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Abstract In order to study the bioaccumulation of Pb, Cr, Ni,
and Zn and the stress response, the floating aquatic plant
Limnobium laevigatum was exposed to increasing concentra-
tions of a mixture of these metals for 28 days, and its potential
use in the treatment of wastewater was evaluated. The metal
concentrations of the treatment 1 (T1) were Pb 1 ug L', Cr
4ug L' Ni25ugL™! and Zn 30 ug L™'; of treatment 2 (T2)
were Pb 70 ug L' Cr70 ug L', Ni70 ug L', and Zn
70 ug L' and of treatment 3 (T3) were Pb 1000 pg L, Cr
1000 pg L, Ni 500 ug L_l, and Zn 100 pg L_l, and there
was also a control group (without added metal). The accumu-
lation of Pb, Cr, Ni, and Zn in roots was higher than in leaves

Highlights

» Accumulation of Pb, Cr, Ni, and Zn in roots was higher than in leaves of
L. laevigatum.

« This species can be considered as a hyperaccumulator of Ni and Zn.

« The toxicity of metals does not represent any danger to the survival of
macrophytes.

e L. laevigatum is a species of interest for use in phytoremediation of
wastewater.
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of L. laevigatum, and the bioconcentration factor revealed that
the concentrations of Ni and Zn in the leaf and root exceeded
by over a thousand times the concentrations of those in the
culture medium (2000 in leaf and 6800 in root for Ni; 3300
in leaf and 11,500 in root for Zn). Thus, this species can be
considered as a hyperaccumulator of these metals. In general,
the changes observed in the morphological and physiological
parameters and the formation of products of lipid peroxidation
of membranes during the exposure to moderate concentrations
(T2) of the mixture of metals did not cause harmful effects to
the survival of the species within the first 14 days of exposure.
Taking into account the accumulation capacity and tolerance to
heavy metals, L. laevigatum is suitable for phytoremediation in
aquatic environments contaminated with moderated concentra-
tions of Cr, Ni, Pb, and Zn in the early stages of exposure.

Keywords Bioaccumulation - Heavy metals - Floating
macrophyte - Tolerance - Phytoextraction - Limnobium
laevigatum

Introduction

Water is very important to life and the economic development
of any region in the world. It is for this reason that pollution of
aquatic environments is one of the major problems worldwide,
especially for developing countries and emerging economies,
with consequent risks for human health through consumption
of water and/or contact with contaminants, as well as for the
aquatic ecosystem (Smith 2003). The microorganisms, nutri-
ents, heavy metals, organic chemicals, oils, and suspended
sediments are the most important pollutants in both freshwater
and saltwater. Anthropogenic activities such as mining, agri-
culture, and industrial plants systematically discharge dis-
solved pollutants and suspended matter into surface water
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bodies, thereby decreasing the water quality significantly
(Wang et al. 2010).

Heavy metals, because of their persistent and non-
degradable nature, represent a group of contaminants that
once incorporated into the environment are difficult to elimi-
nate. Also, in this group there are many elements considered
toxic and extremely dangerous (Hg, Pb, Cd, etc.) due to their
transfer and accumulation in different biotic and abiotic com-
partments (Kunze et al. 2002). While part of the contribution
of heavy metals to aquatic ecosystems comes from natural
sources, such as lithogenic or geochemical ones, currently
the largest contribution of these to aquatic ecosystems is from
anthropogenic sources such as storm drains, discharges of
industrial effluents, runoff in agricultural and urban land and
mining activities, among others. However, in these activities,
the contribution of metals is frequently associated with inad-
equate management of wastewater discharges into surface wa-
ters, with waste reaching rivers, streams, and lakes as dis-
solved or suspended material (Fu et al. 2013). In aquatic en-
vironments, heavy metals tend to be combined with mineral
substances (carbonates, sulfates, etc.), as well as with organic
molecules through phenomena such as ion exchange, adsorp-
tion, chelation, and complexation, with these processes
explaining why heavy metal accumulation, takes place in the
sediments of rivers, lakes, and oceans (Forstner and Wittmann
1981).

In the central region of Argentina, the progressive increase
in human activity has contributed systematically to rising emis-
sions of heavy metals, with the consequent deterioration of the
environmental quality (Merlo et al. 2011). For some decades,
the Argentine people have been aware of the environmental
risk posed by the emission, discharge, and disposal of waste
containing heavy metals in large quantities. However, despite
efforts to comply with environmental legislation, there have
been cases where waterways have been used as dumps and
discharge effluents have not been treated properly. In addition,
heavy metals from agricultural practices also affect water and
sediment due to surface runoff (Harguinteguy et al. 2013).

With regard to their effects on living beings, although some
metals are essential (as cofactors of metalloproteins and en-
zymes), at high concentrations they have toxic effects for most
life forms (Kabata-Pendias and Pendias 2001). For example,
Cu?*, Cr*t, Fe?*, Mn®*, Ni2*, and Zn>* ions are all essential
(Kunze et al. 2002) but in great amounts have high toxicity.
On the other hand, the nonessentials Hg**, Cd**, and Pb**,
which are harmful even in low concentrations, and many
metals directly affect biological processes in plants by causing
a reduction in growth, inhibition of photosynthesis and respi-
ration, and functional modification of cell organelles
(Vangronsveld and Clijsters 1994).

Different studies have shown that heavy metals can reduce
the levels of photosynthetic pigments and cause degradation
of chlorophylls (Megateli et al. 2009), with the decrease in
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chlorophyll content in leaves of plants treated with metals
has been attributed to alterations in the synthesis of this pig-
ment, as well as increasing degradation (Somashekaraiah et al.
1992). Some authors have reported that many heavy metals
(Hg, Cd, Cu, Ni, Zn, and Pb) displace the central Mg atom of
chlorophyll in plants that are stressed by their presence
(Prasad and Strzatka 1999), which can affect the structure of
the chlorophyll molecule, light absorption, and, consequently,
photosynthesis. Reduced chlorophyll content is also related to
the interaction of metals such as Cr, Zn, Mg, and Fe, with the
functional group -SH of enzymes involved in the synthesis of
chlorophyll or, for example, acid inhibition 6-aminolevulinic
dehydratase (ALAD) with Pb (Prasad and Strzatka 1999), an
enzyme also involved in the biosynthesis of chlorophyll.
Other mechanisms related to the decrease of pigments include
the impediment of the absorption of essential elements for the
synthesis of these pigments or from competition with added
metals such as Zn (Wang et al. 2009).

Exposure of plants to heavy metals can also result in an
increased concentration of reactive oxygen species (ROS),
thereby causing oxidative stress (Apel and Hirt 2004), and
since lipid molecules and unsaturated lipids are sensitive to
oxidation by ROS, lipid peroxidation induced by heavy metals
is an indicator of oxidative stress (Metwally et al. 2005).
Malondialdehyde (MDA) is one of the major end products
of the oxidation of polyunsaturated fatty acids and is a struc-
tural component of cell membranes (Li et al. 2013), i.e., is an
indicator of the production of free radicals and its consequent
tissue damage (Ozturk et al. 2010). In lipid peroxidation, there
is reorganization of the double bonds in unsaturated fatty
acids, resulting in the formation of hydroperoxide conjugated
dienes (HPCD) (Levin and Pignata 1995), which represents a
measure of the degree of disruption of the integrity of the
cellular membranes exposed to contaminants.

The degree of toxicity of a metal depends on a number of
factors, among which, one of the most important is its bio-
availability. This is related to the abundance of the heavy
metals in the environment, residence time, and the chemical
species found, with other factors including the type of metal-
forming compounds (salts, minerals, oxides, etc.), tempera-
ture, pH, redox potential, the presence of organic matter, dis-
solved oxygen levels, and the presence of other compounds in
the water that can change their chemical state or react with the
metals (Winner and Gauss 1986).

In recent years, much more attention has been paid to the
methods for the removal of heavy metals in effluents that are
discharged into surface waters, such as exchange, reverse os-
mosis, precipitation, solvent extraction, membrane filtration,
electrochemical treatments, and ab-adsorption, among others
(Miretzky et al. 2006). However, these techniques generally
have a high cost, making them impractical for large-scale ap-
plication (Olguin and Sénchez-Galvan 2012). Thus,
phytoremediation, despite being an unconventional method
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for treating wastewater, is gaining interest because it has many
advantages including its low cost and the fact that it is envi-
ronmentally friendly (Cheng 2003). In addition, many studies
have shown that the use of aquatic macrophytes in constructed
wetlands is an effective method for removing heavy metals
from contaminated water (Polechonska and Samecka-
Cymerman 2016).

