11 times) and C3 LF (3.4 times), Pb in C3 BG parts (2.8 times); and Ni
in C1 ST (2.4 times).

The average trace metal concentration [mg/kg d.w.] 4= SD in dredged sediments placed in the mesocosm setup and the assessment of
sediment contamination with the use of LAWA classification (LAWA-Arbeitskreis, 1998) and the pollution load index (PLI)

(Tomlinson et al., 1980).

Average trace metal concentrations [mg/kg d.w.] in dredged sediments

Column Sediment origin

PLI

Pb Cd Ni Cr

Cu Zn
Clye Ogrodowa 23.9+12 0.308 + 0.004
C2yc Grunwaldzka 36.5+2.1 189 +2 97.9+12 0.301+0.011
C3yc Potokowa 128 +3 629+ 8 98.9+24  0.552+0.009
Explanation:

- Class I; uncontaminated sediments

Class I-IT; uncontaminated sediments or those with minor anthropogenic interference

Class II; moderately contaminated sediments

Class II-III; moderately to significantly contaminated sediments

Class III; significantly contaminated sediments

Class III-IV; very strongly contaminated sediments

Class IV; extremely contaminated sediments



http://mostwiedzy.pl

/\/\ MOST WIEDZY Downloaded from mostwiedzy.pl

J—

N. Nawrot, E. Wojciechowska, K. Pazdro et al. Science of the Total Environment 768 (2021) 144983

a) Trace metal concentration [mg/kg d.w.] in S, ... seedlings
Cu Zn Pb
30 350 45
7 N 40
Z2s 3 § 300 §
o] N
FE Y N NRINE
k) N % 200 % N 25
= 15 N = N _
g % i 20
2 ; 7 150
£ 10 Z é 7 100 7 = Z
s g s K
HILHLE 1k ;
77 % Z] 7 0o &
0 0
"0" mid end mid end mid end "0" mid end mid end mid end "0" mid end mid end mid end
C1 C2 C3 Cl C2 C3 Cl C2 C3
Cd Ni Cr
0.35 8 12
£ 03 7 -
) 6
2025
E] : 8
E 02 i ) .
g AN
.§ 0.15 3 .\
NS - \ =
g 2 g
g 00s % g 1 g 2
7
0 0 0
"0" mid end mid end mid end "0" mid end mid end mid end "0" mid end mid end mid end

Cl C2 €3 Cl C2 C3 Cl c2 Cc3
b) Trace metal concentration [mg/kg dw.]in S, . seedlings
Cu Zn Pb
100 1600
= 90 N N
£ % 1400 \
& = o0 N
i 70
2 1000
g 50 800
£ 40 N N
2 30 ; o0 ? o =
HiLULIE T /
S 10 200 % @ % Z
; o %% % %
"0" mid end mid end mid end "0" mid end mid end mid end mid end mid end
Cl €2 C3 Cl c2 C3 Cl c2 C3
Cd Ni Cr
1 16 18
= 09 = 16 g
S o0s 14
of)
< 07 12
g 98 10
2 05 = A
=l 7 — = = 8 /
£ 04 7 ot — 7 = Z B}
2 02 7 7 7
5] 7! ﬁ 7 7 7 % %
S o1 a7 7 Z % 7 2 7
v %% %9 % 2 % : Z
0" mid end mid end mid end "0" mid end mid end mid end "0" mid end mid end mid end
Cl C2 C3 Cl C2 C3 €1 Cc2 c3
Explanation: Stands: Time periods of the mesocosm:
SLF - leaves> PR Y— p— C1 - column 1 "0" - initial time (IV 2018)
ST - stems C2 - column 2 mid - after 3 months (VI 2018)
#BG - belowground parts (roots & rhizomes) C3 - column 3 end - after 6 months (IX 2018)

