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Abstract

We investigated the effects of manganese (Mn) and nickel (Ni) stress on pigment (total chlorophyll and
carotenoid), total soluble protein content and antioxidant enzyme [superoxide dismutase (SOD) guaiacol
peroxidase (POD) and catalase (CAT)] activities in Lemna gibba under laboratory conditions. L. gibba was
treated with exposures of Mn and Ni separately at 0.25, 1, 4 and 16 mg/L concentrations for 72 hours at 24 h
intervals. The results of the present study showed that the physiological status of L. gibba was affected by Mn
and Ni exposure. Mn and Ni accumulations showed increases in a concentration dependent manner. The amount
of accumulated Mn was higher than Ni at all concentrations and exposure times. Ni caused strong inhibition on
the total chlorophyll and carotenoid amounts than Mn. The increase in the total protein content was more evident
in Mn-exposed plants. The highest increase in SOD activity was evidenced in Ni-treated plants for all exposure
times. However, the stimulating effect of Mn on CAT and POD activities was more evident than of Ni (except
for 72. h). Based on these results it is concluded that Ni was found to be more toxic to L. gibba than Mn.
Additionally, L. gibba may be used for phytoremediation of Mn in polluted aquatic environments.

Keywords: Lemna gibba, heavy metal stress, manganese, nickel, superoxide dismutase, catalase, peroxidase,
pigment

1. Introduction

Aquatic environments usually serve as the last destination for agricultural, mining, urban and industrial wastes.
Therefore, toxic heavy metals and other pollutants are generally found in high concentrations in these
ecosystems (Megateli et al., 2009). Aquatic plants accumulate toxic heavy metals and other aquatic pollutants in
high amounts (Henner & Jahnssen-Mommen, 1993; Prasad et al., 2001). Hence, they are generally used as model
plants for phytoremediation studies and the determination of the effects of heavy metals on physiological
responses of plants. It has been reported that because of heavy metal toxicity, increasing cellular reactive oxygen
species, such as superoxide anion, hydroxyl anion and hydrogen peroxide cause oxidative stress. The reactive
oxygen species are deactivated by enzymatic (superoxide dismutase, catalase, ascorbate peroxidase, guaiacol
peroxidase and glutathione reductase) and non-enzymatic (glutathione, ascorbic acid, phenolic compounds and
tocopherol) antioxidant systems (Parvaiz et al., 2008; Azqueta et al., 2009).

Manganese (Mn) and nickel (Ni) are essential micronutrients for plant growth and development. Mn is an
important element for photosynthesis and enzyme metabolism (Millalea et al., 2010). Ni is a cofactor for urease
and eight Ni-containing enzymes present in plants and bacteria (Watt & Ludden, 1999; Chowdry et al., 2008;
Maleva et al., 2009). These elements can cause some physiological and biochemical changes at their toxic
concentrations in aquatic environments. Excess Mn and Ni cause changes in the activities of antioxidant
enzymes such as SOD (superoxide dismutase), catalase (CAT) and guaiacol peroxidase (POD)
(Demirevska-Kepova et al., 2004; Maleva et al., 2009). Inhibition of photosynthesis by a decrease in pigment
contents (chlorophyll a, chlorophyll b carotenoids) under excess Mn (Vicia faba, Pisum sativum, Hordeum
vulgare) and Ni (L. gibba, Elodea canadensis, Spirodela polyrhiza) were determined in previous studies
(Demirevska-Kepova et al., 2004; Zengin & Munzuroglu, 2005; Fagasova et al., 2006; Rezai & Farboodina,
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2008; Maleva et al., 2009; Appenroth et al., 2010; Radic et al,. 2010; Arya & Roy, 2011).

Although many aquatic plants were used in biomonitoring of aquatic environments, L. gibba is among the plants
that react too early to the changes in water quality. Therefore, in this study, the accumulation and phytotoxic
effects of Mn and Ni were determined in L. gibba in a concentration and time dependent manner. In order to
show the phytotoxic effects of Mn and Ni on L. gibba, changes in the amounts of photosynthetic pigments (total
chlorophyll and carotenoid) and total soluble proteins, activities of antioxidant enzymes (SOD, POD and CAT)
and metal accumulation levels were determined.

