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Abstract: The occurrence of heavy metals in industrial wastewater is unanimously considered a major
concern since these pollutants cannot be chemically or biologically degraded and therefore have
long residence times. Phytoremediation is one of the most widespread biotechnological applications
worldwide, which consists in the use of plants to adsorb or accumulate a broad range of inorganic and
organic contaminants from water, air, and soil. To improve the cost-effectiveness and sustainability of
phytoremediation-based wastewater treatment systems, it is essential to use plants that are not only
efficient in pollutants removal, but also abundant and easily accessible at the target site, requiring
no-special culture conditions. In this study, we have evaluated the capacity of naturally-occurring
aquatic macrophytes of the genus Salvinia (classified as Salvinia biloba) to phytoremediate water
artificially contaminated with cadmium (Cd), copper (Cu), lead (Pb), or zinc (Zn) at equal molar
concentrations (50 ± 2 and 100 ± 1 µM), during 48 h. Additionally, photosynthetic and antioxidant
pigments (carotenoids, chlorophylls, anthocyanins, and flavonoids), and soluble carbohydrate content
was also measured in floating leaves of Salvinia specimens to appraise heavy metals phytotoxicity.
Elemental analyses to plant tissue indicate that S. biloba was able to bioconcentrate all four metals
analyzed, albeit with different degrees of affinity. In addition, the mechanisms of uptake and
detoxification were dissimilar for each ion, resulting in greater removal of Cu and Pb (≥96%, at both
concentrations), in comparison to Cd (79 ± 4% and 56 ± 2% for 50 ± 2 and 100 ± 1 µM, respectively)
and Zn (77 ± 5% and 70 ± 4% for 50 ± 2 and 100 ± 1 µM, respectively). Accordingly, the assessment of
the selected physiological parameters in floating leaves suggests that different response mechanisms
are triggered by each metal in S. biloba to counteract the corresponding toxicological stress.

Keywords: plant-mediated remediation; heavy metals; cadmium; copper; lead; zinc; autochthonous
free-floating macrophytes; Salvinia sp.
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1. Introduction

The rapid growth of industrialization has led to increasing environmental challenges on a global
scale. One such example is water contamination with heavy metals, which is widely considered a
major threat to the environment and human health. Arsenic (As), cadmium (Cd), chromium (Cr),
copper (Cu), lead (Pb), nickel (Ni), and zinc (Zn) are among the most frequent water contaminants [1].
The occurrence of these metal(loids) in industrial wastewater is unanimously regarded as a serious
concern since these pollutants cannot be chemically or biologically degraded and therefore have long
residence times [2]. In addition, metal ions in water can be easily transferred through the trophic chain
posing a significant risk to living beings, even at very low concentrations [1,2]. In the last decades,
contamination of natural waters by the release of large volumes of aqueous effluents containing
heavy metals has increased as a consequence of the intensification of industrial activities, mining,
urbanization, and other anthropogenic activities [2]. Although several physicochemical technologies
are usually employed to clean metal-polluted waters, many of these solutions are technically infeasible,
expensive, environmentally hazardous, and/or far away from the desired performance [3,4].

A plant-based technology known as phytoremediation, is a green, low-cost, and solar-driven
alternative to conventional methods, as numerous plant species have the ability to adsorb, accumulate,
and tolerate high concentrations of heavy metals [3–6]. Thus, the use of aquatic plants in artificial
wetlands systems or lagoons for treating metal-containing effluents has proved to be a cost-effective
method for the remediation of large volumetric areas or to complement decontamination over long
periods [7,8]. Its success depends on the physicochemical properties of the surface of the plants utilized,
as well as other biological features such as biomass growth rates and metal tolerance. Also, the use
of macrophytes species abundant and easily accessible at the target site is essential to improve
the cost-efficiency and sustainability of phytoremediation-based treatment systems, especially in
communities with limited financial resources [5,9].

In Argentina, the ecosystems neighboring the Middle Paraná River are characterized by broad
wetland areas with profuse and varied aquatic vegetation [10]. One genus in particular, Salvinia sp.,
encompasses the most abundant free-floating macrophytes found in tropical and temperate regions.
These floating ferns show a high growth rate, a great capacity to thrive under adverse environmental
conditions, and remarkable heavy metals removal capability [11]. The Salvinia species most amply
found in Argentina are S. auriculata Aubl., S. minima Baker, S. natans (L.) All., and S. biloba Raddi (synonym:
S. herzogii de la Sota). Only a reduced number of studies have analyzed the capacity of S. biloba to
phytoremediate water contaminated with heavy metals (e.g., Cd, Cr, Zn, Ni, Cu, and Pb) [12–19]. In general,
most of them have focused on individual metals, at different concentrations [12,13,17–19]. To the best
of our knowledge, only three of such works [14–16] have analyzed S. biloba metal-phytoremediation
efficiency for two or more metals, but submitting plants to different metal molarity (i.e., the molar
amount of cation ions at the sample solution was different between the analyzed metals), rendering
comparisons between elements difficult to carry out. Besides, these reports have failed to compare and
discuss metal removal kinetics and metal removal mechanisms. It is also worth noting that there is
limited information on the impact of different heavy metals on S. biloba physiological parameters [19].

