Changes in antioxidant enzyme activities in Eichhornia crassipes
(Pontederiaceae) and Pistia stratiotes (Araceae) under heavy metal stress
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Abstract: Whole plants of Eichhornia crassipes and Pistia stratiotes were exposed to various concentrations (0,
0.1, 0.3, 0.5, 1.0, 3.0 and 5.0 mM) of 8 heavy metals (Ag, Cd, Cr, Cu, Hg, Ni, Pb and Zn) hydroponically for 21
days. Spectrometric assays for the total activity of catalase, peroxidase, and superoxide dismutase in the leaves
were studied. At the end of the experimental period, data referred to metal treated plants were compared to data
of untreated ones (control). Heavy metals increased the activity of catalase, peroxidase and superoxide dismutase
in both species and there was differential inducement among metals. Overall, Zn had the least inducement of
antioxidant enzymes in both species while Hg had the highest inducement. The increase in antioxidant enzymes
in relation to the control plants was more in E. crassipes than P. stratiotes. The results showed that E. crassipes
tolerated higher metal concentrations in a greater number of metals than P. stratiotes. Rev. Biol. Trop. 55 (3-4):
815-823. Epub 2007 December, 28.
Key words: catalase, peroxidase, superoxide dismutase, Eichhornia crassipes, heavy metals, Pistia stratiotes,
reactive oxygen species.

The production of reactive oxygen species
(ROS), such as singlet oxygen (1O2), superoxide radical (O2-) and hydrogen peroxide
(H2O2), intrinsically accompanies photosynthesis (Mano et al. 2002). In chloroplasts, singlet
oxygen (1O2) is formed by energy transfer to
oxygen (O2) from triplet excited state chlorophyll, and superoxide radical (O2-) is produced
by photoreduction of oxygen at photosystem
I (PSI) and photosystem II (PSII) (IturbeOrmaetxe et al. 1998). Hydrogen peroxide
(H2O2) is produced by the glycollate oxidase
reaction in the process of photorespiration
(Foyer et al. 1994).
Most cellular compartments have the potential to become a source of ROS. Environmental
stress conditions that limit CO2 fixation,
such as drought and salt stress, ozone and
high or low temperatures, reduce the NADP+

regeneration by the Calvin cycle, consequently,
the photosynthetic electron transport chain
is over-reduced, forming superoxide radicals
and singlet oxygen (1O2) in the chloroplasts
(Krause 1994). To prevent over-reduction of
the electron transport chain under conditions
that limit CO2 fixation, plants have evolved the
photorespiratory pathway to regenerate NADP+
(Kozaki and Takeba 1996). As part of the photorespiratory pathway, H2O2 is formed in the
peroxisomes, where it can also be produced
during the catabolism of lipids as a by-product
of β-oxidation of fatty acids (Somerville et al.
2000). When growth and other energy requiring
processes in plants are reduced as a result of
stress, the electron transport chain in the mitochondria may become over-reduced, favouring
the generation of superoxide radical (Purvis
1997). The detoxification reactions catalysed
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by cytochrome P450 in the cytoplasm and the
endoplasmic reticulum also leads to the formation of ROS. During these reactions, electron
leakage to oxygen and the decomposition of the
intermediate oxygenate of cytochrome P450 can
form O2- (Urban et al. 1997).
Heavy metals are defined as metals with
a density higher than 5 gcm-3. Based on their
solubility under physiological conditions, 17
heavy metals may be available for living cells
and of importance for organism and ecosystems
(Weast 1984). Among these metals, Fe, Mo and
Mn are important as micronutrients, while Zn,
Ni, Cu, V, Co, W, and Cr are toxic elements
with high or low importance as trace elements.
On the other hand, As, Hg, Ag, Sb, Cd, Pb, and
U have no known function as nutrients and are
toxic to plants (Nies 1999).
Toxic levels of some heavy metals appear
as a result of environmental pollution due to the
removal technology of mining, heavy automobile traffic, smelting, manufacturing, and agricultural wastes in natural and agricultural areas
(Oncel et al. 2000). Since these metals are not
readily degraded by microbial activities, they
tend to pollute the environment thereby constituting environmental stress.
In plants, damage arising from a wide
range of biotic and abiotic environmental
stresses appears to be directly or indirectly
caused by reactive oxygen species. They are
highly destructive to the cellular components
of proteins, membrane lipids and nucleic acids
(Matsumura et al. 2002). As reactive oxygen
species are produced in significant quantities in
sub-cellular compartments or organelles, each
organelle has potential targets for oxidative
stress as well as mechanisms for eliminating
the noxious oxyradicals. The control of oxidant levels is achieved by antioxidant systems.
Under non-perturbed conditions, steady state
equilibrium probably exists between reactive
oxygen species formation and their scavenging by means of enzymes known as antioxidants. Among the antioxidants, catalase (CAT),
peroxidase (PRX), and superoxide dismutase
(SOD) are reputed to be the most important
(De Biasi et al. 2003). Since reactive oxygen
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species are potentially destructive chemical
species, it is conceivable that the cellular balance between reactive oxygen species formation and consumption has to be kept under tight
control. Hence, an increase in the level and/or
activity of antioxidants is often believed to
indirectly reflect on increase in reactive oxygen
species formation (Foyer et al. 1997).
In the past, E. crassipes and P. stratiotes
have been implicated in the phytoremediation
of waters polluted with low levels of heavy metals (Muramoto and Oki 1983, Qian et al. 1999,
Odjegba and Fasidi 2004). But this metal accumulation potential possessed by these plants
is not without some pronounced effects on the
plants. It has been reported that responses such
as root growth and development, leaf expansion and relative growth rate of P. stratiotes
was significantly hindered when subjected to
heavy metal stress (Odjegba and Fasidi 2004).
The present study was conducted to determine
whether part of the differences in stress tolerance between E. crassipes and P. stratiotes
could be explained by differences in reactive
oxygen metabolism. Our hypotheses were:
a.

