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Abstract The present study investigated the effect of copper
on photosynthesis, antioxidant potential, and anatomical re-
sponse of aquatic fern, Salvinia cucullata, with a view to as-
certain its phytoremediation potential. Plants were exposed in
hydroponics for 21 days to different Cu concentrations (10,
15, 20, and 30 mg/L). Significant declines in chlorophyll,
carotenoids, and soluble proteins, as a function of Cu propor-
tion were observed. Lipid peroxidation was also evident,
which implied reactive oxygen species (ROS) generation.
However, both root and leaf tissues responded remarkably to
the ROS produced, by inducing superoxide dismutase (1.6—
6.5 times), catalase (1.5-5.4 times), guaicol peroxidase (1.5—
7.2 times), and ascorbyl peroxidase (1.3—4.7 times) over the
control. The plant showed best phytoremedial activity within
Cu range of 10-15 mg/L, with maximum accumulation of
2956 + 82.6 ng/g dw., at 15 mg Cu/L and showed efficient
root to shoot translocation (translocation factor, TF > 1) at this
range, which is the stipulated minimum requirement to be a
hyperaccumulator. The capacity of metal extraction from en-
vironment to leaf (extraction coefficient, EC) was also high
(EC = 73-197). However, at higher doses (20-30 mg/L), the
plant resorted to an exclusion strategy, whereby, more metal
accumulation was observed in root than in leaf. The plant
conferred suitable remediation attributes by showing minimal
root and leaf anatomical damages along with high Ca peaks in
both the tissues, and rapid leaf stomatal closure, all of which
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probably helped in the Cu induced stress mitigation. Due to its
widespread availability, fast growth, ability to grow in myr-
iads of polluted environment, and having hardy physiology,
this plant can be suggested for use as a suitable Cu
phytoremediator.
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Introduction

With an annual emissions of approximately 3,400,000 tons,
copper (Cu) has an ubiquitous presence in aquatic environ-
ment (Peng et al. 2004); predominantly due to the widespread
use of Cu based fungicide (Brunetto et al. 2014), algaecide
(Fabrizio and Coccioni 2012), fertilizers (Alloway 2008),
leaching from mining, smelting, metal production as well as
domestic wastewaters (Kabata-Pendias 2011). Cu is an essen-
tial micronutrient for aquatic plants, but excess of Cu shows
adverse effects on its physiology (Monferran et al. 2009).
However, some aquatic plants like 7rapa natans (Sweta
et al. 2015), Lemna gibba (Perreault et al. 2014), Pistia
stratiotes (Lu et al. 2011), Ceratophyllum demersum
(Ostroumov and Shestakova 2009), Potamogeton pectinatus
(Badr and Fawzy 2008), Scirpus maritimus, Juncus maritimus
(Almeida et al. 2006) and FEichhornia crassipes (Liao and
Chang 2004), can accumulate Cu and in turn, act as bio filters,
remediating the water systems efficiently. Aquatic plants elim-
inate metals, mostly, by means of extraction and accumulation
(Valipour et al. 2011). Use of these techniques, also called
phytoremediation, is both cost effective and eco-friendly
way of remediation of polluted sites (Garbisu and Alkorta
2001). As Cu is known to be redox active, and generates free
radicles in aquatic plants (Monferran et al. 2009), an efficient
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Cu remediator should be able to cope with the metal excess
via antioxidant enzymes such as superoxide dismutase (SOD),
catalase (CAT), guaicol peroxidase (GPx), and ascobyl perox-
idase (APx) (Goswami and Das 2016). Further, such aquatic
plants can adapt structurally and physiologically to contami-
nated environment, where they are in (Hondulas 1994). Since,
both root and leaf are in contact with water surface, studying
their anatomy would generate valuable data on adaptive role
played by these structures during metal uptake.

