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Response of Crotalaria juncea to nickel exposure
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The response of Crotalaria juncea seedlings to nickel (Ni) was investigated. Ni was shown to accumulate mainly in the root
system, with little being translocated to the shoots. Catalase (CAT) and glutathione reductase (GR) responses to Ni were also
analyzed. CAT activity did not exhibit a clear trend in response to Ni exposure, whereas GR activity appeared to respond to the
stress induced by Ni. The results suggest that in C. juncea GR participates in the detoxification of Ni-induced reactive oxygen
species via the glutathione-ascorbate cycle.
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Resposta de Crotalaria juncea a exposicio ao niquel: A resposta de plantulas de Crotalaria juncea ao niquel (Ni) foi
investigada. O Ni acumulou principalmente no sistema radicular, sendo pouco translocado para a parte aérea. As respostas da
catalase (CAT) e da glutationa redutase (GR) também foram analisadas. A atividade de CAT nido mostrou uma tendéncia clara
em resposta a exposicdo ao Ni, enquanto a atividade da GR pareceu responder ao estresse induzido pelo Ni. Os resultados
sugerem que em C. juncea a GR participa da destoxificagdo das espécies ativas de oxigénio via ciclo glutationa-ascorbato.

Palavras-chave: enzimas antioxidantes, espécies reativas de oxigénio, metais pesados, niquel.

In the majority of natural environments the concentration
of heavy metals in the soil is low and does not normally cause
any significant phytotoxic effects (Gratdo et al., 2005). The
presence of some metals, like copper (Cu), zinc (Zn) and
cadmium (Cd) in soils are becoming a serious worldwide
problem as a consequence of industrial activity, since the
accumulation of these metals is able to cause significant
reduction in crop yields (Wang et al., 2003). Nickel (Ni)
has one essential role in plants, which is to form the active
metallocenter of the hexameric enzyme urease (EC 3.5.1.5.)
(Gerendas et al., 1999). Ni is not toxic at low concentrations,
but it becomes toxic at high concentrations (Poulik, 1997).
Ni is rapidly taken up by the plant root system and research
with different plant species has shown that Ni is able to
inhibit a large number of plant enzymes such as those of the
Calvin cycle and chlorophyll biosynthesis (van Assche and
Clijsters, 1990). Ni is also able to inhibit enzymes related to

nitrogen metabolism (Boussama et al., 1999) and sulphate
assimilation (Lee and Leustek, 1999).

Exposure to heavy metals and other adverse
environmental factors can disrupt cellular homeostasis and
enhance the production of several activated oxygen species,
designated as reactive oxygen species (ROS), such as
superoxide (O,), hydroxyl radicals (*OH), oxygen singlet
(O,") and hydrogen peroxide (H,0,), that are produced
continuously by plant metabolism (Foyer and Noctor, 2003).
Plants possess very efficient enzymatic and non-enzymatic
antioxidant defense systems that allow the scavenging of
ROS and protection of plant cells from oxidative damage
(Gratao et al., 2005). H,O, can be directly metabolized by
peroxidases, particularly those from the cell wall and by CAT
in the peroxissome (Azevedo et al., 1998). In the chloroplast,
O, is converted by SOD into H,0O,, which is then detoxified

to H,0 and O, by the glutathione-ascorbate cycle, which
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involves the action of several enzymes, including GR (Foyer
et al., 2003). Several studies have been carried out with
plants to evaluate the effect of heavy metals on the activity
of antioxidant enzymes such as SOD, CAT and GR (Gratio
et al., 2005). The present study was carried out to examine
the effects of Ni on the activity of two antioxidant enzymes
in the legume plant species C. juncea, commonly used as a
compost (green fertilizer).

Seeds of C. juncea were germinated on moistened
germinating paper in a growth chamber under controlled
environmental conditions (60-80 % relative humidity, 27-30°C
temperature and a 16/8 h photoperiod at 350 pmol.m2.s’!
irradiance) for 7 d. At the end of this period, seedlings of
approximately the same size were selected and transferred
to 1.7 L pots containing Hoagland's nutrient solution and
maintained in a hydroponic system in a glasshouse (16/8 h
photoperiod at 25-32°C). After a further 7 d growth under
these conditions, the Hoagland solution was replaced with
a new solution containing different NiCl, concentrations (0
mmol.L!, 0.05 mmol.L-! and 0.5 mmol.L-"). After periods
of 12, 24, 48, 72 and 96 h of growth in the presence of Ni,
seedlings were collected, washed in distilled-deionized
water and stored frozen at -80°C for further analysis. The
experimental design was a randomized complete block with
treatments arranged as individual pots, with ten plants per
plot, each replicated 3 times.

