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ABSTRACT

Lead (Pb) removal from water column was evaluated in batch experiments using
naturally occurring Salvinia biloba Raddi (S. biloba) specimens collected from Middle
Parana River and exposed every 24 h to a fresh discharge of water contaminated with
2.65+0.07, 12.62+0.02 or 30.57+0.01 mg L™ Pb, during 10 consecutive days.
S. biloba demonstrated a great ability for metal concentration-dependent Pb removal
under these stressful conditions. Additionally, Pb toxicity in plants was assessed by the
quantification of physiological parameters in root-like modified fronds (named “roots”),
and its aerial leaf-like fronds (named “leaves”) of submerged S. biloba. Photosynthetic
(carotenoids, chlorophyll a, b, and total) and antioxidant pigments (anthocyanins and
flavonoids), soluble carbohydrate content, and membrane stability index of both roots
and leaves were affected as the metal concentration increased. In general, root
deterioration was more pronounced than that in leaves, suggesting a greater implication
of the former organs in Pb removal by S. biloba. All of these deleterious effects were
well correlated with qualitative changes observed at plant phenotype during the assay.

In conclusion, S. biloba may be considered as a water fern useful in phytoremediation



strategies towards management of residual water bodies contaminated with Pb. In
addition, these macrophytes could also be valuable for water biomonitoring contributing

to improve risk assessments related to metal presence in wastewaters.
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1. Introduction

Environmental contamination with metals is a worldwide problem due to increased
industrialization and urbanization. Metals are major pollutants of fresh water reservoirs
because of their toxic, non-biodegradable, and persistent nature (Azimi et al., 2017).
Cadmium, lead (Pb), mercury, and arsenic are the toxic metals with high environmental
importance; all of them currently appear on the list of the ten chemicals of major public
concern to the World Health Organization (WHO, 2017). Among them, Pb is probably
the most abundantly distributed element with high molecular weight globally.
Important physico-chemical properties such as softness, malleability, ductility, poor
conductivity, and resistance to corrosion seem to make difficult to give up its use (Flora
et al., 2012; Wani et al., 2015). Although widespread Pb use has dropped in several
countries, it is still used in many industries like car repair, boat building, battery
manufacturing and recycling, metal plating and finishing, arms industry, tetraethyl lead
manufacturing, among others. Therefore, Pb is frequently present in industrial
wastewaters (Arbabi et al., 2015). Some methods like precipitation, ion exchange,
electrochemical processes and/or membrane processes are commonly applied to the

treatment of industrial effluents contaminated with Pb and other metals. However, the



application of such processes is sometimes restricted due to technical or economic
constraints (LOopez-Mesas et al., 2011).

Free Pb or its derivate compounds present in aquatic environments in sufficient amounts
can cause acute or chronic toxicity to aquatic organisms. In addition, a lot of cases of Pb
poisoning both in children and adults are still reported, particularly in developing
countries (Flora et al., 2012; Wani et al., 2015; CDC, 2016). The level of toxicity is
determined by bioavailability factors such as water chemistry, solubility, salinity, and
organic matter content (Cardwell et al., 2013). Many of the adverse effects of Pb are
reversible once exposure levels (i.e., concentration in the environment) fall. The search
for new technologies, preferably clean and inexpensive ones, has directed the attention
towards biological systems that can be used to remove Pb from water by natural
processes, and trap it where its biodisponibility to pose harmful effects to living
organisms is very low (Park et al., 2010). In such sense, phytoremediation methods
using plant biomass for removing metals from effluents and natural water reservoirs
have proven to be efficient and economical, and present high yield (Dhir, 2014; Arbabi
et al., 2015; Dixit et al., 2015). In particular, the use of aquatic plants for wastewater
renovation has become an important consideration for communities with limited
financial resources. Strategies using macrophyte species highly abundant in the region
and exhibiting high growth rates and elevated biomass production are of choice to make
phytoremediation technologies sustainable and economically viable (Rai, 2009;
Sukumaran, 2013). In addition, these plants have the advantage to be easily removed
from water body surfaces.

In Argentina, the ecosystem surrounding the Parana River is characterized by an
extensive wetland area with abundant and diverse aquatic vegetation due to favorable

thermal and light regime (Ferreira et al., 2011). Therefore, it seems appropriate the



implementation of free-floating plants in lagoons for treating metal-containing effluents
(Sukumaran, 2013; Dhir, 2014). Different macrophytes from Middle Parana River have
been widely studied for use in constructed wetlands for wastewater treatment because of
their high metal removal capacity (Maine et al., 2001, 2004; Hadad et al., 2006, 2007
Sufié et al., 2007). In particular, the genus Salvinia has shown high growth rate, great
capacity to survive under adverse environmental conditions, and proper transition metal
removal capacity (Dhir, 2014; Fuentes et al., 2014; Prado et al., 2016; Leal-Alvarado,
2016; Freitas et al., 2018). Salvinia sp. has about 20 species found in tropical and
temperate regions around the world, among the most common species in our region are
S. auriculata Aubl., S. minima Baker, S. natans (L.) All., and S. biloba Raddi; however,
studies on S. biloba with regard to removal of toxic metals from aquatic biota are scarce
(Freitas et al., 2018). In a recent study from our group, we have demonstrated the high
efficiency of S. biloba to remove Pb in water samples contaminated with three metal
concentrations (4.8+0.3, 9.1+0.4 and 19.6+0.5 mg L) at different exposure times
(0-24 h) (Tello Zevallos et al., 2018). We also evaluated the Pb removal kinetics and
demonstrated that surface adsorption was the predominant mechanism for metal
elimination in S. biloba during the first 24 h of metal exposure. In addition, we also
probed the Pb-hypperacumulator capacity of these autochthonous free-floating
macrophytes. However, we realize that most studies on metal bioremediation by
macrophytes and their toxic effects on plant physiology have been conducted by
submitting plants to “one-shot” pollutant exposure; i.e., a single toxicological impact.
Nevertheless, there are no reported data describing metal phytoremediation processes in
plants repeatedly exposed to successive inputs of the contaminant. Moreover, there is
limited information on the effect of Pb on physiological parameters of S. biloba and

how continuous Pb exposure may affect S. biloba capacity to remove the metal from



aqueous systems. Therefore, the aim of the present work was to evaluate how daily
exposure of S. biloba to water contaminated with different metal concentrations affects
the plant’s performance in Pb removal, and the capacity of this ongoing Pb exposure to
weaken physiological vitality from the leaves and roots of S. biloba. These data will
allow us to determine their tolerance and provide basic information related to the
potential use of these locally available macrophytes for long-term water depuration

strategies.

2. Materials and Methods

1.1. Collection of macrophytes

Specimens of Salvinia sp. were collected manually from a shallow lake at the Middle
Parana River (32°52' 35" S; 60° 40" 33" O) as described by Tello Zevallos et al. (2018)
(Fig. 1). During collection, the plants were stored at ambient temperature in plastic
recipients containing river water. Subsequently, the specimens were transported to the
laboratory and cultivated at room temperature (25 + 2 °C) under hydroponic conditions
in 10 L glass aquaria using a combination of municipal drinking water and lagoon
water. No further nutrients or special requirements were added. Taxonomic
classification was carried out by the Instituto de Botanica del Nordeste (IBONE-
CONICET, Universidad Nacional del Nordeste, Corrientes, Argentina) based on
morphological characteristics. Salvinia sp. specimens were classified as Salvinia biloba

Raddi (synonym: Salvinia herzogii de la Sota) according to De La Sota (1995).