* please note the different scale bar

Fig. 2. Average trace metal contents in P. australis seedlings: Suncont and Scone at the middle (mid) and end of the investigation period [mg/kg d.w.] in relation to the initial trace metal
contents.
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The Scone seedlings of P. australis showed a general tendency of
decreased metal contents inside their tissues. During the first
3 months, seedlings took up only Pb and Cr; the concentrations of
other PTEs showed a decreasing trend. The average increase in Pb
in the BG parts was from 1.4 (C2) to 1.6 (C1) times, while that in ST
was from 0.5 (C1) to 6.0 (C2) times, and that in LF was from 4.5
(C1) to 14.3 (C2) times. In the case of Cr, the increase was definitely
lower - from 1.2 (in C2 ST) to 1.9 times (in C2 BG). Between VIand IX
2018, P. australis continued to show decreasing metal contents; only
in the case of ST (C1 and C3) was the increase in Pb of 1.5 times
noted. The initial concentration of analyzed PTEs inside S¢on Was
much higher than that inside Syncont. This can explain the insufficient
ability of Scone plants to accumulate additional trace elements from
dredged sediments.

3.1.3. Trace metal accumulation in P. australis

Trace metal accumulation [pg/m?] in ABG and BG parts of
P. australis at the end of the investigation period in comparison to
the initial trace metal content inside the seedlings is presented in
Fig. 3. The biomass [gDM/m?] of harvested P. australis from each col-
umn of the mesocosm is presented in Table S.1. The pH values of the
source sites of Syncont and Scont Were in the ranges of 6.9-7.2 and
6.3-6.9, respectively. Plant growth and biomass increases are di-
rectly related to soil/sediment pH; pH determines the availability
of nutrients to plants and metal toxicity in plants (Corzo Remigio
et al., 2020).

High biomass for Suncont Was observed in C2 (in gDM/m? for ABG -
38.24 and BG - 24.95); this was 2 times higher in relation to the ABG bio-
mass of C1 and C3, while in relation to the BG biomass of C3 and C1, it
was 1.6 and 4.3 times higher, respectively. As a result, the accumulation
(in ug/m?) was the highest for C2 BG and was (in pg/m?) as follows: Cu -
768, Zn - 4915, Pb - 1467, Cd - 12.2, Ni - 349, and Cr - 439. High accu-
mulation of Zn was also observed in C2 ABG at 6742 ug/m2 and C3 BG at
4855 pg/m?. Despite the highest concentration of Cr in C1, the accumu-
lation per 1 m? was not high due to the lower biomass development; the
accumulation was 4 times lower than the highest accumulation of Cr
observed for Sypcont C2. The Cr content in dredged sediments (especially
in C1 and C3) could affect proper P. australis development. According to
Shanker et al. (2005), the toxic effect of Cr on plants is visible, manifest-
ing as poor plant growth, alterations in the germination process and in
the growth of roots, stems, and leaves, and plant physiological
processes.

For Scont, the highest concentrations of PTEs in the BG parts were
observed for Cu, Zn, and Ni in C1-28.2, 295, and 12.1 mg/kg d.w.,
respectively, and for Pb, Cd, and Cr in C2-5.87, 0.38, and
11.4 mg/kg d.w., respectively. The highest biomass of S¢one Was
noted for C2 (in gDM/m? for ABG - 34.80 and BG - 29.48); the
ABG biomass of C2 was 2 times higher than that of C1 and 2.5
times higher than that of C3, while the C2 BG biomass was 2.5
higher than that of C3 and almost 4 times higher than the C1 bio-
mass. Therefore, accumulation was highest for C2 for all analyzed
PTEs and was (in ug/m?) as follows: Cu - 1114, Zn - 11,026, Pb -
346, Cd - 22.3, Ni - 388, and Cr - 672. In general, the accumulation
of PTEs was higher for S¢one than Syncone; 0nly in the case of Pb was
an inverse relationship observed.

