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Abstract The removal efficiency and tolerance of
Typha domingensis to Cr(VI) in treatments with and
without organic matter (OM) addition were evaluated
in microcosm-scale wetlands. Studied Cr(VI) concen-
trations were 15 mg L−1, 30 mg L−1, and 100 mg L−1, in
treatments with and without OM addition, arranged in
triplicate. Controls (without neither metal nor OM
addition—without metal with OM addition) were dis-
posed. Cr(VI) was removed efficiently from water in all
treatments. OM addition enhanced significantly
Cr(VI) and total Cr removals from water. In the
treatments with OM addition, significantly higher
Cr concentrations were found in sediment than the
treatments without OM addition. Plants of the treat-
ments without OM addition showed significantly
higher Cr concentrations in tissues but lower biomass
increase than the treatments with OM addition. The
highest Cr concentrations in tissues were observed in
submerged parts of leaves, followed by roots. Ac-
cording to SEM analysis, in the 100 mg L−1 treat-
ments, the highest Cr accumulation was observed in
the epidermis of old leaves. Although Cr(VI) pro-
duced changes in root morphology, the OM addition
favored the plant growth. In T. domingensis, root

morphological plasticity is an important mechanism
to improve metal tolerance and Cr uptake in wetland
systems minimizing the environmental impact.
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1 Introduction

Metals reach aquatic ecosystems through domiciliary,
industrial, and agricultural wastewaters (Demirezen and
Aksoy 2004). Wetland plants can absorb metals from
sediments through their root/rhizome system. The ex-
clusion of metals from aboveground tissues is a metal
tolerance strategy (Taylor and Crowder 1983; Kabata-
Pendias and Pendias 2011; Hechmi et al. 2014). Root to
shoot transport of Cr is rather limited (Shanker et al.
2005). In the roots, vacuoles and cell walls are the main
compartments for Cr accumulation. Mangabeira et al.
(2011) studied compartmentalization and ultra-
structural alterations induced by 25 and 50 mg L−1

Cr(III) in aquatic macrophytes. These authors reported
that Cr is strongly adsorbed to the cell walls of the roots
and that translocation to the aerial parts is negligible.
Mufarrege et al. (2014) exposed Typha domingensis
plants to a multimetal solution of 100 mg L−1 Cr +
100mg L−1 Ni + 100mg L−1 Zn. These authors reported
that during the first hours of contact, metals were not
only accumulated by roots but they were also taken up
by the leaves in direct contact with the solution. How-
ever, metals were translocated along time from roots to
leaves. Hadad et al. (2007) studied Salvinia herzogii
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removal efficiency and tolerance under the exposure to
different Zn, Ni, and Cr concentrations. These authors
concluded that Cr removal from water was faster than
that of Zn and Ni. Zn and Ni were mainly sorbed by
S. herzogii biomass, while Cr was also retained in the
detrital fraction.

It is important to understand the mechanisms by
which macrophytes can retain and tolerate contaminants
along time. It was reported that macrophytes can modify
their morphology in order to grow during exposure to
different contaminants (Kapitonova 2002; Mufarrege
et al. 2015; Nilratnisakorn et al. 2007) and industrial
effluent treatment in constructed wetlands (Campanella
et al. 2005; Hadad et al. 2010).

Cr(VI) is a very toxic metal frequently found in
effluents of diverse kind of industries, which must be
removed before its discharge. The phytoremediation
studies focused on Cr(VI) removal efficiency, and its
effects on macrophyte growth and root morphology are
scarce. The knowledge of these issues is important to
carry out a suitable management of wetland systems for
the treatment of industrial wastewaters. The aim of this
work was to evaluate the removal efficiency and toler-
ance of Typha domingensis to Cr(VI) in treatments with
and without the addition of OM at microcosm-scale
wetlands. T. domingensiswas chosen for this study since
it is commonly found in wetlands of Middle Parana
River floodplain and widely used in constructed wet-
lands (Hadad et al. 2006; Kadlec and Wallace 2009;
Maine et al. 2017; Sultana et al. 2014; Teles Gomes
et al. 2014).