1.2. Pb removal studies
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. The metal



concentrations selected were in accordance with previously reported data (Sanchez-
Galvan et al., 2008; Tello Zevallos et al., 2018). Ten grams (10.0 g) of wet biomass
were gently rinsed with deionized water during 15 min and placed in 400 mL glass
containers with different initial Pb concentrations (2.65+ 0.07 mg L; 12.62+0.02 mg
L1 or 30.57+0.01 mg L. Three experimental units were used as replicates for each Pb
concentration tested, and the data were reported as mean value + standard deviation
(S.D.). A control group containing S. biloba biomass not subjected to Pb exposure was
used as test reference. Additionally, two controls were included. One, containing Pb at
the same initial concentration as the treatment but without biomass, was used to
determine the possible adsorption of the metal onto the surface of the containers.
The content of Pb in the water column did not change during the experimental time,
indicating that no metal adsorption occurred in the system. Another control, containing
biomass in water without Pb, was used as blank of the experiment in which no metal
was quantified either in plant or medium. In all cases, pH was adjusted and maintained
at 6.0£0.5 with 1 N HNOsz (Cicarelli, Argentina) in order to avoid Pb(OH):
precipitation. Every 24 h, samples from water column were taken to determine residual
Pb concentration. Immediately after samples were taken, plants were transferred to a
new glass container with fresh Pb solution at the same initial metal concentration as
before (i.e., 2.65+ 0.07 mg L% 12.62+0.02 mg L* or 30.57+0.01 mg L%). This
procedure was aimed to simulate a daily discharge of the contaminant and was
performed during 10 consecutive days. In this sense, control plants were maintained
during 10 days in daily renewed distilled water, simulating the same procedure as used
for the plants exposed to Pb. All experiments were accomplished at an average room
temperature of 24+2 °C under artificial light intensity with a photon flux density of 50

pumol m~2 st (Osram Dulux L HE, Germany) and 12 h photoperiod. At the end of the



experimental period (10 days), total biomass was removed, separated to submerged
root-like modified fronds (named “roots™), and aerial leaf-like fronds (named “leaves”),
and finally treated for physiological parameter analysis. Pb quantification was
performed by using an atomic absorption spectrophotometer Varian AA240FS (Varian
Inc. Palo Alto, USA) as described by Tello Zevallos et al. (2018). Additionally, plant
material was photographically recorded during the entire assay in order to visually

assess phenotypic changes to S. biloba biomass related to Pb phytotoxicity.

2.3. Physiological parameters

2.3.1. Quantification of photosynthetic pigments

Photosynthetic pigments (chlorophylls and carotenoids) were determined according to
the method described by Leal-Alvarado et al. (2016). Fifty mg of fresh biomass (FW)
were added with 80% (v/v) acetone (4.5 mL) and incubated 24 h in darkness. The
extract was then centrifuged at 13000 x g for 10 min. The supernatant was transferred to
test tubes, and absorbance was measured at 470, 645 and 663 nm by using a Lambda 25
UV-vis spectrophotometer (Perkin Elmer, USA). Contents of chlorophyll and

carotenoid were calculated according to Wellburn’s equations (Wellburn, 1994):

chl a (ug/mL) = 12.25(Aee3) — 2.79(As4s)
chl b (ng/mL) = 21.5(Asa6) — 5.1(As63)
chl totar (Mg/mL) =chla + chl b

carotenoids (pug/mL) = [(L000A470 — 1.82[chl a]) — 85.02[chl b]]/198

Concentrations of photosynthetic pigments were expressed as g g~ FW.

2.3.2. Determination of antioxidant pigments



Phenolic compounds content was determined according to the method proposed by
Bizzo et al. (2014). For anthocyanin determination, plant samples (50 mg of FW) were
incubated with 5 mL of methanol:HCI (99:1) and kept in the dark for 24 h. The extract
was then centrifuged at 13000 x g for 10 min. The absorbance of the supernatant was
measured at 550 nm using a Lambda 25 UV-vis spectrophotometer (Perkin Elmer,
USA). Anthocyanin concentration (nmol gt FW) was calculated using an extinction
coefficient of 33,000 mol* cm™* (Wanger, 1979).

For flavonoid content determination, 50 mg of FW were mixed with
5 mL of ethanol:acetic acid (99:1). Then, the samples were gently boiled for 10 min in a
water bath at 80 °C. The absorbance was measured at 330 nm using a UV-vis Lambda
25 spectrophotometer (Perkin Elmer, USA). Flavonoid concentration was expressed as

absorbance units (AUss0) g* FW.

2.3.3. Soluble carbohydrates

Soluble carbohydrate content was determined according to Bizzo et al. (2014). A total
of 100 mg of FW was mixed with 80% (v/v) methanol (1 mL) at 70 °C for 30 min.
After samples were cooled, 1 mL of the extract was mixed with 1 mL of 5% (v/v)
phenol and 5 mL of H2SO4 (95 %). 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 ElImer, USA). Glucose (50 mg) was used as a

standard. The concentration of the soluble carbohydrates was expressed as mg g FW.

2.3.4. Membrane stability index (MSI)
MSI was determined as a surrogate parameter of cell membrane damage. Briefly, the

electrical conductivity of leaves and roots was assessed according to Leal-Alvarado et



al. (2016). Fifty mg of FW were rinsed with distilled water, placed in a glass tube
containing 10 mL of distilled water, and incubated at 40 °C for 30 min in a water bath.
Then electrical conductivity (E1) was measured using a conductimeter (EC 215, Hanna
Instruments, Romania). Immediately, tubes were boiled in a water bath for 15 min and

the electrical conductivity (E2) was recorded again. MSI was calculated as follow:

MSI (%) = [1 — (E1/E2) x 100]

1.3. Statistical analysis

Statistical analyses were performed using SigmaStat 3.5 program (Systat Software Inc.,
USA). Analysis of variance (ANOVA) was used to compare the data obtained from all
measured parameters between control and Pb-treated plants. Tukey's honestly
significant difference (HSD) post-hoc test was applied (95% of confidence level) when

necessary (p < 0.05).
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3, Results and Discussion

3.1. Daily Pb removal performance from aqueous solutions

The efficiency of Pb removal by S. biloba was assessed during ten consecutive days of
plants exposure to a daily input of water artificially contaminated with 2.65+0.07,
12.62+0.02 or 30.57+0.01 mg L Pb. As can be seen in Fig. 2, metal elimination from
water column was strongly affected by Pb concentration and exposure time. During the
first 24 h, S. biloba showed a great capacity to remove Pb, and this behavior was in total
agreement with previously reported data (Paris et al, 2005; Tello Zevallos et al., 2018).
Noticeably, even at the highest Pb concentration analyzed (i.e., 30.57+0.01 mg L),
86.7£5.1% of the metal was eliminated from water-contaminated samples at the end of
the first treatment day. This result correlates well with the decreasing tendency observed
in a previous study from our group showing S. biloba Pb removal efficiency values of
98.2+0.8%, 96.2+0.5% and 91.2+1.9% for 4.8+0.3, 9.1+0.4 and 19.6+0.5 mg L Pb,
respectively, during the first 24 h (Tello Zevallos et al., 2018). However, at the second
consecutive Pb input of 30.57+0.01 mg L (days 2), metal removal efficiency falls to
around 50%, and at day three (i.e., third consecutive Pb exposure) S. biloba
phytoremediation capacity reached a plateau and stayed at around 10% during the
following water Pb-contaminated challenges until the end of the experimental period. In
contrast, when macrophytes were exposed to a sustained daily input of 2.65+0.07 mg L
1 Pb, plants were extremely efficient in the metal removal maintaining a high
elimination performance during the entire sampling period. As shown in Figure 2,
during the first eight daily inputs of water contaminated with 2.65+0.07 mg L Pb, the
percentage of metal removal was over 94% and no significant differences in such
performance were observed as compared with the first 24 h. Only after the ninth