Macrophytes commonly show great plasticity of structures,
morphology, and behavior in aquatic systems and obtain nu-
trients through their roots from the sediment or the water col-
umn (Jackson 1998). Heavy metals that are not degraded per-
sist for long periods in the environment and can use the same
pathways as the nutrients to be absorbed and accumulated by
plants (Choi et al. 2006). Moreover, macrophytes accumulate
metals in their leaves, which are translocated from the root to
the upper parts of the plant or incorporated from the water
(Harguinteguy et al. 2016; Sharma et al. 2015). The amount
of accumulation of metals in macrophytes is the result, on the
one hand, of their concentrations in the water and, on the
other, of the time the organisms are exposed to them.
According to Samecka-Cymerman and Kempers (2004), con-
tamination of surface waters can be demonstrated by increased
concentrations of heavy metals in aquatic plants, their potential
in biomonitoring studies, and phytoremediation. Consequently,
in recent years, there has been a growing interest in identifying
hyperaccumulators, is detected, as these have a great potential
for phytoremediation of contaminated water and soil (Duman
et al. 2009). Related to this, Zayed et al. (1998) proposed two
criteria for the use of aquatic plants as hyperaccumulators of
metals: a concentration of metal in the tissue higher than 0.5%
of the dry weight of the plant and a bioconcentration factor
(BCF) greater than 1000. Where BCF is the most common
index used to describe the ability of plants to concentrate metals
from the liquid phase. Another indicator, the translocation fac-
tor (TF), describes the mobility of the metals in the plant, as
well as the translocation of metals from the root to the aerial
organs, with TF high values (>1) showing a high capacity for
translocation (Soda et al. 2012).

In aquatic systems, there is generally a close relationship
between the concentrations of metals in water and plants.
However, their concentrations in the tissues also depend on
the rate of incorporation and tolerance to the metal, which vary
according to the species (Lafont 2002). A species of aquatic
plant can be used in phytoremediation of contaminated waters
with metal if it meets the following requirements: tolerant to
high levels of the metal to be extracted, can accumulate high
levels of it in harvestable parts, has a rapid growth, produces
high biomass, and possesses an abundant root system
(Garbisu and Alkorta 2001).

An aquatic species of interest that has been mentioned in
some studies is Limnobium laevigatum (Humb. & Bonpl. Ex
Willd.) Heine. This perennial aquatic plant from the
Hydrocaritaceae family is distributed in countries in the

Neotropics (Cook and Urmi-Konig 1983), and is a floating
macrophyte species, which can also grow in very moist soil
areas. The main roots, with long root hairs, have a rapid geo-
tropic growth, while secondary roots are thinner with a lower
growth. Its stems are short and from these are born petiolated
leaves arranged in a rosette form, typically having a pad in the
abaxial leaf surface formed by a parenchymal tissue which can
be up to 1 cm thick. This plant has two types of reproduction:
sexual, through the production of flowers and seeds, and clon-
al with the production of new clones (ramets) that form part of
the same mother plant until separation (Aponte and Pacherres
2013).

Among native aquatic species, L. laevigatum (Humb. &
Bonpl. Ex Willd) is a promising plant for phytoremediation
of wastewater, due to its rapid rate of population growth and
high efficiency (close to 80%) in reducing the chemical oxy-
gen demand (COD) (Murillo Castillo et al. 2012). However,
this species has not yet been studied to obtain experimental
evidence of exposure to contaminants. As native plant species
living in aqueous solutions with high levels of metals may
constitute suitable bioaccumulators and tolerant species to
use in systems experiencing discharge of industrial effluents,
the purpose of the present research was to determine the bio-
accumulation of Pb, Cr, Ni, and Zn and the tolerance of a
floating macrophyte, L. laevigatum, to these metals in a cul-
ture media in order to evaluate its potential use in wastewater
treatment.

Materials and methods
Obtaining plant material and culture media

Similarly sized individuals of the species L. laevigatum were
collected at Lake San Roque, near the mouth of Las Mojarras
stream. The site was selected by considering its almost pristine
characteristics (Harguinteguy et al. 2014) and the abundance
of this species. Therefore, the collection of the samples had a
low impact on the population density.

The collected plants were washed “in situ” and moved to a
greenhouse in plastic containers with water from the river.
Once there, they were thoroughly washed under running water
to remove any remaining material adhered to the surface.
Then, 400 g of fresh weight (FW) of similar-sized individuals
were placed in aquariums of 100-L capacity and maintained in
hydroponics, with the medium being prepared with running
water over a nutrient solution 0.10% V/V (Aponte and
Pacherres 2013) [nutrient solution: 5.8 g L™ de KH,POy,,
8.5 g L' of KNO; and 5.3 g L™' NH4NO; according to
Franzaring et al. (2007)]. The temperature was maintained
between 18 and 22 °C, pH 7-8, and the light source was
provided by energy-saving lamps of 85 W with irradiation
being higher than 100 uE m? s™' and a 14:10 h light: dark
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cycle. In addition, submersible pumps (brand Baojie, model
BL-200) of recirculating water were utilized in order to gen-
erate a water stream to prevent the precipitation of particles at
the bottom and/or the deposition of these on the surface of
roots and leaves. The plants were maintained under these con-
ditions for 4 weeks for acclimation and also during the expo-
sure time to metal treatments.

To evaluate its accumulation capacity, L. laevigatum was
exposed to three treatments with increasing concentrations of
mixed solutions of lead (Pb), chromium (Cr), nickel (Ni), and
zinc (Zn), and also to a control group (without added metal).
The metals concentrations of the treatment 1 (T1) were Pb
lugL™", Cr4ug L', Ni25 ug L', and Zn 30 ug L"; of
treatment 2 (T2) were Pb 70 ug L' Cr70 ug L' Ni
70 ug L', and Zn 70 ug L' and of treatment 3 (T3) were
Pb 1000 pg L', Cr 1000 pg L ™", Ni 500 pg L™, and Zn
100 pg L™'. The metal concentrations of the treatment 1
(T1) corresponded to the guide levels of the quality of surface
freshwater in order to protect aquatic life, as established by the
National Hazardous Waste Law (Argentina Legislation 1991)
[(Argentina Legislation 1991); National Law 24,051)], with
the exception of Cr, whose amount used consisted of twice
that established by this law to ensure its subsequent detection
at the time of quantification. Considering previous qualitative
experiments, the values of metals in T3 were established
which ensured survival of the plants.

Each treatment was conducted in triplicate, with twelve
aquaria being assigned to random treatments and each exper-
iment starting with 400 g of FW individuals of L. laevigatum.
At the initial time (day 0) and at 7, 14, 21, and 28 days after
starting the treatments, about 100 g of plants were harvested
from each aquarium. After draining on absorbent paper, vari-
ous morphological parameters such as the total number of
leaves and chlorotic leaves, the number of ramets, and the
number of shoots and long roots (Aponte and Pacherres
2013) were measured, and then the stem-leaf roots were sep-
arated. Finally, samples were dried using a camera, lyophi-
lized, and stored in darkness until subsequent analysis of the
heavy metals and physiological parameters.

Analysis of heavy metals
Quantification of heavy metals

Lyophilized plant material, corresponding to 1 g of dry weight
(DW) of stems and leaves 0.6 g DW root, was made into ashes
in a muffle at 450 °C for 4 h. After calcining the samples, they
were allowed to cool and the ashes were digested with con-
centrated HNO; (Nekrasova et al. 2011) steeping the suspen-
sion for 48 h. The solid residue was filtered using a filter paper
of 2.5 um (Scheicher & Schiill, Blauband 5893 N°: 300210),
and the resulting solution was diluted in ultrapure water to a
final volume of 10 mL. Finally, the content of Pb, Cr, Ni, and
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Zn was analyzed by atomic absorption spectrophotometry
flame (FAAS), with control samples being analyzed in the
same way. The results were expressed in micrograms per ki-
logram of DW, and quality control was performed with certi-
fied material (+ uncertainty for the certified value, with 95%
confidence) of leaves of Oriental snuff (ICHTJ-CTA-OTL-1)
using the same protocol in order to verify the analytical
method.

