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The main aim of this paper was to investigate the effect of chromium (Cr), copper (Cu) and zinc (Zn) on nitrate reductase
(NR) activity and oxidative stress responses in the moss Polytrichum commune. Cr, Cu and Zn resulted in the inhibition of
NR activity. A decline in total chlorophyll content was observed after 24 and 48 h of metal treatment. Accumulation of the
metals showed a dose and time dependent increase. High accumulation of Cu, Cr and Zn were seen in moss shoots after 24
and 48 h of treatment. Treatment of Cr, Cu and Zn for 24 or 48 h resulted in the increase of malondialdehyde (MDA) content
in moss shoots. The highest increase was observed in shoots under Cu treatment followed by Cr and Zn. The MDA content
was significantly higher after 48h. Antioxidant enzymes viz., catalase (CAT), guaiacol peroxidase (GPx), glutathione reductase
(GR) and superoxide dismutase (SOD) were affected by elevated concentrations of the three metals. Increase in the activity
of CAT, GR and SOD was seen after 24 and 48 h of treatment. GPx activity declined under Cr treatment. However, under Cu
and Zn, an increase in GPx was seen after 24 h and 48 h of treatment. For Zn, the antioxidant efficiency was less affected as
compared to Cr and Cu. The response of Polytrichum commune to toxic concentrations of Cr, Cu and Zn appears to induce
oxidative damage as observed by the increase in MDA content and antioxidant metabolism.
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Alteracdes na atividade da redutase do nitrato e respostas ao estresse oxidativo no musgo Polytrichum commune sujeito
ao tratamento fitotoxico com cromo, cobre e zinco: O principal objetivo deste trabalho foi investigar o efeito do cromo (Cr),
cobre (Cu) e zinco (Zn) sobre a atividade da redutase do nitrato (RN) e respostas ao estresse oxidativo no musgo Polytrichum
commune. Cr, Cu e Zn causaram a inibi¢@o da atividade da RN. Uma diminui¢ao na clorofila total foi observada apds 24 e 48 h
dos tratamentos com os metais. O acimulo de metais mostrou ser dependente do aumento da dose e tempo. Observou-se grande
acumulo de Cu, Cr e Zn nos brotos depois de 24 e 48 h dos tratamentos. Aqueles com Cr, Cu e Zn por 24 ou 48 h resultou no
aumento do conteudo de malondialdeido (MDA) nos brotos. Verificou o maior aumento nos brotos tratados com Cu, seguidos
por Cr e Zn. O conteudo de MDA foi significamente maior apds 48 h. Enzimas antioxidantes, como catalase (CAT), peroxidase
do guaiacol (GPx), redutase da glutationa (GR) e dismutase do superdéxido (SOD) foram afetadas por elevadas concentragdes
dos trés metais. Aumentos nas atividades de CAT, GR e¢ SOD foram observados apds 24 ¢ 48 h dos tratamentos. A atividade
de GPx diminuiu com o tratamento de Cr, porém, com Cu e Zn, observou-se aumento de GPx ap6s 24 h e 48 h do tratamento.
Para o Zn, a eficiéncia antioxidante foi menos afetada quando comparada ao Cr e Cu. A resposta de Polytrichum commune
a concentracdes toxicas de Cr, Cu e Zn parece ser induzida pelo dano oxidativo quando observado através do aumento do
conteido de MDA e metabolismo antioxidante.

