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ARTICLE INFO ABSTRACT

Keywords: This study analyzed the concentrations and distributions of Al, As, Cd, Cr, Cu, Hg, Mn, Ni, Pb and Zn in three
Cattails different cattail species growing spontaneously in a natural wetland subject to municipal wastewater and metal
Wetlands contamination. The cattail species included Typha domingensis, T. latifolia and T. angustifolia. Results showed that
Wastewater all Typha species have similar element concentrations in roots, rhizomes and leaves, and similar element
;Z(:‘;nyegf:tals mobility from sediments to roots and from roots to leaves. This study corroborated three patterns of Typha
Sicily species growing in metal contaminated environments: high tolerance to toxic conditions, bulk element

concentrations in roots, and restricted element translocation from roots to leaves. This study showed that three
different Typha species respond similarly to metal inputs under the same polluting field conditions. Given their
similar metal content and similar biomass size, our results suggest that T. domingensis, T. latifolia and T.
angustifolia may have comparable capacity of phytoremediation. High element uptake and large biomass make

Typha species some of the best species for phytoremediation of metal contaminated environments.

1. Introduction

Heavy metals are a particular group of elements that, unlike organic
pollutants, cannot be degraded through biological processes
(Muhammad et al., 2009). Heavy metals are especially harmful in
aquatic ecosystems where, once accumulated in bottom sediments, they
begin to move up the food chain, often biomagnifying at higher trophic
levels and ultimately causing various chronic and acute disorders in
humans and animals (Gall et al., 2015). A major source of heavy metals
is wastewater from agriculture due to herbicides and pesticides, and
wastewater from industrial manufacture for the presence of raw
materials (Dhote and Dixit, 2009). Numerous techniques have been
developed to reduce the concentrations of heavy metals in the
environment (e.g., chemical precipitation, membrane filtration), but
most of them, although effective, proved expensive and non-ecofriendly
(Olguin and Sanchez-Galvan, 2012; Lara et al., 2014). As a result, the
increasing need for remediation of contaminated sites led to develop
cost-effective and eco-friendly biotechnologies like phytoremediation,
which relies on naturally occurring plant species to extract, sequester
and detoxify pollutants (Ali et al., 2013; Pandey et al., 2015; Rezania
et al.,, 2016). Heavy metals, in particular, can be removed from
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contaminated soil, sludge, sediments and water, thanks to particular
plants that uptake the pollutants through roots and translocate them to
the upper parts of the plant (Wéjcik et al., 2014; Sharma et al., 2015).

Wetland plants (or macrophytes) are widely investigated and used
to treat metal contaminated surface water or remediate sites with
elevated soil metal concentrations (Bonanno and Lo Giudice, 2010;
Vymazal, 2011; Pandey, 2012; Bhatia and Goyal, 2014). Macrophytes,
indeed, can filter out toxic metals from the surface water, often
immobilize them in their sediments, and on the long term, return them
to the geological part of the earth cycle (Odum, 2000; Prasad et al.,
2006). Macrophytes suitable for phytoremediation are highly tolerant
to heavy metal stress, have fast growth and large biomass, and can
accumulate high metal concentrations in their tissues (Deng et al.,
2004; Liu et al., 2016). Numerous studies showed also that uptake,
accumulation and translocation of heavy metals may differ significantly
among plant species (e.g., Fitzgerald et al., 2003; Yoon et al., 2006;
Qian et al., 2012). Knowing the differences in heavy metal concentra-
tions between macrophytes is thus fundamental not only to assess the
suitability of one species instead of another for phytoremediation uses,
but also to implement appropriate actions of ecological restoration and
management, thus making phytoremediation more sustainable (Tack
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and Vandecasteele, 2008; Bonanno et al., 2013; Pandey et al., 2016).

Cattail species Typha domingensis Pers., Typha latifolia L., and Typha
angustifolia L. are common, perennial and emergent macrophytes
distributed worldwide in tropic and temperate wetlands, lakes and
rivers (Smith, 1987). They prefer damp soils and shallow, slow and
brackish waters, and can quickly dominate a wetland plant community
by forming monotypic stands (Panich-Pat et al., 2004). Typha ssp. are
herbaceous and rhizomatous plants that can be over 3-m high (Pignatti,
1982). Given their fast growth, large biomass, high tolerance to metal-
contaminated sites, and high element uptake, T. domingensis, T. latifolia,
and T. angustifolia have been widely and successfully employed for
several phytoremediation uses such as phytostabilization, phytoextrac-
tion and water treatment in constructed wetlands (Leto et al., 2013;
Mufarrege et al., 2014; Gomes et al., 2014; Pandey et al., 2014). Despite
the numerous studies on the heavy metal phytoremediation capacities
of T. domingensis, T. latifolia, and T. angustifolia, to date, it has not been
possible to claim with enough scientific evidence whether or not such
cattail species have similar accumulation and translocation capacities
of heavy metals. This study analyzed the concentrations of nine heavy
metals (Al, Cd, Cr, Cu, Hg, Mn, Ni, Pb and Zn) and one metalloid (As) in
roots, rhizomes and leaves of T. domingensis, T. latifolia, and T.
angustifolia growing spontaneously in a natural sewage- and metal-
contaminated wetland. This study aimed to shed further light on the
possible phytoremediation similarities of such cattails by comparing
their element mobility and concentrations under the same polluting
field conditions.