Determination of bioconcentration factor

The BCF was calculated as the concentration of metal in the
plant (mg kg™ ' of DW) with respect to the concentration
(mg L") of metal in the culture medium (Olguin and

Sanchez-Galvéan 2012), given by:

concentration of metal in the plant

BCF =
concentration of metal in the solution

Translocation factor

The TF was calculated by dividing the concentration of metal
accumulated in the air tissue of the plant (mg kg ' of DW) by
the metal concentration accumulated in the roots (mg kg ' of
DW) (Soda et al. 2012):

TF concentration of metal in the leaf and stem

concentration of metal in the root

Determination of physiological parameters
in L. laevigatum

Quantification of carotenoids, chlorophylls, and feofitinas

First, 20 mg of plant material was weighed and 10 mL of
ethanol at 96% V/V was added to this. Then, the sample was
homogenized at 1000 rpm for Imin, and filtered with filter
paper <10 um and the absorbance of chlorophylls (665 and
649 nm) and carotenoids (470 nm) was measured in the solu-
tion. After adding 1 mL of0.06 M HCl to 5 mL of chlorophyll
extract to achieve the formation of phaeophytins, the optical
density (OD) was measured at 654 and 666 nm 10 min later
using a UV-visible spectrophotometer (Beckman DU 7000,
USA). According to Wintermans and De Mots (1965), the
concentrations (mg g ' of DW) of carotenoids, chlorophylls
a, and phaeophytins a (Carot, Chl-a, and Pheo-a) were
calculated.

Quantification of hydroperoxide conjugated dienes
The quantification of hydroperoxide conjugated dienes

(HPCD) was performed using the ethanol from the extraction
of pigments obtained as described in “Quantification of
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carotenoids, chlorophylls, and feofitinas”. We collected
0.2 mL of ethanol and the OD of a 1/15 diluted solution
(ethanol 96% V/V) was measured at 234 nm in a UV-Visible
spectrophotometer (Beckman DU 7000, USA). The HPCD
content was calculated using € = 2.65 x 104 M"' ¢cm™'
(Levin and Pignata 1995) and results were expressed in milli-
moles per gram of DW.

Quantification of malondialdehyde

The concentration of malondialdehyde (MDA) was measured
using a colorimetric method, with 50 mg of stem leaf and
70 mg of L. laevigatum being homogenized (separately) using
2.5 ml of distilled water at 1000 rpm. Next, to each tissue, an
equal volume of TBA (2-thiobarbituric acid) was added at
0.5% W/V in a solution of TCA (trichloroacetic acid) at 20%
W/V. The samples were then incubated at 95 °C for 30 min and
the reaction was stopped with an ice bath, filtered with filter
paper <10 pum, and the OD at 532 nm was measured,
subtracting the nonspecific absorption at 600 nm (Pignata
et al. 2002) with a UV-Visible spectrophotometer (Beckman
DU 7000, USA). Finally, the MDA content was calculated
using the molar extinction coefficient £ = 155 mM ' cm™'
and results were expressed in micromoles per gram of DW.

Statistical analysis

A statistical analysis of the results was performed using the
software InfoStat Version 1.1. A comparison between treat-
ments and exposure times was made by using analysis of
variance (ANOVA) for two factors to determine whether there
were significant differences at a significance level of p < 0.01
and a posteriori test of DGC (p < 0.05). Assumptions of nor-
mality and homoscedasticity were tested using the Shapiro—
Wilk and Levene tests, respectively, and the variables that
were not normally distributed were fourth-root transformed
prior to statistical analysis. For each treatment, chemical de-
terminations were performed in triplicate, using a statistical
analysis of the average values.

Results
Analysis of heavy metals in L. laevigatum
Accumulation of lead

The accumulation of Pb in leaves and roots of the aquatic plant
L. laevigatum showed a significant increase with increasing
metal concentration for the different treatments during 28 days
of exposure (Fig. 1a), and with accumulation of Pb being at
least three times higher in root than in leaf. For each treatment,
only Pb accumulation in leaves showed significant differences

over exposure time (Fig. 1b), and the maximum concentration
occurring at 21 days of exposure for treatment 3. The Pb
accumulation over exposure time for each treatment showed
no significant differences in roots.

Chromium accumulation

The Cr accumulation in leaves and roots of L. laevigatum
revealed a significant increase with increasing metal concen-
tration for the different treatments during the 28 days of ex-
posure (Fig. 2a), with the accumulation of Cr in root being
four times higher than that accumulated in leaf. The accumu-
lation of Cr over exposure time for each treatment revealed
significant differences in the leaves of the floating macrophyte
(Fig. 2b), with the maximum accumulation being observed at
14 days for treatment 2 and at 21 days of exposure for treat-
ment 3. The Cr accumulation over exposure time for each
treatment showed no significant differences in roots.

Accumulation of nickel

The accumulation of Ni in leaves and roots of the floating
macrophyte showed a significant increase with increasing
metal concentration for the different treatments during the
28 days of exposure (Fig. 3a), with the Ni accumulation being
greater in roots than in leaf. The Ni accumulation over expo-
sure time for each treatment showed significant differences in
both leaves and roots in the aquatic plant (Fig. 3b, ¢), and in
both cases, the accumulation of Ni increased over time.

Zinc accumulation

The accumulation of Zn in L. laevigatum leaf showed a sig-
nificant increase with increasing metal concentration for the
different treatments during the 28 days of exposure (Fig. 4). In
root, the accumulation of Zn rose with increasing concentra-
tion in the culture medium, with the exception of treatment 3
(Fig. 4) where a decreased level of accumulation of the metal
was observed. Zn accumulation, over exposure time for each
treatment, showed no significant differences in both root and
leaf (data not shown).

Bioconcentration factor and translocation factor

In Fig. 5, the BCF in leaf and root and the TF of L. laevigatum
are shown, evaluated in treatment 2 (0.07 mg L"), where
equal concentrations were used for all the metals studied.
The analysis carried out after 14 days of exposure in order to
emphasize the differences between metals and to reduce var-
iation due to the exposure time.

The BCF showed that the concentration of all the metals
studied in root and the concentrations of Ni and Zn in leaf
were over a thousand times greater than the concentrations

@ Springer



Environ Sci Pollut Res

a
4000 1y | et A
[ Root
3000 +
a
§ 1000
TU)
X
D 750 4
£
o)
o
500
250 B
¢ b
d D c
o , I,
Control ™ T2 T3
Treatment

Fig. 1 Accumulation of Pb in L. laevigatum for different concentrations
of metal during the 28 days of exposure (a) and Pb accumulation in leaf
during the exposure time for each treatment (b). Significant differences

of these in the culture medium, with the highest values of
BCF, both in leaf and in root, being observed for Ni and Zn.
In all cases, the plants were more bioconcentrated in root than
in leaf.

The TF was always lower than one, for all metals studied
(Fig. 5). However, the value of TF of 0.42 calculated for Pb
was significantly higher than that observed for Cr, Ni, and Zn
in the translocation from root to leaf.

Effects of a mixture of Cr, Pb, Ni, and Zn
on the physiological parameters in L. laevigatum

The synthesis of photosynthetic pigments revealed a de-
crease of nearly to 30% after treatment of the higher
metal concentrations (treatment 3) and close to 20% in
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Fig. 2 Accumulation of Cr in L. laevigatum for different concentrations
of metal during the 28 days of exposure (a) and Cr accumulation in leaf
during the exposure time for each treatment (b). Significant differences
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the content of chlorophyll a, phacophytin a, and caroten-
oids in leaves after 21 days of exposure (Fig. 6a, b).
Oxidation of chlorophylls to phacophytins showed a sig-
nificant increase in treatment 3 after 21 days of exposure
(Fig. 6a, b).

A significant increase in the levels of malondialdehyde
(MDA) was observed in root in treatments 1 and 2 (Fig. 7a),
with a significant increase noted in the early stages of expo-
sure and until 28 days (Fig. 7b). Furthermore, the levels of
hydroperoxide conjugated dienes (HPCD) showed a signifi-
cant increase in leaf after 28 days of exposure (Fig. 7c¢).
However, no differences were observed in the synthesis of
the lipid membrane peroxidation products (MDA and
HPCD) in leaves, or in the levels of HPCD in root for the
different treatments (data not shown).
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Fig. 3 Accumulation of Ni in L. laevigatum for different concentrations
of metal during the 28 days of exposure (a) and Ni accumulation in leaf
during the exposure time for each treatment (b) and Ni accumulation in

Effects of a mixture of Cr, Pb, Ni, and Zn
on the morphological parameters in L. laevigatum

All the morphological parameters measured reflected differences
between treatments and between different times of exposure to
metals (Table 1) and the phenological state of the macrophyta
L. laevigatum throughout the experiment for different concentra-
tions of Cr, Ni, Pb, and Zn (supplementary material Fig. A.1).