consecutive metal discharge, Pb removal by S. biloba was significantly different
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(p<0.05) from day one but it was still high (89.3+£3.6%). At the end of the treatment
period (10 days), all the macrophytes exposed to a daily discharge of water
contaminated with 2.65+0.07 mg L Pb still showed a great metal removal efficiency of
87.4+4.6%, similar to that observed for the plants that were exposed for 24 h to a metal
concentration of 30.57+0.01 mg L. Noticeably, in both cases, total metal (mg Pb)
uptake at plant biomass was approximately the same (Fig. 3). However, when S. biloba
specimens were exposed every 24 h to water contaminated with 12.62+0.02 mg L Pb,
the percentage of metal removal was maintained above 90% during the first three days
showing a moderate but constant decrease from day fourth until the end of the sampling
period. At the tenth day, a metal removal efficiency of 29.3+7.9% was calculated. These
results suggest that it is possible to find a relationship between the metal input and the
exposure time that optimizes metal uptake by plant biomass. As can be observed from
Figure 3, a greater extent of metal could be trapped by these macrophytes if the plants
were exposed to a daily discharge of water contaminated with Pb at a concentration
between 15-20 mg L during 10 consecutive days. All of these results demonstrate the
great ability of S. biloba to eliminate Pb during a repeated exposure to water samples
contaminated with the metal, as may be the case for a plant-based wastewater treatment
system from a metallurgical industry. In addition, our results support the use of
S. biloba for phytoremediation of water bodies contaminated by Pb, due to its ability to
hyper-accumulate the metal in its tissues (Tello Zevallos et al., 2018).

Several authors have reported the remarkable potential for metal phytoremediation of
Salvinia sp. and have explained that this ability partially depends on plant surface
characteristics. In general, all these macrophytes have a great specific surface area,
which is rich in carbohydrates, proteins, lipids, and molecules containing carboxyl

groups that are involved in the first step of the biosorption mechanism (Sanchez Galvan
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et al. 2008; Dhir, 2009; Lima et al., 2016). Recently, we have reported the presence of
different functional groups in S. biloba biomass such as carboxyl, phosphate, sulphur,
amide, hydroxyl and others suggesting the involvement of these functional groups in
metal adsorption (Tello Zevallos et al., 2018). In addition, some other studies have been
conducted in order to understand the molecular basis of the response of these
macrophytes when exposed to metals. Estrella-Gomez et al. (2009) demonstrated the
relationship between Pb accumulation and the activation of chelation and metal
sequestration mechanisms mediated by phytochelatins (PC) in the roots of S. minima.
PC expression is one of the best documented mechanisms to deal with heavy metals in
plants and other organisms. These proteins have the ability to bind toxic metals, forming
complexes that are stored in vacuoles and chloroplasts, thus reducing the deleterious
effect of metal ions to cells (Mendoza-Cdzatl et al., 2006). Moreover, these authors also
analyzed the relationship between Pb accumulation and changes in glutathione (GSH)
levels in both leaves and roots of S. minima, suggesting that an increase in GSH
biosynthesis may play an important role in protecting plant leaves from the oxidative
damage caused by Pb (Estrella-Gomez et al., 2012). More recently, Leal-Alvarado et al.
(2018) concentrated into the molecular basis of the metal detoxification mechanisms in
Salvinia. These authors analyzed the expression levels of four genes coding for
transporters (SmABCC, SmATPase, SmNhaD and SmABCG) in
S. minima exposed to Pb for 24 h, and demonstrated that those genes showed a rapid
and sharp increase in their expression levels (up to 60 times) in just 3-4 hours. In
addition, these authors proposed that the above-mentioned genes are also implicated in
metal detoxification and accumulation mechanisms, cell homeostatic control, and cell
membrane integrity regulation of plants. Although these data represent a first sight

scenario of the molecular basis for understanding the mechanism involved in S. minima
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ability to accumulate and tolerate Pb, it is expected that all aquatic ferns belonging to

this genus share similar biosorption mechanisms.

3.2. Phenotypic evaluation of Pb phytotoxicity in S. biloba

The phytotoxic effects observed in the biomass of S. biloba specimens after 10 days of
receiving daily discharges of water contaminated with different Pb concentrations are
shown in Figure 4. As can be seen, when the plants were exposed to concentrations of
2.65+0.07 mg L, 12.62+0.02 mg L and 30.57+0.01 mg L* of Pb (Fig. 4 B, C and D,
respectively) green chlorophyll changes towards darker areas (i.e., leaf chlorosis), loss
of turgor (alterations in size and shape), and signs of necrosis (cell death) were observed
both in the juvenile fronds and in the most developed ones. In general, a gradual
response of S. biloba to Pb phytotoxicity could be observed. The external
morphological damage, such as the occurrence of necrotized areas on the surface of
leaves, increased relative to the increase of metal concentration in the solution. The
necrotized areas presented dark brown pigmentation from the edge of the leaf toward
the center. At the high Pb concentration of 30.57+0.01 mg L™, a deposition of opaque
material was clearly observed along the middle lamella, giving it a sinuous shape. On
the contrary, after 10 days, the control group (Fig. 4 A) showed no apparent changes in
its physiological state with respect to its initial condition. In addition, in a
stereomicroscopic analysis, it was possible to determine that tissue necrosis was also
markedly present in those areas of greatest contact with Pb-contaminated water,
indicating that submerged leaves of S. biloba are also capable of absorbing water and
ions (Wollf et al., 2012). The deleterious changes induced by Pb sustained exposure
were also especially notorious in the papillae located at leaves epidermis (Fig. 5).

Moreover, it was determined that plants exposed to 2.65+0.07 mg L™ Pb showed signs

14



of phytotoxicity in less than half of their leaf area while the specimens exposed to the
higher concentrations showed approximately more than half of the foliar area with
damage. This was especially noticeable in plants exposed to 30.57+0.01 mg L* Pb.

It has been reported that aquatic plants exposed to transition metals show typical
symptoms, such as leaf and root necrosis, chlorosis, brownish-red coloration, reduced
biomass or reduced yield (Wolff et al, 2012; Freitas et al., 2018). This pattern is
associated with stomatal opening, a reduced nutrient absorption/transportation, and a
reduced rate of photosynthesis (Clemens, 2006). According to our observations,
S. biloba exposed to Pb presented morphological changes proportional to the
concentration of metal received. These results support a potential use of this aquatic fern
as an ecological indicator of Pb presence in contaminated environments since

phenotypic changes induced by the metal were clearly visible and easily quantified.