Ni accumulation in root and shoot samples taken from
seedlings of C. juncea exposed to 0 mmol.L'! and 0.5
mmol.L! NiCl, was determined using the energy disperse
X-Ray fluorescence method with the radioisotopic excitation
technique carried out at the Center for Nuclear Energy in
Agriculture, CENA/USP as described by Nascimento Filho
(1999). Enzyme extraction of roots and shoots of C. juncea
seedlings was carried out according to Pereira et al. (2002).
Protein concentration for all samples was determined by the
method of Bradford (1976) using bovine serum albumin
as standard. CAT and GR activities were determined as
described by Medici et al. (2004). Lipid peroxidation
in C. juncea shoots was determined by estimating the
malondialdehyde (MDA) content following the method of
Heath and Packer (1968). The concentration of MDA was
calculated using an extinction coefficient of 155 mM!.cm™!.

Using X-ray absorption spectroscopy we determined the
accumulation of Ni in roots and shoots of C. juncea after
growth in 0.5 mmol.L-! for a period of up to 96 h (figure
1). It was observed that Ni entered the roots very rapidly
with approximately 100% of the Ni being taken up within
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Figure 1. Ni accumulation (ppm) in C. juncea seedlings. Ni
accumulation was determined in the roots (A) and shoots
(B) of seedlings grown over a 96 h period. Control zero
NiCl, (W) and 0.5 mmol.L! NiCl, (A).

the first 24 h of growth in the presence of the metal (figure

1A). However, little was translocated to the upper parts of

the plants (figure 1B). In an earlier report, the accumulation
of Ni in Trigonella corniculata tissues was shown to increase
consistently with increasing Ni concentrations applied to the
roots, with the metal accumulating in much higher amounts in
the roots compared to the shoots (Parida et al., 2003). Similar
behavior has been reported for the heavy metal Cd, which
can also accumulate rapidly and preferentially in the roots,
with little being translocated to the other parts of the plant

(Vitéria et al., 2001; Pereira et al., 2002). Furthermore, among

the several distinct proposed mechanisms for heavy metal

tolerance, in the case of Alyssum bertolonii hairy roots, the
tolerance to Ni appears to be related to the ability to withstand
the effects of plasma membrane depolarisation (Boominathan

and Doran, 2002). In addition, Prasad and Freitas (2000)

have stated that different parts of plants have different
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adsorption abilities due to localization of specific ligands
that have affinity to bind to a particular metal. Wang et al.
(2003) studying rice plants which were grown to maturity in
paddy soils contaminated with heavy metals observed that the
metals could be translocated to the rice grain, with the total
metal content being highly concentrated in the rice biomass.
This does not appear to be the case of Ni in C. juncea.
Previous studies have stated that Ni cannot generate
ROS directly, however, this metal could indirectly trigger
oxidative stress by reactivation of proteins, including
antioxidant enzymes (Boominathan and Doran, 2002).
Biochemical analyses of CAT and GR enzymes were carried
out in roots and shoots of C. juncea exposed to different
NiCl, concentrations (0 mmol.L"!, 0.05 mmol.L-' and 0.5
mmol.L") in order to investigate the possible induction of
these enzymes by Ni, which may imply their involvement
in the metal tolerance mechanism of this plant species.
The choice of these two enzymes was also based on their
responses to Cd stress in C. juncea (Pereira et al., 2002).
CAT activity in the roots did not exhibit any major
variation in both 0.05 mmolL! and 0.5 mmol.L! NiCl,
treatments over the duration of the experiment (figure 2A).
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A similar result was observed in the shoots (figure 2B).
However, CAT activity in the control treatment varied
differently in both tissues, exhibiting a reduction in roots
after 48 h of treatment (figure 2A), contrasting the shoots
where an increase in activity was observed after 24h (figure
2B). With regard to the NiCl, treatments, CAT activity did
not exhibit a clear trend in any of the tissues, but varied
during the time span of the experiment (figures 2A and 2B).
The major function of CAT in leaves is to metabolize the
H,O, liberated in the peroxisomes during photorespiration
following the conversion of glycollate to glyoxylate (Azevedo
et al., 1998). Another class of CAT is located in vascular
tissues and may be also involved in the protection against
environmental stress (Willekens et al., 1995). Apart from the
variation in levels of CAT activity observed between 24 and
72 h of Ni treatment, when a drastic increase in activity was
observed in the shoots, the results cannot support a primary
response of CAT to Ni-induced oxidative stress with ROS
generation, although an increased CAT activity in response
to Ni treatment might be circumstantial evidence to support
the hypothesis that Ni could cause the formation of ROS.
Furthermore, evidence for a signalling mechanism from
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Figure 2. CAT specific activity (umol.min"!.mg! protein) in the roots (A) and shoots (B) and GR activity (umol.min"!.mg"!
protein) in the roots (C) and shoots (D) of C. juncea seedlings grown over a 96 h period. Control zero NiCl, (W), 0.05