Longer roots were observed in the control and treatment of
lower metal concentrations. The number of leaves on the
plant, number of ramets, and the number of leaves in the
ramets increased in treatment 2, while in treatments 1 and 3
these values did not differ from control. Plants in treatments of
higher concentrations showed an increase in the number of
chlorotic and necrotic leaves, whereas buds revealed a de-
crease with increasing concentration of heavy metals with
the lowest number being observed for treatment 3.

b Leaf
1000 q
I 7 days
Vzza 14 days
800 B 21 days
B2 28 days
g 600
2
g
< 400 A
P4
200 A
IEER
0 T

Control

Treatment

root during the exposure time for each treatment (c¢). Significant
differences (p < 0.05) according to the DCG test are shown with
lowercase letters for leaf and uppercase letters for roots

With respect to the exposure time, the root length, num-
ber of ramets, and the number of buds were lower after
21 days, with the number of leaves on the ground and ramets
being greatest between 21 and 28 days. The number of chlo-
rotic and necrotic leaves increased until 21 days, without
variations recorded in these parameters in the later stages
of exposure.

Discussion

Accumulation of the heavy metal, BCF, and TF

The accumulation of metals in the macrophyte L. laevigatum
was concentration dependent, coinciding with other aquatic

plants of free-living and floating leaves (Hadad et al. 2011;
Mishra and Tripathi 2008; Vesely et al. 2011). Due to its
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Fig. 4 Accumulation of Zn in L. laevigatum for different concentrations
of' metal during the 28 days of exposure. Significant differences (p < 0.05)
according to the DCG test are shown with lowercase letters for leaf and
uppercase letters for roots

association with human activity, the toxicity of Pb and Cr has
been studied extensively in many plants to assess tolerance to
these metals (Andra et al. 2009) and the potential for accumu-
lation, in order to select species suitable for phytoremediation
of contaminated environments (Gupta and Chandra 1994). The
accumulation of Pb and Cr in L. laevigatum was higher than
that observed by Vesely et al. (2011) in Salvinia auriculata,
Salvinia minima and Azolla filiculoides and by Mishra and
Tripathi (2008) in Eichornia crassipes and Spirodela
polyrrhiza. Overall, the average accumulation of Cr and Pb
in this study was four times higher in the root than in the leaf,
with this difference being greater than that observed for Pb in
Vallisneria spiralis, which accumulated around two times
more in root than in leaf (Gupta and Chandra 1994), but lower
than that observed for Cr in Salvinia herzogii and Pistia
stratiote, which was found to accumulate eight times more in
root than in leaf (Maine et al. 2004).

Metal uptake by the root system of plants can be enhanced
by the role of these metals as micronutrients (Assungdo et al.
2003), as may have occurred in the uptake and bioaccumula-
tion of Ni and Zn in the present study. In L. laevigatum, it was
found that Ni accumulation in the root was twice as high as
that in leaf, with Zn accumulation being three times higher in
roots. The values for Ni in this study were higher than those
observed in Nasturtium officinale, where after being exposed
to 1 mg L™ for a week were not significantly different from
the control (Duman et al. 2009), and similar to those observed
in Elodea canadensis, when exposed to 0.5 mg L™ accumu-
lated 700 mg kg ' (Maleva et al. 2009). Here, L. laevigatum in
the first week managed to accumulate 800 mg kg™ root. In the
case of Zn, L. laevigatum accumulated higher concentrations
than those observed in P. stratoites and S. polyrrhiza at a
concentration of 1 mg L™' Zn after 15 days of exposure
(Mishra and Tripathi 2008), but similar in those reported in
Ceratophyllum demersum after being exposed to 3 mg L' Zn
for 15 days (Umebese and Motajo 2008). After reaching a
maximum accumulation of Zn (treatment 2), a significant de-
crease in the levels of accumulation of this metal in
L. laevigatum was then observed, which could have been
due to competition in the absorption of metals in the culture
medium, as it has been demonstrated that the presence of high
concentrations of Pb®* prevents the entry of cations Zn>* into
the root system (Garcia Vargas 2007).

Regarding the exposure time, in L. laevigatum leaves, very
low amounts of Pb were accumulated in the first exposure
stage, but which significantly increased in the later stages.
For Pb and Cr in root, the maximum accumulation was
reached in the first exposure step (data not shown), with sim-
ilar situation being observed for Cr in roots of S. herzogii and
P, stratiote, where Cruptake was a rapid process that occurred
mostly during the first 24 h, and only increased moderately
during the rest of the exposure process (Maine et al. 2004).

Fig. 5 .Bioconcentration factor 12500 4 [0
(BCF) in leaf and root and [ BCF Leaf
translocation factor (TF) of BZZZ4 BCF Root
L. laevigatum evaluated in TF
treatment 2 (0.07 mg L") after 10000 + - 0.75
14 days of exposure. Significant
differences between the BCF of
each of the metals are shown in 7500 -
lowercase letters for leaf and LL L
Q - 0.50
uppercase letters for root. o =
Significant differences for TF are —
shown with Greek letters
- 0.25
2500 -
0 0.00
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The maximum concentration of Ni, both in leaves and in roots,
was at 28 days of exposure in the treatment 3. A similar be-
havior was observed in E. crassipes, where the maximum
concentration was measured in the intermediate stages of ex-
posure (Hadad et al. 2011). The accumulation of Zn during the
exposure time only showed significant differences in
L. laevigatum roots, with the maximum recorded at 28 days.
A similar behavior was also observed in the floating macro-
phyte E. crassipes, where accumulation in the leaf did not
vary after 24 h, in contrast to that occurring in the root, where
the maximum accumulation was observed in the later stages of
exposure (Hadad et al. 2011).

The BCF, which is the capacity of the plant to
bioconcentrate metals from the medium, should have a value
greater than 1000 in order to consider a plant to be a good
accumulator of metals (Zayed et al. 1998). In this study, the
BCF revealed that the concentration of Cr, Pb, Ni, and Zn in
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differences (p < 0.05) according to the DCG test are shown in

lowercase letters for chlorophyll a (Chl-a) uppercase for phaeophytin a
(Phaeo-a) and Greek letters for carotenoids (Carot)

root and the concentration of Ni and Zn in leaves exceeded
over a thousand times the concentrations of these in the culture
medium. Moreover, in leaf and root, the highest values ob-
served for BCF were for Ni and Zn, and in all cases, plants had
higher concentrations in root than in leaf. These results
showed that L. laevigatum is a very good accumulator of Ni
and Zn and has a moderate capacity for Cr and Pb. Thus, it
could be used as a potential phytoextractor for these metals in
contaminated waters. For Pb, L. laevigatum showed levels of
BCF 0f 1386.12 in root and 499.55 in leaf, with the extraction
of Pb, being more efficient than that observed by Singh et al.
(2010), who used concentrations of 2 mg L' Pb and reported
a BCF of 582 in Najas indica. However, the BCF of
L. laevigatum was similar to that observed by Wang et al.
(2002), who found levels of 624 in the leaf and 1217 in the
root of E. crassipes. In the case of Cr, the BCF in leaf and root
was 440 and 1780 respectively in L. laevigatum, higher than
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leaf for different exposure times (¢). Values are shown as mean

that observed in E. crassipes for the leaf (with a BCF of 160)
but lower than that found for the root, where the BCF reached a
value of 5600 (Hadad et al. 2011). Moreoves, L. laevigatum
revealed accumulation values higher than those reported by
Zurayk et al. (2001), who found that at concentrations of
1 mg kg~ ' of Cr, Nasturtium officinale and Veronica
beccabunga had BCF values <1000, both in root and in the
aerial part of the plant. For Ni, L. laevigatum showed BCF
levels >1000, being 2000 for leaf and 6800 in root. These
results were higher than those found by Liao and Chang
(2004) in E. crassipes (BCF values of 1370 in leaf and 2200
in root), when exposed to Ni concentrations similar to those of
this study. The BCF of Zn for the aquatic plant was 3300 and
11,500 in leaf and root, respectively, being more efficient for
the extraction of Zn than E. crassipes, which had values of
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concentration £ SD (n = 12). Significant differences (p < 0.05)
according to the DCG test are shown in lowercase letters for MDA and
uppercase letters for HPCD

1500 in leaf and 5800 in root (Yapoga et al. 2013), or than
C. demersum, which showed very low BCF values of 104 and
138, respectively, in leaf and root (Umebese and Motajo 2008).