3.2. Phytoextraction efficiency of P. australis

The BF, as an indicator of metal accumulation efficiency, is presented
in Fig. 4. When the BF is greater than 1, the plant shows potential for ef-
ficient phytoextraction. At the middle of the experiment (VI 2018), the
BF values for Suncont P. australis were all below 0.7, while at the end of
the experiment, they increased, reaching the highest level > 1 for Ni
in C2. In the case of S¢opt, the opposite trend was trend. At the middle
of the experiment, BF values greater than 1 were observed for Ni and
Cd in C1 and C2 as well as for Cu (only C1) and Zn (only C2). No BF
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exceeding 1 was noted in C3. At the end of the experiment, a decrease
in BF values for all metals for Sco, Samples was observed, showing an
adverse trend for phytoextraction.

The BF values reported by Bonanno and Vymazal (2017) for
P. australis were as follows: 0.32 for Cu, 1.42 for Zn, 0.23 for Pb,
3.77 for Cd, 0.46 for Ni, and 0.31 for Cr. In this study, similar results
were obtained for Pb and Cr, for which the BF values ranged from
0.1-0.3 and 0.1-0.5, respectively. The increasing BF values ob-
served during the 6 months of the experiment for Sypcone indicate
that common reed is a PTE-tolerant species. The sediments applied
to C3 presented a similar analyzed PTE content at the source sites of
Scont Seedlings (Nawrot et al., 2019); therefore, easy adaptation and
efficient phytoextraction of P. australis seedlings originating from
that site was expected. However, these expected behaviors could
be disturbed by the pH and organic matter content differences be-
tween the source site and tested sediments (note that the pH in
the source site for S¢one Was 6.9-7.4; the pH values of dredged sed-
iments applied in the mesocosm setup were in the ranges 7.1-7.4,
while the organic matter content was on average 10.8%). Despite
the wide pH tolerance (between 2.5 and 9.8 for the most extreme
conditions) of P. australis (Packer et al., 2017), Shaltout et al.
(2006) emphasized that “the clones growing at a particular site
are probably well adapted to those site conditions and possibly do
not thrive in other conditions”. Thus, the choice of proper
P. australis seedling clones is quite important in planning the treat-
ment processes of contaminated sites. The BF values for S¢on de-
creased during the experiment, which could be explained by the
plant response to PTE contamination of sediments and by the
high initial enrichment of S¢op.. It can be stated that during the sin-
gle cycle of P. australis vegetation, Syncont Seedlings were able to up-
take PTEs and could be used for phytoimmobilization purposes. At
the same time, for the optimal performance of the phytoextraction
process, there is a need to carry out phytoremediation tests for at
least 2 or more growing seasons (Kumari and Tripathi, 2015).
Moreover, the organic matter content, the right amount of light
(our experiment took place under semiartificial conditions), and
proper pH are conditioning factors for good growth and develop-
ment of common reed, along with its full phytoextraction efficiency
(Shaltout et al., 2006). pH is considered the most important single
factor that influences the availability of PTEs from solid materials
(Antoniadis et al., 2017b). The lower the pH is for cationic species
(e.g., Zn%* Ni%*, Cr3*, Pb% ™, Cu®™, Cd?™), the higher the mobility
and availability, while the opposite relationship holds true for an-
ionic species. Metallic PTE sorption increases with increasing sedi-
ment/soil pH. Moreover, during the basic process of increasing the
pH of acidic soils - liming - decelerating metal mobility and de-
creasing cationic PTE availability is noted. Therefore, this results
in increasing metal availability for plants attributed to the precipi-
tation of soluble metals in the carbonate fraction, which are consid-
ered easily mobilized in the acidic rhizosphere zone (Antoniadis
et al,, 2017a).