mmol.L" NiCl, (®) and 0.5 mmol.L-! NiCl, (A).
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roots to shoots in relation to CAT activity responding to a
Ni-induced oxidative stress cannot be supported based on our
results in C. juncea. On the other hand, the sharp increase in
CAT activity in shoots of seedlings of C. juncea support the
hypothesis that Ni may induce the production of H,O, in the
peroxisome, which is then metabolized by CAT. The lack of
any major significant alteration in CAT activity in the roots
of C. juncea following treatment with NiCl, is similar to
the results reported for the roots of this plant species when
treated with CdCl, (Pereira et al., 2002). The response of
CAT activity to Al has also been shown to be dependent on
the plant species and tissues analyzed (Cakmak and Horst,
1991). In another study, the activity of CAT in young wheat
leaves was impaired by an increase in Cr supply (Milone et
al., 2003). A similar study in maize showed that there was an
evident increase in CAT activity in response to Ni treatment
(Baccouch et al., 2001).

GR can be located in the chloroplasts, cytoplasm
and mitochondria of higher plants and is involved in the
breakdown of H,O, via the ascorbate-glutathione cycle
(Azevedo et. al., 1998). In this study, the activity of GR was
determined in roots and shoots of C. juncea seedlings treated
with NiCl,. Contrary to CAT, interesting changes in GR
activity were observed in response to the Ni-induced stress
in C. juncea seedlings (figures 2C and 2D), particularly in
the shoots. In roots, GR activity was drastically reduced in
the control plants during the first 24 h of growth, but did not
vary afterwards (figure 2C). In an almost identical manner,
GR activity in the 0.05 mmol.L! NiCl, treatment was also
drastically reduced after 12 h of treatment but remained
essentially unaltered afterwards (figure 2C). For the 0.5
mmol.L-! NiCl, concentration, a reduction in GR activity was
also observed, however, the decrease in activity was much
slower than that observed for the control and 0.05 mmol.L-
! NiCl, treatments. The results suggest that the higher Ni
concentration tested has probably induced oxidative stress
and ROS generation, since the slower fall in GR activity
over the duration of the treatment probably was important
in maintaining the glutathione-ascorbate cycle operating in
order to detoxify the ROS induced by the exposure of the
roots to Ni.

GR activity in the shoots was dramatically affected by
both Ni concentrations tested (figure 2D). As in roots, GR
activity in the control exhibited a dramatic initial reduction
up to 24 h of treatment, followed by a sharp 6-fold increase
up to 72 h of treatment, after which there was a slight
reduction over the next 24 h of treatment. Curiously, both
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Ni concentrations exhibited identical behaviors, but with
different delays. The 0.05 mmol.L-! NiCl, treatment did
not result in a sharp drop in GR activity, but induced a
slight continuous increase, whereas the 0.5 mmol.L-! NiCl,
treatment exhibited a more significant reduction in GR
activity rapidly followed by a sharp increase and then a drop
in GR activity up to 96 h in a similar manner to the control
treatments. The result clearly indicates that GR activity
responds more effectively to Ni-induced oxidative stress than
CAT. As already mentioned, although GR activity is reduced
in the roots, the highest Ni concentration tested indicates
that GR activity appears to be detoxifying Ni-induced ROS,
whereas the oxidative stress appears to be more pronounced
in the upper parts of the plant, since with the increase in Ni
concentration, the GR activity responses were faster when
compared to the natural variation of the control GR activity
(figures 2C and 2D).