3.3. Photosynthetic pigments

The contents of chlorophyll and carotenoids are used as trusted indicators of metal
toxicity in higher plants. Chlorophylls are the main chloroplast pigments responsible for
collecting solar radiation during the photosynthetic process (Gomes et al., 2014). Total
chlorophyll concentration is a unifying parameter for indicating the effect of specific
interventions. However, it is important to record changes in the two components of
chlorophyll, chlorophyll a (chl a) and chlorophyll b (chl b). This is due to the fact that
metals could affect each component at a different level creating changes in some parts
of plant physiology and not in others (Manios et al, 2003).
On the other hand, carotenoids are essential to photosynthesis acting as secondary
pigments, pro-vitamin factors, and to eliminate free radicals in damaged tissue (Gomes

et al.,, 2014). In particular, carotenoids quench excess excitation energy to protect
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chlorophyll molecules from oxidative damage and stabilize the lipid bilayer of cell
membranes preventing peroxidation caused by reactive oxygen species (ROS) (Ramel et
al., 2013; Munné-Bosch et al., 2013).

In the present study, the photosynthetic pigments were the most affected physiological
parameters after daily Pb exposure in S. biloba. The amount of chlorophylls (chl a and
total) and carotenoids in the leaves of plants exposed during 10 consecutive days to a
daily discharge of Pb-contaminated water decreased significantly (p<0.05) with respect
to the control group. This effect was greater as the metal concentration increased
(Table 1).

In the roots, photosynthetic pigment content was also significantly affected during the
10 days of daily exposure to the different Pb concentrations analyzed (Table 1).
Nevertheless, chl b content in either organ did not change statistically, probably due to
a faster hydrolysis ratio of chl a compared with chl b when plants are under stress
(Manios et al., 2003). Although, chl b is not essential for photosynthesis, it is important
for the success of aquatic plants in absorbing light at 425-475-nm regions, where chl a
poorly absorbs (Tanaka & Tanaka, 2011). The observed reduction in pigment content is
consistent with the photographs depicted in Fig. 4, in which plants exposed to the higher
Pb concentration showed a marked increase in the darkening and chlorosis of leaves.
Our results demonstrate that a repeated Pb exposure interferes with the normal
metabolism of S. biloba, since both chlorophylls and carotenoids play an important role
in capturing sunlight for the photosynthetic processes. Despite this, no plant showed a
marked reduction of their biomass as compared with the control group after 10 days of
daily Pb exposure. However, when daily Pb exposure was extended from 10 to
44 days, only the untreated S. biloba specimens (control group) showed an increase in

plant biomass (Castillo Loria, 2017; unpublished master's thesis).
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Pb excess in plant tissues affects photosynthesis by a series of multiple factors,
including disruption of chloroplast organization; synthesis inhibition of chlorophylls,
plastoquinone and carotenoids; blocking of the electron transport chain; inhibition of
Calvin cycle enzyme activity and inhibition of CO, uptake as a result of stomata closing
(Gomes et al., 2014). Moreover, Gautam et al. (2011) suggested that chlorophyll
synthesis inhibition in the presence of Pb occurs by a reduction of the activity of the 5-
aminolevulinic acid dehydratase (ALAD), a key enzyme in the route of chlorophyll
synthesis. In addition, oxidative stress is a well-known feature of transition metal
physiological effects in plants (Fryzova et al., 2018). ROS are produced in the
chloroplast, either as byproducts of the reduction of molecular oxygen or as a result of
excitation in the presence of highly energized pigments, causing marked changes in the
composition of the thylakoid membrane where the photosynthetic pigments are
deposited (Singh et al., 2010; Pourrut et al., 2011; Fryzova et al., 2018). Other authors
have also shown the negative impact of Pb on the concentration of photosynthetic
pigments in Salvinia species. Dhir et al. (2011) determined that S. natans exposed for
48 h to 35 mg L of Pb showed a clear decrease in the content of chlorophyll and
carotenoids on plants leaves. Estrella-Gomez et al. (2009) reported that Pb
accumulation caused more damage in roots than in leaves due to a decrease in roots
carotenoids content. Our results correlate well with these findings since carotenoids in
roots of S. biloba were, in general, more affected than in leaves. However, at the highest
Pb concentration evaluated (30.57+0.01 mg L) a similar reduction (approx. 60%) in
carotenoid content was observed in both organs (Table 1). These differences in pigment
susceptibility between roots and leaves have been observed in other phytoremediation
plants suggesting that most of the metals entering the plants are stored in the root cells

in order to restrict metal translocation to aerial organs, thus protecting the
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photosynthetic tissues (Rai et al., 2004; Fuentes et al., 2014; Prado et al., 2016). More
recently, Leal-Alvarado et al. (2016) investigated the effect of Pb on the physiological
processes that affects photosynthesis in roots and leaves of S. minima Baker exposed to
40 uM Pb(NOs), (approx. 8 mg L Pb) during 24 h. These authors concluded that Pb
exposure first decreases the photosynthetic rate by damaging the root membrane, and
then inducing stomata closure at plants leaves that impairs CO> availability. However,
no changes at chlorophylls and carotenoids levels in leaves of
S. minima were observed in 24 h of Pb exposure. Therefore, our results highlight the
significance to perform repetitive metal exposition trials to identify additional
physiological changes in response to Pb, and how these changes could affect the
photosynthetic apparatus of plants as a biomarker of physiological damage, thus
becoming an important tool for selection of tolerant macrophytes for phytoremediation

purposes.

3.4. Antioxidant pigments

As observed in Table 1, the concentration of anthocyanins in S. biloba leaves after 10-
day exposure to water contaminated with Pb at different concentrations does not show
significant differences. In addition, flavonoids in leaves of S. biloba did not change after
10 days of stressing exposure to 2.65+0.07 and 12.62+0.02 mg Pb L of Pb.
Nevertheless, the concentration of flavonoids in fronds of S. biloba exposed during 10
days to a daily discharge of water containing 30.57+0.01 mg L of Pb significantly
decreased with respect to the unexposed control specimens (Table 1). Fini et al. (2011)
suggested that in plants subjected to severe/prolonged stresst, the very conditions that

lead to the inactivation of antioxidant enzymes can also upregulate the biosynthesis of
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antioxidant flavonoids, which suggests flavonoids constitute a secondary ROS-
scavenging system.

Phenolic compounds are essential in the defense mechanisms of plants against stress
caused by biotic and abiotic agents (Sgherri et al., 2003, PosmyKy et al., 2009, Tolr4 et
al., 2009; Caretto et al., 2015). These molecules can act as metal ion-chelating agents,
preventing the generation of ROS induced by the action of different metals (Michalak,
2006). In addition, numerous reports indicate that these compounds could be involved
in metal tolerance described for Salvinia sp. Bizzo et al. (2014) reported an increase in
the amount of total phenolic compounds in individuals of S. auriculata exposed for 48 h
to an abiotic stress induced by the presence of Cu(ll). In a recent study, Prado et al.
(2016) observed that the amount of total soluble thiols was strongly increased in leaves
of S. rotundifolia and S. minima after 7 days of receiving only an input of Cr(VI). In our
study, no increase in antioxidant pigment content in S. biloba leaves was observed,
possibly because of the more severe Pb exposing condition caused by the daily input of
metal-contaminated water.