2. Materials and methods
2.1. Study area
The study area was an urban natural wetland located near the port

of Catania (Sicily, Italy), (37°29’17.69”N; 15°05’09.54”E) (Fig. 1).
Catania is the second largest town of Sicily with 315,000 inhabitants
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Fig. 2. Photo of sampling plots.

that rise up to 770,000 people if the metropolitan area is included. The
study wetland is the estuary of a 6-km watercourse, which was
channelized to receive the domestic discharges from Catania, and is
mainly affected by municipal wastewaters, road run-off and dumping
from adjacent industrial activities. In this wetland, T. domingensis, T.
latifolia and T. angustifolia grow spontaneously and form dense mono-
species populations (Fig. 2). This area acts as a constructed wetland and
is subject to constant polluting inputs all the year round. The average
annual flow is 1.5 m®/s whereas annual rainfall and temperature are
respectively 610 mm and 19.0 °C.

2.2. Sampling

Sampling was conducted in one-off trips conducted in April and

Fig. 1. Study area.
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October 2014, and repeated in the same months in 2015. Five sampling
plots per each of the three species were randomly selected in an area of
1000 m x 100 m. The average sampling plot was a quadrate of
4mx4m, and contained a plant community characterized by the
monospecies stand of one of the study Typha species. In each sampling
plot, four mature Typha individuals, four samples of sediments and up
to 10.0 L of water were collected. Typha individuals were 2-meter high
on average, and partially submerged at a variable depth of 10-50 cm
from the bottom. Typha individuals were delicately and wholly
uprooted with stainless steel tools, cleaned with linen cloths to remove
extraneous materials (e.g. gross ground particles), and put in sterilized
airtight plastic bags. Sediment samples were instead collected from the
top 30 cm of the upper layer through a Plexiglas corer (internal
diameter 10 cm), and put in 1.0-L polyethylene bottles. Water samples
were collected within a radius of 0.50 m from each collected plant
sample, through 1.0-L sterilized glass bottles, and at a variable depth of
0.30-0.50 m from the bottom to the water surface. All samples were
finally gathered in PVC containers and kept at 5 + 1 °C until laboratory
analysis.

2.3. Chemical analysis

The total concentrations of Al, As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, Zn
were analyzed in sediments and Typha ssp. organs. In the laboratory,
the individuals of the three Typha species were first washed thoroughly
in running tap water to avoid any surface contamination, and then
rinsed with bidistilled water, obtained through a Milli-Q® Gradient
distiller, to remove any further residual material on the surface. Plant
samples were then dissected into roots, rhizomes and leaves, and
together with sediment samples, were put in a refrigerator at 4 °C until
processing. The average weight of root, rhizome, leaf and sediment
samples was 2.0 kg. After defrosting, leaves, roots, rhizomes and
sediment were dried to constant weight at room temperature. Once
dry, plant samples were ground and homogenized in an agate mortar to
ensure a homogeneous element distribution in the powder. Sediment
samples were passed through a 1 mm diameter sieve. These homo-
genous powder and sieved sediment were then weighed at 0.1 = 0.05 g,
and oven-digested at 90 °C overnight (microwave oven Mars 6, CEM
Corporation) in an acid solution (H>0»/HNOg3, 2:3 ratio; Carlo Erba) in
Teflon digestion vessels. Water samples were acidified with 63% HNO5
to pH =<2, before filtering through a filter paper 2.0 um (Whatman®
GF/A glass microfiber filters). After digestion, the solid residue of plant
and sediment samples was separated by centrifugation before being
filtered through a filter paper 2.0 um. Finally, supernatants were
diluted with ultrapure Milli-Q water to a final volume of 25 mL (into
a volumetric flask), and transferred for chemical analysis via ICP-MS
(Cd, Cr, Cu, Ni, Pb, Zn), ICP-OES (Al, Fe) and FAAS (As and Hg)
(respectively through PerkinElmer Elan® 6000, PerkinElmer® Optima™
8000, PerkinElmer® AAnalyst™ 400 AA Spectrometer). The element
used as internal standards was rhodium (Rh). Quality control was
performed through stability of instrumental recalibration and using
analytical blanks. The instruments were cyclically checked against the
low level standards (once every five samples) and recalibrated either
when signs of drift were noted or after every 5 samples. The validity
and precision of the analytical procedures were assessed by analyzing
the standard reference material Lagarosiphon major (Institute for
Reference Materials and Measurements, IRMM, BCR® no 060).

