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Copper is an essential micronutrient and is a component of several enzymes participating in
electron flow, catalyzing redox reactions (Devi and Prasad 1998). However, accumulation
of copper by plants in phytotoxic amounts (25-50 mg kg' dry foliage) induced
phytotoxicity in plants (Chaney 1989). Copper induced toxic effects in plants include
retardation of growth, disintegration of membrane integrity, increased potassium efflux,
lipid peroxidation, chlorophyll breakdown, denaturing and fragmentation of structural and
functional proteins (Fang and Kao 2000; Prasad et al 2001). The stimulation of production
of active oxygen species by copper results in inactivation of enzymes containing -SH
groups through oxidation and cross linking of thiol groups (Vara and Serrano 1982;
Smarrelli and Campbell 1983). Its inhibitory effect on nitrate reductase (NR, E.C. 1.6.6.1-
2), the rate limiting enzyme in nitrate assimilation, has also been reported in Silene
cucubalus (Bladder pod campion), Sesamum indicum (Til), Avena sativa (Oat) and
Triticum aestivum (Wheat) by Mathys (1975), Singh et al (1995) and Luna et al (1994,
1997) respectively. Smarrelli and Campbell (1983} suggested that this could be due to the
modification of the -SH group in the cytrochome b part of the nitrate reductase molecule by
copper. Besides, in vivo nitrate reductase was sensitive to oxidative environments e.g. light,
hyperoxia and treatment with oxyradical propagating compounds (Kenis and Trippi 1986,
1989; Kenis et al 1992). Further, it has been found that loss in nitrate reductase activity
(NRA) was restored by -SH protectors such as cysteine and antioxidants like sodium
benzoate (Luna et al 1997). Most of the studies conducted on the impact of oxidative stress
on nitrate reductase are on terrestrial plants (Singh et al 1995). No attempt has been made
earlier to study the impact of copper stimulated lipid peroxidation on nitrate reductase
activity of aquatic plants, in spite of their active role in phytoremediation of toxic
concentrations of essential and non-essential metals.

Vallisneria spiralis 1 (Twisted vallis) of family Hydrocharitaceace is a widely occurring
submersed aquatic macrophyte which could grow luxuriantly in metal polluted
environment and accumulates toxic metals (Vajpayee et al 2001). The purpose of the
present investigation was to study the effect of copper on nitrate reductase activity (in
vivo and in vitro) and other physiological parameters of V. spiralis. Experiments were
also conducted to examine the possible reasons for inhibition of the nitrate reductase
activity in the test plant.

MATERIALS AND METHODS

Vallisneria spiralis L., raised from rhizomes of mother plants growing in hydroponic
cultures at National Botanical Research Institute, Lucknow have been used in the
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experiments. Approximately 1.5 g plant material was treated with 200 ml solution of 0,
10, 30, 50, 100 and 200 puM copper (CuSO, 7H,0) in 5% Hoagland Solution for 24 h
under a growth chamber (temperature 25+2°C, 115 p mol m? s illumination provided
through fluorescent tube light for 24 h per day). Experimental cultures were aerated for 6
h per day. In Hoagland solution Sodium EDTA was replaced by sodium sulfate. The
harvested plants were washed thrice by deionized water and then used in the study. For
metal analysis, dried (1 g) plant samples (leaves, roots and rhizome) were ground in a
grinder and digested in HNO3:HCIO, (3:1, v/v) at 80°C and copper concentration was
measured by Atomic Absorption Spectrophotometer (Perkin Elmer 2380). Copper
concentrations were observed by measuring the copper in the test solutions as described
above. The measured test concentrations varied by no more than 5% from the required
test concentrations. The mean recoveries of for 10, 30, 50, 100 and 200 pM copper were
97+4%, 96+t%, 98+3%, 97+5% and 98+4.5%, respectively. The standard reference
materials of copper (E-Merck, Germany) were used to provide calibration and quality
assurance for each analytical batch. Mean recovery of copper was 96:4%. The detection
limit for Cu was 0.01 pg ml". Replicate (n=3) analysis was conducted to assess the
precision of the analytical techniques. Triplicate analysis for the test metal varied by no
more than 5%.