The majority of studies determining the response of GR
to metal exposure have shown that GR activity increases
as part of the defense against the metal-induced stress, an
alteration which has often been metal dose dependent and
variable over time (Gratdo et al., 2005). GSH is considered
essential in plant cells, although some plants contain tripeptide
homologs of GSH, in which the carboxy terminal glycine is
replaced by other amino acids, such as homoglutathione
(y-glutamylcysteinylalanine), hydroxymethylglutathione (y-
glutamylcysteinylserine), that may partly or totally replace
GSH. Another GSH homologue, y-glutamylcysteinylglut
amate, was discovered in maize seedlings exposed to Cd
(Prasad, 1997). The oxidized forms of GSH homologues can
be reduced by yeast GR, suggesting similar physiological
and biochemical roles for the more widespread GSH (Foyer
and Noctor, 2003). Such a result suggests that this enzyme
is responding to metal stress by maintaining glutathione in
the reduced form prior to incorporation into phytochelatins
(PCs), and/or via the activation of the ascorbate-glutathione
cycle for the removal of H,0, (Gratdo et al., 2005). This
information also appears to be valid for CAT and other
antioxidant enzymes, since the responses vary according to
the metal, plant species, concentration of the metal and even
plant tissues. The data obtained here suggest that Ni appears
to be inducing ROS production, however, the ROS produced
may be metabolized by other antioxidant enzymes, which
were not tested in this study, or the production of ROS is not
significantly high. For instance, C. juncea plants submitted to
Cd exposure exhibited a 6-fold increase in GR activity in the
leaves when compared to the untreated control (Pereira et al.,
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2002), clearly indicating a role for GR in the detoxification of
Cd-induced ROS via the glutathione-ascorbate cycle. In any
case, further studies are necessary and should concentrate on
analyzing other antioxidant enzymes and ROS production.

Lipid peroxidation is associated with oxidative stress and
contributes to the breakdown of the functional and structural
integrity of biological membranes, resulting in increases in the
permeability of the plasma membrane, which leads to leakage
of K* ions and other solutes, amino acids oxidation and
eventually may cause cell death (Gratdo et al., 2005). ROS
can react with unsaturated fatty acids to cause peroxidation of
essential lipids in the membranes of intracellular organelles.
Moreover, H,O, can accumulate in plant tissues where the
antioxidant activities are suppressed (Scandalios, 2005).
MDA is one of several low molecular weight end products
formed via decomposition of certain primary and secondary
lipid peroxidation products (Liu et al., 1997). Pandolfin et al.
(1996) suggested that Ni induces lipid peroxidation, degrading
membrane lipids and causing conformational changes in
membrane proteins. In this study, lipid peroxidation was
monitored by measuring the concentration of MDA in shoots
of control and 0.5 mmol.L-! NiCl, treated seedlings. The
degree of lipid peroxidation varied very little in shoots of
control plants, however, a steady almost linear increase in
MDA was observed for the Ni treatment, clearly indicating
a Ni-induced oxidative stress in C. juncea seedling shoots
(figure 3). Such a result is in agreement with data obtained by
Baccouch et al. (2001) who showed that Ni oxidative disorder
is part of the overall expression of Ni toxicity in roots of
maize with enhanced lipid peroxidation.

In this study, the growth of C. juncea roots was essentially
very little affected by Ni, however, the physiological
parameters analyzed to investigate oxidative stress indicated
that ROS are being produced, leading to lipid peroxidation
in the shoots. Based on the data obtained for CAT and GR
activities, it is possible to suggest that the glutathione-
ascorbate cycle is more active under Ni stress, also causing
an increase in lipid peroxidation. Future studies should
concentrate on a detailed investigation of other enzymatic
systems and non-enzymatic systems. The only previous
report for C. juncea in relation to heavy metal induced
oxidative stress was carried out with Cd, where a clearer
response was obtained, indicating that GR may be involved
in the main line of antioxidative defense in this plant species
when Cd-induced oxidative stress is concerned (Pereira et al.,
2002). In both studies, C. juncea exhibited a more tolerant
response to both metals, suggesting that this species should
also be investigated and tested in phytoremediation.
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Figure 3. Malonaldialdehyde (MDA) concentrations
(umol.g™! fresh weight) in the shoots of seedlings grown

over a 96 h period. Control zero NiCl, (M) and 0.5
mmol.L-! NiClL, (a).
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