Student's t-test (2=0.05) was used to assess whether analyzed
values for the reference material were in good agreement with the
certified values. The percent recovery showed values between 85% and
104%. Instrument detection limits were expressed as three times the
standard deviation from the mean blank. Analyses were conducted in
triplicates.
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2.4. Statistical processing

Statistical analysis was preliminarily conducted through the
Shapiro-Wilk test to determine the normal distribution of the data sets,
and through the Levene's test to check the hypothesis of homoscedas-
ticity. If both tests were accepted, a two-way analysis of variance
(ANOVA) was applied to assess the possible significant influence of
organs and seasons on element concentrations in Typha species.
Specifically, the factors organ and season had respectively three and
two levels: root, rhizome, leaf; spring and autumn. Tukey's post hoc test
was performed to identify which specific mean pairs differ significantly.
In case of rejection of ANOVA assumptions, data were log-transformed.
Possible relationships between plant species and sediments were
checked with Student's t-test. The level of significance was set at
0.05. Statistical processing was carried out with the statistical package
IBM SPSS Version 22.0.

Bioconcentration and translocation factors were determined to
assess element mobility in the study species. The values obtained were
based on the following:

Bioconcentration Factor (BCF) = Cypot! Csediment

where Cgediment and Cioor are respectively the concentrations (mg kg_1

DW) of a given element in sediment and roots of the study species. BCF
expresses the efficiency of a plant species to take up a specific element
from sediments and accumulate it in its tissues. Higher BCF values
imply a greater bioaccumulation capability (EPA, 2007). A BCF value
higher than one may indicate that a plant species could act as a
hyperaccumulator of trace elements (Zhang et al., 2002).

Translocation factors (TF): Ciear/ Croor

where Cje r and C,; are respectively the concentrations (mg kg_1 DW)
of a given element in leaves and roots of the study species. TF provides
information about the mobility of a given element from roots to leaves,
and higher TF values result in a greater capacity of mobility (Deng
et al., 2004).

3. Results and discussion

Results showed that element concentrations in water were constant
during spring and autumn (Table 1). According to the Italian law
(Italian Decree 260/2010), Hg concentrations in waters were signifi-
cantly higher than quality limits, and As concentrations were closer to
the legal threshold. Similarly, the element content in sediments was
relatively constant in the study seasons (Table 1). Only Cd and Cr
concentrations in sediments showed significant differences between
spring and autumn. However, the different concentrations of Cd and Cr
reported the same order of magnitude, suggesting a generally stable
release of heavy metals into the environment. The metals Cd, Hg and Pb
were the only elements to pass abundantly the legal limits of metal
concentrations in sediments (Italian Decree 260/2010). Regarding
plant organs, all Typha species showed generally similar element
concentrations (Table 2), suggesting that overall T. domingensis, T.
latifolia and T. angustifolia have comparable capacities of element
uptake. All Typha species showed also the same patterns of element
concentrations in their organs. Specifically, element concentrations
decreased consistently in all Typha species in the order of root >
rhizome > leaf. The higher element content in underground organs is a
general trend of several macrophytes, including Typha sp., growing in
metal-contaminated wetlands (Odum, 2000; Sasmaz et al., 2008;
Bonanno, 2011, 2012; Vymazal, 2011; Lyubenova et al., 2013). The
fact that the elements are mainly accumulated in roots may indicate a
high content of mobile chemical species in sediments but it may also
suggest the existence of tolerance strategies that prevent toxic levels in
roots from moving to the aboveground plant organs (Hozhina et al.,
2001; Bonanno et al., 2017). In particular, the protective mechanisms at
the aboveground-underground boundary may be supposed to be mainly
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Table 1
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Element concentrations in waters [pug/L] and sediments [mg/kg] of the study area, and legal limits (Italian Decree 260/2010).

Water Sediment

Spring Autumn Legal quality limits Spring Autumn Legal quality limits
Al 0.21 = 0.04 0.15 = 0.02 - 24,770 * 4340 23,450 * 3290 -
As 7.04 £ 2.12 8.77 £ 1.59 10 8.56 = 1.52 9.67 = 1.88 12.0
cd 0.38 = 0.08 0.45 = 0.09 - 0.89 = 0.15 0.56 = 0.11 0.30
Cr 1.21 + 0.24 0.95 + 0.17 7 23.8 = 4.08 30.4 =£5.21 50.0
Cu 18.7 £ 3.51 25.4 £5.12 - 109 * 16.5 121 + 18.6 -
Hg 0.15 = 0.03 0.10 = 0.02 0.06 0.37 = 0.06 0.43 = 0.07 0.30
Mn 0.13 = 0.02 0.09 = 0.01 - 890 + 167 1010 + 186 -
Ni 3.43 = 0.65 5.27 £ 1.12 20.0 24.9 = 4.21 27.2 = 4.56 30.0
Pb 2.56 * 0.45 3.68 * 0.64 7.20 57.3 £ 8.32 68.5 = 10.3 30.0
Zn 1.67 £0.31 1.35 £ 0.26 - 319 = 52.4 290 = 51.2 -

* Indicates significant differences between concentrations in spring and autumn for the same element.

activated in case of pronounced gradients as found in this study for the
toxic elements As, Cd and Pb whose concentrations in Typha roots were
one order of magnitude greater than leaves. The bulk element
concentrations in roots, with lower concentrations in rhizomes and
leaves, found by Lyubenova et al. (2013) for T. latifolia, are in line with
As, Cd and Pb concentrations reported in all Typha species of this study.
This result may indicate exclusion from above-ground tissues as the
main tolerance mechanism in Typha species, as suggested for several
rooted and free floating macrophytes (Sawidis et al., 1995; Chandra and
Yadav, 2010; Mufarrege et al., 2010). Metal tolerance by plants, and
heavy metal detoxification may be achieved through compartmentali-
zation and metal complexation with ligands such as organic acids,
amino acids and certain members of the mugineic acids occurring in
plant tissues (Hall, 2002; Carrier et al., 2003).