The TF values between different pairs of P. australis tissues are pre-
sented in Table 3. Considering metal translocation between the BG
parts and ST, the TF for both Sypcone and Scone indicates low translocation.
The highest values were observed for Zn in the syncones Seedlings of C2
and C3 (TFst/pc = 0.6 at both sites). Other TF values were low, between
0.0 and 0.5, indicating no or little translocation of metals between roots
and stems. The translocation between LF and BG parts was observed in
Suncont for Cu (C3, TFLF/BG = 08) and Zn (C2 and C3; TFLF/BG =1.1and
0.7, respectively). TF st was definitely higher than the translocation
between BG organs and either ST or LF for both Syncont and Scont. A
TF.rst > 1 was observed in several cases for all analyzed trace elements.
The TF values between the BG and ABG organs of P. australis indicate
that the PTEs taken up from the sediments were stored in roots and rhi-
zomes and not translocated to the ABG parts responsible for vital photo-
synthetic processes. This could be partly due to low accumulation or to
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Fig. 3. Trace metal accumulation [ug/m?] in aboveground (ABG) and belowground (BG) parts of P. australis Suncont and Scont Samples at the end of the investigation period. Please note the

different scales.

effective protective mechanisms against metal translocation to the most
essential plant organs. Only Zn and Cu were to some extent transmitted
to the ABG parts, reflecting either the plants' demand for these microel-
ements or their lack of toxicity. The TFst/p in Suncont aNd Scone indicated

that in the 1st stage of growth on contaminated sediments in the
mesocosm, P. australis was a tolerant species (according to Ashraf
et al.,, 2011) to PTE occurrence, and translocation mainly occurred be-
tween ST and LF.
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Fig. 4. The bioconcentration factor (BF) for Syncont and Scont P. australis at the middle (VI
2018) and end (IX 2018) of the investigation period; Syncont- Seedlings collected from
the uncontaminated site and Sqon; — seedlings collected from the contaminated site, C1,
C2, C3- columns 1, 2, and 3, respectively.

3.3. Comparison of Sycone and Scone performance

Suncont as “clean” clones of the mother plants presented
phytostabilization abilities. According to Sarwar et al. (2017), most of
the 5 major steps of the phytoextraction mechanism were achieved by
Suncont: Metal mobilization in the rhizosphere, metal ion uptake by
plant roots, translocation to aerial plant parts, metal sequestration in
plant tissues, and metal tolerance. The results of this study confirm
the low movement of Pb to the ABG parts of P. australis, which is in

Table 3

The translocation factors (TFs) for Syncont and Scont P. australis at the end (IX 2018) of the
investigation period; Syncon- Seedlings collected from an uncontaminated site and Scone —
seedlings collected from a contaminated site, C1, C2, C3- column 1,2, and 3, respectively.

Site Translocation Factor
Cu Zn Pb cd Ni Cr

ST/BG

C1 Suncont 0.1 0.2 0.0 0.2 0.0 0.0
C2 Suncont 0.0 0.6 0.0 0.1 0.0 0.1
C3 Suncont 0.0 0.6 0.0 0.1 0.0 0.1
C1 Scont 0.0 0.2 0.0 0.0 0.0 0.0
C2 Scont 0.3 0.3 0.1 0.0 0.0 0.1
C3 Scont 0.3 0.5 0.2 0.0 0.0 0.3
LF/BG

C1 Suncont 0.2 0.2 0.0 0.2 0.0 0.0
C2 Suncont 0.1 1.1 0.0 0.1 0.1 0.0
C3 Suncont 0.8 0.7 0.0 0.1 0.1 0.1
C1 Scont 0.3 0.1 0.0 0.0 0.0 0.1
C2 Scont 0.3 0.2 0.1 0.0 0.1 0.1
C3 Scont 03 0.1 0.1 0.0 0.0 0.3
LF/ST

C1 Suncont 3.0 1.0 1.0 11 21 0.6
C2 Suncont 2.6 1.8 0.9 1.0 1.6 0.6
C3 Suncont 0.8 0.7 0.0 0.1 0.1 0.1
C1 Scont 7.5 0.3 2.0 2.0 234 31
C2 Scont 1.2 0.7 0.6 0.3 13 13
C3 Scont 1.2 0.3 0.5 03 1.8 0.8

Bold emphasis statistically significance at TF > 0.5.