Hence, the aim of this work was to evaluate and compare the capacity of naturally-occurring
S. biloba specimens to phytoremediate water artificially contaminated with equal molar concentrations
(50 ± 2 and 100 ± 1 µM) of four toxic heavy metals usually present in industrial effluents (Cd, Cu, Pb,
and Zn), during 48 h. Additionally, photosynthetic and antioxidant pigments (carotenoids, chlorophylls,
anthocyanins, and flavonoids), and soluble carbohydrate content in floating leaves of S. biloba were
measured to appraise assess heavy metals phytotoxicity.
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2. Materials and Methods

2.1. Plants Collection and Characterization

Naturally-occurring S. biloba specimens were manually collected from a shallow lake located
in the Middle Paraná River, Entre Rios, Argentina (32◦52′35” S; 60◦40′33” W), with no pollution
load, as described in previous works [18,19]. Three different sampling campaigns were carried out
between February and April (2019). During collection, the plants were stored at ambient temperature
in plastic recipients containing river water until they were transported to the laboratory. Once at the
lab, the macrophytes were acclimated during a week at room temperature (25 ± 2 ◦C) under natural
light in a hydroponic system (20 L glass aquaria) containing a combination (50:50) of tap water and
lagoon water. No further nutrients or special requirements were added. Taxonomic classification
was performed based on morphological characteristics [19]. Plants with uniform size and without
any visual signs of deterioration (loss of turgor, chlorosis, and/or necrosis of leaves) were selected for
experimental purposes.

2.2. Metal Stock Solution Preparation

Stock solutions (1000 mg/L) of Cu and Pb were prepared by dissolving analytical grade
CuSO4.5H2O (Cicarelli, San Lorenzo, Argentina) and Pb(NO3)2 (Cicarelli, San Lorenzo, Argentina)
in deionized water and stored at 4 ◦C. In addition, commercial standard solutions for Cd and Zn
(1000 mg/L, SCP Science, Quebec, Canada) were used. Calibration solutions for each metal were
prepared as recommended for Varian AA240FS (Varian Inc., Palo Alto, CA, USA) operational manual,
by diluting the stock solutions with the necessary volume of acidified water (0.15% v/v HNO3; Cicarelli,
San Lorenzo, Argentina) in glass calibrated containers. All calibration procedures showed reproducible
linear relationships (R2 = 0.990).

2.3. Metal Removal Studies

Selected S. biloba specimens were gently rinsed with deionized water and placed (10.0 g wet basis) in
beaker glass (500 mL) with artificially-contaminated water at independently equal molar concentrations
(50 ± 2 and 100 ± 1 µM) of Cd (5.6 ± 0.2 and 11.2 ± 0.1 mg/L), Cu (3.2 ± 0.1 and 6.4 ± 0.1 mg/L), Pb
(10.4 ± 0.4 and 20.7 ± 0.2 mg/L) or Zn (3.3 ± 0.1 and 6.5 ± 0.1 mg/L). Metal concentrations were
selected in accordance with previously reported data [12–19]. The experiments were carried out in
controlled conditions at an average room temperature of 24 ± 2 ◦C under artificial light with a photon
flux intensity of 50 µmol m−2 s−1 (Osram Dulux L HE, Munich, Germany) and 12 h photoperiod
according to [18,19]. Three experimental units (n = 3) were used as replicates for each exposure time
(0, 2, 4, 6, 10, 24, and 48 h) and the data were reported as mean value ± standard deviation (S.D.).
Additionally, two controls were carried out. The first one contained each analyzed metal at the same
initial concentration of the treatment (i.e., 50 ± 2 or 100 ± 1 µM) without S. biloba biomass and was
used to determine the possible adsorption of the metal onto the surface of the glass container. In all
cases, metal concentrations in the water column did not change along the experimental time (48 h)
indicating that no Cd, Cu, Pb, or Zn adsorption occurred in the system. The second control contained
S. biloba biomass (10.0 g) in deionized water (i.e., without any metal addition) and was used as the
experimental blank. In all cases, no metals were quantified either in plant or medium. Additionally,
the pH of the sample solutions was adjusted at 6.0 ± 0.2 with 4 N HCl (Cicarelli, Santa Fe, Argentina)
using an AD1030 digital pH-meter (Adwa, Nus, falău, Romania) to avoid possible metal hydroxides
precipitation. At the different exposure times (0, 2, 4, 6, 10, 24, and 48 h) water samples were withdrawn
and residual concentration of Cd, Cu, Pb, or Zn were respectively quantified by atomic absorption
using a Varian AA240FS spectrophotometer (Varian Inc., Palo Alto, MA, USA). Total biomass was
removed for elemental analysis (Section 2.4) at the end of the experimental time (48 h). In addition,
the aerial leaf-like fronds (herein referred to as “leaves”) of the treated plants were separated for further
physiological parameters analysis (Section 2.5).
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2.4. Metal Removal Kinetics

The rate of a chemical reaction can provide important information concerning the mechanism
and behavior at which biological interactions in living systems occur [20,21]. With this aim, first- and
second-order reaction models were applied to evaluate the rate of Cd, Cu, Pb, or Zn removal from
water samples. The linear forms of the first (1) and second (2) order rate equations are expressed
as follows:

ln Ct = ln C0 − K1 Ct (1)

1
Ct

=
1

C0
+ K2t (2)

where Ct = metal residual concentration (mg/L) at time t (h), C0 = initial metal concentration (mg/L),
K1 = first order reaction rate constant, and K2 = second order reaction rate constant [19].