Results showed also a positive correlation between roots and
sediments for all elements in Typha species. Regarding rhizomes, the
correlation with elements in sediments was significant for most

Table 2
Element concentrations in Typha species [mg/kg].

elements, except for As and Cd for all Typha species, Hg for all Typha
species in spring, and Cr for T. domingensis and T. angustifolia in spring.
Statistically significant correlations between sediments and roots may
suggest the prominent role of bottom sediments as the main source of
elements for wetland plants. This finds general confirmation in previous
studies according to which elements taken by rooted macrophytes are
mainly sediment derived (Sawidis et al., 1995; Aksoy et al., 2005).
Compared to roots and rhizomes, the leaves of Typha species showed a
significant correlation with fewer elements in sediments, specifically
only with Al, Cu, Mn, and Zn. This leaf-sediment pattern was consistent
with all Typha species. Previous studies showed that metal accumula-
tion in aboveground plant tissues are mainly determined by metal
availability in the soil, species-specific uptake, translocation processes
and the involvement of the metal in biological functions (Kabata-
Pendias and Mukherjee, 2007; Teuchies et al., 2013). Various studies
found that several species growing in metal-contaminated places,
accumulate high concentrations in their roots but the metal concentra-

Typha domingensis Typha latifolia Typha angustifolia
Root Rhizome Leaf Root Rhizome Leaf Root Rhizome Leaf
Al  Spring 1756 + 350" 920 + 146" 38.0 + 10.2"%* 1780 + 325" 845 + 162" 48.5 + 12.3%* 1568 + 340" 821 + 144" 36.1 +7.211*
Autumn 1890 + 310° 850 + 188" 50.9 + 15.2"1% 1740 + 288" 1055 + 201°%" 38.3 + 8.81%" 1865 + 378" 962 *+ 166>" 44.6 + 8.101>°
As Spring  3.21 £ 0.51%"  1.29 + 0.23 0.10 = 0.02* 1.87 + 0.322 1.21 +0.22 0.08 £0.01°'  2.86 +0.41>"  1.06 = 0.18 0.05 + 0.012
Autumn 2.78 * 0.42%"  1.34 + 0.25 0.08 + 0.02* 2.21 + 0.40>*  1.65 + 0.25 0.12 £ 0.02%  1.95 + 0.35> 1.42 + 0.20 0.06 + 0.01*
cd Spring 0.61 +0.11°"* 0.15 + 0.02! 0.08 £ 0.02!  0.46 = 0.08>  0.16 = 0.03"'  0.08 + 0.01! 0.38 £0.07°  0.20 £0.03%  0.04 = 0.01%
Autumn 0.44 = 0.08"*  0.18 * 0.03! 0.05 + 0.01 0.39 + 0.07° 0.22 £0.03"!  0.06 % 0.01 0.51 £0.10**  0.10 £0.01°2  0.04 = 0.01
Cr Spring 3.67 £0.71°%* 3.01 £0.52' 1.05=*0.15 5.54 + 1.10>*  3.24 + 0.61""  1.01 = 0.21 426 £ 0.75>"  1.89 + 0.32"% 091 + 0.14
Autumn 5.88 +1.02"" 4.57 +0.88"" 1.24 £0.20"'  6.75 + 1.20>"  3.85 + 0.53>"  0.95 + 0.18’ 515+ 1.12%" 248 + 0.41>" 0.75 + 0.11?
Cu Spring 185 * 3.52° 12.7 * 2.10° 4.67 + 098" 128 +2.10° 9.87 + 1.88° 5.87 + 1.06>"  17.4 * 3.21° 13.7 + 2.52% 5.21 + 0.92%°
Autumn 15.2 + 3.02'"  10.4 + 2.35" 3.50 £ 0.65°* 13.1 +2.36"" 11.8 + 2.06" 4.66 = 0.95° 18.8 + 4.06>"  12.5 * 2.06" 4.04 = 0.82°
Hg Spring 3.21 =0.52%" 2,02 + 0.31! 0.97 + 0.12* 2.88 + 0.35** 1.55 * 0.20> 0.63 + 0.10% 1.98 £ 0.32>" 1.01 £0.16>  0.55 + 0.08"2
Autumn 3.67 + 0.35%" 2,56 + 0.25""  0.85 * 0.10" 3.35 + 0.41%" 1.83 +0.26>"  0.49 * 0.08> 2.75 + 0.357>" 1.96 + 0.25>" 0.35 + 0.06
Mn Spring 151 + 254" 838+ 123" 51.2+835""" 132+ 252> 103 +18.3"%>" 297 +6.21>" 958+ 1553 77.6+ 134" 31.6 = 532>
Autumn 138 + 222" 742 +13.11%" 321 +6.12"" 155 +20.2>"  70.1 = 123" 41.0 = 7.35" 126 +22.57%* 103 +17.5">" 36.0 + 6.21°
Ni Spring 36.6 +6.01* 29.6 +4.23" 10.9 + 2,10 41.2 + 7.45° 28.5 + 4.21° 10.3 + 1.86! 35.7 * 6.25" 20.2 + 3.56" 12.3 + 2.25%
Autumn 53.3 +7.56"" 387 £6.31°" 10.8 + 1.87 35.6 +7.01>" 302 +£5.31'" 842+ 1.51 28.8 £ 5.21>"  21.6 £ 2.98>"  8.96 + 1.73
Pb Spring  13.7 *+ 2.35%%  4.21 + 0.73% 0.71 + 0.11 15.2 + 3.12%%  4.32 + 0.74% 0.52 + 0.10 8.90 + 1.48%*  3.25 + 0.57° 0.75 + 0.13
Autumn 10.9 + 1.94'%  4.33 + 0.65" 0.65 + 0.10 13.5 £ 2.06>"  6.65 * 1.32° 0.44 + 0.09 10.2 £ 1.95"" 523 + 0.96" 0.52 = 0.10
Zn Spring 118 = 18.7° 97.3 +15.31"  38.8 + 5.63° 110 + 18.6% 103 + 21.4%*  41.0 £7.21* 107 + 18.2° 88.7 £ 13.2°%% 39.1 + 521"
Autumn 122 +20.5%* 103 = 17.5%" 354 +6.05%" 115+ 158"  96.5 + 17.6>" 28.7 = 4.75">" 86.8 + 14.6>* 68.0 + 11.5>" 20.2 * 3.56 >*