2. Materials and Methods
2.1 Plant Material and Metal Treatment

L. gibba plants were collected from natural earthen ponds in the Malazgirt/Mus (Turkey) and transported to the
laboratory in plastic water tanks (5 L). Prior to the heavy metal treatment, plants were washed in tap water and
kept in 1/10 Hoagland culture solution under controlled conditions (temperature 25+2°C; light/dark cycles 16/8 h
and light intensity of 115 pmolm?’s™") for acclimatization (Hoagland, 1950). After one week of cultivation, Mn
and Ni were added to the growth media in doses of 0.25, 1, 4 and 16 mg/L for 24, 48 and 72 hours. After heavy
metal exposure, plant samples were collected, washed and stored in a -86 'C deep freezer (New Brunswick,
Eppendorf Company) for subsequent steps of the chemical analyses. Both controls and heavy metal-treated
experiments were analyzed in triplicate.

2.2 Determination of Heavy Metal Contents

Dry tissues of L. gibba were digested with 8 mL 65% nitric acid solution with Milestone SK 10 microwave
digestion system (Power: 1500 W, Time 15 Min, Temp 1: 180°C, Temp 2: 100°C, Pressure: 45 bar) (HPR-FO-08,
Aquatic Plants, Milestone, Application book). Digested solutions were diluted with deionized water and the final
volume of the solution was adjusted to 10 mL. After dilution, the digests were analyzed for Mn and Ni. Metal
concentrations were determined by inductively coupled plasma mass spectrometry (ICP- MS, Thermo, X-II
series) (Doganlar and Atmaca, 2012).

2.3 Determination of Pigment Content

Pigment contents of control and metal-treated plants were determined according to Doganlar (2012). Briefly, 200
mg fresh plant tissue was homogenized in 8 ml acetone (80%) with a homogenizer (Wiggenhauser, D500). The
homogenate was centrifuged at 3,000 rpm, and the absorbance of the supernatants was measured at 645, 652,
663 and 470 nm (Uv-vis Spectrophotometer, Shimadzu V-1800). The quantities of pigments were calculated as
described by Lichtenthaler and Wellburn (1983).

2.4 Enzyme Extraction and Assays

Extractions: 1 g fresh plant tissue was homogenized in 5 mL cold Na-P buffer (pH: 7.2). Obtained homogenate
was centrifuged at 14,000 rpm for 25 min at 4°C. The supernatant was used for determination of both total
soluble protein content and antioxidant enzyme activities. A Thermo Scientific Multiskan® FC Microplate
Photometer was used for the determination of the absorbances in the enzymatic analysis.

Guaiacol peroxidase (EC 1.11.1.7) activity was determined according to Birecka et al. (1973) and Doganlar and
Atmaca (2011). The total POD activity was expressed as AA/g F.W. min.

Superoxide dismutase (EC 1.15.1.11) activity was assessed by the nitrobluetetrazolium (NBT) photoreduction
method (Porgali & Yurekli, 2005).

The total soluble protein contents of L. gibba under heavy metal treatment were determined according to
Bradford (1976).

Catalase (EC 1.11.1.6) activity was measured according to Aebi (1984). The reaction mixture contained K-P
buffer (50 mM), 15 mM H,O, (hydrogen peroxide) and enzyme extract. The reaction was started with the
addition of H,O, and decrease in the absorbance was measured for 1 min.

2.5 Statistical Analysis

Differences in the plants’ physiological parameters under heavy metal effects were compared using ANOVA with
means separation by Duncan’s test using SPSS 15 software at a significance level of P<0.05. Correlations
between the metal concentrations and the physiological parameters were analyzed by a bivariate correlation test
with Pearson correlation coefficient and a two-tailed test of significance using SPSS 15 software at significance
levels of P<0.05 and 0.001.
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3. Results and Discussions
3.1 Heavy Metal Contents