b.

Nonlethal concentrations of heavy metals
would cause increased oxidative stress and
therefore induce defence systems against
ROS and that the effects of the metals
would be different.
Species with overall higher levels of antioxidant enzyme activity would comparatively tolerate heavy metal stress more
than the other species.

MATERIALS AND METHODS
E. crassipes and P. stratiotes were collected from Oba dam, University of Ibadan,
Oyo State, Nigeria. Plants were washed thoroughly under a running tap water, propagated
for four weeks hydroponically and subjected
to heavy metal treatments as described earlier by Odjegba and Fasidi (2004), using
Hoagland’s solution as modified by Punshon
and Dickinson (1997).
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Enzyme assays: plants were harvested
at the end of the experiment period and thoroughly washed under a running tap water. The
leaves were collected for the preparation of
extracts used for the enzyme assays. Crude
extract was prepared by grinding 1 g of leaves
in 10 ml distilled water using ceramic mortal
and pestle. Filtration was made using labsman
no 1 filter paper and the filtrate utilized for
enzyme analyses (De Biasi et al. 2003).
Catalase activity was measured according
to the method of Matsumura et al. (2002) in
a reaction mixture containing 1 ml of 5 mM
potassium phosphate (pH 7.0), 1 ml of 45 mM
H2O2 and 1 ml of the crude extract. The activity was determined by the decrease of absorbance at 240 nm due to H2O2 consumption
using Corning 258 spectrophotometer. One
unit was defined as 1 mM of H2O2 decomposed per minute and the activity referred to
milligrams of protein. Protein was determined
in extract according to the method described
by Bradford (1976).
Peroxidase activity was determined according to the method of Chanda and Singh (1997).
The reaction mixture contained 1 ml of the leaf
extract, 1 ml of 1 mM H2O2, 1 ml of 4 mM
guaiacol and 1 ml 8 mM potassium phosphate
buffer (pH 6.5). The change in absorbance at
470 nm due to the oxidation of guaiacol to form
tetraguaiacol in the presence of H2O2 was measured. The Peroxidase activity was expressed
as the rate of change of optical density (OD)
per minute.
Superoxide dismutase activity was measured as described by Calatayud et al. (2002).
The reaction mixture contained 1 ml each of
50 mM potassium phosphate buffer (pH 7.8),
10 mM methionine, 57 µM nitroblue tetrazolium (NBT), 1.0 µM riboflavin, 0.025 % (v/v)
Triton X-100 and crude extract. The mixture
was thoroughly shaken and illuminated for 5
min with 60 Watt electric bulb placed 20 cm
away. Absorbance was recorded at 560 nm after
the illumination period. In this assay, 1 unit of
SOD was defined as the amount of enzyme
necessary to produce a 50 % inhibition of the
NBT photoreduction.