Note: different numbers indicate different concentrations between the same organ of different species in the same season (p < 0.05; two-way ANOVA followed Tukey’s post hoc test).
@ Indicates significant correlation between plant organ and sediment (p < 0.05; Student's t-test).
* Indicates significant differences between the same organ of the same species in the two different seasons (p < 0.05; two-way ANOVA followed by Tukey's post hoc test).
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Table 3
Bioconcentration factor (BCF) and translocation factor (TF) in Typha species.

Typha Typha Typha Mean
domingensis latifolia angustifolia
Al  Spring  BCF 0.07 0.07 0.06 0.07
TF 0.02 0.03 0.02 0.02
Autumn BCF 0.08 0.07 0.08 0.08
TF  0.03 0.02 0.02 0.02
As Spring BCF 0.38 0.22 0.33 0.31
TF  0.03 0.04 0.02 0.03
Autumn BCF 0.29 0.23 0.20 0.24
TF 0.03 0.05 0.03 0.04
Cd Spring BCF 0.69 0.52 0.43 0.55
TF  0.13 0.17 0.10 0.13
Autumn BCF 0.79 0.70 0.91 0.80
TF  0.11 0.15 0.08 0.11
Cr Spring BCF 0.15 0.23 0.18 0.19
TF 0.29 0.18 0.21 0.23
Autumn BCF 0.19 0.22 0.17 0.19
TF  0.21 0.14 0.15 0.17
Cu Spring BCF 0.17 0.12 0.16 0.15
TF  0.25 0.46 0.30 0.34
Autumn BCF 0.13 0.11 0.16 0.13
TF 0.23 0.36 0.21 0.27
Hg Spring BCF 8.68 7.78 5.35 7.27
TF  0.30 0.22 0.28 0.27
Autumn BCF 8.53 7.79 6.40 7.57
TF  0.23 0.15 0.13 0.17
Mn Spring BCF 0.17 0.15 0.11 0.14
TF 0.34 0.23 0.33 0.30
Autumn BCF 0.14 0.15 0.12 0.14
TF  0.23 0.26 0.29 0.26
Ni  Spring BCF 1.47 1.65 1.43 1.52
TF  0.30 0.25 0.34 0.30
Autumn BCF 1.78 1.31 1.06 1.38
TF  0.22 0.24 0.31 0.26
Pb  Spring BCF 0.24 0.27 0.16 0.22
TF  0.05 0.03 0.08 0.05
Autumn BCF 0.16 0.20 0.15 0.17
TF  0.06 0.03 0.05 0.05
Zn  Spring BCF 0.37 0.34 0.33 0.35
TF  0.33 0.37 0.36 0.35
Autumn BCF 0.42 0.39 0.30 0.37
TF  0.29 0.25 0.23 0.26

Note: BCF = [root]/[sediment]) and TF = [leaf]/[root].