The free-floating water fern, Salvinia cucullata Roxb. Ex
Bory, occurs naturally in Asian countries and often occurs in
nutrient rich water bodies where they are considered as weed
(McFarland et al. 2004). Apart from nutrient removal with
S. cucullata (Jampeetong et al. 2012), a few studies on Cr
removal by S. minima (Prado et al. 2010), S. herzogii (Suié
et al. 2007) and S. natans (Olguin et al. 2002); Pb (Leal-
Alvarado et al. 2016) and Ni (Fuentes et al. 2014) removal
by S. minima are available. However, no significant works on
this species are available, either on Cu accumulation, or on the
physiological and morphological aspects beneficial for ascer-
taining its remediation potential. Therefore, the present study
aims at analyzing the remediation capacities, and the physio-
logical and anatomical response of this plant to Cu excess.

Materials and methods
Macrophyte and experimental set-up

S. cucullata of uniform size was collected from a clean, un-
polluted, freshwater pond. The plants were rinsed thrice with
deionized water and put in 30 % Hoagland solution (HS), for
acclimatization for 3 weeks, before exposing to copper solu-
tions (CuS0O4.5H,0, Himedia, India). The experiments were
carried out for 21 days in 1 L plastic containers with Cu con-
centrations prepared in 1 L of 30 % HS. The doses selected
were between 10 and 30 mg Cu L', which were the critical
concentrations of Cu in plants (Macnicol and Beckett 1985). It

was supposed that to be an able hyperaccumulators, and the
plants should tolerate this range of Cu concentrations. A total
of six replicates were run for each treatment, with one plant in
each dose. The control were similarly maintained. The loss of
water volume due to evapo-transpiration were maintained by
adding deionized water. The plants were grown under natural
photoperiod and temperature. Various morphological param-
eters of S. cucullata on day 0 and after 21 days of Cu treat-
ments were shown in Table 1.

Estimation of chlorophyll, carotenoid, and leaf soluble
protein

Plants were removed after 21 days and washed thoroughly
with distilled water. The pigment contents were determined
in young leaves as per Lichtenthaler (1987). Leaf soluble pro-
tein contents was estimated using BSA as standard (Lowry
etal. 1951).

Determination of malondialdehyde contents
and antioxidant enzyme activity

Lipid peroxidation, as malondialdehyde content, was mea-
sured indirectly by thiobarbituric acid reaction (Heath and
Packer 1968). Briefly, 50 mg of fresh tissues (root or leaf)
were homogenized in 50 mM L™ Tris-HCI (pH 7.4) including
1.0 mM L' EDTA and 2 % (w/v) polyvinylpyrrolidone and
centrifuged for 30 min in 10,000xg at 4 °C. Equal amounts of
extract and 0.5 % TBA in 20%TCA (w/v) were mixed and
heated at 95 °C for 30 min. The reaction was stopped on ice
and further centrifuged at 10,000xg for 15 min and absor-
bance was read at 532 nm. The unspecific turbidity was
corrected by subtracting the value of absorbance at 600 nm.

Extraction of enzymes

800 mg of leaf/root tissues were extracted (3:1 buffer volume:
fresh weight) in 50 mM L' sodium phosphate buffer (pH 7.8)

Table 1 Morphological parameters of S. cucullata on day 0 and after 21 days of Cu treatments
Parameters Tissue Day 0 mg/L 10 mg/L 15 mg/L 20 mg/L 30 mg/L
Dry biomass (g/plant) Root 0 0.907 £ 0.002 0.901 £ 0.005 0.904 £ 0.05 0.907 £ 0.021 0.902 + 0.006
21 0.922 +£0.002 0.845 +0.003 0.747 £ 0.004 0.672 £ 0.005 0.546 +0.002
Leaf 0 1.23 +£0.02 1.20 £ 0.04 1.23 +£0.05 1.21+£0.12 1.22+043
21 1.31+£0.04 1.14 +£0.02 1.04 +£0.02 0.886 +0.01 0.669 +0.004
Root length (cm) Root 0 422 +0.35 421+0.23 4.19+£0.05 4.19+£0.23 420+0.13
21 63+0.1 4.8 +0.11 3.8+0.19 3.43+£0.05 3.23+£0.06
Leaf number Leaf 0 35+3.0 34+0.23 35+0.5 34+ 1.0 35+1.2
21 85.0 £2.08 76.0 +1.52 66.0 +2.08 55.0+2.0 42.0+1.52
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and centrifuged at 12,000xg for 20 min at 4 °C. The superna-
tant was used to measure the activities of SOD, CAT, GPx, and
APx activities. The protein content in the supernatant was
estimated according to Lowry et al. (1951).