Mn and Ni accumulations by L. gibba after 24, 48 and 72 hours of exposure is presented in Figure 1. The
increased concentrations of Mn and Ni in the growing media caused an increase in the accumulations of metals
by plants. Mn accumulation by L. gibba was higher than that of the Ni accumulation at each exposure
concentration (except for 0.25 mg/L at 24 h). Mn accumulated up to 15.150 mg g D.W. after 72 h at the 16
mg/L Mn exposure. However, Ni accumulated up to 1.874 mg g™ D.W. at the same conditions. The potential role
of aquatic plants (such as S. polyrhiza, C. demersum, L. gibba, L. minor, Myriophyllum heterophyllum,
Nastrutium officinale and Elodea canadensis) on cleaning of heavy-metal contaminated waters due to their high
metal-accumulation ability have been reported by several authors (Misra et al., 2006; Sivaci et al., 2007; Hou et
al., 2007; Kara & Zeytunluoglu, 2007; Maleva et al., 2009; Appenroth et al., 2010; Rolli et al., 2010). In
agreement with other results in the literature, L. gibba has an ability to accumulate Mn. Therefore, L. gibba can
be used as a phytoremediant for excess Mn due to its more efficient Mn uptake and accumulation potential
compared to Ni.
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Figure 1. Mn and Ni accumulation by L. gibba at 24, 48 and 72 hours of treatment

3.2 Photosynthetic Pigments

There was no significant change in the pigments of both Mn- and Ni-exposed plants at 24 h of experiment (Mn:
Frowen = 1.51, df = 4, 10, p = 0.271; Fc,,= 0.95, df = 4, 10, p = 0.42; Ni: Frocn= 1.66, df =4, 10, p = 0.233;
Feo= 1.63, df = 4, 10, p = 0.24). Pigment content of control plants increased during the experimental period
(Figure 2). In addition, Mn and Ni exposure at low levels caused an increase in pigment content (Figure 2).
Exposure time was positively correlated with Car (ry, = 0.410 and ry;= 0.338 p = 0.05) and Total Chl (ry, =
0.212 p = 0.05) contents of plants. Total Chl and Car contents were affected at 48 h after treatment in Ni-exposed
plants. These parameters showed significant negative correlations with metal concentration (rypicn = —0.648 rcy
=-0.737 p = 0.01). However, Mn treatment caused significant changes in the pigment content only at 72 h and
there were significant negative correlations between Mn concentration and pigment content (fyopicn = —0.345 ey
= —0.417 p = 0.05). Compared to the control, the highest decreases in total Chl and Car contents were
determined at 16 mg/L Mn at 72 h (total Chl 1.8-fold, Car 2.73-fold) and Ni concentrations at 48 h (total Chl
2.79-fold; Car 2.47-fold) after treatment, respectively. As seen in Figure 2, the fast and strong inhibition of total
Chl and Car contents were determined in Ni-exposed plants than Mn-exposed plants.

The change in the pigment content in heavy metal exposed plants is one of the first visible symptoms.
Additionally, these changes are used as an indicator for photosynthetic damage in plant tissues. In this study, Mn
exposure caused increases in total Chl and Car contents at low concentrations. Although, Mn is an important
microelement and is present as a constituent of enzymes and cofactors, it is toxic in excess concentrations. Mn is
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important for the Hill reaction of photosynthesis (Nusrat & Rafiq, 2011). Furthermore, a mangano-protein is
present for the water splitting system (Prasad & Hegemayer, 1999). The increase in the pigment content of
Mn-exposed plants at low levels might be attributed to play a precursor role of Mn in chlorophyll synthesis
(Rezai & Farboodina, 2008; Morgan et al., 1966). However, excess Mn can cause iron and magnesium
deficiency due to its entry into porpyrin in the place of iron and magnesium (Sideris and Young, 1949).
Reductions of photosynthetic pigments by excess Mn exposure were reported in both terrestrial plants, such as
Pisum sativum (Rezai & Farboodina, 2008; Gangwar et al., 2010), H. vulgare (Demirevska-Kepova et al., 2004),
Glycine max (Wu, 1994) and Phaseolus vulgaris (Gonzalez et al., 1998) and aquatic plants, such as A.
caroliniana, S. minima and S. polyrhiza (Lizieri et al., 2011). Similar to Mn, Ni also caused an increase in the
pigment amount at low levels. This increase in the pigment content could be regarded as the ability of the L.
gibba plants to tolerate or overcome these low Ni concentrations. The significant decrease in the pigment content
at 16 mg/L Ni-treatment could be due to nutrient imbalances caused by excess Ni. The decrease in pigment
content in plants exposed to excess Ni were demonstrated in Elodea canadensis (Maleva et al., 2009) and L.
minor (Appenroth et al., 2010).
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Figure 2. The effect of Mn and Ni exposure on the Total Chl and Car contents in L. gibbaafter 24, 48 and 72 h of
exposure
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3.3 Total Soluble Protein Content