The TF is an indicator of the ability of the plant to transport
the metals from the roots to the leaves with TF levels greater
than 1 indicating a high transfer of metals (Soda et al. 2012).
However, in L. laevigatum, the TF for all metals was less than
1, which indicated a low transfer of metals from root to leaf. A
similar situation was observed for the transfer of Cr and Ni in
N. officinale and V. becabunga (Zurayk et al. 2001) and also
the translocation of Pb and Zn in E. crassipes (Liao and Chang
2004). During exposure to the mixture of metals, L. laevigatum
showed a greater capacity for translocation of Pb than for Cr,
Ni, and Zn, with similar results being observed in plants of
Lemna minor, where levels of Pb translocation were



Environ Sci Pollut Res

Table 1

Mean values + SD (n = 12) of the morphological parameters analyzed for different times of exposure to increasing concentrations of heavy

metals. An ANOVA analysis was performed to determine significant differences between treatments, exposure time and interaction. Significant
differences (p < 0.05) according to the DCG test are shown in lowercase letters

Root length Number of Number of Number of Number of Buds
leaves chlorotic and ramets leaves in the
necrotic leaves. ramets
Treatment Control 12.05+1.38 a 9.39+0.58 b 1.19+0.35d 1.63+£0.59b 276 092 b 6.05+1.00 a
T1 11.62+092a 9.81+1.32b 1.87+0.96 ¢ 1.84+0.67b 3.03+0.83b 575+0.81a
T2 10.53+2.07b 10.72+0.83 a 324+1.75b 236+0.76 a 4.12+1.08a 6.41+0.74 a
T3 9.51+3.38b 9.99+1.79b 422+1.74a 1.56 +0.86 b 298+1.34b 501+121b
Exposure time (days) 7 12.05+093 a 895+033b 1.12+0.30 ¢ 1.28+0.05¢ 2.57+0.67b 597+0.39a
14 1274+ 09 a 10.88 £0.35a 236+025b 2.59+0.09 a 413+0.17a 6.81+0.25a
21 9.86+049b 10.76 £ 0.27 a 334+0.79a 2.19+025b 3.74+032a 5.67+0.17b
28 9.06+0.74 b 931+0.18b 370+ 040 a 1.32+0.11 ¢ 244+044b 487+032¢
Interaction ANOVA ns * ns * ns ns

ns not significant

*Significant at the 0.05 probability level, **significant at the 0.01 probability level, ***significant at the 0.001 probability level

significantly higher than those observed for Ni, Zn, and Cr
(Kastratovi¢ et al. 2015).

Effects of a mixture of Cr, Pb, Ni, and Zn
on the physiological parameters in L. laevigatum

L. laevigatum was able to tolerate the mixture of metals of Pb,
Cr, Ni, and Zn in treatment 2 (Pb 70 ug Lfl, Cr70 pg Lfl, Ni
70 ug L' and Zn 70 ug L") without showing any significant
changes in the photosynthetic pigments within the first 14 days
of exposure. For concentrations of 1 mg L' of Pb and Cr,
0.5mgL " of Niand 0.1 mg L ™" of Zn, the concentrations of
the photosynthetic pigments chlorophyll @, pheophytin a and
carotenoids decreased significantly after 21 days of exposure.
Similar results were previously found in N. indica, where a
decrease of pigments was recorded, with increasing Pb con-
centration after 7 days of exposure (Singh et al. 2010). Also
with a decrease of 50% of chlorophylls and of 13% in carot-
enoids in S. minima was recorded, compared to the control,
after being exposed for 1 week at concentrations of 1 mg L™
of Cr (Nichols et al. 2000), and in E. canadensis, a decrease
higher than 30% was observed in the levels of chlorophylls
and carotenoids after 5 days growing in a culture medium with
2.93 mg L' Ni (Maleva et al. 2009). In Egeria densa and in
Myriophyllum aquaticum were previously found significant
differences from the control for the chlorophyll content, after
being exposed for 7 days to 0.15 mg L' of Zn (Harguinteguy
et al. 2015). However, L. laevigatum showed low levels of
degradation of chlorophylls (phacophytin a/chlorophyll a),
at low and moderate concentrations of the culture medium
for the first exposure times. These results in contrast with

those recorded by Megateli et al. (2009) in Lemna gibba and
Harguinteguy etal. (2015) in E. densa and M. aquaticum, who
reported higher levels of chlorophyll degradation in culture
mediums with Zn, Pb, and Ni.

Lipid peroxidation in plants is a consequence of oxidative
damage caused by the by-products of numerous metabolic
pathways in different cellular compartments. Under stress
caused by heavy metals, lipid peroxidation can be initiated
by oxidation of polyunsaturated fatty acids of the membranes,
forming compounds such as MDA (Wang et al. 2009). In this
study, L. laevigatum showed a rise in the production of MDA
in root, with increasing metal concentrations in the culture
medium. Similar results were observed in Triticum aestivum,
when exposed to concentrations of 0.05 mg L' Cr and
0.065 mg L' Zn. Also, some macrophytes have been reported
to have increased MDA levels at concentrations higher than
those used in the present study: in Hydrilla verticillata, the
MDA concentration was higher with respect to the control at
concentrations of 10 mg Zn L™' (Wang et al. 2009); in
N. indica, an increase of MDA was registered for a concentra-
tion of 0.2 mg L' Pb (Singh et al. 2010); in M. aquaticum and
E. densa, an increase of MDA was observed with respect to
control for concentrations of 0.15 and 1 mg L' Ni, 1 mg L'
Zn, and 5 mg L' Pb (Harguinteguy et al. 2015). However, in
L. laevigatum, the concentration of MDA decreased in the
treatment at the highest concentration, in agreement with the
fact that in species of macrophytes such as Ceratophyllum,
Hydrilla, and Wolffia, a decrease of MDA was also recorded
in treatments with high concentrations of many metals (Dhir
et al. 2004; Gupta and Chandra 1994). These latter results
were difficult to interpret.
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In the first week, no increase in MDA was recorded.
The highest MDA was revealed after 14 days of expo-
sure, similar to that which was reported in Hydrilla verticillata
with respect to the control at concentrations of Ni, 1.5 mg L™
after 6 days of exposure (Sinha and Pandey 2003).

The results of our study could be showing tolerance of
L. laevigatum to the degradation of lipid membranes in early
stages of exposure to metals. Related to this, Sinha and
Pandey (2003) proposed that inhibition of MDA in early ex-
posure times could be due to a stimulation of the reducing
capacity of the plant tissue through an increase of the content
of sulthydryls, which protects the membrane from oxidative
attack of free radicals of oxygen.

Effects of a mixture of Cr, Pb, Ni, and Zn
on morphological parameters in L. laevigatum

L. laevigatum showed no significant difference in root length
at low concentrations of metals in solution compared to the
control, although a reduction in root length was observed for
higher concentration treatments (treatments 2 and 3), similar
to that found by Hadad et al. (2011), who reported a decrease
in root length in E. crassipes when exposed to 1 mg L™ of Cr,
Ni, and Zn. This reduction of the root length in L. laevigatum
may be associated with the effects of metals on the specific
tissue of apical development. For example, during exposure of
Zea mays to Pb, Eun et al. (2000) found accumulation of Pb in
the root meristem tissue, which caused changes in the micro-
tubule organization and a significant decrease in root length.

An increased number of chlorotic and necrotic leaves in
L. laevigatum is a symptom of heavy metal toxicity (Prasad
and Strzatka 1999). Here, for these leaves in the treatments of
moderate concentrations of metals and during the early periods
of exposure, no differences were found respect to control.
Furthermore, this species showed more tolerant ability than
that reported by Paiva et al. (2009) for E. crassipes when
exposed to Cr, and by Khellaf and Zerdaoui (2009) in Le.
gibba plants, exposed to Ni and Zn. In both studies, visible
symptoms of chlorosis and necrosis were found at low concen-
trations of metals and at shorter periods of exposure than used
in the present study.

Given the optimal conditions for the spread of L. laevigatum
(Aponte and Pacherres 2013), the present study found that the
number of leaves, ramets, leaves in ramets, and buds of aquatic
plant were highest for moderate concentrations of metals (treat-
ment 2) and 14 days of exposure, which could reflect a survival
strategy and vegetative propagation of the species as a result of
increased stress conditions due to the presence of heavy metals
in the culture medium. At higher concentrations of metals, the
spread of L. laevigatum was found to be lower. These latter
results are similar to those reported for Vallisneria americana,
where a decrease was observed in the number of leaves, ramets,
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and leaves in ramets when grown in metal contaminated sites
(Doust et al. 1994).