On the other hand, in roots, the phytotoxic effect of Pb was higher than in leaves
(Table 1). In this case, the amount of anthocyanins and flavonoids significantly
decreased at all metal concentrations tested (p<0.05) after 10 days of sustained Pb
exposure. These results may be associated with the observed decrease in carotenoid
content described above (Table 1), suggesting that roots of Pb-exposed S. biloba plants
accumulated a high metal concentration that was harmful to root cell homeostasis.
Altogether, these facts suggest that S. biloba displays a coordinated and differential
response to Pb in leaves and roots, where GSH could also play an important role in
protecting leaves from the detrimental effects of Pb in a similar way as reported for

S. minima (Estrella-Gomez et al. 2012).
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3.5. Soluble carbohydrates

The accumulation of soluble carbohydrates in S. biloba after 10 days of a daily input
with water contaminated with different Pb concentrations showed dissimilar behavior
depending on the organ of the plant analyzed. In the leaves, a decreasing tendency in
carbohydrate amount was observed as Pb concentration increased (Table 1).
In particular, when S. biloba specimens were daily exposed during 10 days to a
discharge of water contaminated with 30.57+0.01 mg L™ of Pb, their leaves showed a
marked reduction of more than 70% in the concentration of soluble carbohydrates with
respect to the control plants (Table 1). Dhir et al. (2011) reported that the presence of
heavy metals in the environment affects the production of soluble carbohydrates in
Salvinia, resulting in a decrease in their photosynthetic capacity. Additionally, the
decrement in soluble carbohydrates in S. biloba leaves may be associated with a Pb-
induced closure of stomata that impairs CO; availability in a similar way as reported for
S. minima (Leal-Alvarado et al., 2016). These observations correlate with the above-
mentioned reduction in total chlorophyll amount, especially that of chl a and of ratio
between chla and chl b that are both important parameters in order to estimate the
effect of an environmental event in plants (Manios et al., 2003).

In contrast, in the roots of S. biloba exposed to Pb-contaminated water, the content of
soluble carbohydrates equally increased for all metal concentrations tested (Table 1).
These results might be due to a reduction in carbohydrate utilization as a consequence
of a lower rate in carbon assimilation caused by the marked reduction in the
concentration of photosynthetic pigments (i.e., chlorophylls and carotenoids) in these
organs. Similar phenomena were reported by other authors in the roots of macrophytes
phylogenetically related to Salvinia sp. when those plants were exposed to metals.

Wilson and Al-Hamdani (1997) observed a significant increase in the accumulation of
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sucrose, starch, and total nonstructural carbohydrates in Azolla caroliniana grown in the
presence of Cr(VI1). More recently, Prado et al. (2010) reported an increase in sucrose
and fructose content in the submerged fronds of
S. minima after 6 days of exposure to 5 mg Lt and 10 mg L™ Cr(V1).

Rosa et al. (2009) found that different conditions of environmental stress can induce the
mobilization of soluble sugars where they are required for maintenance of the osmotic
homeostasis of cells, since these compounds not only act as structural cellular
constituents, but also as intracellular signaling molecules involved in the regulation of
metabolic processes associated with growth and survival of plants. As we have shown,
S. biloba roots have been highly affected by sustained Pb-exposure, so it is also possible
that the stress caused by metal accumulation produced an increase in the amount of
soluble carbohydrates as a protective mechanism, since these organs play a very active

role in nutrient management.

3.6.  Membrane stability index (MSI)

Lead ions are known to induce membrane peroxidation, membrane damage, and
increased electrolyte leakage (Singh et al., 2010; Leal-Alvarado et al., 2016). In this
study, cell membrane stability for control and metal-treated plants was measured from
root and leaf tissues using the membrane stability index (MSI) as a surrogate marker of
Pb phytotoxicity. As can be seen in Table 1, the leaves from the control plants and
S. biloba specimens daily exposed to Pb concentration of 2.65+0.07 mg L* and
12.62+0.02 mg L™ showed MSI (%) values of approximately 70% after 10 days of
treatment. These observations suggest that, in these metal concentrations, there was no
increased cellular membrane dysfunction due to Pb stress at S. biloba leaves. However,

when the plants were exposed to the highest concentration of 30.57+0.01 mg L? there
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was a sharp decrease in the MSI (%), suggesting that a significant membrane damage
had occurred.

Conversely, in roots, the toxic effect of metal was present at all Pb concentrations tested
with respect to control group, even at the lowest concentrations (Table 1). Our data
indicate that Pb did cause a structural damage and alterations in S. biloba membrane
properties at both organs that may be associated with changes of the membrane proteins
or lipid composition caused by the metal presence (Fuentes et al., 2014). However, as
we have already discussed for other physiological parameters, the impact of Pb toxicity
was different between roots and leaves, being higher in the roots. The difference in MSI
(%) values between leaves and roots suggests a more active participation of the latter
organs in capturing and storing the metal. In this regard, Hoffman et al. (2004)
determined that of the 88% of the Pb removed by S. minima from water samples
artificially contaminated with 20 mg L™ of metal in 24 h, 75% was accumulated in the
roots while only 13% was accumulated in the leaves. More recently, Leal-Alvarado et
al. (2016) analyzed the proportion of Pb incorporated in S. minima after 24 h of
exposure to a solution of 40 uM Pb(NOs), (aprox. 8 mg L* Pb), determining that roots
accumulated six times more metal than leaves. In addition, these authors observed that
the rate of electrolyte release in leaves was lower than in roots reflecting that, due to the
greater accumulation of Pb in the roots, the damage at cell membrane level was higher.
In general, during the first stages of a phytoremediation process, the metal ions are
adsorbed and incorporated into the roots of the plants where they are stored through the
formation of complexes with amino acids, binding to peptides/proteins, and/or
sequestered in vacuoles. These mechanisms restrict the translocation of metals to higher
organs, and protect the tissues of the leaves, particularly the photosynthetic cells, from

the damage caused by the accumulation of metals. Therefore, it is feasible to assume
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that the decrease in the efficiency of metal removal by plants is mostly linked to the loss
of the integrity of their roots due to the high metal accumulation. However, when the
metal exposition is more aggressive (i.e., persistent inputs of high metal concentration),
translocation and accumulation of metals on leaves seem to be fastest-pushed with the
concomitant damage to leaves cells, as can be assumed from our results.

In summary, all these data show the great potential of S. biloba species to be used in the
sanitation of waters polluted with Pb through phytoremediation strategies. Overall, the
results presented here suggest that the incorporation of this macrophyte in the design of
industrial effluent treatment systems could be a successful strategy in favor of removing

metals.

3. Conclusions

At the present study, autochthonous S. biloba macrophytes obtained from Middle
Parand River (Argentina) were analyzed in order to evaluate Pb removal performance
under sustained and stressing metal exposure conditions for phytoremediation purposes.
S. biloba plants seem to have high long-term Pb tolerance and a good metal uptake
capacity that depends on metal concentration of the medium. Low daily Pb input levels
allowed plants to maintain a high efficiency in metal removal performance from water
during 10 days. However, total metal uptake by S. biloba may be maximized at higher
Pb concentrations partially compromising the metal removal capacity of the plants. The
accumulation of Pb in plant tissues induced evident alterations in leaf morphologies,
supporting the potential use of this aquatic fern as an ecological indicator of Pb presence
in contaminated environments. Additionally, some physiological and biochemical
parameters were more sensitive to the metal entering the tissues than others. In general,

levels of photosynthetic and antioxidant pigments, soluble carbohydrates, and
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membrane integrity showed significant changes in plants exposed to Pb-contaminated
water in both roots and leaves of S. biloba. The roots were more implicated in the
pollutant removal process and, in such sense, the more affected by metal exposure. The
sensitivity of plants to metals depends on an interrelated network of physiological and
molecular mechanisms such as: (i) uptake and accumulation of metals through binding
of extracellular exudates and cell wall constituents; (ii) efflux of metals from cytoplasm
into vacuoles; (iii) complexion of metal ions inside the cell; (iv) induction of
antioxidative enzymes; and (v) modification of plant metabolism to the rapid repair of
damaged cell structures in order to adapt and survive in adverse environments. The
results presented in this paper demonstrate that S. biloba bears immense potential to
accumulate and withstand high levels of Pb presented in water and possesses efficient
detoxification mechanisms, including cellular antioxidants which play a major role in
protecting photosynthetic machinery against oxidative stress. Furthermore, our results
also suggest that selection of suitable aquatic macrophytes for potential application in
long-term phytoremediation strategies might require an additional focus on the
relationship between sustained toxicity of metals and the primary metabolism of the
considered plant species. In addition, owing to features such as high biomass production
under natural conditions, S. biloba proves to be a robust free-floating aquatic

macrophyte with a great value for phytoremediation of Pb-contaminated water bodies.