Statistical analysis: data analyses were
performed using SAS version 6.0. Variance
analysis (ANOVA) was performed on experimental data. For mean separations, Duncan’s
multiple range test (DMRT) was used at
p≤0.05.

RESULTS
Generally, heavy metals increased the
activities of the antioxidant enzymes investigated, and the increase was proportional to
metal concentration. However, there was a
differential level of inducement among metals
and this had a direct relationship with the tolerance of the metal by the plant species. Both
species could not tolerate high concentration of
Hg, as concentrations ≥0.5 mM of these metals
were lethal to both species. Yet, low concentrations of this metal induced antioxidant enzyme
activities to significant (p≤0.05) high level
compared to other metals.
The control E. crassipes had 0.38±0.02
µmolmg-1 protein of catalase activity, while 0.3
mM of Hg, Ni, Cr and Zn induced 0.84±0.01,
0.68±0.02, 0.46±0.01 and 0.42±0.02 µmolmg-1
protein of catalase activity respectively (Fig.
1). Similarly, 0.3 mM of Hg and Ni induced
0.82±0.02 and 0.72±0.01 µmolmg-1 protein
respectively in P. stratiotes, these values were
significantly (p≤0.05) higher than 0.62±0.01,
0.69±0.02, 0.50±0.01 and 0.47±0.01 µmolmg-1
protein of catalase activity recorded for 0.3 mM
Ag, Cd, Cr and Zn respectively (Fig. 2).
Peroxidase activity in E. crassipes and P.
stratiotes as affected by heavy metals are as
shown in Fig. 3 and 4 respectively. The control
E. crassipes and P. stratiotes had 0.010±0.001
and 0.015±0.001 units of activity respectively.
These values were significantly (p≤0.05) lower
than the values recorded for ≥0.3 mM treatment
concentrations for all the metals investigated.
Fig. 5 and 6 shows the effects of heavy
metals on the superoxide dismutase activity in
E. crassipes and P. stratiotes respectively. There
was a significant (p≤0.05) increase in SOD activity when metals were supplied at ≥0.3 mM.
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Fig. 1. Catalase activity (µmol mg-1 protein) of E. crassipers exposed to different concentrations (mM) of heavy metals.
Means and standard errors are shown, n=3.

Fig. 2. Catalase activity (µmol mg-1 protein) of P. stratiotes exposed to different concentrations (mM) of heavy metals.
Means and standard errors are shown, n=3.
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Fig. 3. Peroxidase activity (∆470 min-1 g-1 fresh weight) of E. crassipers treated with different concentrations (mM) of heavy
metals. Means and standard errors are shown, n=3.

Fig. 4. Peroxidase activity (∆470 min-1 g-1 fresh weight) of P. stratiotes treated with different concentrations (mM) of heavy
metals. Means and standard errors are shown, n=3.
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Fig. 5. Superoxide dismutase activity (units mg-1 protein) of E. crassipers exposed to various concentrations (mM) of heavy
metals. Means and standard errors are shown, n=3.

Fig. 6. Superoxide dismutase activity (units mg-1 protein) of P. stratiotes exposed to various concentrations (mM) of heavy
metals. Means and standard errors are shown, n=3.
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Overall, Zn had the least inducement of
antioxidant enzymes in both species while
Hg had the highest inducement. This reflects
a direct relationship with the tolerance levels
of these metals by these species. E. crassipes
survived 3.0 mM Zn but 0.5 mM Hg was
lethal. Similarly, P. stratiotes tolerated 1.0 mM
Zn but could not survive when exposed to 0.5
mM Hg.

multiple functions of reactive oxygen species,
it is necessary for cells to control the level these
molecules tightly, but not to completely eliminate them. This was found to be true in this
study, as the activity of antioxidant enzymes
also occurred in the control plants which was
an indication of the presence of reactive oxygen species in these plants’ cells.
Our data supported the two hypotheses:
a.