2.5. Elemental Analysis

To assess metal distribution after the phytoremediation process, three compartments were defined
as described in [18]: (i) Remainder in the water column, (ii) adsorbed on the plant biomass surface,
and (iii) accumulated into total plant biomass. Samples from the water column were quantified as
described in Section 2.1. Subsequently, total biomass was collected at the end of the experimental time
(48 h) and gently washed with deionized water. After removing the excess of liquid over a filter paper,
plant biomass was washed with 500 mL of 1.7 mM EDTA solution (concentration equivalent to a molar
ratio EDTA/metal≥ 17) for 60 min in an orbital shaker at 180 rpm. Samples from this washing were taken
to quantify Cd, Cu, Pb or Zn respectively adsorbed on the plants’ surface. The EDTA-washed biomass
was then rinsed with deionized water and dried at 70 ◦C for 24 h. Then, 50.0 mg of dried-biomass
were treated with 1.0 mL 65% HNO3 analytical grade (Cicarelli, Santa Fe, Argentina) and heated at
120 ◦C in a digestion system for 3 h. Finally, aliquots of digested samples were accordingly diluted
with acidic water (0.15% v/v HNO3, Cicarelli, San Lorenzo, Argentina) in glass calibrated containers to
quantify the amount of the different metal ions (i.e., Cd, Cu, Pb, or Zn) accumulated into plant tissues
by atomic absorption using a Varian AA240FS spectrophotometer (Varian Inc., Palo Alto, CA, USA).

2.6. Physiological Parameters

2.6.1. Quantification of Photosynthetic Pigments

To determine the amount of photosynthetic pigments (chlorophylls and carotenoids) 50.0 mg
of fresh biomass (FW) were added with 96% (v/v) ethanol (1.0 mL) and incubated 24 h in darkness.
The extract was then centrifuged at 2500× g for 10 min. The supernatant was transferred to test
tubes, and the absorbance was measured at 480, 649, and 665 nm by using a Lambda 25 UV-vis
spectrophotometer (Perkin Elmer, Boston, MA, USA). Contents of chlorophylls (a, b, and total) and
carotenoids (carotenes and xanthophylls) were expressed as µg/g (FW) and calculated according to the
equations described in [22]:

chl a (µg/mL) = 12.19(A665) − 3.45(A649) (3)

chl b (µg/mL) = 21.99(A665) − 5.32(A649) (4)

chl total (µg/mL) = chla + chlb (5)

carotenoids (µg/mL) = [(1000A480 − 2.12[chl a]) − 70.16[chl b]]/220 (6)

where, 12.19 and 3.45 are the molar extinction coefficients (ε) for chlorophyll a (chl a) at 665 nm
(A665) and 649 nm (A649), respectively; and 21.99 and 5.32 are the molar extinction coefficients (ε) for
chlorophyll b (chl b) at 649 nm (A649) and 665 nm (A665), respectively.
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2.6.2. Determination of Antioxidants Pigments

Anthocyanin content was determined according to [23]. Briefly, plant samples (50.0 mg FW) were
incubated with 5.0 mL of methanol:HCl (99:1) and kept in the dark for 24 h. The extract was then
centrifuged at 2500× g for 10 min. The absorbance of the supernatant was measured at 550 nm using a
Lambda 25 UV-vis spectrophotometer (Perkin Elmer, Boston, MA, USA). Anthocyanins concentration
(A550/g FW) was calculated using an extinction molar coefficient of 33,000 mol−1 cm−1 according to [19].

Flavonoids content determination was assessed as described in [24]. One-half milligram (50.0 mg)
of fresh leaf tissue (FW) was frozen in liquid nitrogen and ground to a powder with a mortar.
The powder was extracted for 8 h with 0.6 mL of acidic methanol (1% v/v HCl in methanol), followed
by a second extraction with 1.2 mL of chloroform and 0.6 mL of distilled water. The extracts were
vortexed and then centrifuged for 2 min at 4500× g. Finally, the absorbance of the resulting solution was
measured at 330 nm using a UV-vis Lambda 25 spectrophotometer (Perkin Elmer, Boston, MA, USA).
Flavonoids concentration was expressed as absorbance units (A330) per gram of FW according to [19].

2.6.3. Soluble Carbohydrates

Soluble carbohydrate content was determined according to [23]. One-hundred milligram (100 mg)
of fresh leaf biomass was mixed with 2.0 mL of 80% (v/v) methanol and heated at 70 ◦C for 30 min.
After samples were cooled, 1.0 mL of the extract was mixed with 1.0 mL of 5% (v/v) phenol (Sigma-Aldrich,
St. Louis, MO, USA) and 5 mL of 95% v/v H2SO4 (Cicarelli, San Lorenzo, Argentina). Finally, the mixtures
were incubated for 1 h at room temperature and the absorbance of the supernatant was measured
at 640 nm using a UV-vis Lambda 25 spectrophotometer (Perkin Elmer, Boston, MA, USA). Soluble
carbohydrates concentration was expressed as mg/g FW using glucose (Sigma-Aldrich, St. Louis, MO,
USA) as a standard [19].