Palavras-chave: antioxidantes, estresse oxidativo, cobre, cromo, malondialdeido, redutase do nitrato, zinco.
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INTRODUCTION

Plants need relatively small amounts of metals for their
growth and soils harbor these metal ions either naturally
or as a consequence of contamination. Soil contamination
with heavy metals is now a worldwide problem, leading to
agricultural losses and hazardous health effects as metals
enter the food chain (Nellessen and Fletcher, 1993; Guo
and Marschner, 1995; Salt et al., 1995). Copper, zinc
and chromium are three broadline heavy metals that are
phytotoxic above certain threshold levels (Neiborer and
Richardson, 1980). Copper, which is relatively mild in
character, is highly toxic to plants even at a micromolar
range of exposure (Carbal, 2003). Copper can inhibit root
elongation, block the photosynthetic electron transport chain
and degrade chlorophyll (Quartacci et al., 2001; Patsikka
et al., 2002). Copper can substitute co-factors of various
enzymes and in turn degrade their activities (Nieboer and
Richardson, 1980; Murphy et al., 1991; Quartacci et al.,
2001). Copper can degrade the phospholipid structure and
thereby alter the membrane structure and function (Quartacci
et al.,, 2001). Chromium is an important polluting heavy
metals that can induce severe damage to bacterial, plant and
animal life. Zinc is one of the micronutrients essential for
plant growth but is toxic to plants at higher concentrations
and can retard plant growth and disrupt various essential
physiological processes (Cakmak and Marschner, 1993;
Chaney, 1993; Bhattacharjee and Mukherjee, 1994; Prasad
et al., 1999; Panda et al., 2003). Toxic concentrations of zinc
can retard growth and can initiate lipid peroxidation in plants
(Prasad et al., 1999; Panda et al., 2003). In nature, chromium
exists in two different forms, Cr (IIT) and Cr (VI) of which
Cr (VI) is more toxic than Cr (IIT). Cr can induce phytotoxic
symptoms in plants like morphological changes (Bassi et al.,
1990), proline accumulation and alterations in antioxidant
metabolism (Panda and Patra, 2000; Panda, 2003; Panda et
al., 2003).

The presence of various reactive oxygen species (ROS)
such as superoxide radicals (O,"), hydrogen peroxide (H,0,),
hydroxyl radicals (OH"), etc., generated as a result of heavy
metals can cause severe oxidative damage to biomolecules
like lipids, proteins and nucleic acids (Alia et al., 1995; Gille
and Singler, 1995). The presence of high concentrations of
these ROS can thus disrupt the normal physiological and
cellular functions (Asada, 1994; Gille and Singler, 1995). The
presence of heavy metals in toxic concentrations can result
in the formation of ROS, which can be initiated directly or
indirectly by heavy metals. To counter the deleterious effects
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of the ROS, plants have evolved various enzymic and non-
enzymic antioxidant systems, which can protect the plants
from the toxic action of various ROS. The activities of these
antioxidants are induced as a response to adverse biotic and
abiotic stresses that can be considered as a general response
to adverse conditions (Foyer et al., 1994). Cr, Cu and Zn are
known to induce ROS in cells. In comparison to Zn, Cr has
much higher catalytic activity in the Fenton reaction system
but lower than Cu (see Panda and Choudhury, 2005 and
references therein). However, this phenomenon is not well
understood for Cr (VI). As a common consequence of ROS
formation antioxidant metabolism is affected. Cr, Cu and Zn
can induce the activity of various antioxidant enzymes like
CAT, GPx, SOD and GR and also non-enzymes like ascorbate
and glutathione (Prasad et al., 1999; Panda, 2003; Panda et
al., 2003; Choudhury and Panda, 2004a). Unlike Cu and Zn,
Cr cannot induce phytochelatin (PC) (Sanita di Toppi et al.,
2004) and the defense mechanisms adopted by lower plants
like mosses are less understood. However, metallothioneins
(MTs) have a possible role in Cr detoxification in plants
(Sanker et al., 2004; Panda and Choudhury, 2005). MTs in
relation to Cr detoxification in plants have been investigated
in sorghum where MT-like proteins are expressed under Cr
(VI) stress (Sanker et al., 2004). A role of PC in counteracting
metal toxicity has been reported in lichens Xanthoria
parietina, Physcia adscedens (Fr.) H Oliver and Physconia
grisea (Lam.) Poelt. (Pawlik-Skoworonska et al., 2002).
Interactions between bryophytes and heavy metals
have been studied in many previous investigations (Sidhu
and Brown, 1996; Bassile et al., 2001; Saxena et al., 2003;
Choudhury and Panda 2004a; Panda and Choudhury 2005).
Bryophytes have been frequently used as biomonitors of
heavy metal pollution in many field studies (Tyler, 1990;
Bargagli, 1998). They are especially suitable for the
accumulation of heavy metals in view of their high surface-to-
volume ratio and limited cuticle development (Brown, 1984).
Beside this, they have high countergradient mechanisms for
the accumulation of heavy metals in their tissue (Carginale
et al., 2004). The mechanism of oxidative damage induced
by heavy metals has been thoroughly studied in higher
plants compared to that in bryophytes. However, there are
very few studies dealing with oxidative stress in bryophytes
(Panda 2003; Choudhury and Panda, 2004). In the present
investigation we investigate the effect of Cr, Cu and Zn on
nitrate reducatse activity (NR), malondialdehyde (MDA)
content and antioxidant response in moss Polytrichum