Acknowledgements
The authors wish to thank to the Pontifical Catholic University of Argentina (UCA-
campus Rosario) for the funds provided. Mg. K. Castillo Loria thanks to the University

of Costa Rica for the financial support. The authors would like to thank Ms. Luisina

25



Torra (Mat. 1132, Association of Translators of the Province of Santa Fe, 2" District)

for her technical assistance during language proofreading.

References

Arbabi, M., Hemati, S., Amiri, M., 2015. Removal of lead ions from industrial
wastewater: a review of removal methods. Int. J. Epidemiol. Res. 2, 105-109.
https://doi.org/10.1016/S0043-1354(02)00554-7.

Azimi, A., Azari, A., Rezakazemi, M., Ansarpour, M., 2017. Removal of heavy metals
from industrial wastewaters: a review. ChemBioEng. Rev., 4, 37-59.
http://dx.doi.org/10.1002/cben.201600010.

Bizzo, A.L., Intorne, A.C., Gomes, P.H., Susuki, M.S., Esteves, B.D., 2014. Short-term
physiological responses to copper stress in Salvinia auriculata Aubl. Acta Limnol. Bras.
26, 268-277. http://dx.doi.org/10.1590/S2179-975X2014000300006.

Cardwell, R.D., Deforest, D.K., Brix, K.V., Adams, W.J., 2013. Do Cd, Cu, Ni, Pb, and
Zn biomagnify in aquatic ecosystems? Rev. Environ. Contam. Toxicol. 226, 101-122.
http://dx.doi.org/10.1007/978-1-4614-6898-1 4.

Caretto, S., Linsalata, V., Colella, G., Lattanzio, V., 2015. Carbon fluxes between
primary metabolism and phenolic pathway in plant tissues under stress. Int. J. Mol.
Sci. 16, 26378-26394. http://dx.doi.org/10.3390/ijms161125967.

Castillo Loria, K., 2017. Fitorremediacion de Pb?* empleando Salvinia biloba Raddi en
sistemas acuéticos: evaluacion de la intensidad y periodicidad de la descarga
contaminante sobre la eficiencia del proceso y la fisiologia vegetal. Unpublished
master’s thesis. Argentina: Pontifical Catholic University of Argentina.

Centers for Disease Control and Prevention (CDOC), 2016.

https://www.cdc.gov/nceh/lead/data/index.htm.

26



Clemens, S., 2006. Toxic metal accumulation, responses to exposure and mechanisms
of tolerance in plants. Biochimie. 88, 1707-1719.
http://dx.doi.org/10.1016/j.biochi.2006.07.003.

De La Sota, E.R., 1995. Nuevos sindénimos en Salvinia Ség. (Salviniaceae-
Pteridophyta). Darwiniana. 33, 309-313.

Dhir, B., 2009. Salvinia: An aquatic fern with potential use in phytoremediation.
Environ. We Int. J. Sci. Tech. 4, 23-27.

Dhir, B., Sharmila, P., Pardha Saradhi, P., Sharma, P., Kumar, R., Mehta, D., 2011.
Heavy metal induced physiological alterations in Salvinia natans. Ecotoxicol. Environ.
Saf. 74, 1678-1684. http://dx.doi: 10.1016/j.ecoenv.2011.05.009.

Dhir, B., 2014. Potential of biological materials for removing heavy metals from
wastewater. Environ. Sci. Pollut. Res. Int. 21, 1614-1627.
http://dx.doi.org/10.1007/s11356-013-2230-8.

Dixit, R., Wasiullah, E., Malaviya, D., Pandiyan, K., Singh, U.B., Sahu, A. Shukla, R.
Singh, B.P., Rai, J.P., Sharma, P.K., Lade, H., Paul, D., 2015. Bioremediation of heavy
metals from soil and aquatic environment: an overview of principles and criteria of
fundamental Processes. Sustainability. 7, 2189-2212.
http://dx.doi.org/10.3390/su7022189.

Estrella-Gémez, N., Mendoza-Cozatl, D., Romero-Sanchez, R., Gonzéles-Mendoza, D.,
Zapata-Pérez, O., Martinez-Hernandez, A., Santamaria, J.M., 2009. The Pb-
hyperaccumulator aquatic fern Salvinia minima Baker, responds to Pb?* by increasing
phytochelatins via changes in SmPCS expression and in phytochelatin synthase activity.
Aguat. Toxicol. 91, 320-328. http://dx.doi.org/10.1016/j.aquatox.2008.11.002.
Estrella-Gomez, N.E., Sauri-Duch, E., Zapata-Pérez, O., Santamaria, J.M., 2012.

Glutathione plays a role in protecting leaves of Salvinia minima from Pb?" damage

27



associated with changes in the expression of SmGS genes an increased activity of GS.
Environ. Exp. Bot. 75, 188-194. http://dx.doi.org/10.1016/j.envexpbot.2011.09. 001.
Ferreira, F.A., Mormul, R.P., Thomaz, S.M., Pott, A., Pott, V.J., 2011. Macrophytes in
the Upper Parand River floodplain: checklist and comparison with other large South
American wetlands. Rev. Biol. Trop. 59, 541-556.

Fini, A., Brunetti, C., Di Ferdinando, M., Ferrini, F., Tattini, M., 2011. Stress-induced
flavonoid biosynthesis and the antioxidant machinery of plants. Plant Signal Behav. 6,
709-711. http://dx.doi.org/10.4161/psb.6.5.15069.

Flora, G., Gupta, D., Tiwari, A., 2012. Toxicity of lead: a review with recent updates.
Interdiscip. Toxicol. 5, 47-58. http://dx.doi.org/10.2478/v10102-012-0009-2.

Freitas, F., Lunardi, S., Souza, L.B., von der Osten, J.S.C., Arruda, R., Andrade, R.L.T.,
Battirola, L.D., 2018. Accumulation of copper by the aquatic macrophyte Salvinia
biloba Raddi (Salviniaceae). Braz. J. Biol. 78, 133-139. http://dx.doi.org/10.1590/1519-
6984.166377.

Fryzova, R., Pohanka, M., Martinkova, P., Cihlarova, H., Brtnicky, M., Hladky, J.,
Kynicky, J., 2018. Oxidative stress and heavy metals in plants. Rev. Environ. Contam.
Toxicol. 245, 129-156. http://dx.doi.org/10.1007/398_2017 7.

Fuentes, I.l., Espadas-Gil, F., Talavera-May, C., Fuentes, G., Santamaria, J.M., 2014.
Capacity of the aquatic fern (Salvinia minima Baker) to accumulate high concentrations
of nickel in its tissues, and its effect on plant physiological processes. Aquatic Toxicol.
155, 142-150. http://dx.doi.org/10.1016/j.aquatox.2014.06.016.