2.7. Statistical Analysis

Statistical analyses were performed using the SigmaStat 3.5 program (Systat Software Inc.,
San Jose, CA, USA). The Shapiro-Wilk and Levene tests were carried out to appraise data normality
and homogeneity, respectively. The analysis of variance (ANOVA) test was used to compared data
between control and metal-treated samples. Tukey’s honestly significant difference (HSD) post hoc test
was applied when the difference in the measured values between groups was different (p < 0.05).

3. Results and Discussion

3.1. Metal Removal Efficiency from Water-Polluted Samples

Figure 1 shows the efficiency of naturally-occurring S. biloba specimens to remove Cd, Cu, Pb,
and Zn from water artificially contaminated with 50 ± 2 µM (Figure 1a) or 100 ± 1 µM (Figure 1b) of
metal, in independent assays during 48 h of plants exposure. A biphasic nature of metal elimination
from the water column can be appraised with a first rapid phase process up to a period of about 6 h,
and a slower one from 10 h onwards that reach a plateau between 24–48 h, depending on the metal
and/or its concentration (Table 1). Similar patterns have been described by other authors for the removal
of several metal ions using a wide variety of aquatic macrophytes, including S. biloba [12,14,15,18].

The non-linear kinetics of Cd, Cu, Pb, and Zn elimination from the water column observed in
Figure 1, suggests that S. biloba utilizes various mechanisms for the removal of these cations. Metal
sorption by the submerged root-like modified fronds (commonly named “roots”) of Salvinia specimens
is probably the fastest component of metal uptake by these plants and may occur by a combination of
physical and chemical processes such as ionic bonds, chemical chelation, and ionic exchange [15,18].
The content of macromolecules (i.e., carbohydrates, protein, and lipids) with negatively charged groups
(e.g., carboxyl, sulphate, and phosphate) at the plant’s surface area, are key factors that determine
the binding mechanism between the cationic metals and the biomass [25]. In such sense, Salvinia
sp. biomass is characterized by a great specific surface area rich in carbohydrates and carboxyl
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groups, which may explain its high metal removal capacity [26,27]. Recently, [18] obtained the
FTIR-ATR (Fourier transform infrared spectroscopy-Attenuated total reflectance) spectrum for S. biloba
biomass and reported the presence of different functional groups such as carboxyl, phosphate, amide,
and hydroxyl suggesting the involvement of these groups in Pb adsorption.

On the other hand, biological processes that involve metal intracellular uptake by transmembrane
proteins or ionic channels and the posterior translocation to the aerial parts of the plant are likely
responsible for the slower phase of metal removal in S. biloba [12,15,18].

Additionally, the data depicted in Figure 1a,b show that metal removal efficiency in S. biloba is also
affected by both metal concentration and exposure time, in agreement with previous reports [12–19].
However, the phytoremediation efficiencies of S. biloba for Cd and Zn were strongly affected by the
metal concentration in comparison to the performance observed for Cu and Pb.
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Table 1. Percentage of removed Cd, Cu, Pb, and Zn by S. biloba at different exposure times and metal
initial concentrations.

Exposure
Time (h)

50 ± 2 µM 100 ± 1 µM

Cd Cu Pb Zn Cd Cu Pb Zn

0 0A 0A 0A 0A 0A 0A 0A 0A

2 27 ± 2bB 46 ± 9cB 50 ± 7cB 29 ± 1bB 19 ± 3aB 42 ± 3cB 66 ± 1dB 15 ± 2aB

4 52 ± 2bC 62 ± 6cC 82 ± 1dC 49 ± 1bC 25 ± 6aBC 66 ± 7cBC 81 ± 3dC 33 ± 4aC

6 56 ± 6bC 76 ± 7cCD 90 ± 2dD 51 ± 1bC 30 ± 7aC 77 ± 9cCD 86 ± 2cdD 42 ± 7abC

10 69 ± 3cD 90± 8deDE 97 ± 1eE 67 ± 7cD 37 ± 3aC 84 ± 6dD 94 ± 1eE 59 ± 1bD

24 72 ± 1bDE 99 ± 2cE 98 ± 1cE 72 ± 3bDE 50 ± 4aD 98 ± 1cE 96 ± 1cE 69 ± 3bDE

48 79 ± 4cE 100 ± 2dE 99 ± 2dE 77 ± 5cE 56 ± 2aD 99 ± 2dE 97 ± 2dE 70 ± 4bE

1 Results are presented as mean ± S.D. Different lowercase letters in the same row indicate significant statistical
difference (p < 0.05) between different metals and concentrations; e.g., “a” and “b” are statistically different from
each other but not from “ab”. Different uppercase letters in the same file indicate significant statistical difference
(p < 0.05) between exposure time for each metal at each concentration; e.g., “A” and “B” are statistically different
from each other but not from “AB”.