2 Material and Methods

2.1 Plant Material and Experimental Design

Plants of T. domingensis and sediment were collected
from an unpolluted wetland belonging to the Middle
Paraná River floodplain (Santa Fe, Argentina). Plants
of similar height were selected. Plastic reactors of 10 L
capacity were disposed outdoor under a semi-
transparent plastic roof. Each reactor contained 7 kg of
air dried sediment, two plants, and 4 L of solutions of
Cr(VI). The experimental solutions were prepared using
tap water previously dechlorinated. Cr(VI) was added as
K2Cr2O7. pH ranged between 7.2 and 7.5. After 30 days
of acclimation, the plants were pruned again to a height
of approximately 30 cm.

The effect of OM on the removal of Cr(VI) was
evaluated. For this, 400 g of OM as commercial earth-
worm humus was added in some treatments.

Reactors were disposed in triplicate according to the
following treatments:

15 mg Cr L−1 : T :domingensisþ sediment
15 mg Cr L−1 : T :domingensisþ sediment þ OM
30 mg Cr L−1 : T :domingensisþ sediment
30 mg Cr L−1 : T :domingensisþ sediment þ OM
100 mg Cr L−1 : T :domingensisþ sediment
100 mg Cr L−1 : T :domingensisþ sediment þ OM
Control 1 : T :domingensisþ sediment without Cr additionð Þ
Control 2 : T :domingensisþ sediment þ OM without Cr additionð Þ

The water level in the reactors was maintained by
adding tap water to avoid the loss by evapotranspiration.
The experiment lasted 55 days. During the experimental
period, the temperature ranged from 12 to 24 °C under a
natural photoperiod.

2.2 Plant Study

The external appearance of plants was observed daily to
detect possible senescence. Relative growth rate (RGR)
(cm cm−1 day−1) was calculated in each treatment con-
sidering initial and final plant height, according to Hunt
(1978):

RGR ¼ ln H2−ln H1

T 2−T1

where H1 and H2 are the initial and final plant height
(cm), respectively, and (T2−T1) is the experimental pe-
riod (days).

To carry out light microscopy studies, root samples of
30 mm long were stored in formaldehyde 4%. Then,
these samples were immersed in ethanol 70%. For mor-
phology measurements, the roots were cross-sectioned
by hand according to D’Ambrogio de Argüeso (1986).
Cross-sectional areas (CSA) of roots, stele, and metaxy-
lem vessels were calculated (Wahl et al. 2001). Besides,
the number of metaxylem vessels (NV) per section was
recorded.

Scanning electron microscopy (SEM) X-ray mi-
croanalysis were carried out in samples of roots and
submerged parts of leaves of about 1 cm long from
treatments of 100 mg L−1 Cr with and without OM
addition. Samples were dried in an oven at 20 °C for
10 days so as not to damage the tissues (Suñé et al.
2007). Samples were examined with an SEM Phe-
nom-World, model ProX, equipped with an energy
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dispersive system (EDS). Representative portions of
the samples were adhered with graphite double-sided
tape.

2.3 Chemical Analysis

The physicochemical characterization of the water used
in the experiment was done according to APHA (2012).
In each reactor, water was sampled at 0, 1, 2, 5, 12, 19,
27, 34, 41, and 55 days. Conductivity, pH, dissolved
oxygen (DO), Cr(VI), and total Cr were determined in
water at each sampling. Total Cr concentrations were
determined by atomic absorption spectrometry (Perkin
Elmer AAnalyst 200) and Cr(VI) concentrations were
determined colorimetrically (APHA 2012).

At the beginning and at the end of the experiment, the
Cr concentrations in plants and sediment were deter-
mined. Plants were separated into roots, rhizomes, sub-
merged, and aerial parts of leaves. They were washed
with tap and distilled water and, subsequently, oven-
dried at 80 °C for 48 h. Dried plant samples were ground
and digested with HCl:HNO3 (USEPA 1994), then were
analyzed for Cr by atomic absorption spectrometry
(Perkin Elmer, AAnalyst 200).

The chlorophyll concentration was measured at the
beginning and at the end of the experiment. Chlorophyll
was extracted with acetone for 48 h in cold darkness (3–
5 °C). The percentage of transmittance of the extracts at
645 and 665 nm was recorded with a spectrophotometer
UV-Vis in order to calculate chlorophyll a concentration
(Westlake 1974).

Sediment was sampled using a 3-cm diameter PVC
corer and stored at 4 °C until analysis. Sediment was
sliced in different layers (0–3 cm, 3–7 cm, and 7–
10 cm). Sediment samples were oven-dried at 45 °C
until constant weight, ground using a mortar and pestle,
and sieved through a 53-μm sieve. At the beginning of
the experiment, total phosphorus (TP) concentration in
sediment was determined in the digests by Murphy and
Riley (1962). Total Kjeldahl nitrogen (TKN) in sedi-
ment was determined by the Semi-micro Kjeldahl meth-
od according to APHA (2012).