In vivo nitrate reductase activity in leaves and roots of treated plants was assayed by
the method of Srivastava (1974). NRA is expressed as n mol NO, h g'l FW. For
extraction of crude nitrate reductase in leaves and roots, 1.0 g plant material was
homogenized in a morter and pestle at 4°C with 4 ml 60 mM phosphate buffer (pH 7.5),
containing 0.1 mM Dithiothreitol (DTT) and 3% BSA (Bovine serum albumin). The
extract was squeezed through double layer of cheese — cloth and centrifuged at 20,000
g for 20 min at 4°C. In vitro NRA was assayed in the supernatant by the method of Bar-
Akiva and Sagiv (1967). Supernatant obtained as above was used as crude enzyme
extract in entire study. Total chlorophyll was extracted in 80% chilled acetone and the
content determined spectrophotometrically, following the procedure of Arnon (1949).
Protein contents in various plant parts were estimated according to the method of
Lowry et al (1951) using BSA as standard. The level of lipid peroxidation in the plant
parts (leaves and roots) was determined as malondialdehyde content (Heath and
Packers 1968). Potassium leakage was estimated in the treated solution by using flame
photometer (Mediflame),

To determine whether the effect of copper on NRA was mediated through oxidation of
sulfhydryl groups and/or through generation of active oxygen species, following
experiments were conducted. To study the effect of antioxidants on in vivo NRA in the
presence of Cu, plants were treated with 5 mM cysteine / 10 mM sodium benzoate in the
presence of 0, 30 or 200 uM Cu for 24 h in light at 25+1°C. In vivo NRA in leaves and
roots was measured as mentioned above. While effects of different antioxidants on in
vitro NRA in the presence of various copper concentrations (0.0, 30.0, 50.0, 100.0 and
200.0 uM) were studied using crude nitrate reductase extract. The enzyme extract of
leaves/roots (100 pl) was incubated in one ml of incubation mixture containing 10 mM
potassium phosphate buffer pH (7.5), 300 mM KNO;, 0.1 mM NADH, different copper
concentrations and S mM cysteine or 20 mM sodium benzoate. The reaction was
terminated after 1 h at 25+1°C with the addition of sulfanilamide (1%, w/v) and NED
(0.02% w/v) for the development of colour for the nitrite. The absorbance of pink colour
was read at 540 nm and NRA was expressed as n mol NO,” h* g’ FW. In recovery
experiments 100 pl of crude nitrate reductase (leaves/roots) were incubated with 30 or
150 uM Cu (without cysteine, EDTA), 1 ml potassium phosphate buffer (pH 7.5), 30
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mM KNO;, 0.1 mM NADH for 30 min at 25+1°C. Incubations were followed by the
addition of water, cysteine (5 mM) or EDTA (1 mM) and a second incubation for 30 min
at 25£1°C. NRA was estimated as mentioned above. To study the effect of active oxygen
generating chemicals on in vitro NRA, crude extract of nitrate reductase obtained from
leaves (100 ul) was incubated with either H,O, or an "OH generating system composed of
0.8 mM H,0,, 37 pM CuSO, and 0.8 mM sodium ascorbate (in 100 mM potassium
phosphate buffer, pH 7.5) for 15 min at 25£1°C. After 15 min, 4 mM sodium benzoate / 1
mM EDTA / 5 mM cysteine was included in the assay medium and NRA was measured
as above.

A two way / one way analysis of variance in complete randomized design was performed
to assess the variability and validity of the data (Gomez and Gomez 1984). Duncan’s
multiple range test (DMRT) was used to determined the variation between two
concentrations. The significance of all the statistical tests was tested at 5% level.