tion in their leaves is relatively constant, whatever the concentrations
in sediments (e.g. Jiménez et al., 2011). Such species have tolerance
strategies that restrict metal accumulation in the above-ground parts of
the plant. As a result, plant species are able to adapt and grow in highly
polluted environments (Fischerova et al., 2006). This restricted element
translocation was also found in the Typha species of this study,
especially for the toxic elements As, Cd and Pb. In turn, the high values
of micronutrient Cu, Mn and Zn in leaves and their significant
correlation with sediments, may be due to the fact that these elements
have a preferential uptake because essential elements of many enzyme
systems, and thus needed in a larger amount (Kabata-Pendias, 2011).
The higher phytoavailability for Cu, Mn and Zn, as observed in this
study, is found in many systems, including tidal marshes and may be
also caused by their lower sorption capacity to soil components
(Gambrell, 1994; Overesch et al., 2007).

Regarding element mobility (Table 3), bioconcentration (BCF) and
translocation factors (TF) showed overall similar values in all Typha
species. BCF and TF, however, were significantly different among
elements, and showed these decreasing trends in the three Typha
species (mean values):
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® BCF (spring): Hg > Ni > Cd > Zn > As > Pb > Cr > Cu >
Mn > Al

® BCF  (autumn): Hg > Ni> Cd > Zn > As > Cr > Pb > Mn >
Cu > Al

® TF (spring): Zn > Cu > Mn = Ni > Hg > Cr > Cd > Pb > As > Al

e TF (autumn): Cu > 7Zn = Mn = Ni > Hg =

Cr > Cd > Pb > As > Al

BCF trend was generally similar in both seasons whereas TF values
showed in fact the same trend in spring and autumn. Moreover, the
trends of BCF and TF were significantly different, implying that the
mobility of same element in sediment-root boundary may differ from
root-shoot translocation. The distribution of elements in plant organs
depends on the bulk plant concentrations, the biochemical properties of
the element in question, and the plant itself (Lyubenova et al., 2013).
Greger (1999), in particular, observed that metal translocation can
occur in the phloem, via the apoplast, and via the xylem, acropetally.
BCF values were higher than TF for most elements. This was true for Al,
As, Cd, Hg, Ni and Pb. In particular, BCF of Hg reported by far the
highest value (> 7.0); other than Hg, Ni was the only element with
BCF > 1. Values < 0.10 were found in BCF and TF of Al, and in TF of As
and Pb. BCF values > 1 corroborated previous findings on the use of
Typha species for phytostabilization (Zu et al., 2005). In general, plants
having BCF greater than one and TF less than one show phytostabiliza-
tion potential and can be used as for rhizoremediation (Yoon et al.,
2006; Pandey, 2012). This is particularly true in those emergent tall
macrophytes (e.g. Typha ssp, Phragmites australis), which contribute to
metal sequestration thanks to their extensive root system (e.g., Salt
et al., 1998; Otte et al., 2004; Weis and Weis, 2004; Duarte et al., 2010).
TF is an important indicator to identify the phytostabilization potential
of a plant species. TF values less than one mean the plant having poor
translocation efficiency of metals from root to leaf, and thus can be used
for phytostabilization purposes (Ma et al., 2001). In this study, TF
values of Typha species were lower than one for all elements, thus
suggesting poor element translocation efficiency from roots to leaves.

The results of this study showed that T. domingensis, T. latifolia and
T. angustifolia have levels of element concentrations overall in agree-
ment with numerous studies on Typha spp. growing in element-
contaminated wetlands (Table 4). However, compared to another
important and widespread macrophyte, namely Phragmites australis
(common reed), the studied Typha species showed lower levels of
element concentrations (Table 4). Here follows an analysis of element
by element for the studied Typha species.

Aluminum showed the highest concentrations in sediments and
plants, but also the lowest values of BCF and TF. Al thus proved the
least mobile element in plants, in line with previous findings (Baker
et al., 1994; Bonanno, 2013). Although the physiological function of Al
in plants is not clear, studies support evidence that modest levels of Al
may have beneficial effects on plant growth (Kabata-Pendias, 2011).
Arsenic is a non-essential metalloid, considered as one of the most toxic
elements due to its persistence in the environment and tendency to
bioaccumulate (Kapaj et al., 2006). In this study, As concentrations in
Typha species accumulated predominantly in roots, exceeding the
content in leaves by one order of magnitude, in agreement with
previous studies (Hozhina et al., 2001). In case of high contamination,
Typha species may also accumulate great quantities of As without
showing symptoms of toxicity (Lyubenova et al., 2013).