Science of the Total Environment 768 (2021) 144983

line with the generally known Pb behavior in soil/sediments (Thakur
et al., 2016). Enrichment of the Pb content in roots is considered to be
due to epidermal exclusion (MacFarlane et al., 2003). The highest in-
crease in Cu concentration in ABG and BG parts was noted in highly con-
taminated sediments (C3-128 mg/kg d.w.), while in other columns, the
increase in Cu occurred only in the BG parts. In general, a concentration
of 2 mg/kg d.w. of Cu is sufficient to meet the physiological demands of
plants. In addition, plants are relatively resistant to Cu toxicity (Yadav,
2010). Cu and Zn interactions are recognized as antagonistic for plants
(Kabata-Pendias and Pendias, 1999); however, Singh et al. (2016) re-
ported that the amount of Cu in BG parts increased in the presence of
Pb and/or Zn. For Syncont in C1 (where the maximum Zn contamination
occurred), the increase in Cu and Zn was the lowest: 1.7 times for Cu
and 2.7 times for Zn (the Zn:Cu ratio in sediments was 33). In C3,
where the increase in these PTEs was the highest (3 times for Cu and
5.2 times for Zn), the ratio of Zn:Cu was approx. 5. Zn was translocated
to ABG parts to a higher extent than other metals; however, Cd demon-
strated an increase in ST. Zn concentrations of up to 630 mg/kg d.w. did
not interfere with the uptake of this metal by LF and ST, however, this
process was disturbed at a concentration of approx. 800 mg/kg (C1
Suncont)- Due to the presence of the growth hormone indole acetic
acid, Zn can exhibit higher concentrations in stems than in other plants
parts (Minkina et al., 2018). The synergistic reactions of Cd and Zn in
plants are adjacent to the root system (Kabata-Pendias and Pendias,
1999). A substantial increase in Cd concentration was observed at the
end of the experiment. The most apparent symptom of Cd toxicity is
the retardation of plant growth (Xie et al., 2014). However, Ederli
et al. (2004) did not identify visual symptoms of Cd toxicity in
P. australis; moreover, their experiment proved the suitability of this
species for Cd detoxification. Ni shows affinity (antagonistic and/or syn-
ergistic) to Cu, Zn, and Cd (Kabata-Pendias and Pendias, 1999). In the
middle of the investigation period, the Ni content increased similarly
to that of Cd during all 6 months (similar properties in Ni and Cd
uptake).

Scont, as trace metal-enriched clones of the mother plant, did not per-
form phytoextraction and moreover showed an adverse effect of metal
release referred to as phytoexclusion. Metal transport occurs in the
xylem and is largely due to transpiration (Rucinska-Sobkowiak, 2016).
PTEs can be actively or passively intercepted; the first pathway requires
metabolic energy (Thakur et al,, 2016), while the second occurs by dif-
fusion. Metals are mostly bound with BG parts, and 95% or more of the
absorbed elements are sequestered in the plant roots unless the plant
is a hyperaccumulator or are chelate-assisted (Shahid et al., 2015). The
movement of metal ions can be accomplished by restricting metal
transport across the root endodermis (stele), storage in cell walls and
vacuoles, or binding by metal-binding proteins (Weis et al., 2004).
Otherwise, these ions are transported via the water flow of the vascular
system to ABG parts. Shahid et al. (2015) emphasized that in addition to
the absorption of PTEs by BG parts, exudation could occur
(phytoexclusion).