As displayed in Table 1, in the first 6 h of plants exposure to 50 ± 2 µM of Cu or Pb, the metal
removal efficiency was markedly high for both metals (76± 7% and 90± 2% for Cu and Pb, respectively).
Noticeably, when Cu and Pb concentrations were doubled to 100± 1 µM, the efficiency of the bioprocess
during the first 6 h was not practically affected since the removal rates of both metals were similar to
those attained at the lower concentration (i.e., 50 ± 2 µM). Moreover, S. biloba showed a great capacity
to remove Cu and Pb at both molar concentrations tested (>95%) in just 24 h of metal exposure,
in agreement with the Cu and Pb hyperaccumulation capacity reported for these macrophytes [17,18].
However, as depicted in Figure 1, Cu elimination from the water column seemed to be slightly slower
than that of Pb. This behavior is supported by the results shown in Table 1, where higher Pb removal
values by S. biloba were reached between 4 to 10 h of metal-exposure, in comparison to the removal
rates obtained for Cu at both 50 ± 2 µM and 100 ± 1 µM at the same period. Moreover, it should be
highlighted that maximal Pb removal rates by S. biloba were obtained from 10 h onwards of metal
exposure at both concentrations tested. These results agree with the lower rate constant K1 values
calculated for Cu (Table 2, Section 3.2), suggesting some differences in Cu and Pb uptake mechanisms
by this plant. In this context, [28] reported the activation of mechanisms of chelation and metal
sequestration mediated by phytochelatins in the roots of S. minima exposed during 24 h to 40 µM
Pb. More recently, [29] demonstrated an increment in the expression levels of four genes coding
transmembrane transport proteins (SmABCC, SmATPase, SmNhaD, and SmABCG) in S. minima also
exposed to 40 µM Pb during 24 h. Also, these authors have suggested that the above-mentioned genes
are implicated in Pb accumulation in S. minima [29]. Hence, it may be expected that other Salvinia
species share similar biosorption mechanisms for Pb uptake.

Table 2. Rate constants of first (K1) and second (K2) order kinetic models obtained for Cu, Pb, Cd,
and Zn removal from the metal-polluted water column by S. biloba.

Metal (µM)
First-order Kinetics Second-order Kinetics

K1 (1/h) R2 K2 (L/mg.h) R2

Cd 50 ± 2 0.1163 0.9227 0.0577 0.9922
100 ± 1 0.0424 0.8921 0.0080 0.9932

Cu 50 ± 2 0.1859 0.9936 1.3434 0.8932
100 ± 1 0.1770 0.9905 0.6033 0.8842

Pb 50 ± 2 0.3986 0.9907 0.1991 0.9340
100 ± 1 0.3173 0.9950 0.0945 0.8399

Zn 50 ± 2 0.1020 0.9413 0.0939 0.9985
100 ± 1 0.0928 0.9362 0.0230 0.9946
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Regarding copper, the occurrence of metallothioneins (i.e., Cu-metallothioneins) and their
importance for its detoxification have been reported in several organisms including plants, bacteria,
yeast, mollusks, and mammals [30]. Moreover, [31] demonstrated a mild expression of a type 2
metallothionein gene (AzMT2) in the aquatic fern Azolla filiculoides exposed during 48 h to a final
concentration of 10 µM, 100 µM, and 1 mM Cu, suggesting a role for AzMT2 in metal homeostasis.
However, the presence of metallothioneins in Salvinia sp. has not yet been described.

Noticeably, S. biloba was less efficient removing Cd and Zn from polluted-water when compared
to the performance observed for Cu and Pb. As exhibited in Table 1, after 6 h of plants exposure to
50 ± 2 µM Cd or Zn, metal removal efficiencies were 56 ± 6% and 51 ± 1%, respectively. These values
were much lower than those obtained at the same time and conditions for Cu and Pb (76 ± 7% and
90 ± 2%, respectively). Furthermore, at 24–48 h metal exposition, S. biloba was able to remove less than
80% of both metals in contrast to its efficiency with 50 ± 2 µM Cu or Pb (>95%) (Table 1).

When Cd and Zn concentrations were doubled to 100 ± 1 µM, S. biloba showed significantly lower
removal rates compared to those obtained at the lower concentration for both ions (Table 1). Moreover,
Cd phytoremediation was the most affected by the metal concentration increase. As presented in
Table 1, after 48 h metal exposition, S. biloba Zn removal efficiency decreased only 10% after doubling
metal concentration in the sample (77 ± 5% for 50 ± 2 µM vs. 70 ± 4% for 100 ± 1 µM), whereas this
decrease was approximately 40% when Cd concentration was doubled (from 79 ± 4% for 50 ± 2 µM
to 56 ± 2% for 100 ± 1 µM). These results may be partly explained by the high Cd toxicity reported
for several macrophytes, including Salvinia sp., even if at lower concentrations than those used at the
present study [32–34].

Accordingly, all these data strongly suggest that S. biloba has lower efficiency to remove equal
molar concentrations of Cd and Zn in comparison to Cu and Pb. However, it is interesting to note
that at both tested concentrations, remnant Pb, Cu, and Zn in water samples were below the limit of
admissible metal discharge in industrial wastewater (<2.4 µM for Pb, <23 µM for Cu, and <76 µM
for Zn) established by resolution No. 1089/82 (Santa Fe, Argentina).

These variations in the capacity of S. biloba to phytoremediate Cd, Cu, Pb, or Zn from polluted-water
should be explained by differences in the physical-chemical constants of the numerous physico-chemical
equilibria (e.g., adsorption, chelation, ion exchange) involved at the early stages of metal uptake
by the plants’ roots. In addition, different biological-regulated processes such as the expression of
metalloproteins may also occur. Finally, metal-selective metabolic and/or physiological responses in
S. biloba could also exist, and such responses may not only be dependent on the metal but also on its
concentration, and to a lesser extent, on the exposure time to the contaminant.