Cadmium is a widespread heavy metal pollutant, extremely toxic to
humans and most plants (Prasad, 1995). Wetlands are especially subject
to Cd contamination because Cd can enter the aquatic environment
from natural as well as anthropogenic sources such as industrial
effluent and agricultural runoff (Li et al., 2008). Moreover, Cd cannot
be removed from water by self-purification (Liu et al., 2016). The
problem of Cd contamination can be faced using green and cost-
effective techniques like phytoremediation. Cd concentrations in the
study Typha plants were generally in line with Cd-contaminated wet-
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lands (Hozhina et al., 2001). This result strengthens the previous
studies on the use of Typha species as phytoremediators given their
tolerance to high Cd contamination. Cd-tolerant plants generally have
also higher Cd concentrations in roots than in leaves (Gussarsson,
1994), in line with this study. Xu et al. (2011) conducted a study on T.
angustifolia tolerance to Cd exposure, and found that root Casparian
band, cell wall, vacuole, glutathione (GSH), and glutathione peroxidase
(GPX) play important roles in Cd detoxification; mechanisms of Cd
detoxification differ in leaf cell cytoplasm (mainly a GSH-related
antioxidant defense system) and root cell cytoplasm (mainly a GSH-
related chelation system). Xu et al. (2011) concluded that T. angustifolia
has multiple detoxification mechanisms for Cd and acts as a promising
species for phytoremediation of Cd-polluted environments. Xu et al.
(2011) investigated Cd detoxification in T. angustifolia but the results of
our study suggest that T. domingensis and T. latifolia may have similar
tolerance mechanisms given their comparable values of concentrations
and mobility of Cd.

Chromium is generally considered toxic for plants because it may
alter N metabolism by affecting protein formation (Chatterjee and
Chatterjee, 2000). Cr concentrations in all study Typha species were in
line with Cr-contaminated wetlands (Samecka-Cymerman and
Kempers, 2001; Demirezen and Aksoy, 2004). In particular, this study
found that Cr concentrations in all Typha species were higher than Cr
toxic threshold in plants (> 1.0 mgkg™ '), according to Markert
(1992). However, no toxicity signs were observed in the study Typha
species. Pais and Jones (2000) reported, indeed, that there may be some
evidence of toxic effects on plants for Cr concentrations higher than
10 mg kg~ !. In general, species of Typha genus show high tolerance to
Cr contamination (Sasmaz et al., 2008). Nichel is another dangerously
toxic metal that may affect plant growth, metabolism and physiology
(Kabata-Pendias, 2011). In this study, Ni concentrations in all Typha
species were in line with values detected in contaminated environments
(Pandey et al., 2014). Ni concentrations in Typha species exceed the
level of 5mgkg~?, considered toxic to most plants (Allen, 1989).
However, similarly to Cr, despite the high levels of Ni, Typha species
showed no symptoms of toxicity.

Mercury is one of the most dangerous natural elements on Earth
(Boening, 2000), and may be converted into toxic forms as methyl—
mercury, easily assimilated by aquatic and terrestrial biota (Bargagli,
1998). Mercury is particularly dangerous in aquatic ecosystems, which
are characterized by a greater number of trophic levels. In wetlands,
indeed, inorganic Hg can be converted into organic forms, which are
more toxic, and thus, the processes of biomagnification are even higher
(Morel et al.,, 1998). This study showed that Typha species have
remarkably high values of BCF for Hg (BCF > 7.0) compared to other
elements. These results recommend the use of Typha species for Hg
stabilization, in line with previous studies (Willis et al., 2010; Gomes
et al., 2014). Hg concentrations in study Typha species were within the
phytotoxic range of 1-3 mg kg~ ?, according to Massa et al. (2010), but
no species showed clear effects of toxicity. This study found also high
levels of Hg in the leaves of all Typha species, a pattern identified by
previous studies in Hg-contaminated sites (Lominchar et al., 2015). Our
results specifically found higher Hg levels in Typha leaves
(0.35-0.97 mg kg™ 1), as compared to normal levels (0.04 mg kg™') in
wetland plants growing in areas with no Hg pollution (Moore et al.,
1995). Millan et al. (2014) analyzed the Hg concentrations in the leaves
of Typha domingensis, Phragmites australis, Flueggea tinctoria, Tamarix
canariensis, and Nerium oleander, in a Spanish mercury mining district.
These authors found the highest concentrations of Hg in the leaves of T.
domingensis, whose values were in line with all Typha species of this
study. These results suggest that Typha species may be suitable for
multiple options of Hg phytoremediation, including phytoextraction.