SOD (EC 1.15.1.1) was estimated as per Beauchamp and
Fridovich (1971) following the photo reduction of nitroblue
tetrazolium (NBT). One SOD unit per mg of protein was the
enzyme activity that inhibited the photo-reduction of NBT to
blue formazan by 50 %.

CAT (EC 1.11.1.6) was determined as per Beer and Sizer
(1952). The decrease of H,O, was monitored at 240 nm and
quantified by its molar extinction coefficient, €
=0.036 mM ' cm !, and the results expressed as CAT mM/
mg protein/ min.

The activity of GPX (EC 1.11.1.7) was evaluated as per
Souza and MacAdam (1998) using extinction coefficient of
26.6 mM L' cm™! and stated as the decomposition of
guaiacol (mM/ mg protein/min).

The activity of APX (EC 1.11.1.11) was evaluated as per
Nakano and Asada (1981), detecting the rate of ascorbate
oxidation (extinction coefficient of 2.8 mM L! cmﬁl), and
the enzyme activity was expressed as mM ascorbate
oxidized/ mg protein/ min.

Metal analysis

The plants were washed meticulously by distilled water. The
root and leaves were separated, cut into pieces and oven dried
at 90 °C for 16 h. 0.05 g of dried parts were crushed to fine
dust, which were used for the estimation of Cu after digesting
in an acidic mixture of (HNO3:HCIO,) as per standard proto-
col for AAS (APHA 2005) using a GF-AAS.

The standard reference material of Cu procured from
Merck, Germany was used for calibration. Quality of the ob-
tained data was certified with frequent analysis of samples,
and the outcomes were within the recommended limits.
Instrument recognition limit for Cu was 0.01 pg g .

Extraction coefficient (EC) and Translocation factor (TF)
was calculated as per Goswami and Das (2015).

EC = Cu in plant /Cu in water. TF = Cu in leaf (ug g ')/ Cu
in root (ug g ).

Scanning electron microscopy (SEM) coupled
to energy-dispersive X-ray microanalysis (EDX)

Root and leaf were rinsed with distilled water. For SEM, 3—
4 mm pieces of tissues were fixed in 3 % glutaraldehyde (in
0.05 M phosphate buffer) for 1 h and 30 min, followed by post
fixation for 30 min in 2 % osmium tetroxide (in 0.01 M sodi-
um cacodylate buffer) (Sandalio et al. 2001). The samples
were dehydrated in graded acetone concentrations. SEM pho-
tograph were carried for the samples, using SEM model
JEOL-JSM-6390 LV attach with energy dispersive X-ray unit,
with an accelerating voltage of 20 kV.

EDX analysis with an INCA- 7582 (Oxford Instruments,
Abingdon, Oxfordshire, UK) energy dispersive X-ray micro-
analyzer equipped with a Si (Li) high-resolution detector at-
tached to the JSM-6360 (JEOL) SEM. Quantitative analysis
was carried out using the ZAF-4/FLS program. Instructions
were given to normalize all elements analyzed to 100 %, and
thus the relative percentage of elements was known.

Statistical analysis

One-way Analysis of Variance (ANOVA) was used to com-
pare more than two means followed by Tukey-LSD test for
comparison of individual means using SAS JMP Pro11 statis-
tical software for windows.

Results

S. cucullata accumulated Cu in both root and leaf (Table 2). In
fact, at 10 mg/L and 15 mg/L exposure, concentrations in leaf
were greater than that of root. At 20 and 30 mg/L, progressive
decline in leaf metal concentration was observed. The highest
leaf and root metal accumulation was at 15 (2.9 mg/g dw.),
and 30 mg/L (3.8 mg/g dw.) Cu exposure, respectively.
Extraction coefficient (EC), which is the comparison of metal
in plant parts to the original metal conc. in external solution
was presented in Table 2. The EC maxima for leaf (197 +£5.5)
and root (184 + 1.15) was observed, respectively, at 15 and
10 mg/L Cu exposure. The leaf to root metal ratios, that is, the