Redox potential (Eh) (Pt, Ag/AgCl electrode) and
pH of the bulk sediment were measured in situ with
an Orion pH/mV-meter in triplicate. OM content in
sediment was determined by weight loss on ignition
at 550 °C for 3 h (APHA 2012). Sediment samples
were digested and analyzed for Cr in the same way as

plant samples. These determinations were carried out
in triplicate.

In order to estimate where Cr is accumulated, Cr
amounts (mg) were estimated by multiplying concentra-
tions in plant tissues or sediment (mg g−1 d.w.) or in water
(mg L−1) by mass (g d.w.) or volume (L). An active
surface sediment layer of 3 cm was considered according
to Di Luca et al. (2011).

2.4 Statistical Analysis

ANOVA was performed to determine whether signifi-
cant differences existed among treatments in metal con-
centrations in water, sediment, and plant tissues. The
same analysis was used to relative growth rate, chloro-
phyll a concentration, and root anatomical measure-
ments. The normality of residuals was tested graphical-
ly, and the homoscedasticity of variances was checked
applying Bartlett’s test. Manipulation of the data was not
required. Duncan’s test was used to differentiate means
where appropriate. In all comparisons, a level of
p < 0.05 was used.

2.5 QA/QC

Glassware was pre-cleaned and washed with 2N HNO3.
The K2Cr2O7 used to prepare metal solution was of
analytical grade. All reagents were of analytical grades.
Certified standard solutions were used. Blank solutions
were run. Replicate analyses (at least ten times) of the
samples showed a precision of typically less than 4%
(coefficient of variation). Cr(VI) detection limit was
0.03 mg L−1. Total Cr detection limit was 0.10 mg L−1

for water, and 0.01 mg g−1 for macrophyte tissues and
sediment.

3 Results and Discussion

3.1 Cr Removal Efficiency

The water used in the experiment showed the following
chemical composition (mean ± standard deviation):
pH = 7.8; conductivity = 220 ± 1 μS cm−1; dissolved
oxygen (DO) = 6.44 ± 0.10 mg L−1; total alkalinity =
73.5 ± 1.2 mg L−1; Cl− = 16.4 ± 1.0 mg L−1; SO4

2− =
25.0 ± 1.0, Ca2+ = 14.2 ± 0.2 mg L−1, Mg2+ = 8.3 ±
0.2 mg L−1; Fe < 0.05 mg L−1; mg L−1; N-NO3

− =
1.52 ± 0.05 mg L−1; N-NO2− = non detected (detection
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limit = 5 μg L−1); N-NH4
+ = 0.055 ± 0.005 mg L−1;

Cr(VI) and total Cr = non detected.
Cr(VI) and total Cr concentrations in water de-

creased in all treatments during the experiment
(Fig. 1). Total Cr and Cr(VI) removals were signifi-
cantly higher in treatments with OM addition than in
the treatment without OM addition at all concentra-
tion studied. There were significant differences be-
tween the concentrations of Cr(VI) and total Cr in
treatment with OM along time. Cr(VI) is relatively
unstable under most environmental conditions and
converts to the less toxic trivalent form in surface
waters especially when reducing species such as OM
or Fe(II) are present (Losi et al. 1994; Fendorf 1995).
Probably, organic matter caused the reduction of
Cr(VI) to Cr(III), which could precipitate as Cr hy-
droxides (Maine et al. 2016). Cr(III) could also co-

precipitate with Fe and Mn oxides or complexes with
organic matter could be formed, precipitating to the
sediment. At the end of the experiment, the treat-
ments with OM addition did not show significant
differences between Cr(VI) and total Cr removal,
showing final removals of 99%, 98%, and 97%, for
15, 30, and 100 mg Cr L−1, respectively.

In the treatment without OM addition, the obtained
Cr removal was the lowest for 100 mg L−1 Cr (68%).
Cr(VI) removal efficiencies were 86 and 80% for 15 and
30 mg Cr L−1. Gill et al. (2017) studied a constructed
wetland used to treat highway runoff containing metals
(Cd, Cr, Cu, Ni, Pb, Zn) comparing 6- and 9-year
periods of operation. These authors concluded that an
increase in metal removal in the system with time may
be linked to the cumulative annual production and de-
position of organic matter from plant growth.