Gautam, M., Singh, A.K., Johri, R.M., 2011. Impact of lead contaminated water on root

morphology of tomato and brinjal. Indian J. Hortic. 68, 512-515.

28


https://dx.doi.org/10.4161%2Fpsb.6.5.15069

Gomes, S.M. De S., De Lima, V.L.A., De Souza, A.P., Do Nascimento, J.J.V.R., Do
Nascimento, E.S., 2014. Chloroplast pigments as indicators of lead stress. Eng. Agric.
34, 877-884. http://dx.doi.org/10.1590/S0100-69162014000500007.

Hadad, H., Maine, M.A., Bonetto, C., 2006. Macrophyte growth in a pilot scale
constructed wetland for industrial wastewater treatment. Chemosphere. 63, 1744-1753.
http://dx.doi.org/10.1016/j.chemosphere.2005.09.014.

Hadad, H.R., Maine, M.A., Natale, G.S. and Bonetto, C., 2007. The effect of nutrient
addition on metal tolerance in Salvinia herzogii. Ecol. Eng. 31, 122-131.
http://dx.doi.org/10.1016/j.ecoleng.2007.06.012.

Hoffman, T., Kutter, C., Santamaria, J.M., 2004. Capacity of Salvinia minima Baker to
tolerate and accumulate As and Pb. Eng. Life Sci. 4, 61-
65. https://doi.org/10.1002/elsc.200400008.

Leal-Alvarado, D.A., Espadas, F., Séenz-Carbonell, L., Talavera, C., 2016. Lead
accumulation reduces photosynthesis in the lead hyper-accumulator Salvinia minima
Baker by affecting the cell membrane and inducing stomatal closure. Aquatic Toxicol.
171, 37-47. http://dx.doi.org/10.1016/j.aquatox.2015.12.008.

Leal-Alvarado, D.A., Estrella-Maldonado, H., Séenz-Carbonell, L., Ramirez-Prado,
J.H., Zapata-Pérez, O., Santamaria, J.M., 2018. Genes coding for transporters showed a
rapid and sharp increase in their expression in response to lead, in the aquatic fern
(Salvinia minima Baker). Ecotoxicol. Environ. Safe. 147, 1056-1064. 171, 37-47.
http://dx.doi.org/10.1016/j.ecoenv.2017.09.046.

Lima, L.K.S., Silva, M.G.C., Vieira, M.G.A., 2016. Study of binary and single
biosorption by the floating aquatic macrophytes Salvinia natans. Braz. J. Chem. Eng.

33, 649-660. http://dx.doi.org/10.1590/0104-6632.20160333s20150483.

29



Lépez-Mesas, M., Navarretea, E.R., Carrillo, F., Palet, C., 2011. Bioseparation of Pb(ll)
and Cd(I1) from aqueous solution using cork waste biomass. Modeling and optimization
of the parameters of the biosorption step. Chem. Eng. J. 174, 9-11.
http://dx.doi.org/10.1016/j.cej.2011.07.026.

Maine, M.A., Duarte, M., Sufié, N., 2001. Cadmium uptake by floating macrophytes.
Water Res. 35, 2629-2634. https://doi.org/10.1016/S0043-1354(00)00557-1.

Maine, M.A., Sufié, N., Lagger, S.C., 2004. Chromium bioaccumulation: comparison of
the capacity of two floating aquatic macrophytes. Water Res. 38, 1494-1501.
https://doi.org/10.1016/j.watres.2003.12.025.

Manios, T., Stentiford, E.l., Millner, P.A., 2003. The effect of heavy metals
accumulation on the chlorophyll concentration of Typha latifolia plants, growing in a
substrate containing sewage sludge compost and watered with metaliferus water. Ecol.
Eng. 20, 65-74. http://dx.doi.org/10.1016/S0925-8574(03)00004-1.

Mendoza-Coézatl, D., Rodriguez-Zavala, J., Rodriguez-Enriquez, S., Mendoza-
Hernandez, G., Briones-Gallardo, G., Moreno-Sanchez, R., 2006. Phytochelatin—
cadmium-sulfide high-molecular-mass complexes of Euglena gracilis. FEBS J. 273,
5703-5713. http://dx.doi.org/10.1111/j.1742-4658.2006.05558.X.

Michalak, A., 2006. Phenolic compounds and their antioxidant activity in plants
growing under heavy metal stress. Polish J. of Environ. Stud. 15, 523-530.
Munné-Bosch, S., Queval, G., Foyer, C.H., 2013. The impact of global change factors
on redox signaling underpinning stress tolerance. Plant Physiol. 161, 5-19.
http://dx.doi.org/10.1104/pp.112.205690.

Paris, C., Hadad, H., Maine, M.A., Sufié¢, N., 2005. Eficiencia de dos macrofitas

flotantes libres en la absorcion de metales pesados. Limnetica. 24, 237-244.

30



Park, D., Yun, Y.S., Park, J.M. 2010. The past, present, and future trends of biosorption.
Biotechnol. Bioprocess Eng. 15, 86-102. http://dx.doi.org/10.1007/s12257-009-0199-4.
Posmyk, M.M., Janas, K.M., 2009. Melatonin in plants. Acta Physiol. Plant. 31, 1-11.
http://dx.doi.org/10.1007/s11738-008-0213-z.

Pourrut, B., Shahid, M., Ducat, C., Winterton, P., Pinelli, E., 2011. Lead uptake,
toxicity, and detoxification in plants. In: Whitacre, D.M. (Ed.), Reviews of
Environmental Contamination and Toxicology, 213. Springer, New York-USA, pp.
121-125. http://dx.doi.org/10.1007/978-1-4419-9860-6.

Prado, C., Rodriguez-Montelongo, L., Gonzélez, J.A., Pagano, E.A., Hilal, M., Prado
F.E., 2010. Uptake of chromium by Salvinia minima: effect on plant growth, leaf
respiration and carbohydrate metabolism. J. Hazard. Mat. 177, 546-553.
https://doi.org/10.1016/j.jhazmat.2009.12.067.

Prado, C., Ponce, S.C., Pagano, E., Prado, F.E., Rosa, M., 2016. Differential
physiological responses of two Salvinia species to hexavalent chromium at a glance.
Aquatic Toxicol. 175, 213-221. http://dx.doi.org/10.1016/j.aquatox.2016.03.027.

Rai, V., Vajpayee, P., Singh, S.N., Mehrotra, S., 2004. Effect of chromium
accumulation on photosynthetic pigments, oxidative stress defense system, nitrate
reduction, proline level and eugenol content of Ocimum tenuiflorum L. Plant Sci. 167,
1159-1169. https://doi.org/10.1016/j.plantsci.2004.06.016.

Rai, P.K., 2009. Heavy metal phytoremediation from aquatic ecosystems with special
reference to macrophytes. Crit. Rev. Environ. Sci. Technol. 39, 697-753.
http://dx.doi.org/10.1080/10643380801910058.

Ramel, F., Mialoundama, A.S., Havaux, M., 2013. Nomenzymic carotenoid oxidation
and photooxidative stress signalling in plants. J. Exp. Bot. 64, 799-805.

https://doi.org/10.1093/jxb/ers223.

31



Rosa, M., Prado, C., Podazza, G., Interdonato, R., Gonzalez, A., Prado, F., 2009.
Soluble sugars - Metabolism, sensing and abiotic stress. Plant Signal. Behav. 4, 388-
393. https://doi.org/10.4161/psh.4.5.8294.