The accumulation of PTES by Suncont and Scont Was lower than that re-
ported by Vymazal and Bfezinova (2016). In a horizontal flow con-
structed wetland for wastewater treatment, the following metal
concentrations were noted for P. australis (in ug/m?): 2130-9190 for
Cu, 1220-9500 for Zn, 6-620 for Pb, 38-2640 for Cd, 460-8800 for Ni,
and 570-7740 for Cr (Vymazal and Bfezinova, 2016). Reed is obviously
not among the most sensitive species to metals; however, its metal ac-
cumulation strongly depends on plant uptake capacity and transport in-
side the whole plant and at the cellular level (Gupta et al., 2016).
Despite the capture of metals by Sncont and 10ss by Scon, the highest ac-
cumulation of Cu, Zn, Cd, Ni, and Cr occurred for Scont, While that of Pb
occurred for Syncont. It is worth highlighting and recalling here that in
the area of 0.5 m? only 3-4 seedlings were planted. This fact, together
with the growth response of P. australis, explains the low values of accu-
mulation obtained under the experiment. This study showed that there
are different patterns of metal concentration and accumulation. The
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general conclusion to be drawn from our results is that accumulation ef-
ficiency is generally biomass-size independent. A greater biomass may
result in a higher quantitative bioaccumulation capacity (higher total
concentration); however, a higher qualitative bioaccumulation capacity
means more efficient accumulation (Bonanno and Vymazal, 2017).
Roots are primary sites for PTE accumulation, and further PTE move-
ment as a response to plant stress may be restricted (Minkina et al.,
2018; Vymazal, 2016).

3.4. Anatomical and morphological responses of P. australis

3.4.1. Relative growth rate

The P. australis relative growth rate (RGR) is presented in Table S.3.
During the first 75 days, the growth of the seedlings ranged from 60
to 80 cm. The RGR changed from 1.6 to 2.2%-day . Engloner (2009) re-
ports that the RGR of shoots is highest from April-May, and growth is
faster in potentially taller than shorter shoots. This is in line with the re-
sults obtained in this study because the RGR over the next 75 days was
lower than the initial RGR (with changes between 0.9 and 1.3%-day ™).
In general, P. australis growth was the highest for Syncont and Scone in C2
and the lowest in C3. The average growth of P. australis per length of
aboveground shoots was 20 cm per month.

3.4.2. Microscopic analysis of plant tissues

SEM examination of P. australis semifine sections from the control
site (CONTROL) and Syncont Seedlings from C3 (collected in half of the
experiment) showed that reed roots consisted of the stele (S), the inter-
nal layer formed by the endodermis (EN), the exterior layer formed by
the epidermis (EP), and cortical parenchyma (C) between them. The
cortex in CONTROL P. australis consisted of 6-7 cellular layers of external
parenchyma, including a bilayered exodermis and inner aerenchyma
(AE) separated from the S by a well-developed EN (Fig. 5.a,c,e). In the
parenchymal layer, the cells were round and arranged in regular radial
rows. A comparison of the transverse sections of CONTROL and Sycont
P. australis (Fig. 5.b, d, f) showed differences in cortex formation (irreg-
ular cell formation - external parenchyma in some parts consisting of
only 2-3 cellular layers). The CONTROL and Syncont P. australis also dif-
fered in S formation and vessel element (V) arrangement — in Sypcont,
there were more (quantitatively) Vs forming the cylindrical S. The EN
in CONTROL consisting of closely packed parenchymal cells closely ad-
hered to the axis cylinder, while in Syncont P. australis, disturbances in
EN were observed (in the right part of the image - Fig. 5.d). In Fig. 5.a,
b, the differences in lysigenous AE formation in CONTROL and Syncont
P. australis are presented. Similar results as presented in Fig. 5.b,d,f
and were observed at the end of the experiment (Fig. S.2).

The C in CONTROL P. australis consisted of constitutively formed
lysigenous AE, which is considered regular formation, while in Sypcont
P. australis the lysogenic AE formation was enhanced and formation of
a barrier to radial O loss was induced, resulting in the promotion of lon-
gitudinal O diffusion to the root apex. A similar observation in lyso-
genic AE formation was described for rice growing under submerged
and waterlogging conditions (Nishiuchi et al., 2012). The rhizodermis
cells in the CONTROL roots of P. australis (Fig. 5.g) formed substantial
root hairs (RHs). For Syncont, the presence of RHs was not as pronounced;
moreover, the RHs collapsed (Fig. 5.h).