commune. This investigation will highlight a better
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understanding of the mechanisms adopted by this moss
species in response to toxic concentration of heavy metals.
The study could be useful in determining oxidative stress
parameters as toxicity bioindicators in mosses.

MATERIAL AND METHODS

Fresh samples of the moss Polytrichum commune were
collected during the month of July 2002 and brought to the
laboratory in clean polythene bags. Samples were cleaned in
running tap water followed by three rinses in sterile distilled
water. Shoots were placed in petri dishes with different
concentrations of Cr, Cuand Zn (0, 0.01, 0.1 and 1 mM). The
dishes were kept inside a growth chamber under continuous
white light (52 pmoles.s''.m2, PAR) at 22 + 29C. Shoots were
harvested after 24 or 48 h of metal treatment for analysis.

Nitrate reductase (NR) activity was measured according
to Srivastava (1980). Total chlorophyll content was measured
spectrometrically by the method of Arnon (1949). The total Cr,
Cu and Zn content in the shoot was estimated by drying known
amounts of the shoot for 48 h at 70°C. The dried shoots were
digested with 5 mL concentrated nitric acid (HNO,) at 100°C
until the solution turned clear. The total sample volume was
adjusted to 20 mL with distilled water. The amount of Cr, Cu
and Zn was then measured using an atomic absorption spec-
trometer (Perkin-Elmer, 3110, Germany).

Lipid peroxidation was measured as the amount of
malondialdehyde (MDA) produced using the thiobarbituric
(TBA) reaction as suggested by Heath and Packer (1968).
200 mg of the moss shoot was homogenized with 2 mL of
0.1 % trichloroacetic acid (TCA) and centrifuged at 10,000
g, for 20 min. To 1 mL of the supernatant extract, 1 mL of 20
% TCA containing 0.5 % TBA and 0.001 mL butylated hy-
droxyl toluene (BHT) (a 4 % solution in ethanol) were added.
The mixture was heated at 95°C for 30 min and centrifuged
at 10,000 g, for 15 min. The absorbance was recorded at 532
nm and corrected by measurements at 600 nm.

The moss tissues were homogenized in 0.1 M phosphate
buffer (pH 6.8) in a pre-chilled mortar and pestle. The
extract was centrifuged at 4°C at 12,000 g, for 15 min.
The supernatant was used for the assay of Catalase (CAT)
[EC 1.11.1.6], guaiacol peroxidase (GPX) [EC 1.11.1.7],
superoxide dismutase (SOD) [EC 1.15.1.1] and glutathione
reductase (GR) [EC 1.6.4.2]. GPX activity was assayed
according to Chance and Maehly (1955). The 3 mL reaction
mixture of GPX contained 0.1 M phosphate buffer (pH 6.8),
guaiacol (30 mM), H,O, (30 mM) and 0.3 ml of the enzyme
extract. The rate of absorbance change was measured at