Fig. 1 Cr(VI) removal percent
from water along time in all
treatments
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3.2 Cr Accumulation in Sediment and Plant Tissues

The pH of the sediment used in the experiment was 6.1,
Eh was 520 mV (Ag/AgCl), and Cr concentration was
0.014 mg g−1. For the sediment with OM addition, the
OM and TP were 10.9% and 1.11 mg g−1, respectively.
For the sediment without OM addition, the OM and TP
were 3.43% and 0.346 mg g−1, respectively. For the
sediment with OM addition, TKN and Fe concentrations
were 2.27 mg g−1 and 10.7 mg g−1, respectively. For the
sediment without OM addition, TKN and Fe concentra-
tions were 0.880 mg g−1 and 5.5 mg g−1, respectively.

The higher Cr concentration in water, the higher con-
centration in sediments (Fig. 2). The treatments with OM
addition showed significantly higher Cr concentrations in
sediment than the treatments without OM addition in
agreement with the higher Cr removal from water. As it
was mentioned above, OM addition enhances Cr reduc-
tion. Cr(III) could precipitate as Cr(OH)n, or co-
precipitate with Fe(OOH) present in sediments or bound
with high molecular weight organic compounds (Maine
et al. 2013). The different Cr bindings in sediment would
determine its bioavailability (Di Luca et al. 2011).

In plant tissues, the treatments without OM addition
showed significantly higher Cr concentrations in tissues
than the treatments with OM addition, probably due to
the addition of OM enhances the plant growth and
biomass increase (Fig. 3), except in the case of rhi-
zomes. Rhizomes did not show significant differences
in the Cr retention neither between OM treatments nor
among Cr concentrations.

The highest Cr concentration was observed in sub-
merged parts of leaves and roots in the treatments of
100 mg L−1 with and without OM addition. Emergent
macrophytes exposed to high metal concentration can
take up metals from the sediment by plant roots or from
solution by the submerged parts of leaves in direct
contact with water (Guilizzoni 1991; Demirezen and
Aksoy 2004). In agreement with the present work,
Mufarrege et al. (2015) studied Typha domingensis
plants exposed to a 100 mg L−1 Cr + 100 mg L−1

Ni + 100 mg L−1 Zn solution, observing that metals
were not only accumulated by sediment and roots but
they were also taken up by the leaves in direct contact
with the solution. Cr sorbed on the surface of the
submerged parts of leaves represent a tolerance
strategy for T. domingensis. Hall (2002) and Carrier
et al. (2003) proposed that plant metal tolerance may
be achieved through metal complexation and also by
compartmentalization.

Cr concentrations in aerial parts of leaves in the 15
and 30 mg L−1 treatments were higher than in
100 mg L−1. Gikas and Romanos (2006) proposed that
negatively charged Cr(VI) complexes can easily cross
cellular membranes by means of sulfate ionic channels,
penetrate the cytoplasm, and react with the intracellular
material leading to the formation of various reactive
intermediates, translocating the metal to the aerial part
of leaves. This mechanism could explain the results
obtained at 15 and 30 mg L−1 treatments. However,
when Cr concentration increased as occurred in
100 mg L−1 treatments, Cr was accumulated in root

Fig. 2 Final concentrations of
Cr(VI) (mg g−1) measured in
sediment in all treatments
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tissues as a tolerance strategy (Taylor and Crowder
1983; Stoltz and Greger 2002; Sinha and Gupta 2005;
Hadad et al. 2007, 2010; Chandra and Yadav 2010;
Mufarrege et al. 2015, 2016; Vymazal 2011; Hechmi
et al. 2014; Bonanno and Vymazal 2017).

Figure 4 shows Cr amounts in different compart-
ments expressed as percentage. In all treatments, the
sediment was the main Cr accumulator. In the
15 mg L−1, Cr amount in plants were higher in the
treatments without OM than in treatments with OM.
Cr was mainly accumulated in roots and leaves. In the
treatment of 30 mg L−1, Cr accumulation was the
highest in roots and rhizomes, probably as a tolerance
strategy. The treatment 100 mg L−1 without OM
showed lower Cr removal from water and lower Cr
accumulation in sediment and in plant tissues than
the treatment of 100 mg L−1 with OM addition. This
result showed the importance of OM in Cr(VI) re-
moval from water. In the highest Cr concentration
treatment, plants accumulated Cr only in roots and
submerged parts of leaves, indicating scarce

translocation. Probably, Cr was uptaken by roots, and
accumulated in the epidermis avoiding reaching
metaxilematic vessels. Besides, Cr was adsorbed on
the epidermis of submerged parts of leaves in agreement
with our previous works (Mufarrege et al. 2015).