3.4.3. Plant stress

P. australis indisputably belongs to the group of macrophytes that
tend to adapt a tolerance strategy relying on the BG parts as principal ac-
cumulator organs. For example, Bonanno and Lo Giudice (2010) de-
scribed that P. australis roots acted as a kind of filter - the Cu amount
in rhizomes was reduced by 70%. This kind of behavior is an effective
strategy in protecting rhizomes and shoots from Cu-induced injuries
(Chai et al., 2014). In this study, the main indicator of PTE toxicity was
related to P. australis growth and biomass development. The microscopy
analysis showed changes in the P. australis samples grown in the control
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and tested dredged sediments. After 3 months of the experiment, the
Suncont Feed roots in comparison with the CONTROL roots showed that
the PTEs caused the degradation of the EN, significant deformation of
AE, and disruption of the orderly arrangement of EP cells. The decrease
in air cavities was also noted by Minkina et al. (2018, 2019). This re-
sponse of roots contacting metal-supplemented sediments probably al-
lows macrophytes to adapt to unfavorable environmental conditions.
Collapse of RHs is often reported to have toxic effects (Bini et al.,
2012). An important issue related to RHs is that root exudates affect
the availability of PTEs at the plant-sediment border. In a few millime-
ters of area extending from the RHs, the exudates alter the rhizosphere
chemistry, which results in an increase in plant tolerance to PTEs. This
phenomenon occurs passively (low molecular weight compounds
such as sugars, organic acids, amino acids, fatty acids, flavonoids) or ac-
tively, but active secretion is highly responsive to PTE exposure. The tol-
erance to PTEs by plants is dependent on root exudates and therefore
could affect the photosynthetic processes. The principal behavior of
PTEs is to decrease root exudates and therefore retard photosynthesis,
while alleviation of PTE toxicity enhances photosynthetic performance
and increases root exudates (Antoniadis et al., 2017a,2017b). The defor-
mation of LF and chlorosis have been reported in photosynthetic tissues
of Suncont, Which are common symptoms of metal-stressed plants (Rout
and Das, 2003). In this study, the highest concentration in P. australis tis-
sues was noted for Zn. Rout and Das (2003) reported that metal toxicity
resulted in an increased metal supply to the ABG parts, leading to the
disintegration of cell organelles and the disruption of membranes.
Membrane stability is often attributed to Zn. As soon as other PTEs
pass through the plasma membrane, they can interact with all meta-
bolic processes in the cytosol (Emamverdian et al.,, 2015).

3.4.4. Trace metal reduction in dredged sediments at the end of the
experiment

The trace metal content in sediments decreased after 6 months of
the experiment (Table S.4). The general tendency was the improvement
of contamination status in the mesocosm setup in all columns in accor-
dance with LAWA classification and the PLI. The observed changes in
trace metal contents in most cases were not very high, which was due
to low biomass development. Thus, the uptake/release of PTEs by
P. australis seedlings did not have a significant effect on the final PTE
content in sediment. In some cases, an increase in metal content was
noted (e.g., Zn - Scont C2, Ni - Scone C1 and C2), which could be related
to the Scone Seedling release of metals during the experiment (also re-
lated to the root exudates).

3.4.5. Potential implications of the study results

The treatment processes of contaminated sites with the use of plants
should be preceded by careful analysis of the place of origin and initial
PTE content of those plants. The results of our study show different be-
haviors of P. australis seedlings originating from sites with different
background PTE contents. The general principle observed in our study
was the uptake of metals by Syncone and loss by Scone during the vegeta-
tion period. Syncont pPresented phytostabilization abilities (confirmed by
the BF value and accumulation in BG parts) and could meet the require-
ments for successful phytoextraction mechanisms if the treatment
period was extended. The TF classified the Sy,cont Seedlings as PTE toler-
ant. On the other hand, the S..n¢ seedlings behaved as phytoexcluders,
which was probably caused by the change in the concentration of
trace metals and pH in the target sediments. Finally, Suncont Seedlings
presented the plasticity of P. australis to adapt to contaminated sites,
while S seedlings upheld the hypothesis that clones growing at a
particular site are well adapted to those site conditions and do not thrive
in other conditions or the PTE content in dredged sediments was too
low to facilitate uptake by Scon Seedlings.