DISCUSSION
The direct interaction of heavy metals with
cellular components can initiate a variety of
metabolic responses, finally leading to a shift
in the development of the plant. In general,
the stress point is defined as the metabolic
state where the regulation of pathways towards
the positive direction for plant fitness is at its
limits (Elstner et al. 1988). For metal toxicity,
this stress point is reached at the toxic threshold level of the metal in the tissue. Above this
level, the physiological state of the cell will be
irreversibly changed. This change is reflected
by an increase in activity of certain enzymes
defined as enzyme induction. Based on the
chemical and physical properties of heavy
metals, three different molecular mechanisms
can be distinguished: (a) production of reactive
oxygen species by autoxidation and Fenton
reaction; (b) blocking of essential functional
groups in biomolecules; (c) displacement of
essential metal ions from biomolecules.
For a long time, reactive oxygen species have been regarded mainly as dangerous
molecules, whose levels need to be kept as
low as possible. This opinion is now changing, because it has been realized that reactive
oxygen species play important roles in plant’s
defence system against pathogen (Bowell et
al. 2002), mark certain developmental stages
such as tracheary element formation, lignification and other cross-linking processes in the
cell wall (Teichmann 2001, Fath et al. 2002)
and act as intermediate signaling molecules to
regulate the expression of genes (Neill et al.
2002, Vranova et al. 2002). Because of these

b.

Nonlethal concentrations of heavy metals
would cause increased oxidative stress and
therefore induce defence systems against
ROS and that the effects of the metals
would be different.
Species with overall higher levels of antioxidant enzyme activity would comparatively
tolerate heavy metal stress more than the
other species.

The results presented in this study showed
that heavy metals increased the activity of catalase, peroxidase and superoxide dismutase
in both species and there was differential
inducement among metals. It is possible that
heavy metal stress reduce the capacity of the
plants to assimilate carbon, this would trigger an increase in photosynthetic electron
flux to molecular oxygen, resulting in the
increased production of superoxide, hydrogen peroxide, and hydroxyl radical. Since
these reactive oxygen species are damaging
to lipids, proteins and pigments, they are
rapidly scavenged by antioxidant enzymes.
There are evidences that increased levels of
these scavenging enzymes may play a role in
limiting the degree of photodamage to plants
(Hodges et al. 1997, Collen and Davison
1999, Rao and Sresty 2000, Schutzendubel
et al. 2001). The increase in antioxidant
enzymes in relation to the control plants
was more in E. crassipes than P. stratiotes.
The results showed that E. crassipes tolerated higher metal concentrations in a greater
number of metals than P. stratiotes, and this
supported the second hypothesis.
The authors concluded that exposure of
plants to heavy metals provoke pronounced
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responses of antioxidative systems which protects the plants to some extent against oxidative damage, but the direction of response was
dependent on the plant species, the metal used
for the treatment and the intensity of the stress.

Resumen
Plantas completas de Eichhornia crassipes y Pistia
stratiotes fueron expuestas a varias concentraciones (0, 0.1,
0.3, 0.5, 1.0, 3.0 and 5.0 mM) de metales pesados (Ag, Cd,
Cr, Cu, Hg, Ni, Pb and Zn) utilizando hidroponía, por 21
días. Se realizaron análisis espectrométricos en las hojas
para determinar la actividad total de la catalasa, peroxidasa
y dismutasa superóxida. Al final del periodo experimental,
se comparó con plantas no tratadas (control). Los metales
pesados incrementan la actividad de la catalasa, peroxidasa
y la dismutasa superóxida para ambas especies y hay diferencias entre los metales. El Zn produce el menor estímulo
para enzimas antioxidantes en ambas especies; Hg produce
el mayor estímulo. El incremento de las enzimas antioxidantes en relación con las plantas control fue mayor en E.
crassipes que P. stratiotes. E. crassipes tolera altas concentraciones de metal en un gran número de ellos, mientras
que la tolerancia en P. stratiotes es menor.
Palabras clave: catalasa, peroxidasa, dismutasa superoxida, Eichhornia crassipes, metales pesados, Pistia stratiotes, especies reactivas al oxígeno.
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