Conclusion

By and large, the accumulation capacity of Pb, Cr, Ni, and Zn
in L. laevigatum was higher with increasing concentrations of
the metals in the culture medium and after greater exposure
time. The floating macrophyte studied presented higher
bioaccumulations of Pb, Cr, Ni, and Zn in the root than in
the leaves. Moreover, the concentrations of Ni and Zn in leaf
and root exceeded by over a thousand times the concentrations
of those in the culture medium. Thus, this species can be
considered as a hyperaccumulator of these metals. The chang-
es and effects in the morphological and physiological param-
eters did not appear to cause harmful effects to the survival of
the species during exposure to moderate concentrations of the
mixture of metals, in the intermediate stages of exposure.

Given its storage capacity and level of tolerance,
L. laevigatum is a species of interest for use in phytoremediation
of water contaminated with moderate levels of Pb, Cr, Ni, and
Zn and in the early stages of exposure.

Acknowledgements This work was partially supported by the Agencia
Nacional de Promocién Cientifica y Tecnologica (FONCyT PICT-2014-
3474) and the Secretaria de Ciencia y Técnica de la Universidad Nacional
de Cordoba (SECYT-UNC-2014). The authors wish to acknowledge the
assistance of the Consejo Nacional de Investigacion Cientifica y Técnicas
(CONICET) and the Universidad Nacional de Cordoba, both of which
supported the facilities used in this investigation. The authors thank Dr.
Paul Hobson, native speaker, for revision of the manuscript.

References

Andra SS, Datta R, Sarkar D, Saminathan SKM, Mullens CP, Bach SBH
(2009) Analysis of phytochelatin complexes in the lead tolerant
vetiver grass [Vetiveria zizanioides (L.)] using liquid chromatogra-
phy and mass spectrometry. Environ Pollut 157:2173-2183. doi:10.
1016/j.envpol.2009.02.014

Apel K, Hirt H (2004) REACTIVE OXYGEN SPECIES: metabolism,
oxidative stress, and signal transduction. Annu Rev Plant Biol 55:
373-399. doi:10.1146/annurev.arplant.55.031903.141701

Aponte H, Pacherres CO (2013) Growth and propagation of Limnobium
laevigatum (Hydrocharitaceae) under different nutrient concentra-
tions. Biologist 11:69-78

Argentina Legislation (1991) Law 24051 (Ley Nacional 24051 de la
Republica Argentina). URL: http://www2.medioambiente.gov.ar/
mlegal/residuos/ley24051.htm. Accessed 21 Dec 2016

Assuncdo AGL, Schat H, Aarts MGM (2003) Thlaspi caerulescens, an
attractive model species to study heavy metal hyperaccumulation in
plants. New Phytol 159:351-360. doi:10.1046/j.1469-8137.2003.
00820.x

Cheng S (2003) Heavy metals in plants and phytoremediation. Environ
Sci Pollut Res 10:335-340. doi:10.1065/espr2002.11.141.3

Choi JH, Park SS, Jaffé PR (2006) The effect of emergent macrophytes
on the dynamics of sulfur species and trace metals in wetland


http://dx.doi.org/10.1016/j.envpol.2009.02.014
http://dx.doi.org/10.1016/j.envpol.2009.02.014
http://dx.doi.org/10.1146/annurev.arplant.55.031903.141701
http://www2.medioambiente.gov.ar/mlegal/residuos/ley24051.htm
http://www2.medioambiente.gov.ar/mlegal/residuos/ley24051.htm
http://dx.doi.org/10.1046/j.1469-8137.2003.00820.x
http://dx.doi.org/10.1046/j.1469-8137.2003.00820.x
http://dx.doi.org/10.1065/espr2002.11.141.3

Environ Sci Pollut Res

sediments. Environ Pollut 140:286-293. doi:10.1016/j.envpol.
2005.07.009

Cook CDK, Urmi-Kénig K (1983) A revision of the genus Limnobium
including Hydromystria (hydrocharitaceae). Aquat Bot 17:1-27.
doi:10.1016/0304-3770(83)90015-3

Dhir B, Sharmila P, Saradhi PP (2004) Hydrophytes lack potential to
exhibit cadmium stress induced enhancement in lipid peroxidation
and accumulation of proline. Aquat Toxicol 66:141-147. doi:10.
1016/j.aquatox.2003.08.005

Doust JL, Schmidt M, Doust LL (1994) Biological assessment of aquatic
pollution: a review, with emphasis on plants as biomonitors. Biol
Rev 69:147-186. doi:10.1111/1.1469-185X.1994.tb01504.x

Duman F, Leblebici Z, Aksoy A (2009) Growth and bioaccumulation
characteristics of watercress (Nasturtium officinale R. BR.) exposed
to cadmium, cobalt and chromium. Chem Speciat Bioavailab 21:
257-265. doi:10.3184/095422909X12578511366924

Eun S-O, Shik Youn H, Lee Y (2000) Lead disturbs microtubule organi-
zation in the root meristem of Zea mays. Physiol Plant 110:357-365.
doi:10.1111/j.1399-3054.2000.1100310.x

Forstner U, Wittmann GT (1981) Metal pollution in the aquatic environ-
ment. Springer-Verlag, Berlin

Franzaring J, Klumpp A, Fangmeier A (2007) Active biomonitoring of
airborne fluoride near an HF producing factory using standardised
grass cultures. Atmos Environ 41:4828-4840. doi:10.1016/j.
atmosenv.2007.02.010

FulJ, Hu X, Tao X, Yu H, Zhang X (2013) Risk and toxicity assessments
of heavy metals in sediments and fishes from the Yangtze River and
Taihu Lake. China Chemosphere 93:1887-1895. doi:10.1016/j.
chemosphere.2013.06.061

Garbisu C, Alkorta I (2001) Phytoextraction: a cost-effective plant-based
technology for the removal of metals from the environment.
Bioresour Technol 77:229-236. doi:10.1016/S0960-8524(00)
00108-5

Garcia Vargas D (2007) Efectos fisiologicos y compartimentacion radic-
ular en plantas de Zea mays L. expuestas a la toxicidad por plomo.
Doctoral, Universitat Autonoma de Barcelona

Gupta M, Chandra P (1994) Lead accumulation and toxicity in
Vallisneria spiralis.(L.) and Hydrilla verticillata (1.f.) Royle
Journal of Environmental Science and Health Part A:
Environmental Science and Engineering and Toxicology 29:503—
516. doi:10.1080/10934529409376051

Hadad HR, Maine MA, Mufarrege MM, Del Sastre MV, Di Luca GA
(2011) Bioaccumulation kinetics and toxic effects of Cr, Ni and Zn
on Eichhornia crassipes. ] Hazard Mater 190:1016-1022. doi:10.
1016/j.jhazmat.2011.04.044

Harguinteguy CA, Schreiber R, Pignata ML (2013) Myriophyllum
aquaticum As a biomonitor of water heavy metal input related to
agricultural activities in the Xanaes River (Cérdoba, Argentina).
Ecol Indic 27:8-16. doi:10.1016/j.ecolind.2012.11.018

Harguinteguy CA, Cirelli AF, Pignata ML (2014) Heavy metal accumu-
lation in leaves of aquatic plant Stuckenia filiformis and its relation-
ship with sediment and water in the Suquia river (Argentina).
Microchem J 114:111-118. doi:10.1016/j.microc.2013.12.010

Harguinteguy CA, Pignata ML, Fernandez-Cirelli A (2015) Nickel, lead
and zinc accumulation and performance in relation to their use in
phytoremediation of macrophytes Myriophyllum aquaticum and
Egeria densa. Ecol Eng 82:512-516. doi:10.1016/j.ecoleng.2015.
05.039

Harguinteguy CA, Noelia Cofré M, Fernandez-Cirelli A, Luisa Pignata M
(2016) The macrophytes Potamogeton pusillus L. and
Myriophyllum aquaticum (Vell.) Verdc. as potential bioindicators
of a river contaminated by heavy metals. Microchem J 124:228—
234. doi:10.1016/j.microc.2015.08.014

Jackson L (1998) Paradigms of metal accumulation in rooted aquatic
vascular plants. Sci Total Environ 219:223-231. doi:10.1016/
S0048-9697(98)00231-9

Kabata-Pendias A, Pendias H (2001) Trace elements in soils and plants.
CRC Press, London

Kastratovi¢ V, Jaéimovi¢ Z, Purovié¢ D, Bigovi¢ M, Krivokapi¢ S (2015)
Lemna minor L. as bioindicator of heavy metal pollution in Skadar
Lake (Montenegro) Kragujevac. Journal of Science 37:123-134