The findings of this study should be further evaluated under real
field conditions, since the limitation of our study was the small scale
(pot experiment) and the use of semiartificial light. According to
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Fig. 5. Scanning microscopy images of P. australis root cross sections: a, ¢, e - CONTROL; b, d, f — P. australis Syncon collected at the middle of the experiment (July 2018) from C3; and hair
roots — g h — CONTROL and Syncone P. australis, respectively; EP — epidermal cells, EN — endodermis; S - stele (central cylinder); AE - aerenchyma; C - cortical parenchyma; V - vessel

elements; RH - root hair.

Antoniadis et al. (2021), the deposition of PTEs over a long time results
in a change in toxicity with a decreasing effect. Therefore, pot experi-
ments cannot replace full-scale or pilot-scale studies under the influ-
ence of natural environmental conditions in which physico-chemical
changes occur at the sediment-water-air interface. Despite this, the pre-
sented mesocosm results with Syncont and Scone Seedlings deliver impor-
tant guidance for green treatment technology plans. An important
implication of our mesocosm experiment is the need for supplementa-
tion of organic matter to P. australis grown on dredged sediments

characterized by a high content of mineral substances because biomass
development is crucial for a successful decrease in the PTE content in
sediments. The addition of biochar to the top layer of sediments could
be a good solution. Addition of biochar on top layer of sediments
could be a good solution due to the biochar application increases the
pH and thus enhance the immobilization of trace metals (Egene et al.,
2018). Moreover, in the case of acidic sediments, liming would affect
metal availability by the precipitation of soluble metals in the carbonate
fraction.
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4. Conclusions

P. australis seedlings with different initial trace metal contents (low
- Suncont and high - Sene) planted in a mesocosm with dredged sedi-
ments enriched with Zn, Cu, Pb, Cd, Ni, and Cr were investigated.
Dredged sediments placed in the mesocosm setup presented PLI values
in the ranges 1-8, corresponding to moderately to very strongly con-
taminated conditions according to LAWA classification. In general, the
different initial contents of trace metals in Sy,cone and Seone affected the
phytostabilization behavior of the seedlings. Suncont adapted to the pot
experimental conditions and presented phytostabilization abilities
(confirmed by the BF value and accumulation in BG parts). However,
despite PTE uptake, during the half-year mesocosm study, disturbance
of the ordered arrangement of cortical cells and significant deformation
of AE were observed. The main morphological and structural effects
caused by metal toxicity can be summarized as follows: (1) growth lim-
itation, (2) root tissue disturbance, (3) collapse of root hairs or decrease
in their numbers, (4) structural alterations of epidermis and endoder-
mis. The toxic response of Scone Was connected with trace metal release
(phytoexclusion). Trace metal uptake in Syncont OCcurred mainly in BG,
especially for Pb and Ni. The accumulation of PTEs was low due to, in
general, poor biomass development. However, the highest biomass de-
velopment was recorded for the sediments least enriched in trace
metals (C2), for which the lowest Cr concentration was observed.
High biomass is crucial for successful phytostabilization effects. Overall,
a decrease in the trace metal content of the dredged sediment was ob-
served during the experiment. According to LAWA classification and
the PLI, the contamination status improved.

The mesocosm study results should be further verified in field exper-
iments with the application of P. australis and other “native” plants
grown in sediments dredged from urban water bodies contaminated
with PTEs. The focus should be placed on hydrophyte acclimation to
sediments with a low organic matter content, which could be facilitated,
for instance, by the addition of biochar.
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