420 nm. The assay of SOD was carried out according to
Giannopoltis and Ries (1977). The 3 mL assay mixture
comprised of 79.2 mM EDTA, 10.8 mM tetracthylene
diamine, 0.0033 % bovine serine albumin, 6 mM nitroblue
tetrazolium (NBT), 600 uM riboflavin and 0.2 mL enzyme
extract. The reaction was initiated by placing the glass tubes
between fluorescent bulbs (Philips 20W). By switching the
light on and off, the reaction was started and terminated
respectively. The increase in absorbance due to formazan
formation was read at 560 nm. GR was estimated according
to Smith et al. (1988). The reaction mixture contained 0.2
M phosphate buffer (pH 7.5) together with 1 mM EDTA, 3
mM 5,5’-dithiobis-2-nitrobenzoic acid (DTNB) in 0.01 M
potassium phosphate buffer (pH 7.5), 2 mM NADPH, 1 mL
enzyme extract and distilled water to a final volume of 2.9
mL. The reaction was initiated by adding 2 mM oxidized
glutathione or glutathione disulphide (GSSG). The increase in
absorbance was measured at 412 nm at 25°C.

The data presented are the mean of three separate
experiments + SEM.

RESULTS

Figure 1 shows the effect of Cr, Cu and Zn on total
chlorophyll content and NR activity in shoots of P. commune
after 24 or 48 h of treatment. NR activity was significantly
reduced under treatment with Cu, Cr and Zn. After 24 h,
NR activity was reduced by 17.31 %, 30.72 % and 45 %
compared to the control at 1, 10 and 100 mM of Cr. Under
Cu treatment, the inhibition was more pronounced. At 1, 10
and 100 mM the NR activity reduced by 21.5 %, 36 % and
46 % respectively with respect to the controls. Under Zn
treatment NR activity was reduced by 11 %, 19 % and 21 %
with respect to controls at 1, 10 and 100 mM respectively.
The inhibitory effect was significantly higher after 48 h.
The highest inhibition of NR activity was observed for
Cu followed by Cr and Zn. The total chlorophyll content
was significantly affected by metal treatment. A decline in
chlorophyll content was highest for Cu, followed by Cr and
Zn. The effect of both Cu and Cr on the total chlorophyll
content was pronounced after 24 h. However, moss shoots
under Zn treatment did not shown any significant decline at
1 and 10 mM after 24 h. After 48 h of treatment, a significant
decline in total chlorophyll content was observed in moss
shoots under Cu, Cr and Zn treatment. Treatment with Zn for
48 h showed the least effect on the total chlorophyll content.

Cr, Cu and Zn accumulation in moss shoots after 24 or
48 h is shown in figure 2. Highest concentrations in Cr, Cu
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and Zn were observed at the 10 and 100 mM treatments after
48 h. The difference in the accumulation pattern for the three
metals reflected the metal specificity of the moss. Unlike Cu
and Zn, no Cr could be detected in control moss shoots.

The variation in MDA content under Cr, Cu and Zn
treatment for 24 or 48 h in the moss shoot are shown in
figure 3. MDA concentration was significantly higher under
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Figure 1. Effect of Cr, Cu and Zn on nitrate reductase activity
and total chlorophyll in shoots of the moss Polytrichum
commune after 24 and 48 h of treatment. The data
represent the mean of three separate experiments, + SE.
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Figure 2. Accumulation of Cr, Cu and Zn in shoots of
the moss Polytrichum commune after 24 and 48 h of
treatment. Legend as in figure 1. (nd: not detectable).
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Cu. After 24 h, the MDA content increased by 227 %, 323 %
and 518 % respectively at 1, 10 and 100 mM with respect
to controls. Much higher levels of MDA were observed
after 48 h, where about 328 %, 500 % and 698 % increases
were observed respectively at 1, 10 and 100 mM of Cr as
compared to the controls. For Cu the MDA concentration
was significantly higher and increased with concentration and
treatment duration. However, under Zn treatment, the MDA
content increased by 102 %, 288 % and 302 % respectively at
1, 10 and 100 mM with respect to the controls. The increment
in MDA content was much higher for Cr and Cu-treated
moss shoots. The increase in MDA content under the metal
treatment can be correlated with an increase in treatment
concentration and duration of treatment of the metals.