3.2. Metal Removal Kinetics

Kinetics studies are significant for wastewater treatment as these allow predicted rates of
contaminant removal to guide systems design. Also, the plants’ physiological need for metals plays
a key role in the uptake kinetics of metal and directly or indirectly affects the metal accumulation
process. Numerous kinetic models have been used to describe the reaction order of metal elimination in
biological-regulated systems [21,35]. In most cases, the dynamics of such bioprocesses can be properly
described by the first- or second-order reaction models [18,20].

As shown in Table 2, Cu and Pb removal from water fit a first-order reaction model, indicating
that the rate of Cu and Pb phytoremediation by S. biloba depends mainly on metal initial concentration.
In addition, the calculated K1 values for Pb removal were higher than the corresponding values
obtained for Cu suggesting that Pb elimination by S. biloba is faster than Cu removal. These results
confirm our previous observations (see Section 3.1).

Conversely, Cd and Zn removal from water fit a second-order reaction model, suggesting that
the rate of the phytoremediation process may depend on two first-order reactants such as metal
concentration and the number of metal-binding sites at S. biloba biomass.
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Additionally, the rate constants K1 and K2 were always higher at the lowest concentration tested,
indicating that metal concentration negatively affects the phytoremediation rate (i.e., metal removal by
S. biloba becomes slower as the metal concentration in water increased). However, the removal rate of
Cu and Pb by S. biloba was slightly affected when metal concentration was twice as great, while K2

values for Cd and Zn showed a 4- to 7-fold decrease.

3.3. Elemental Analysis

To understand the fate of the metals within S. biloba microcosm after 48 h exposition to Cu, Pb,
Cd, or Zn, three compartments were defined as described in [18]: (i) Remainder in the water column,
(ii) adsorbed on the plant biomass surface, and (iii) accumulated into total plant biomass. As laid out
in Figure 2, the greatest amount of metal removed from the water column was accumulated onto plant
biomass, indicating that metal uptake within the plant cells was the main removal mechanism used
by S. biloba under the assayed conditions. In general, the amount of metal accumulated was higher
as the initial concentration of metal in the water sample increased. However, the intracellular molar
concentrations of Cu, Pb, Cd, or Zn were very different according to each ion.
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As expected, high intracellular values of Cu and Pb were found in S. biloba biomass in line with its
high removal efficiencies (Figure 1 and Table 1). After 48 h of 100 ± 1 µM metal exposure, 2050 µg
Cu/g and 4800 µg Pb/g were found in plant biomass according with the Cu and Pb hyperaccumulation
capacity reported for S. biloba [17,18].

It is worth noting that, considering the lower efficiency showed for Cd and Zn removal by
S. biloba (Table 1), the intracellular molar concentration for 50 ± 2 µM Cd or Zn treatment were not
much different from the values found for Cu and Pb at the same treatment concentration (Figure 2).
However, when heavy metal concentration was twice as high in the water samples, the differences
in the amount of metal accumulated at S. biloba biomass were more evident. Moreover, a greater
difference in the metal-adsorbed/metal-accumulated ratio was observed between Cd and Zn. As seen
in Figure 2, the molar amount of Cd adsorbed on S. biloba biomass doubled when Cd concentration was
two-fold, while its intracellular molar concentration showed a 40% increase. Contrarily, the opposite
was virtually observed when increasing Zn concentration. In such case, doubling Zn concentration in
water from 50 ± 2 µM to 100 ± 2 µM also doubled the amount of metal accumulated on plant biomass,
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while Zn-adsorbed showed a 55% increase. Besides, it should be noticed that the bioaccumulation
capacity of Zn by S. biloba would not be fully appraised by only taking into account the biomass related
to the amount of metal accumulated since at the highest concentration tested (i.e., 100 ± 2 µM) only
1300 µg Zn/g biomass could be calculated compared to 2100 µg Cd/g. These results show that weighing
the competence of a plant species for metal-phytoremediation in terms of the ions accumulated in its
biomass is not always representative of the total amount of ions removed since for those elements with
low atomic weight this capacity can be undervalued.

As abovementioned (Section 3.1), the content of carbohydrates, protein, and lipids with carboxyl,
sulphate, phosphate, thiol, and hydroxyl groups at S. biloba surface are key factors that determine the
binding mechanism between the cationic metals and the plant’s biomass [18,25]. Thus, the presence of
multiple metal-binding sites, and/or with different affinities, for Cu, Pb, Cd, and Zn onto S. biloba biomass
is likely to occur. Moreover, metals penetrate plants mainly through the root system where most of
these ions are bound to the cell wall. Therefore, the polysaccharides cellulose, lignin, and hemicellulose
play an essential role in the complexation of metals [36,37]. Metal sequestration by cysteine- and
glutamic acid-rich peptides such as glutathione, phytochelatins, and metallothioneins are some of
the best well-known mechanisms of metal detoxification in plants. These peptides bind toxic heavy
metals forming complexes that are stored into cell compartments such as vacuoles and chloroplasts,
thus reducing the deleterious effect of metal ions to cells [31,38]. It has been proposed that in vivo,
phytochelatins and metallothioneins are involved in the cellular detoxification and accumulation of
several metals, including Cu, Pb, Cd, Ni, and Zn due to their ability to form stable metal-protein
complexes [31,39–41]. In addition, [28] reported the induction of phytochelatins expression in roots
and, to a lower extent, in leaves of S. minima in response to Pb; while [27] have suggested that calcium
channels may also be involved in the intracellular accumulation of some divalent metals in S. minima.
However, more experimental evidence is needed to support this hypothesis.