3.3 SEM Analysis

Cr was detected by this analysis in the roots and
submerged parts of leaves in treatments of
100 mg Cr L−1 with and without OM addition
(Table 1). The submerged parts of leaves of
T. domingensis form a compact structure, which
showed dead external leaves in direct contact with
the experimental solution, while the internal leaves
were alive. Therefore, different cross sections from
the external to internal leaves were analyzed by X-ray
microanalysis in order to detect Cr transport and
accumulation by adsorption by direct contact. The
highest Cr accumulation was observed in the epider-
mis of old leaves that surround and protects the

Fig. 3 Final concentrations of Cr(VI) (mg g−1) in roots, rhizomes, aerial parts of leaves, and submerged parts of leaves of T. domingensis,
and sediment. Bars represent standard deviations
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young leaves responsible for the production of photo-
synthesis (Mufarrege et al. 2015, 2016). Metal accumu-
lation in leaf epidermis in contact with the experimental
solution may be largely attributed to ion exchange be-
tween this tissue and the surrounding solution
(Guilizzoni 1991; Demirezen and Aksoy 2004).

In roots, the highest Cr accumulationwas observed in
the epidermis (Table 1). Cr was not detected in the stele,
indicating negligible conduction to the aerial parts by

metaxilematic vessels. In the treatment of 100 mg L−1

Cr without OM addition, damage was observed in tis-
sues compared to treatment with OM addition. Many
plant species have a lowmobility of Cr due to barriers or
lack of a suitable transport mechanism for Cr (Mishra
and Tripathi 2009; Hassan et al. 2007). Generally, mac-
rophytes show a tendency for trace element
phytostabilization (Eid and Shaltout 2014; Bonanno
and Vymazal 2017).

Fig. 4 Cr amounts (mg) in roots,
rhizomes, aerial parts of leaves,
and submerged parts of leaves of
T. domingensis, and sediment
calculated at the initial and at the
end of the experiment
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3.4 Plant Tolerance

The RGR and chlorophyll concentrations are sensitive
parameters to determine whether the plant was affected
by a contaminant. In our work, these parameters showed
positive values in all treatments studied. However, the

treatments without OM addition showed significantly
lower values than the treatments with OM addition
(Fig. 5).

Comparing with control 1, the treatments without
OM addition significantly decreased their RGR and
chlorophyll concentration, indicating that Cr produced

Table 1 Relative ratio in % (w/w) of the roots and submerged parts of leaves obtained in the X-ray microanalysis in the treatments of
100 mg Cr L−1

Plant organ O Si N Al Ca Na Mg S K Cl Cr Fe P

Roots (with OM addition) 80.8 3.5 6.5 1.8 1.2 2.0 0.9 0.5 0.6 0.4 0.6 1.2 0.8

Roots (without OM addition) 71.1 8.7 – 3.6 0.5 – 0.5 0.3 0.8 0.3 1.0 5.1 0.7

Submerged parts of leaves (with OM addition) 61.7 8.3 5.7 2.1 1.2 0.8 0.5 0.3 3.2 0.1 0.4 5.4 –

Submerged parts of leaves (without OM addition) 79.2 5.5 6.2 2.2 2.0 1.1 0.6 0.5 0.6 0.6 0.7 0.8 –

Fig. 5 a Relative growth rates
and b final chlorophyll a
concentrations (mg g−1 d.w.).
Bars represent standard
deviations

  384 Page 8 of 12 Water Air Soil Pollut         (2018) 229:384 



inhibitory effects. In treatments with OM addition ex-
posed to 15 and 30 mg L−1 Cr, plants did not show
significant differences in RGR compared to control 2,
while the values obtained in the treatment of 100 mg L−1

Cr showed the lowest values. The treatment with
100 mg L−1 Cr without OM addition presented chloro-
sis, leaf necrosis, and a significantly lower number of
green leaves and plant height in comparison with plants
from the control 1, while in the treatments with OM
addition, plants increased biomass and vigor demon-
strating a higher tolerance to Cr.