Khellaf N, Zerdaoui M (2009) Phytoaccumulation of zinc by the aquatic
plant, Lemna gibba L. Bioresour Technol 100:6137-6140. doi:10.
1016/j.biortech.2009.06.043

Kunze R, Frommer WB, Fliigge U-I (2002) Metabolic engineering of
plants: the role of membrane transport. Metab Eng 4:57-66. doi:
10.1006/mben.2001.0207

Lafont M (2002) A conceptual approach to the biomonitoring of fresh-
water: the ecological ambience system. J Limnol 60:17-24. doi:10.
4081/jlimnol.2001.s1.17

Levin AG, Pignata ML (1995) Ramalina ecklonii as a bioindicator of
atmospheric pollution in Argentina. Can J Bot 73:1196-1202. doi:
10.1139/b95-129

LiY, Zhang S, Jiang W, Liu D (2013) Cadmium accumulation, activities
of antioxidant enzymes, and malondialdehyde (MDA) content in
Pistia stratiotes L. Environ Sci Pollut Res 20:1117-1123. doi:10.
1007/s11356-012-1054-2

Liao S, Chang W-L (2004) Heavy metal phytoremediation by water hy-
acinth at constructed wetlands in Taiwan. Photogramm Eng Remote
Sensing 54:177-185

Maine MA, Suii¢ NL, Lagger SC (2004) Chromium bioaccumulation:
comparison of the capacity of two floating aquatic macrophytes.
Water Res 38:1494-1501. doi:10.1016/j.watres.2003.12.025

Maleva MG, Nekrasova GF, Malec P, Prasad MNYV, Strzatka K (2009)
Ecophysiological tolerance of Elodea canadensis to nickel expo-
sure. Chemosphere 77:392-398. doi:10.1016/j.chemosphere.2009.
07.024

Megateli S, Semsari S, Couderchet M (2009) Toxicity and removal of
heavy metals (cadmium, copper, and zinc) by Lemna gibba.
Ecotoxicol Environ Saf 72:1774-1780. doi:10.1016/j.ecoenv.2009.
05.004

Merlo C et al (2011) Integral assessment of pollution in the Suquia River
(Cérdoba, Argentina) as a contribution to lotic ecosystem restoration
programs. Sci Total Environ 409:5034-5045. doi:10.1016/j.
scitotenv.2011.08.037

Metwally A, Safronova VI, Belimov AA, Dietz K-J (2005) Genotypic
variation of the response to cadmium toxicity in Pisum sativum L. J
Exp Bot 56:167-178. doi:10.1093/jxb/eri017

Miretzky P, Saralegui A, Fernandez Cirelli A (2006) Simultaneous heavy
metal removal mechanism by dead macrophytes. Chemosphere 62:
247-254. doi:10.1016/j.chemosphere.2005.05.010

Mishra VK, Tripathi B (2008) Concurrent removal and accumulation of
heavy metals by the three aquatic macrophytes. Bioresour Technol
99:7091-7097. doi:10.1016/j.biortech.2008.01.002

Murillo Castillo PA, Novoa Acuna LG, Rodriguez Miranda JP (2012)
Evaluacion de un humedal artificial de flujo superficial con
Limnobium laevigatum para el tratamiento de aguas residuales
combinadas (domésticas y pecuarias) en Bogota D.C. Colombia
Tecno ambiente: Revista profesional de tecnologia y equipamiento
de ingenieria ambiental 22:9-16

Nekrasova G, Ushakova O, Ermakov A, Uimin M, Byzov I (2011)
Effects of copper(Il) ions and copper oxide nanoparticles on
Elodea densa Planch Russian. J Ecol 42:458-463. doi:10.1134/
s1067413611060117

Nichols PB, Couch JD, Al-Hamdani SH (2000) Selected physiological
responses of Salvinia minima to different chromium concentrations.
Aquat Bot 68:313-319. doi:10.1016/S0304-3770(00)00128-5

Olguin EJ, Sanchez-Galvan G (2012) Heavy metal removal in
phytofiltration and phycoremediation: the need to differentiate be-
tween bioadsorption and bioaccumulation. New Biotechnol 30:3-8.
doi:10.1016/j.nbt.2012.05.020

@ Springer


http://dx.doi.org/10.1016/j.envpol.2005.07.009
http://dx.doi.org/10.1016/j.envpol.2005.07.009
http://dx.doi.org/10.1016/0304-3770(83)90015-3
http://dx.doi.org/10.1016/j.aquatox.2003.08.005
http://dx.doi.org/10.1016/j.aquatox.2003.08.005
http://dx.doi.org/10.1111/j.1469-185X.1994.tb01504.x
http://dx.doi.org/10.3184/095422909X12578511366924
http://dx.doi.org/10.1111/j.1399-3054.2000.1100310.x
http://dx.doi.org/10.1016/j.atmosenv.2007.02.010
http://dx.doi.org/10.1016/j.atmosenv.2007.02.010
http://dx.doi.org/10.1016/j.chemosphere.2013.06.061
http://dx.doi.org/10.1016/j.chemosphere.2013.06.061
http://dx.doi.org/10.1016/S0960-8524(00)00108-5
http://dx.doi.org/10.1016/S0960-8524(00)00108-5
http://dx.doi.org/10.1080/10934529409376051
http://dx.doi.org/10.1016/j.jhazmat.2011.04.044
http://dx.doi.org/10.1016/j.jhazmat.2011.04.044
http://dx.doi.org/10.1016/j.ecolind.2012.11.018
http://dx.doi.org/10.1016/j.microc.2013.12.010
http://dx.doi.org/10.1016/j.ecoleng.2015.05.039
http://dx.doi.org/10.1016/j.ecoleng.2015.05.039
http://dx.doi.org/10.1016/j.microc.2015.08.014
http://dx.doi.org/10.1016/S0048-9697(98)00231-9
http://dx.doi.org/10.1016/S0048-9697(98)00231-9
http://dx.doi.org/10.1016/j.biortech.2009.06.043
http://dx.doi.org/10.1016/j.biortech.2009.06.043
http://dx.doi.org/10.1006/mben.2001.0207
http://dx.doi.org/10.4081/jlimnol.2001.s1.17
http://dx.doi.org/10.4081/jlimnol.2001.s1.17
http://dx.doi.org/10.1139/b95-129
http://dx.doi.org/10.1007/s11356-012-1054-2
http://dx.doi.org/10.1007/s11356-012-1054-2
http://dx.doi.org/10.1016/j.watres.2003.12.025
http://dx.doi.org/10.1016/j.chemosphere.2009.07.024
http://dx.doi.org/10.1016/j.chemosphere.2009.07.024
http://dx.doi.org/10.1016/j.ecoenv.2009.05.004
http://dx.doi.org/10.1016/j.ecoenv.2009.05.004
http://dx.doi.org/10.1016/j.scitotenv.2011.08.037
http://dx.doi.org/10.1016/j.scitotenv.2011.08.037
http://dx.doi.org/10.1093/jxb/eri017
http://dx.doi.org/10.1016/j.chemosphere.2005.05.010
http://dx.doi.org/10.1016/j.biortech.2008.01.002
http://dx.doi.org/10.1134/s1067413611060117
http://dx.doi.org/10.1134/s1067413611060117
http://dx.doi.org/10.1016/S0304-3770(00)00128-5
http://dx.doi.org/10.1016/j.nbt.2012.05.020

Environ Sci Pollut Res

Ozturk F, Duman F, Leblebici Z, Temizgul R (2010) Arsenic accumula-
tion and biological responses of watercress (Nasturtium officinale R.
Br.) exposed to arsenite. Environ Exp Bot 69:167-174. doi:10.1016/
j-envexpbot.2010.03.006

Paiva LB, de Oliveira JG, Azevedo RA, Ribeiro DR, da Silva MG,
Vitoria AP (2009) Ecophysiological responses of water hyacinth
exposed to Cr’* and Cr®*. Environ Exp Bot 65:403—409. doi:10.
1016/j.envexpbot.2008.11.012

Pignata ML, Gudifio GL, Wannaz ED, Pla RR, Gonzélez CM, Carreras
HA, Orellana L (2002) Atmospheric quality and distribution of
heavy metals in Argentina employing Tillandsia capillaris as a bio-
monitor. Environ Pollut 120:59-68. doi:10.1016/S0269-7491(02)
00128-8

Polechonska L, Samecka-Cymerman A (2016) Bioaccumulation of
macro- and trace elements by European frogbit (Hydrocharis
morsus-ranae L.) in relation to environmental pollution. Environ
Sci Pollut Res 23:3469-3480. doi:10.1007/s11356-015-5550-z