Table 2 Copper concentration in

plant root and leaf, EC and TF of ~ Dose Root Leaf Whole plant  EC 150t EC jcar TF

S. cucullata (mgL™") (ng/g dw.)
10 1836 £ 11.6°  1954+27.5°  1895+19.5° 184+1.15  195+275  1.06=0.008
15 2450 £ 11.5° 2956 +82.6° 2703 +47° 163+077 19755 1.2+0.02
20 3303+£13.5° 2908+ 112°  3106+629° 165+0.67  145+5.6 0.88 +£0.03
30 3843 +89.2¢ 2184 +84° 3013 +£849° 128+29 72.8+2.8 0.56 +0.01

Different alphabets indicates significant difference at p < 0.05 for a plant part; values are mean = SD of six

replicates

Italicised figures indicate TF>1
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translocation factor (TF) of >1 was achieved for only 10 and
15 mg/L Cu treatments (Table 2).

All the Cu doses registered significant declines in Chl a,
Chl b, and carotenoid contents (Table 3). There were 9, 22, 40,
and 55 % declines in Chl a at 10, 15, 20, and 30 mg/L Cu
doses, respectively. While, Chl b declined by 12, 44, 60, and
67 %, respectively, for the similar doses of exposure.
Carotenoid contents declined by 26, 42.5, 65.6, and 69 %,
respectively, at 10, 15, 20, and 30 mg/L Cu doses. There
was a general tendency of increase in Chl a: Chl b till 20 mg
Cu/L, then at 30 mg Cu/L, there was a decline in this ratio.

Significant (p < 0.05) elevations in lipid peroxidation, as
evidenced by the rise in MDA contents were observed at all
the Cu treatment groups. Concomitantly, there were signifi-
cant declines in leaf soluble proteins (Table 4). For root at 10—
30 mg/L Cu exposure, there was 50-247 % increase in lipid
peroxidation. Similarly, for leaf, at the same exposure range,
there was 41-243 % increase in MDA production, respective-
ly. Leaf soluble protein contents at 10, 15, 20, and 30 mg/L Cu
decreased by around 12, 23, 32, and 44 %, respectively, after
21 days of remediation period.

Significant augmentation of all the major antioxidant en-
zymes were observed after 21 days of treatments with various
Cu doses (Fig. 1). For the SOD activities in root, there were
1.6,3,4.5, and 6.5 times increase in enzyme activities, respec-
tively, at 10, 15, 20, and 30 mg/L Cu exposures, compared to
control. Similarly, in the leaf, there were 1.8, 2.8, 4.3, and 6
times increase in SOD activities, respectively, at the same
exposure doses. For the CAT activities in root, there were 2—
5.4 times increase in enzyme activities at 10-30 mg/L Cu
exposure, when compared to the control. Likewise, for the
leaf, CAT activities increased 1.5, 2.3, 3.4, and 4.8 times over
the control, at the same Cu exposures, respectively. For the
root GPx activities, there was 1.6, 2.3, 3.3, and 7 times in-
crease over the control at 10, 15, 20, and 30 mg Cu/L, respec-
tively. For the GPx activities in the leaf, there were 1.5, 2.3,
3.7, and 7.2 times increase over the control at the same

exposure doses, respectively. Similarly, APx in the root in-
creased 1.4, 1.9, 2.8, and 4.7 times, and in the leaf, increased
1.3, 1.8, 2.8, and 4.6 times, at 10, 15, 20, and 30 mg Cu/L,
respectively, over the control.

Table 5 depicted the weight % of EDX peaks of both the
root and the leaf after exposure to 10 and 15 mg/L Cu. These
two doses were selected, because, at this dose, the plants
showed maximum metal accumulations in the leaf as against
the root, with TF > 1. Significant increase in Ca peaks, over
the control, was observed, for both root and leaf. The Ca peaks
also elevated with the increase in Cu doses. Further, weight %
for Ca peaks were more in root compared to leaf. The quanti-
tative analysis of the elemental composition by weight indi-
cated that in the control spectra, for both leaf and root, approx-
imately 95 % of weight was contributed by carbon, oxygen
and potassium. Besides, control tissues showed no peaks for
Cu. In contrast, distinct Cu peaks were observed in both root
and leaf of treated plants, with peaks in leaf more than that of
root. Around 1 % Fe was also seen in the control root only, and
not in the leaf.