In conclusion, metal phytoremediation in S. biloba should be explained by a combination of several
coordinated mechanisms that involve: (i) metal union (i.e., adsorption) to plant biomass, (ii) metal
translocation through the cell wall, and (iii) metal sequestration, transport, and storage (e.g., into
vacuoles and chloroplast). Therefore, the differences observed in the adsorbed-to-accumulated ratio
for Cu, Pb, Cd, and Zn in S. biloba may depend on the type and number of metal-binding sites and their
affinity constants, the stoichiometry of such interactions, the induction of metalloproteins (for chelation,
transport, or sequestration), the opening of ionic channels (with possible differences in the migration
rate for each ion), and even with steric impediments associated with the size of the cations. Although
surface metal adsorption and intracellular accumulation are the main mechanisms used by S. biloba to
phytoremediate metal-polluted water, more studies are still needed, at a molecular level, to elucidate
the real complexity of such mechanisms.

3.4. Evaluation of Metal Phytotoxicity in S. Biloba

S. biloba exposed to Cu, Pb, Cd, or Zn during 48 h presented some symptoms of metal phytotoxicity
such as the presence of yellowish areas in leaves (i.e., chlorosis), alterations in the size and shape
of the floating-fronds, and signs of necrosis. The occurrence of necrotized areas (i.e., dark brown
pigmentation) on the surface of leaves increased with an increasing metal concentration in water
samples (Figure 3). All these observations are in tune with the suggested use of Salvinia sp. as an
ecological indicator of metal presence in contaminated environments [17–19,33].

Table 3 summarizes the data obtained for the content of chlorophylls, carotenoids, flavonoids,
anthocyanins, and soluble carbohydrate in floating leaves of S. biloba specimens after 48 h exposure to
50 ± 2 µM or 100 ± 1 µM of Cu, Pb, Cd or Zn, to quantify metal-phytotoxicity. Noticeably, the four
metals differently affected the distinct physiological markers evaluated. Chlorophylls content (chl a, chl b,
and chl total) was significantly reduced (p < 0.05) after 48 h exposure to 50 ± 2 µM and 100 ± 1 µM of Cu
or Pb. However, no differences were observed in the chlorophylls content for Cd and Zn treated-plants
in comparison to the control specimens (i.e., no metal-exposed). These results suggest that both Cu
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and Pb interfere with the normal metabolism of S. biloba since chlorophylls play an important role
in the capture of sunlight for plants photosynthetic bioprocesses [42]. In addition, carotenoids levels
were also significantly affected when these macrophytes were exposed to 100 ± 1 µM Cu. Carotenoids
are also essential to photosynthesis, acting as secondary photosynthetic pigments [43]. By contrast,
carotenoids content increased in leaves of S. biloba after 48 h exposure to both 50 ± 2 µM and 100 ± 1 µM
Cd. These results could explain in part the preservation in chlorophylls levels observed in leaves of
S. biloba after Cd exposure since carotenoids can quench excess excitation energy protecting chlorophyll
molecules from the oxidative damage [44,45]. No significant changes were observed for chlorophylls
and carotenoids content in leaves of S. biloba exposed to Zn at both concentrations tested (Table 3).
Although Zn-mediated alterations of the photosynthetic performance in other Salvinia species have
been described [46], plants tolerance to Zn is an inheritable physiological property since this element is
an essential micronutrient [47,48]. Moreover, plants physiological needs for Zn may be different even
between closely related species.
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Figure 3. Phenotypic changes observed in S. biloba specimens after 48 h exposure to metal-polluted
water: control (A); 100 ± 1 µM Cd (B), Cu (C), Pb (D), or Zn (E). Red-marked areas indicate some
representative changes on leaves (chlorosis and signs of necrosis) described in the text.

Inversely, the concentration of flavonoids and anthocyanins in S. biloba leaves after 48 h exposure
to water contaminated with 50 ± 2 µM and 100 ± 1 µM of Cu, Pb, Cd or Zn does not evidence any
significant differences (Table 3). Phenolic compounds can act as metal ions chelating agents preventing
the generation of radical oxygen species induced by the action of different metals [49]. Moreover,
some related studies have reported an increase in the total amount of flavonoids and anthocyanins
in Salvinia sp. exposed to metal(loids) indicating that these compounds could be involved in metal
tolerance described for these aquatic ferns [19,23,50]. However, in our study, no increase in antioxidant
pigments content was observed, possibly because the amount of Cu, Cd, Pb, and Zn accumulated into
S. biloba leaves was not detrimental at the oxidative level.

Similar results were observed for the content of soluble carbohydrates (Table 3). It has been described
that the presence of heavy metals in the environment affects the production of soluble carbohydrates
in some species of Salvinia, resulting in a decrease of the macrophytes photosynthetic capacity [42,51].
However, our results indicate that the presence of Cu, Pb, Cd, or Zn at the selected concentrations and
exposure times, did not affect carbohydrate metabolism in the aerial organs of S. biloba.
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Table 3. Content of photosynthetic (chlorophylls and carotenoids) and antioxidants (flavonoids
y anthocyanins) pigments, and soluble carbohydrates in leaves of S. biloba after 48 h exposure to
metal-polluted water with 50 ± 2 µM or 100 ± 1 of Cd, Pb, Cu, or Zn.