Protein content of the control plants ranged from 0.25-0.38 mg/g FW. Compared to the control, significant
increases in the total soluble protein content were determined in Mn-treated plants at all treatment times (Figure
3). This was supported by correlations between protein content, exposure time and Mn accumulation (r = 0.363 p
= 0.01). Ni exposure did not cause significant changes in the protein content at 24 h (F = 1.393 df =4, 10, p =
0.30). However, protein content showed distinctive increases of up to 4 mg/L Ni in both 48 and 72 h after
treatment (except for 0.25 mg/L at 48 h). Compared with their respective controls, the maximum decreases were
determined for 16 mg/L Ni-applied plants at 48 h (2-fold) and 72 h (1.8 fold) of experiment (Figure 3).
Significant positive correlation was determined between exposure time and protein content in Ni-treated plants (r
=0.376, p =0.05).
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Figure 3. The effect of Mn and Ni exposure on the total soluble protein content and SOD activity in L. gibba
after 24, 48 and 72 h of exposure

Protein synthesis and breakdown were affected by toxic heavy metals in aquatic plants. Heavy metal induced
increase in the reactive oxygen species can cause deleterious oxidation and degradation of proteins (Spychalla &
Desborough, 1990). Both decreases and increases in total protein content were reported in plants under heavy
metal stress (Vajpayee et al., 2000; Lei et al., 2007). In this study, the decreasing amount of total soluble protein
in the Ni-treated plants may be attributed to protein degradation due to oxidative damage. However, the increases
in total protein content caused by the low concentration of Ni and by all the concentrations of Mn were probably
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due to the increase of specific stress-related proteins such as enzymes that are involved in antioxidant
metabolism and phytochelatin biosynthesis (Lei et al., 2007). Changes in the total soluble protein contents have
been shown as indicators for both the physiological status and reversible or irreversible metabolic changes of the
plant (Piotrowska et al., 2010; Doganlar & Atmaca, 2011). The significant decreases in total soluble protein
content after Ni exposure in high doses could be explained by the disruption of metabolism in high heavy metal
concentration and exposure time. With the application of the maximum dose of Ni, there was a decrease in the
total protein content. The reason for this decrease might be the damages that occurred in plant metabolism
caused by high stress. Moreover, it may be said that the application of Mn to the plant may induce synthesis of
some proteins related to stress to overcome the effects of heavy metal stress.

3.4 SOD Activity

Compared with the control, Ni treatment caused significant increases on the SOD activity at all treatment times
(except for 48 h). Both Ni exposure concentration and accumulation was positively correlated with SOD activity
(INi concentration= 0.342, TNj accumulation= 0.307, p = 0.05). The highest increase in the SOD activity was detected at 16
mg/L of Ni concentration at 72 h (Figure 3). Mn exposure did not cause a significant change in SOD activity 24
h after treatment. However, compared with control, increased SOD activities were detected at 48 h and 72 h
(except for 16 mg/L at 48 and 1 mg/L at 72 h). As seen in Figure 3, Ni-treated plants have higher SOD activity
than Mn-treated plants (except for 4 mg/L metal exposure at 48 h).

SOD is the first enzyme that is involved in the dismutation of the superoxide anion to oxygen and hydrogen
peroxide at a very fast rate (Radic et al., 2010). Therefore, the changes in the activity of this enzyme are very
important for overcoming the oxidative stress in plants. In the present study, increased SOD activity in Mn- and
Ni-exposed plants was probably caused by the increase in superoxide anions. Additionally, the inducing effects
of heavy metals on the increasing expression of SOD genes were demonstrated by Gao et al. (2009) in cucumber
seedlings. Similar to our results, the stimulating effects of Mn and Ni on SOD activity were reported in Elodea
canadensis, Vitis vinifera, Oryza sativa and Cucumis sativus (Maleva et al., 2009, Mour et al., 2011, Srivastava
& Dubey, 2011).