Lead is not an essential element for plant metabolism and is
considered among the most toxic metals, even at low concentrations
(Prasad, 2004; Kabata-Pendias and Mukherjee, 2007). Lead is relatively
immobile in soil and tends to accumulate in roots, with a consequent
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low translocation into the above-ground organs (Siedlecka et al., 2001;
Fischerové et al., 2006; Carranza-Alvarez et al., 2008). Moreover, Pb
concentrations found in leaves may be often the result of wind
contamination rather than soil concentrations (Dalenberg and van
Driel, 1990). According to Blaylock et al. (1997), Pb shows limited
solubility in soil water and limited availability for plant uptake due to
complexation with organic matter, sorption on oxides and clays, and
precipitation as carbonates, hydroxides and phosphates. Our results
corroborated these general trends of Typha genus found in previous
studies: tolerance to Pb-contaminated soils, Pb bulk concentrations in
roots, Pb restricted translocation into leaves. The ability of wetland
species like Typha ssp. to accumulate high Pb concentrations in roots
was demonstrated by numerous studies (e.g., Ye et al., 1998; Panich-Pat
et al.,, 2004). In particular, it has been proposed that the presence of
iron plaques on root surface of wetland species may act as a barrier to
the uptake of potentially phytotoxic metals into plant tissues owing to
adsorption and immobilization of metals by iron plaques (Greipsson,
1994; Wang and Peverly, 1996). Panich-Pat et al. (2004) showed that T.
angustifolia can tolerate unusually high addition of Pb into the soil
(267 mg kg~ 1). The tolerance of another Typha species, T. latifolia to
high Pb concentrations has been also demonstrated. For example,
McNaughton et al. (1974) exposed T. latifolia to Pb concentrations 16
times higher than normal levels with no evidence of chlorosis or any
other visible symptoms. Berry (1986) suggested three basic strategies of
response to metal toxicity: avoidance, detoxification, and biochemical
tolerance, each of them affecting plant metal concentrations in different
ways. This study showed in particular that all Typha species maintain
low Pb concentrations in leaves, thus avoiding toxicity symptoms.
These results may suggest that the tolerance of Typha leaves to Pb
depend mainly on metal exclusion ability. The avoidance strategy of
high metal concentrations from Typha leaves found confirmation in
several studies (e.g., Fernandes and Henriques, 1990; Ye et al., 1997).

The concentrations of Cu, Mn and Zn in all Typha species were
correlated with the levels in sediments. These elements are important
micronutrients for plant growth and metabolism, and this may explain
the significant correlation between concentrations in plant species and
sediments (Memon et al., 2001; Carranza-Alvarez et al., 2008). How-
ever, Cu, Mn and Zn may reach high concentrations in plants, thus
proving more toxic than non-essential elements as a consequence of
active uptake mechanisms in the former and tolerance strategies in the
latter (Ralph and Burchett, 1998; Smillie, 2015). The levels of Cu, Mn
and Zn in the Typha species of this study were in line with previous
findings in metal-contaminated wetlands (Hozhina et al., 2001; Pandey
et al., 2014). According to Kabata-Pendias (2011) and Allen (1989),
phytotoxic ranges of Mn and Cu are respectively 50-500 mg kg ~* and
2.1-8.4 mg kg . In this study, the mean concentrations of Mn and Cu
in Typha species were within and passed respectively these phytotoxic
levels. These results further corroborated previous findings that showed
the great tolerance of Typha plants to metal contaminated environments
(Carranza-Alvarez et al., 2008; Sasmaz et al., 2008).

When metal concentrations are as high as those found in the
sediments of the study area, it becomes invaluable to use plant species
to extract such metals but it is equally important to identify those plant
species capable of stabilizing and preventing the spread of contami-
nants in the environment (Salt et al., 1995; Hashimoto et al., 2008). The
efficiency of phytoremediation is often limited by the small biomass of
hyperaccumulator plants (Xu et al., 2011). However, several plants
with large biomass have been successfully used for phytoremediation
(Pilon-Smits, 2005; Vymazal, 2011). The efficiency of phytoremedia-
tion relies on the ability of such large-biomass plants to accumulate
high metal concentrations in roots and shoots over long periods without
showing any signs of toxicity. To allow this, large-biomass plants must
have efficient mechanisms of metal tolerance (Cosio et al., 2006).
Selecting suitable plants for phytoremediation should also follow
ecological criteria such as climatic adaptability and invasiveness risk.
In particular, T. domingensis, T. latifolia and T. angustifolia should be
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considered as some of the best species for phytoremediation because of
their large biomass, high metal tolerance and ecological amplitude.
These Typha species are also invasive plants and strong competitors. In
a constructed wetland for effluent treatment, invasiveness is a desirable
plant characteristic; however, in a natural wetland, treating a pollution
discharge through Typha spp. could be a problem due to its invasiveness
difficult to control. Overall, in an ever more polluted world, natural,
efficient and cost-effective systems of remediation are suitable re-
sponses to mitigate the progressive degradation of soil and water, and
cattail species may play a prominent role in metal remediation of
contaminated wetlands.

4. Conclusions

In ecological engineering, using one species instead of another can
resolve the practical problem of replacing one species with another
having similar remediation capacities but more abundant. Cattail
species Typha domingensis, T. latifolia and T. angustifolia should be
considered as interchangeable plants for phytoremediation of metal
contaminated wetlands. This study found indeed similar element
concentrations in all Typha species under the same field polluting
conditions. Moreover, given their similar biomass size, these three
Typha species may also have comparable capacities of accumulation.
These three Typha species could be also simultaneously used in a
constructed wetland due to the fact they have no differences in
contaminant removal and tolerance. Besides, collecting the three mixed
Typha species simultaneously in the field could be easier and quicker.
Our results corroborated previous findings on these cattail species,
namely high tolerance to metal contamination, bulk concentrations in
roots, and restricted element-translocation into leaves. This study
provided a clear example of how different Typha species can have
similar capacities to assimilate heavy metals in their organs.
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