The changes in the antioxidant enzymes catalase (CAT),
guaiacol peroxidase (GPx), glutathione reductase (GR) and
superoxide dismutase (SOD) after 24 or 48 h of treatment
is shown in figure 4. The CAT activity increased upon metal
treatment. CAT is an important enzyme involved in hydrogen
peroxide (H,O,) detoxification in plants. The increase in
CAT activity was consistent both after 24 and 48 h of Cr
treatment. Under Cu and Zn a similar trend was observed in
CAT activity. There were differences in GPx activity in moss
shoots under metal treatment. For Cr, GPx showed increased
activity after 24h, but declined after 48 h of treatment. This
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Figure 3. Changes in malondialdehyde (MDA) content in
shoots of the moss Figure 3. Polytrichum commune after
24 h and 48 h of Cr, Cu and Zn treatment. Legend as in
figure 1.
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Figure 4. Changes in the activities of antioxidant enzymes
CAT, GPx, GR and SOD in shoots of the moss
Polytrichum commune after 24 and 48 h of Cr, Cu and Zn
treatment Legend as in figure 1.

was completely different for Cu and Zn-treated moss shoots,
where an increase in GPx activity was recorded after 24 and
48 h of treatment. Increase in GR and SOD activity was seen
in moss shoots after 24 and 48 h of treatment.

DISCUSSION

We observed that elevated concentrations of Cr, Cu and
Zn can induce oxidative stress in moss P. commune. The effect
of the metals on NR activity was inhibitory. The inhibition of
NR activity by Cr, Cu and Zn affected the ammonia assimila-
tion pathway. Panda and Patra (1998) reported increases in
NR activity under Cr treatment in wheat seedlings. However,
this was only possible in wheat seedlings when nitrate and
ammonium ions were supplemented in the growth media con-
taining the lower (0.001 mM) concentration of Cr. The lower
Cr concentration containing nitrogen supplement in the me-
dium as reported by Panda and Patra (1998) in wheat might
have helped in de novo synthesis of NR isoenzymes. For high
concentrations of metals like Cr, Cu and Zn the SH-group of

the NR enzyme is affected resulting in a decline in its activity.
Inhibition of NR activity has been reported for higher plants
under Zn and Pb toxicity (Mathys, 1975; Jain and Garde,
1997, Luna et al., 2000).

As shown in figure 1, the total chlorophyll content de-
clined under metal treatment. A decline in total chlorophyll
content has been reported in many plants under heavy metal
stress (Panda and Patra, 1998; Panda et al., 2003; Choudhury
and Panda, 2004a). Chlorophyll pigments are one of the main
sites of heavy metal injury in plants. A significant decline as
observed for Cr and Cu reflects the inhibitory effect of these
metals on pigment biosynthesis which might be a metal spe-
cific action. Zn was found to be the least effective in degrad-
ing chlorophyll biosynthesis. Degradation of chlorophyll
content has been previously reported in the case of Cr, Cu
and Zn (McGrath, 1982; Panda and Patra, 1998; Vajpayee et
al., 2000; Panda et al., 2003).

It is well established that bryophytes are hyperaccu-mula-
tors of heavy metals (Tyler, 1991; Bargagli, 1998). Increases
in accumulation of Cr, Cu and Zn were seen in moss shoots
after 24 and 48 h of treatment. The accumulation of these met-
als in shoots occurred in a time and dose dependent manner.
Mosses have high countergradient mechanisms by which they
accumulate significant concentrations of metals in their tissues
(Cargainale et al., 2004). The high metal accumulating capac-
ity is also attributed to a high surface-to-volume ratio (Brown,
1984). Similar accumulation of heavy metals has been report-
ed for other mosses and liverworts (Brown, 1984; Sidhu and
Brown, 1996; Choudhury and Panda, 2004a).