RESULTS AND DISCUSSION

V. spiralis accumulated a significant amount (ANOVA; P<0.05) of copper in roots
followed by leaves and rhizomes (Table 1). [n vivo and in vitro nitrate reductase activities
in V. spiralis (leaves/roots) were affected by copper in the growth medium (ANOVA;
P<0.05). Reduction in NRA (both root and leaves) was first detected at 30 uM Cu (Table
6) and declined in a concentration dependent manner up to 200 uM (Fig. 1A). Further,
inhibition in NRA was more pronounced in roots than in leaves. Malondialdehyde is
formed in plant cells due to peroxidation of membrane lipids. It was observed that 10-30
pM Cu has no impact on MDA contents (DMRT, p>0.05) in leaves and roots of V.
spiralis (Fig. 1B). Lipid peroxidation was initiated at 50 uM copper level, which was
continued to augment with further increase in copper concentration, Maximum level of
lipid peroxidation (in terms of MDA content) was measured at 200 pM copper after 24 h
exposure. Roots were more severely affected than leaves. Similarly, another marker of
oxidative stress i.e., potassium leakage, associated with disintegration of membrane
permeability appeared first (Table 6) at 50 uM copper (Fig. 1B). Below this
concentration membrane permeability was not affected (DMRT, p>0.05). While NRA
and the protein content began to decline at 30 uM Cu level, changes in membrane
permeability (increase in MDA content and K" leakage) and loss of chlorophyll were
initiated at 50 uM. Therefore, NRA and protein appeared to be more sensitive than other
parameters (Fig.1A, C).

Total chlorophyll content of the leaves was also affected by copper toxicity; a decrease in
chlorophyll content was observed at 50 uM copper level which increased further with the
increase in Cu concentration up to 200 pM (Fig. 1C). However, significant increase in
protein content of the leaves and roots were recorded at 10.0 uM copper level (DMRT, p
< 0.05). The reduction in protein content started at 30 pM copper which further
augmented with the increase in copper concentration (Fig. 1C).

To determine whether effect of copper on in vivo NRA was achieved by affecting
sulthydryl groups and/or by increasing the oxidative stress, either cysteine (5 mM) or
sodium benzoate (10 mM) was added to nutrient solution containing 30 and 200 uM
copper (Table 2). Cysteine not only protected (leaf) nitrate reductase from copper
inactivation but also stimulated enzyme activity at 0 and 30 uM Cu level. On the other
hand, sodium benzoate (OH scavenger) did not prevent nitrate reductase (leaf)
inactivation caused by 30 uM Cu. However, the inhibitory effect of 200 uM copper was
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Figure 1. Effect of different concentrations of copper on NRA  (in vivo and in vitro )
nitrate reductase activity (A) lipid peroxidation (MDA: malondialdehyde content) and K*
Leakage (B), total chlorophyll and protein contents (C) in leaves and roots of V. spiralis
after 24 h of treatment; Mean (n=3) £ SD; ANOVA(one way in complete randomized
block design), P<0.05 Identical superscripts denote no significant difference (P< 0.05)
between bars/lines (leaves/roots) according to DMRT.
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Table 1. The accumulation of copper by V. spiralis after 24 h of treatment.

Cu Copper accumulation (1L g g'] DW)

(uM) Leaves Roots Rhizome

0 9.127+0.25 12.187+0.50 4307+ 0.20
10 30.48°+1.32 76.20° +2 81 18.28°+ 0.8
30 083291392 236.349£10.02 34.249£1.50
50 150.27° +6.56 410.23°+18.50 55.32°+2.50
100 304.80°+14.23 762.10° +£36.2 180.52°+8.03
200 550.30*+25.10 1701.80° £85.09 234.507£10.5

Values are mean = SD; DW: dry weight; two way ANOVA p< 0.05. Different
superscripts denote significant difference (p< 0.05) between means vertically in a column
according to DMRT.

Table 2. The effect of antioxidants on in vivo nitrate reductase activity (NRA) in the
presence of different concentrations of copper in Vallisneria spiralis after 24 h of
treatment.

Cu In viva NRA (n mol NO, b g’ FW)

(UM) | None Cysteine (5 mM) Sodium benzoate (10 mM)
Leaves

0.0 | 267.00*+10.7(100) | 332.97°+13.3 (124.7) 266.98° £13.3 (99.9)

30 181.52°+ 9.1 (67.9) | 299.00°+11.9 (112.0) 147.28° +5.9 (55.2)

200 85.20° 4.3 (32.0) 218.94€+12.1 (82.0) 187.8 £ 9.4 (70.1)
Roots

0.0 135.04%+ 6.8 (100) 164.31%+ 4.7(121.7) 135.04 * + 6.6 (100)

30 8248°+2.1(61.1) 145.02° + 6.4 (107.4) 72.64°+3.5(53.8)

200 | 40.50°+1.6(30.21) | 95.85° 10.1(70.98) 92.04°+ 3.4 (68.2)

Values are mean (n=3) + SD; 3x 3 x3 factorial (involving three Cu concentrations, three
replications and three treatments) two way ANOVA significant at 5% level for each set
of data i.e. leaves and roots. Different superscripts denote significant difference (p< 0.05)
between means vertically in a column for each set of data i.e. leaves or roots according to
DMRT.

partially overcome by the sodium benzoate. At this concentration, cysteine (a -SH group
protector) also mitigated the nitrate reductase inhibition to some extent. However,
sodium benzoate alone had no effect on NRA (DMRT, insignificant at 5% level). On the
contrary, cysteine alone had stimulatory effect (124%) on NRA (Table 2).