It has been shown that metal accumulation is re-
sponsible for the decrease in total chlorophyll con-
centration (Abdel-Basset et al. 1995; Manios et al.
2003). Mangabeira et al. (2011) reported that the
exposure of aquatic macrophytes to 50 mg L−1 Cr
induced the most severe modifications, which includ-
ed changes in nuclear shapes together with modifica-
tions in the shape of leaf chloroplasts, resulting in the
structural disarrangement of thylakoids and stroma in
comparison with the control plants.

On the other hand, nutrients are required for the
plant growth, taking part in the photophosphorylation
and carbon assimilation in the photosynthesis (Zhou
et al. 1993). The presence of nutrients in the treat-
ments with OM addition enhanced the plant growth
under Cr exposure.

One of the tolerance mechanisms is that plants
avoid the potential effects of high metal concentra-
tions on the photosynthetic tissues, due to a restric-
tion in the translocation to aerial parts (Hadad et al.
2010; Mufarrege et al. 2015, 2016; Vymazal 2011;
Hechmi et al. 2014). The plants from the treatment
100 mg L−1 Cr without OM addition showed dead
external leaves in direct contact with the experimen-
tal solution, while the internal leaves were alive.
Another tolerance mechanism is that these dead ex-
ternal leaves protected the green leaves due to Cr was
sorbed on the epidermis of the external leaves
avoiding that enter and affect living tissues. In treat-
ments with OM addition, the submerged parts of
leaves did not show injuries.

Fig. 6 Cross-sectional areas (CSA) of roots, stele, and metaxylem vessels, and number of metaxylem vessels of T. domingensis plants
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3.5 Root Morphology

The root, stele, and metaxylem vessels CSA, and the
number of vessels (NV) in all Cr treatments were signif-
icantly lower than those obtained in the controls (Fig. 6).
The treatment 100 mg L−1 Cr with and without OM
addition showed significantly lower CSA of roots and
stele, and NV than 15 mg L−1 and 30 mg L−1 treatments.
High Cr concentration decreased these root parameters
due to their toxic effects (Hadad et al. 2007, 2010),
explaining the scarce translocation to the aerial parts of
leaves (Fig. 3). Mufarrege et al. (2015) reported a de-
crease in root anatomical parameters of T. domingensis
when exposed this species to a metal combined solution
of 100 mg L−1 Cr + 100 mg L−1 Ni + 100 mg L−1 Zn.
When Cr is accumulated in plants, it may cause various
types of damage at morphological and ultrastructural
levels (Heumann 1987; Prasad and Freitas 2003).
Arduini et al. (2006) observed that Miscanthus sinensis
exposed to a concentration of 100 mg L−1 Cr showed a
decrease in the root CSA and an increase in root length.

The treatments with OM addition showed significant-
ly higher values of root and stele CSA, and the number
of vessels than the obtained in the treatments without
OM addition, probably due to the presence of nutrients.
High concentrations of nutrients in wetlands produce an
increase in CSA of roots, stele, and total metaxylem
vessels of macrophytes (Wahl et al. 2001; Campanella
et al. 2005; Hadad et al. 2010). Therefore, the exposure
to an important nutrient supply allows a higher transport
capacity. Wahl et al. (2001) demonstrated that a higher
metaxylem vessel CSA represents a higher efficiency in
the uptake and accumulation of contaminants in roots,
which supported our results (Fig. 3). Therefore, the high
morphological plasticity and tolerance of plants could
mitigate any event that could affect the functioning and
efficiency of a wetland system.

4 Conclusions

Despite Cr(VI) was removed efficiently from water in
all treatments, OM addition enhanced significantly
Cr(VI) and total Cr removals from water. This fact
produced significantly high Cr concentrations in sedi-
ment of treatments with OM addition.

Plants of the treatments without OM addition showed
significantly higher Cr concentrations in tissues but
lower biomass increase than the treatments with OM

addition. SEM analysis showed that Cr was accumulat-
ed in the epidermis of the submerged parts of old leaves
that surround and protect young leaves responsible for
photosynthesis. In roots, Cr was also accumulated in the
epidermis, avoiding its conduction to the aerial parts by
metaxylem vessels, showing T. domingensis root mor-
phological plasticity.

The addition of OM and the root morphological
plasticity of T. domingensis are key factors that enhance
the Cr removal efficiency and the plant tolerance in
wetland systems.
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