The gross root morphology showed little signs of external
phytotoxicity, either to the control or to the Cu exposed plants
(Fig. 2). In fact, the root lengths of Salvinia at 10 mg/L were
slightly longer than that of the control. The scanning micro-
graphs of the control root surface showed dense root hairs
with no Cu deposition over the surface, the EDX showed Ca
peak (2.11 %) and no Cu (Fig. 2a) . The SEM of root at 10 mg
Cu/L revealed unaltered root hair densities, but occurrence of
Cu deposits (EDX weight % 9.4) over the surface along with
significant Ca peaks (5 %) (Fig. 2b). At 15 mg Cu/L, the root
hair densities slightly declined (arrow) and showed dense de-
posit of Cu on the surface with 18.3 % EDX peak. Likewise,
high Ca peaks (10.42 %) were also observed at this dose
(Fig. 2c¢).

The gross plant foliar morphology showed little signs of
external phytotoxicities at 10 mg/L Cu exposure, barring a
slight sign of chlorosis in the leaves, at 15 mg Cu/L (Fig. 2).

Table 3 Plant pigment contents

of S. cucullata after 21 days of Cu Dose Chlorophyll Carotenoid Chl a: Chl b
exposure (mgL™")
Chla Chl b Chla+b Cx+c
(mg g Fresh weight)
0 9.12 +0.005 2.14 £ 0.007 11.2 £0.01 2.8 +0.005 42+0.01
10 8.27 +0.007" 1.88 £0.003" 10.1 +0.01" 2.1 +0.004" 44+0.004
15 7.09 +0.011" 1.21 £0.006" 83 +0.02 1.6 +0.005" 58+0.02°
20 5.44+0.011" 0.86 £0.01" 6.3 +0.02" 0.99 + 0.003" 6.3+0.06"
30 409 +0.013" 0.71 £ 0.004" 48+0.01" 0.88 +0.006" 5.8+0.01"

Values are mean + SD (n = 6); Cx + ¢ = carotenoid.

Chl chlorophyll

*designates significant deviation from control (p < 0.05)
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Table 4 Leaf soluble protein and

MDA contents in S. cucullata Dose MDA (1 moles g ' FW) Total leaf soluble protein (mg g~ FW)
grown for 21 days in Cu (mgL™")
Root Leaf

0 3.6+0.11 33+0.07 17.4+0.43

10 54+0.10" 47£0.11" 152 +0.13"

15 74+0.10" 6.1+0.06" 134 +0.04"

20 9.7+0.15" 84+0.11" 11.8+0.05°

30 12.6 +£0.07" 114+0.13 9.8+0.06"

*Significance (p < 0.05) (n = 6)

The SEM of control abaxial leaf surface showed open stoma-
ta, with well-defined guard cells. The EDX peaks showed
slight (0.63 %) Ca peaks and no Cu deposits in the stomata
(Fig. 3a). At 10 mg/L Cu exposure, there was a tendency
towards closure of stomata in the leaf and Ca peaks of about
1.21 % in the stomata were observed (Fig. 3b), but at 15 mg
Cu/L, almost closed stomata with shrunken guard cells and
high Ca peaks (7.82 %) could be observed (Fig. 3c).

Discussion

In this study, S. cucullata accumulated more than 1000 pg/g
Cu in its tissues, the minimum requirement to be a Cu
hyperaccumulator (Vamerali et al. 2010). Besides, the plants
showed efficient root to shoot translocation between 10 and
15 mg Cu/L exposure, with TF > 1, which is the stipulated