3.5 POD Activity

Compared to the control, Mn caused significant increases in the POD activity at all treatment times (r = 0.443 p
=0.01). POD activity was decreased with the increasing Ni concentration at 24 h and 48 h (except for 0.25 mg/L
Ni) (Figure 4). However, POD activity was increased significantly at 72 h (F = 34.072 df = 4, 10; p = 0.001).
These relationships were corrected by correlation analysis between Ni accumulation and POD activity (1=
—0.831 ryg,= —0.930, 175, —=0.693, p = 0.01). Compared to the control, the highest increases in the POD activity
were determined at 48 h in the Mn-exposed plants at 1 mg/L (6.77 fold) and 72 h in Ni-exposed plants at 4 mg/L
(6.9 fold). In general, the increase rate declined with the highest Mn and Ni concentrations.

Among the antioxidant enzymes, POD is the most important indicator for metal toxicity (Doganlar & Atmaca,
2011). This enzyme is one of the major scavengers of hydrogen peroxide produced by cells under heavy metal
stress. Because of Mn and Ni stress, significant deductibility of POD activity was reported in V. vinifera (Mn),
Pistia stratiotes (Ni), Citrus grandis (Mn), O. sativa (Mn), Zea mays (Ni) (Baccouch et al., 1998; Li et al., 2010;
Mou et al., 2011; Singh & Pandey, 2011; Srivastava & Dubey, 2011). As seen from Figure 4, the increasing
exposure time to both metals at different concentrations showed that the enzyme activity was more reduced at
the dose of 16 mg/L than the other exposure doses in both heavy metals. These declines at the highest
concentrations in POD activity may have resulted from the toxic effects of Mn and Ni on the synthesis and
confirmation of enzyme activity (Sreedevi et al., 2008; Solanki et al., 2011). Additionally, the decrease in the
POD activity may be due to increased activities of other detoxifiers of HyO,. This suggestion was confirmed by
negative correlations between POD and CAT activities in both Mn- and Ni-exposed plants (rnpg= —0.605; rymg =
—0.714; p=0.01, rmnas = —0.549, p = 0.05).

3.6 CAT Activity

Compared with the control, increased CAT activity was evidenced at all Ni concentrations except at 0.25 mg/L
Mn in L. gibba 24 h after treatment (Figure 4). However, both Mn- and Ni-treatment caused increased CAT
activity in L. gibba plants at 48 h and 72 h. Additionally CAT activity increased with the Mn exposure time (r =
0.519; p = 0.05). The highest increases in the CAT activity were determined at the 16 mg/L Mn (3.76 fold) and 4
mg/L Ni (4.85 fold) concentrations at 72 h. Significant positive correlations were determined between metal
accumulation and CAT activity in Ni- and Mn-treated plants (ryjps= 0.528 p = 0.05; rni72= 0.842; p = 0.01; ryinag
=0.520; p = 0.05; ryi72 0.731; p=0.01).
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CAT is one of the major H,O, scavengers under heavy metal stress in plants. The increased activity of CAT in
this study showed that Mn and Ni cause increasing amounts of hydrogen peroxide and additionally effective
scavenging of H,0O,. Our findings are in agreement with earlier reports showing the inducing effects of Mn and
Ni on CAT activity in different plant species.The continuous increases in the CAT activity showed that L. gibba
has a strong H,0, scavenging capacity due to the activity of this enzyme in the Mn-exposed plants at 48 h and 72
h.
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Figure 4.The effect of Mn and Ni exposure on the POD and CAT activity in L. gibba after 24, 48 and 72 h of
exposure

4. Conclusions

According to the results presented here, the L. gibba can be used for cleaning of Mn polluted aquatic
environments. Although both Mn and Ni cause significant changes in pigment, protein and antioxidant enzymes,
Ni caused more pronounced toxicity symptoms. The decrease in pigment (total Chl and Car) and protein contents
was evidenced at lower Ni concentrations and earlier exposure times than that of Mn. Additionally we can say
that both heavy metals caused oxidative stress.

Although Mn accumulation was higher than Ni, the symptoms of toxicity were lower for Mn than that of Ni. The
reason for this situation might be the effects of the antioxidant enzymes, especially POD to overcome the stress
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of the plant. Additionally, increasing amounts of protein content possibly due to increasing expression of stress
proteins may have helped in inducing less toxicity symptoms for Mn.
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