The elevation in MDA content in moss shoot clearly
reflects cell wall damage. MDA is a product of lipid
peroxidation induced by ROS. Lipid peroxidation induced
by ROS has been reported in plants under heavy metal
stress. Participation of Cr in ROS generation, unlike Cu,
is well understood. It is believed that the Cr ion in its
trivalent and divalent oxidation states can enter the Fenton
reaction (Strile et al., 2003; Panda and Choudhury, 2005).
However, for the hexavalent form of Cr the mechanism
of ROS generation is not well understood. The increase
in MDA content reflects oxidative stress in the moss.
Similar observations were reported in plants under heavy
metals like Cr, Cu, Zn, Pb, As and Cd (Panda et al., 2003;
Choudhury and Panda, 2004a,b; Cuny et al., 2004; Panda,
2003; Sanita di Toppi et al., 2004)

The response of the antioxidant enzymes viz. CAT, GPx,
GR and SOD in moss shoot under Cr, Cu and Zn treatment
followed a similar pattern. CAT, GR and SOD activity in-
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creased upon metal treatment while GPx activity increased
after 24 h of Cr treatment but declined after 48h. However,
for Cu and Zn, an increase in GPx activity was seen after 24
or 48 h of treatment. CAT and GPx are important enzymes
involved in the detoxification of hydrogen peroxide (Scan-
dalios, 1993). The variation in the activity of GPx under Cr,
Cu and Zn revealed a metal specific response of the enzyme
in moss shoot. GR is involved in detoxification of hydrogen
peroxide in the chloroplast and mitochondria (Foyer and
Halliwell, 1976). Increase in GR activity along with CAT
and GPx in the moss shoot reflected the constant detoxifica-
tion of hydrogen peroxide. Such a response was reported for
Oryza sativa, Brassica juncea under Zn treatment (Prasad et
al., 1999). However, Panda (2003) and Choudhury and Panda
(2004a,b) reported inhibition of CAT, GPx and GR activities
in the moss Taxithelium nepalense (Schwaegr.) Broth. and in
O. sativa L. roots under Cr, Zn, Pb, As, Cd, Cr and Cu tox-
icity. The SOD activity was higher in metal-treated shoots.
SOD is an important enzyme involved in scavenging the su-
peroxide radical (Panda, 2002). The increase in SOD activity
under metal treatments indicates the constant detoxification
of the superoxide radical that might have been generated.
Increase in SOD activity was reported earlier in the moss 7.
nepalense under Pb, Cr, Zn, Cu and As toxicity and also in
the lichen Diploschistes muscorum (Scop.) R. Sant. under
Zn, Pb and Cd toxicity (Cuny et al., 2004). However, these
antioxidant enzymes have been little studied in lower plants
like mosses and lichens (Panda, 2003; Choudhury and Panda,
2004; Cuny et al., 2004; Sanita do Toppi et al., 2004). The
antioxidant metabolism in moss shoots indicated constant
detoxification of ROS under Cr, Cu and Zn stress.

In conclusion, the investigation highlighted the involve-
ment of Cr, Cu and Zn in inducing oxidative stress in the
moss P. commune reflected by the physiological disturbances
induced by the heavy metals. The physiological disturbances
like increase in MDA content, decline in total chlorophyll
content and reduction in NR activity clearly indicated the
toxic effects of the metal. However, activation of the anti-
oxidant metabolism under metal stress reflected constant
detoxification of ROS in moss cells. Thus, oxidative stress
parameters can be considered as useful biomarkers of envi-
ronmental pollution.
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