minimum requirement to be a hyperaccumulator (Garbisu and
Alkorta 2001). However, at higher doses (2030 mg/L), the
plant resorted to an exclusion strategy, whereby, more metal
accumulation was observed in root than in leaf (Rascio and
Navari-Izzo 2011). This advocates that the plant tissues might
have reached their maximum capacity to tolerate, accumulate,
and consequently, phytoextract Cu. Further, Cu extraction co-
efficient (EC) for this plant was also >1, and hence, the plant
can be deemed as a Cu hyperaccumulator, with the best effi-
ciency between 10 and 15 mg Cu/L exposure. The accumula-
tion of Cu by aquatic plants, both for short and longer dura-
tions, has also been described in Ceratophyllum demersum,
which accumulated 314.6 ug Cu/ g dw. after 24-h exposure to
4 mM Cu (Devi and Prasad 1998) or in Potamogeton pusillus,
which accumulated 162 pg Cu/ g dw. after 7-days exposure to
0.1 mg/ L Cu (Monferran et al. 2009). Further, Cu accumula-
tions were reported under field conditions in Typha

Fig.1 SOD, CAT, GPx, and APx
activities in root and leaf of

S. cucullata exposed to Cu for 6
21 days. An asterisk indicates 5
significance (p < 0.05) &
£
5 3
a
° 2
wv
1
0 0 10 15
Cu conc. (mg/L)
a

20 30 0 10 15 20 30

100 *

CAT (mM/min/mg P)

Cu conc. (mg/L)

HRoot M Leaf b H Root M Leaf

GPx (mM/min/mg P)

0 10 15

(2]

Cu conc. (mg/L)

APx (mM/min/mg P)

30 0 0 10 15 20 30

Cu conc. (mg/L)

H Root M Leaf d H Root M Leaf
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Table 5 EDX data from root and leaf of S. cucullata showing weight % of various elements

Parameters Control 10 mg/L 15 mg/L Parameters Control 10 mg/L 15 mg/L
Root Leaf
CK 96.5+0.5 81.4+1.0° 65.1£0.78" KK 42.8+0.75 33.6+£0.67 13.8+0.30"
CaK 2.14+0.22 50+08" 10.4 +0.62" CaK 0.63 £0.03 1.21+0.22 7.82 +0.42"
Fe K 1.0 +£0.07 2.1+045 6.1+0.55" CK 12.0 £ 0.62 13.2+0.16" 13.0+£0.25"
CuK bdl 9.4+0.25 183 +0.55" oK 445+0.97 454+ 042 50.5+0.78"
CuK bdl 6.5+0.30" 14.9 +0.07°

Values are mean + SD of six replicates. C (Carbon), K (Potassium), O (Oxygen), Ca (Calcium) and Fe (Iron) are essential elemental composition of this

plant
bdl below detection limit

*Specifies significance (p < 0.05) between control and Cu doses, for a specific element pair

angustifolia (Demirezen and Aksoy 2004) and Myriophyllum
spicatum (Samecka-Cymerman and Kempers 2004). Heavy
metal accumulation in Salvinia is usually quick and comprises
of passive uptake through adsorption of metal ions, onto the
plant surface and/or active uptake into plant cells (Sufi¢ et al.
2007).

Previously, it has been observed that Cu targets the photo-
synthetic apparatus of aquatic plants (Monferran et al. 2009)
and induces a decline in plant pigments as seen in Pistia
stratiotes (Upadhyay and Panda 2009). Similarly, this study
also showed a decline in Chl a, b, and carotenoid contents after
Cu exposure. Such degradation of plant pigments may ulti-
mately reduce photosynthetic competence in plants by chang-
ing the osmotic potential and water contents, resulting in a
nutritional disparity and a consequential decrease in growth
(Abdel Latef 2011). Chl a/Chl b ratio is an indicator of metal
stress in plants (Manios et al. 2003). We found an increase in
this ratio up to 20 mg Cu/L exposure. This occurs due to a

Ful Scale 2196 cts Cursor: 0.000 keVfFul Scaie 2196 cfs Cursor: 0.000

74 6 8 0 12 14 6 18 2 ez 48 80

faster hydrolysis of chl b compared with chl a. Chl b synthesis
levels have a major impact on the light harvesting and thermal
energy dissipation processes, along with linear electron trans-
port and repair processes in grana (Voitsekhovskaja and
Tyutereva 2015). Therefore, a decline in Chl b might point
towards Cu stress.