Prasad MNV, Strzatka K (1999) Impact of heavy metals on photosynthe-
sis. In: Prasad MNV, Hagemeyer J (eds) Heavy metal stress in
plants—from molecules to ecosystems. Springer, Berlin, pp 117—
138

Samecka-Cymerman A, Kempers A (2004) Toxic metals in aquatic plants
surviving in surface water polluted by copper mining industry.
Ecotoxicol Environ Saf 59:64-69. doi:10.1016/j.ecoenv.2003.12.
002

Sharma S, Singh B, Manchanda V (2015) Phytoremediation: role of
terrestrial plants and aquatic macrophytes in the remediation of ra-
dionuclides and heavy metal contaminated soil and water. Environ
Sci Pollut Res 22:946-962. doi:10.1007/s11356-014-3635-8

Singh R, Tripathi RD, Dwivedi S, Kumar A, Trivedi PK, Chakrabarty D
(2010) Lead bioaccumulation potential of an aquatic macrophyte
Najas indica are related to antioxidant system. Bioresour Technol
101:3025-3032. doi:10.1016/j.biortech.2009.12.031

Sinha S, Pandey K (2003) Nickel induced toxic effects and bioaccumu-
lation in the submerged plant, Hydrilla verticillata (L.F.) Royle un-
der repeated metal exposure. Bull Environ Contam Toxicol 71:
1175-1183. doi:10.1007/s00128-003-8896-8

Smith VH (2003) Eutrophication of freshwater and coastal marine eco-
systems a global problem. Environ Sci Pollut Res 10:126-139. doi:
10.1065/espr2002.12.142

Soda S et al (2012) Constructed wetlands for advanced treatment of
wastewater with a complex matrix from a metal-processing plant:
Bioconcentration and translocation factors of various metals in
Acorus gramineus and Cyperus alternifolius. Ecol Eng 39:63-70.
doi:10.1016/j.ecoleng.2011.11.014

@ Springer

Somashekaraiah BV, Padmaja K, Prasad ARK (1992) Phytotoxicity of
cadmium ions on germinating seedlings of mung bean (Phaseolus
vulgaris): involvement of lipid peroxides in chlorphyll degradation.
Physiol Plant 85:85-89. doi:10.1111/j.1399-3054.1992.tb05267.x

Umebese CE, Motajo AF (2008) Accumulation, tolerance and impact of
aluminium, copper and zinc on growth and nitrate reductase activity
of Ceratophyllum demersum (hornwort). J Environ Biol 29:197—
200

Vangronsveld J, Clijsters H (1994) Toxic effects of metals. In: Farago ME
(ed) Plants and the chemical elements: biochemistry, uptake, toler-
ance and toxicity. Wiley-VCH Verlag GmbH, pp 149-177. doi:10.
1002/9783527615919.ch6

Vesely T, Tlustos P, Szakova J (2011) The use of water lettuce (Pistia
stratiotes L.) for Rhizofiltration of a highly polluted solution by
cadmium and lead. Int J Phytorem 13:859-872. doi:10.1080/
15226514.2011.560214

Wang Q, Cui Y, Dong Y (2002) Phytoremediation of polluted waters
potentials and prospects of wetland plants. Acta Biotechnol 22:
199-208. doi:10.1002/1521-3846(200205)22:1/2<199::AID-
ABI0199>3.0.CO;2-T

Wang C, Zhang SH, Wang PF, Qian J, Hou J, Zhang WJ, Lu J (2009)
Excess Zn alters the nutrient uptake and induces the antioxidative
responses in submerged plant Hydrilla verticillata (L.f.) Royle
Chemosphere 76:938-945. doi:10.1016/j.chemosphere.2009.04.
038

Wang Q, Li Z, Cheng S, Wu Z (2010) Effects of humic acids on
phytoextraction of Cu and Cd from sediment by Elodea nuttallii.
Chemosphere 78:604—608. doi:10.1016/j.chemosphere.2009.11.
011

Winner RW, Gauss JD (1986) Relationship between chronic toxicity and
bioaccumulation of copper, cadmium and zinc as affected by water
hardness and humic acid. Aquat Toxicol 8:149-161. doi:10.1016/
0166-445X(86)90061-5

Wintermans JEGM, De Mots A (1965) Spectrophotometric characteris-
tics of chlorophylls a and b and their phenophytins in ethanol.
Biochim Biophys Acta Biophys Incl Photosynth 109:448-453.
doi:10.1016/0926-6585(65)90170-6

Yapoga S, Ossey YB, Kouame V (2013) Phytoremediation of zinc, cad-
mium, copper and chrome from industrial wastewater by Eichhornia
crassipes. Int J Conserv Sci 4:81-86

Zayed A, Gowthaman S, Terry N (1998) Phytoaccumulation of trace
elements by wetland plants: I duckweed. J Environ Qual 27:715—
721. doi:10.2134/jeq1998.00472425002700030032x

Zurayk R, Sukkariyah B, Baalbaki R (2001) Common hydrophytes as
bioindicators of nickel, chromium and cadmium pollution. Water
Air Soil Pollut 127:373-388. doi:10.1023/A:1005209823111


http://dx.doi.org/10.1016/j.envexpbot.2010.03.006
http://dx.doi.org/10.1016/j.envexpbot.2010.03.006
http://dx.doi.org/10.1016/j.envexpbot.2008.11.012
http://dx.doi.org/10.1016/j.envexpbot.2008.11.012
http://dx.doi.org/10.1016/S0269-7491(02)00128-8
http://dx.doi.org/10.1016/S0269-7491(02)00128-8
http://dx.doi.org/10.1007/s11356-015-5550-z
http://dx.doi.org/10.1016/j.ecoenv.2003.12.002
http://dx.doi.org/10.1016/j.ecoenv.2003.12.002
http://dx.doi.org/10.1007/s11356-014-3635-8
http://dx.doi.org/10.1016/j.biortech.2009.12.031
http://dx.doi.org/10.1007/s00128-003-8896-8
http://dx.doi.org/10.1065/espr2002.12.142
http://dx.doi.org/10.1016/j.ecoleng.2011.11.014
http://dx.doi.org/10.1111/j.1399-3054.1992.tb05267.x
http://dx.doi.org/10.1002/9783527615919.ch6
http://dx.doi.org/10.1002/9783527615919.ch6
http://dx.doi.org/10.1080/15226514.2011.560214
http://dx.doi.org/10.1080/15226514.2011.560214
http://dx.doi.org/10.1002/1521-3846(200205)22:1/27%3C199::AID-ABIO199%3E;3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3846(200205)22:1/27%3C199::AID-ABIO199%3E;3.0.CO;2-T
http://dx.doi.org/10.1016/j.chemosphere.2009.04.038
http://dx.doi.org/10.1016/j.chemosphere.2009.04.038
http://dx.doi.org/10.1016/j.chemosphere.2009.11.011
http://dx.doi.org/10.1016/j.chemosphere.2009.11.011
http://dx.doi.org/10.1016/0166-445X(86)90061-5
http://dx.doi.org/10.1016/0166-445X(86)90061-5
http://dx.doi.org/10.1016/0926-6585(65)90170-6
http://dx.doi.org/10.2134/jeq1998.00472425002700030032x
http://dx.doi.org/10.1023/A:1005209823111

	Phytoextraction...
	Abstract
	Introduction
	Materials and methods
	Obtaining plant material and culture media
	Analysis of heavy metals
	Quantification of heavy metals
	Determination of bioconcentration factor
	Translocation factor

	Determination of physiological parameters in L.�laevigatum
	Quantification of carotenoids, chlorophylls, and feofitinas
	Quantification of hydroperoxide conjugated dienes
	Quantification of malondialdehyde

	Statistical analysis

	Results
	Analysis of heavy metals in L.�laevigatum
	Accumulation of lead
	Chromium accumulation
	Accumulation of nickel
	Zinc accumulation
	Bioconcentration factor and translocation factor

	Effects of a mixture of Cr, Pb, Ni, and Zn on the physiological parameters in L.�laevigatum
	Effects of a mixture of Cr, Pb, Ni, and Zn on the morphological parameters in L.�laevigatum

	Discussion
	Accumulation of the heavy metal, BCF, and TF
	Effects of a mixture of Cr, Pb, Ni, and Zn on the physiological parameters in L.�laevigatum
	Effects of a mixture of Cr, Pb, Ni, and Zn on morphological parameters in L.�laevigatum

	Conclusion
	References