Physiological
Parameters

Control
Cd (µM) Cu (µM) Pb (µM) Zn (µM)

50 ± 2 100 ± 1 50 ± 2 100 ± 1 50 ± 2 100 ± 1 50 ± 2 100 ± 1

chl a
(µg/g FW)

156 ± 7a

(100%)
151± 15a

(97%)
160± 19a

(102%)
138± 24ab

(88%)
102± 16b

(65%)
123± 10b

(79%)
113 ± 5b

(72%)
156± 18a

(100%)
166± 36a

(106%)
chl b

(µg/g FW)
109 ± 6a

(100%)
92 ± 8a

(84%)
92 ±7a

(84%)
78 ± 12b

(71%)
65 ± 9b

(62%)
82 ± 7b

(75%)
81 ± 9b

(74%)
109± 14a

(100%)
105± 22a

(101%)
chl total

(µg/g FW)
261± 14a

(100%)
242± 24a

(93%)
257± 11a

(98%)
198± 35b

(76%)
167± 25b

(64%)
205± 16b

(78%)
194± 14b

(74%)
265± 25a

(102%)
271± 41a

(104%)
Carotenoids

(µg/g FW)
35 ± 2a

(100%)
43 ± 3b

(123%)
43 ± 2b

(123%)
37 ± 2a

(106%)
28 ± 2b

(80%)
36 ± 3a

(103%)
37 ± 2a

(106%)
34 ± 2a

(97%)
38 ± 4a

(108%)
Flavonoids
(Abs/g FW)

87 ± 5a

(100%)
89 ± 4a

(102%)
82 ±8a

(94%)
91 ± 8a

(105%)
84 ± 4a

(97%)
95 ± 8a

(109%)
86 ± 7a

(99%)
93 ± 7a

(107%)
83 ± 7a

(95%)
Anthocyanins

(Abs/g FW)
560± 46a

(100%)
584± 45a

(104%)
549± 75a

(98%)
545 ± 8a

(97%)
596± 37a

(106%)
603± 78a

(108%)
566± 45a

(101%)
610± 60a

(109%)
581± 50a

(104%)
Carbohydrates

(mg/g FW)
42 ± 1a

(100%)
43 ± 3a

(102%)
41 ± 5a

(98%)
40 ± 7a

(95%)
38 ± 9a

(90%)
46 ± 2a

(109%)
37 ± 2a

(88%)
41 ± 7a

(98%)
40 ± 7a

(95%)
1 Results are presented as mean ± S.D. FW—Fresh Weight. Different letters in the same row indicate significant
statistical difference (p < 0.05); e.g., “a” and “b” are statistically different from each other but not from “ab”. Numbers
in brackets are the percent mean values calculated with respect to the control group.

Altogether, these results suggest that S. biloba features different responses to counteract Cu, Cd,
Pb, and Zn phytotoxicity. Although elements like Cu and Zn are critical for normal plant growth
and development, high concentrations of essential as well as non-essential metals (e.g., Cd and Pb),
can result in growth inhibition, chlorosis, water imbalance, among other toxicity symptoms. Plants
possess a range of potential cellular mechanisms that may be involved in the detoxification of heavy
metals and thus tolerance to metal stress. Some of such mechanisms include metal binding to the cell
wall and extracellular exudates, reduced metal-uptake or efflux pumping of metals; peptide-mediated
metal chelation (e.g., glutathione, phytochelatins, metallothioneins), and compartmentation of metals
in the vacuole, among others [52]. Therefore, the tolerance of a plant against heavy metal stress is
controlled by a complex and highly interrelated network of different molecular and physiological
approaches that help to counteract metal phytotoxicity [53]. Some of such mechanisms are strictly
directed to restrict metal translocation and transport to the most photosynthetically active organs of
the plants (i.e., leaves), thus protecting them from the oxidative damage and harmful effects caused by
the accumulation of heavy metals [19,52].

4. Conclusions

In this study, naturally-occurring S. biloba macrophytes obtained from Middle Paraná River
(Entre Ríos, Argentina) were analyzed to evaluate their efficiency to phytoremediate water artificially
contaminated with equal molar concentrations (50 ± 2 and 100 ± 1 µM) of Cd, Cu, Pb or Zn. S. biloba
proved to be highly effective for Cu ad Pb removal (>95%) from water samples, and to a lesser
extend for Zn (77–70%) and Cd (79–54%) elimination. The accumulation of Cd, Cu, Pb, and Zn in
plant tissue induced evident visual alterations in leaves, supporting the use of this aquatic fern as
an ecological indicator of heavy metal presence in contaminated waters. Additionally, some of the
selected physiological parameters at S. biloba leaves were more sensitive than others to the harmful
effects of metal accumulation. In general, the photosynthetic pigments were more susceptible to Cu
and Pb stress, whereas carotenoids were increased by Cd exposure and decreased when plants were
treated with 100 ± 1 µM Cu during 48 h. In addition, no changes in the content of antioxidant pigments
(flavonoids and anthocyanins) and soluble carbohydrates in S. biloba leaves were observed. Therefore,
the presented results demonstrate that S. biloba can differently manage equal levels of Cd, Cu, Pb,
and Zn in water and display dissimilar physiological responses to counteract metal phytotoxicity.
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However, large-scale performance assays and long-term metal phytoremediation studies using S. biloba
are still needed to further design plant-based systems for industrial-scale wastewater management.
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