Sanchez-Galvan, G., Monroy, O., Gémez, J., Olguin, E.J., 2008. Assessment of the
hyperaccumulating lead capacity of Salvinia minima using bioadsorption and
intracellular  accumulation  factors. Water Air Soil Pollut. 194, 77-90.
http://dx.doi.org/10.1007/s11270-008-9700-5.

Sgherri, C., Cosi, E., Navari-lzzo, F., 2003. Phenols and antioxidative status of
Raphanus sativus grown in copper excess. Physiol. Plant. 118, 21-28.
https://doi.org/10.1034/j.1399-3054.2003.00068.x.

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

Sukumaran, D., 2013. Phytoremediation of heavy metals from industrial effluent using
constructed wetland technology. Appl. Ecol. Environ. Sci. 1, 92-97.
http://dx.doi.org/10.12691/aees-1-5-4.

Sufié, N., Sanchez, G., Caffaratti, S., Maine, M.A., 2007. Cadmium and chromium
removal kinetics from solution by two aquatic macrophytes. Environ. Pollut. 145, 467-
473. http://dx.doi.org/10.1016/j.envpol.2006.04.016.

Tanaka, R., Tanaka, A., 2011. Chlorophyll cycle regulates the construction and
destruction of the light-harvesting complexes. . Biochim. Biophys. Acta. 1807, 968-976.

https://doi.org/10.1016/j.bbabio.2011.01.002.

32



Tello Zevallos, W., Salvatierra, L.M., Loureiro, D.B., Morato, J., Pérez, L.M., 2018.
Evaluation of the autochthonous free-floating macrophyte Salvinia biloba Raddi for use
in the phytoremediation of water contaminated. Desal. Water Treat. 103, 282-2809.
http://dx.doi.org/10.5004/dwt.2018.21709.

Tolrd, R., Barcelo. J., Poschenrieder, C., 2009. Constitutive and aluminum-induced
patterns of phenolic compounds in two maize varieties differing in aluminium tolerance.
J. Inorg. Biochem. 103, 1486-1490. http://dx.doi.org/10.3390/ ijms19051528.

Wanger, G.J., 1979. Content and vacuole/extra vacuole distribution of neutral sugars,
free amino acids, and anthocyanins in protoplast. Plant Physiol. 64, 88-93.
http://dx.doi.org/10.1104/pp.64.1.88.

Wani, A.L., Ara, A., Usmani, J.A., 2015. Lead toxicity: a review. Interdiscip. Toxicol.
8, 55-64. http://dx.doi.org/10.1515/intox-2015-00009.

Wellburn, A.R., 1994. The spectral determination of chlorophylls a and b, as well as
total carotenoids, using various solvents with spectrophotometers of different resolution.
J. Plant Physiol. 144, 307-313. http://dx.doi.org/10.1016/s0176-1617(11) 81192-2.
WHO (World Health Organization), 2017. Chemical Safety - Activity Report. Geneva,
Switzerland.

Wilson, G., Al-Hamdani, S., 1997. Effect of chromium (VI) and humic substances on
selected physiological responses of Azolla caroliniana. Am. Fern. J. 87, 17-27.
http://dx.doi.org/10.2307/1547244.

Wolff, G., Pereira, G.C., Castro, E.M., Louzada, J., Coelho, FF., 2012. The use of
Salvinia auriculata as a bioindicator in aquatic ecosystems: biomass and structure
dependent on the cadmium concentration. Braz. J. Biol. 72, 71-77.

http://dx.doi.org/10.1590/S1519-69842012000100009.

33



Highlights

Figure 1. Location of macrophyte collection in the present study. Specimens of Salvinia
sp. were manually collected from a shallow lake located at the Middle Parana River in

front of Rosario city, Province of Santa Fe, Argentina.

Figure 2. Daily performance of Pb removal daily performance by S. biloba specimens
exposed every 24 h to a fresh discharge of water contaminated with different Pb
concentrations (2.65+0.07 mg L, 12.62+0.02 mg Lt and 30.57+0.01 mg L) during 10
consecutive days. Data are mean + SD of three independent experiments (n = 3).

Different letters represent statistically significant differences (p<0.05).
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Figure 3. Total Pb uptake (mg) response by S. biloba biomass in response to daily input
of Pb in different concentrations (in mg L™?). As an example, lines over shadowed
planes compare the first input day, where the amount of Pb uptake increases as
concentration does, and the last input day (day 10), where a maximum in the total metal
uptake is developed at a medium concentration (e.g., around 15-20 mg LY/day) as a

competition between metal concentration and physiological damage.
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Figure 4. Phenotypic changes observed in S. biloba specimens after 10 days of
receiving a daily discharge of water contaminated with different Pb concentrations.
A) Control, B) 2.65+0.07 mg L, C) 12.62+0.02 mg L, and D) 30.57+0.01 mg L™
Arrows indicate some representative changes in leaves (chlorosis and signs of necrosis)

described in the text.
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Figure 5. Representative photographs showing structural damage observed (arrows) in
the trichomes (“egg-beater” hairs) located on the leaves of S. biloba after 10 days of
receiving a daily discharge of water contaminated with 30.57+0.01 mg L™ Pb (right)

compared to the leaves of control plants (left). Image was taken at x10 magnification.
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ACCEPTED MANUSCRIPT

Figure 5

Table 1. Photosynthetic and antioxidant pigment content, soluble carbohydrate
concentration, and membrane stability index in S. biloba specimens after 10 days of
receiving a daily discharge of water contaminated with different Pb concentrations. Data

are mean of three replications + SD (n = 3).
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Table 1

Leaves | Roots

Physiological Pb (mg L-1) Pb (mg L-1)

parameter

Control | 2.65+0.07 | 12.62+0.02 | 30.57+0.01 | Control | 2.65+0.07 | 12.62+0.02 | 30.57+0.01
Chla(pg g1 317 + 24a 247 £ 8b 222 £ 21bc 198 + 15¢ 33+ 7a 21+ 9b 19+ 3bc 13+ 7c
FW)

Chlb (ug g1 109 £ 25a 83 £ 22a 80 + 26a 113 £+ 28a 10 £ 8a 6+9a 8 + 6a 7+3a
FW)

Chltotar (ng g-1 | 426 + 31a 330 £ 10b 302 £ 27b 311 £ 28b 43 +12a 27 +10b 27 +13b 20 + 6b
FW)

Carotenoids 78 + 5a 72 = 6ab 64 + 4b 31+2c 14.4 +£5.4a 7.3+2.6b 6.5+1.7b 58+ 1.4b
(ng/g FW)
Anthocyanins | 246 + 37a 212 £ 45a 185 + 23a 209 £ 17a 87 +1la 66 + 2b 64 + 25b 35+9b
(nmol -1 FW)

Flavonoids 32 = 5a 32 +5a 32+ 3a 12+ 3b 8.4 % 24a 29+0.7b 2.7+0.4b 2.6 £0.8b
(AUs330 g-1

FW)

Soluble 160 £ 30a 146 + 30ab 126 £+ 22b 46 + 6¢C 18 + 8a 45 + 20b 41 + 6b 45 £ 6b
carbohydrates

(mg g-1 FW)

MSI (%) 70 = 5a 73+ 2a 67+ 1l1a 17 + 10b 58 £7a 41 +10b 43 £ 2b 30 £ 21b

* Different letters at same row represent statistically significant differences (p < 0.05)
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