Present study showed a decline in soluble proteins in
Salvinia, which might be attributed to the high affinity of Cu
for sulthydryl groups and binds to and deactivates proteins
(Ruttkay-Nedecky et al. 2013).

Our results showed rise in MDA production with increased
extraneous Cu conc. Roots, especially, had higher MDA in-
duction than leaf. Such induction of MDA production in
Salvinia, is an indication of peroxidative damage to mem-
branes, which in turn is an indicator of ROS formation
(Perreault et al. 2014).

Aquatic plants have an inherent capacity to counter
ROS via key antioxidant enzymes (Monferran et al.

L 74 6 8 f0 12t 6 18 2
¥V Ful Scale 2195 s Cursor: 0,000 il

Fig. 2 8. cucullata Gross structure, SEM of root surface and EDX pattern distributions after 21 days. a Control, b 10 mg Cu L™, ¢ 15mg Cu L™
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Fig.3 SEM ofleaf of S. cucullata showing stomatal closure (arrow) and EDX elemental pattern distribution after 21 days. a Control, b 10mg CuL ™", ¢

15mgCul™!

2009). The superoxide radical (O,’), is scavenged in
plants by SOD, which converts it to hydrogen peroxide
(H,0O,). H,0, is scavenged directly by CAT, converting
it to water and O,. APX and GPX also scavenge H,O,
indirectly by combining it with antioxidant compounds
such as ascorbate and guaiacol (Rascio and Navari-Izzo
2011). Our study found augmentation of the major en-
zyme repertoire in response to Cu. Such augmentation
may be inferred as a beneficial tool to counter ROS and
confer better phytoremedial efficiency. Contradictory re-
sults of induction Ceratophyllum demersum, (Devi and
Prasad 1998) as well as inhibition Pistia stratiotes,
(Upadhyay and Panda 2009) of SOD, CAT, GPx in
Cu excess have been reported in aquatic plants.
Further, induction of enzymes followed by inhibition
was also observed in some Potamogeton pusillus
(Monferran et al. 2009).

Morphological damages associated with Cu excess in
plant have been described in Pistia stratiotes (Upadhyay
and Panda 2009) and in Vitis labrusca (Ambrosini et al.
2015). Apart from the slight declines in root densities,
not much significant damage to the root morphology
was observed in this study. However, the leaf which
showed some signs of chlorosis and stomata had a ten-
dency towards closure. Cu is known to cause chlorosis
in plants (Mateos-Naranjo et al. 2013). EDX showed
calcium peaks in both root and leaf, in response to
Cu. Ca is a well-known intracellular signaling molecule
that plays significant part in ion uptake in plants (Yang
and Poovaiah 2003). Increase in Ca negates the effects

of Cu on the root by decreasing Cu transportation to the
shoots and augmenting plant biomass (Juang et al.
2014). Further, the elevations of cytosolic Ca®* in the
guard cells appear to be the major regulator of stomatal
functioning and, therefore, of plant water status (Webb
et al. 1996). We also found a concomitant rise of Ca
levels with increase in extraneous Cu. Such increase of
Ca content might stimulate Ca-oxalate crystals forma-
tion, that can combine Cu into their matrix, thus mini-
mizing the toxic effects (Franceschi and Nakata 2005),
which aptly explains the phytoremediation potential of
Salvinia optimally within treatment ranges of 10—15 mg
Cu/L.

Conclusions

We conclude that S. cucullata showed the best
phytoremedial activity within the range of 10-15 mg
Cu/L, with efficient root to shoot translocation of metal.
The plant also showed various beneficial traits, includ-
ing augmentation of major antioxidant enzymes and
minimal root and leaf anatomical damages. The plants
showed rapid stomatal closure,and high Ca peaks in
both leaf and root, all of which probably helped in the
mitigation of Cu stress. We, however, felt that the role
of Ca signals in plants need further investigation, espe-
cially to ascertain its role in the alleviation of Cu stress.
The plant, nonetheless, could be conferred suitable for
remediation owing to its widespread availability, fast
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growth, ability to grow in myriads of polluted environ-
ment, and having a hardy physiology.
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