Similar observations were found in roots. However, NRA in the roots seemed to be more
severely affected by copper treatment than in leaves. When in vitro NRA was measured
in the presence of 5 mM cysteine or 20 mM sodium benzoate along with Cu (30, 50, 100
and 200 uM), cysteine not only protected in vitro NRA but also promoted it at 30 uM
copper. However, at higher concentrations cysteine only ameliorated the effect of copper
(Table 3). On the other hand, sodium benzoate neither protected nor promoted in vitro
NRA in V. spiralis. Results suggested that copper toxicity to in vitro NRA was due to
oxidation of ~SH groups of enzyme, which was prevented by addition of cysteine in
incubation mixture.

Direct inhibition of NRA by copper was reversible at 30 uM; when incubated either with

5 mM cysteine or 1| mM EDTA the enzyme activity was almost recovered fully (Table
4). However, the reversibility was lower when plants were treated with 150 uM copper
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Table 3. In vitro effects of antioxidants in the presence of different concentration of
copper on nitrate reductase activity (NRA).

Cu In vitro NRA (n mol NO, b gT FW)
(1M) None | Sodium benzoate(20mM) | Cysteine (5 mM)
Leaves
0.0 254,922+ 12.50 255.00%+ 13.50 258.00" +13.30
30.0 169.7° + 6.27 160.24" + 7.80 288.96° + 11.50
50.0 144.90° £ 6.80 132.16° % 10.50 232.20°+9.65
100.0 111.39+ 4.68 98.50 %+ 8.50 211.56 9+ 10.99
200.0 76.13° + 5.86 61.50°+ 6.50 180.86°+ 7.48
Root

0.0 124.50° + 5.80 122.60° + 3.38 126.05°+ 4.50
30.0 72.40°+3.28 73.50°+3.30 134.87%+5.74
50.0 64.75° £ 3.60 61.25°+3.98 108.99° + 4.30
100.0 47309+2.16 45.339+ 4.60 98329+ 3.12
200.0 37.35°+£2.10 28.73°+ 4.07 85.95°+ 298

Mean (n=3) £ SD; NRA = nitrate reductase activity; 5x 3 x3 factorial (involving five Cu
concentrations, three replications and three treatments) two way ANOVA significant at
5% level for each set of data i.e. leaves and roots. Different superscripts denote
significant difference (p< 0.05) between means vertically in a column for each set of data
i.e. leaves or roots according to DMRT.

along with 5 mM cysteine or | mM EDTA and about 46 and 44% activity was restored,
respectively. Results suggested the possible involvement of active oxygen species in
inhibition of nitrate reductase activity. To strengthen this observation, crude extract of
nitrate reductase was incubated with either H,O, or ‘OH generating system composed of
H,0,, CuSO, and ascorbic acid (Casano et al 1994). Copper alone at the concentration
used in the ‘OH generating system, caused 49% inhibition of nitrate reductase in the
leaves (Table 5) while H,O; (0.8 and 1 mM) did not affect NRA. The "OH generating
system inhibited NRA to nearly 82% of control which was more than copper alone. No
reversal of enzyme activity was observed with 5 mM cysteine / 4 mM sodium benzoate /
I mM EDTA when enzyme was inhibited by "OH generating system. Resuits suggested
that ‘OH radicals had caused an irreversible oxidative damage to the enzyme.

V. spiralis accumulated large quantities of copper in roots followed by leaves and
rhizomes after 24 h exposure. Simiiarly, high accumulation of copper by Ceratophyllum
demersum and Spirodela polyrrhiza has been reported (Devi and Prasad 1998; Pandey
et al 1999). The high concentration of copper in roots was due to less translocation of Cu
in leaves (Ali et al 2003). The 10 M copper has no toxicity to V. spiralis, but 30 pM Cu
showed phytotoxicity in terms of reduced NRA and protein. The phytotoxic amount of
copper might vary with species. It has been reported that 2 and 50 uM copper showed
phytotoxicity in Ceratophyllum demersum and Spirodela polyrrhiza, respectively (Devi
and Prasad 1998; Pandey et al 1999).

The accumulation of copper in aquatic plants is often accompanied by an induction of
cellular changes. The reduction in NRA (in vivo and in vitro) was first noticed at 30 pM
copper and was more pronounced in roots than leaves (Fig. 1A). This was probably due
to less translocation of copper from roots to shoot. The experiments throw some light on
possible action of Cu on nitrate reductase activity. It appears that copper acts through
generation of reactive oxygen species (ROS), especially at higher concentrations (50 pM
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Table 4. Reversibility of toxic effects of copper to in vitro NRA  of V. spiralis by
cysteine and EDTA.

Cu NRA (nmol NO, b g7 FW)

(M) Water | Cysteine (s mM) | EDTA (1ImM)
Leaves

0.0 255.20° + 12.5 252,807+ 13.5 258.00°+ 133

30.0 153.12°+ 6.3 248.40°+ 7.8 288.96*+ 11.5

150.0 88.12°+ 4.7 122.40°+ 8.5 211.56 °+ 10.9
Root

0.0 128.50"+ 3.2 131.04° £ 2.5 104.20°+ 3.5

30.0 75.83%+3.0 127.10° + 3.2 116.03°+4.1

150.0 44.60°+2.2 60.28°+ 4.1 45.84°+2.0

Mean (n=3) £ SD; NRA = nitrate reductase activity; 3 x 3 x3 factorial (involving three
Cu concentrations, three replications and three reversibility treatments) two way
ANOVA significant at 5% level for each set of data i.e. leaves and roots. Different
superscripts denote significant difference (p< 0.05) between means vertically in a column
for each set of data i.e. leaves or roots according to DMRT.

Table 5. Effect of active oxygen generating chemicals on in vitro NRA of V. spiralis
leaves.

Treatment Nitrate reductase activity | Percentage of control
(n mol NO; h' ¢! FW)

None (Control) 257.47"+13.10 100

Cu (37 uM) 131.31°+5.55 51

H,0, (1 mM) 257.52" +12.50 100

H,0, (0.8 mM) 256.80" + 10.47 100

‘OH 4634°+ 1.68 18

‘OH followed by 4M benzoate 51.50°+2.40 20

‘OH followed by ImM EDTA 4892+ 1.13 19

OH followed bySmM cysteine 48.60°+ 1.81 19

Mean (n=3) £ SD; One way ANOVA in complete randomized block design significant at
5% level. Identical superscripts denote insignificant (p> 0.05) difference between means
vertically in a column according to DMRT.

Table 6. Summary of the various effects of the copper to ¥, spiralis after 24 h exposure.

Parameters Concentrations of the copper exhibiting first effects (uM)
No effect Stimulatory Inhibitory

Total chlorophyll 30 - 50

Protein - 10 30

MDA 30 50 -

K+ leakage 30 50 -

Nitrate reductase activity 10 - 30

(in vivo and in vitro)

onwards). It is likely that copper could interfere with the electron flux from PSII to PSI,
leading to the formation of superoxide anion radical and H,0 (Kato and Simizu 1985).
This metal may also stimulate the production of ‘OH in a Fenton type reactions (Halliwell
1978). The two important indicators of oxidative stress are lipid peroxidation and
membrane disintegration (DeVos et al 1992; Baryla et al 2000). In the present study,
MDA content (end product of lipid peroxidation) and K leakage (marker of membrane
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disintegration) increased substantially in response to copper (50 uM and onwards).
Further, sodium benzoate, a scavenger of ‘OH, prevented the copper induced inhibition
of NRA in vivo. Inhibition of in vivo NRA under oxidative stress and its restoration by
antioxidants like sodium benzoate has also been reported in other plants (Kenis and
Trippi 1986; Kenis et al 1992). In our study, in vitro supply of "OH generating
chemicals (i.e. 0.8 mM H,0,, 37 pM CuSO, and 0.8 mM sodium ascorbate) caused a
drastic and irreversible inactivation of the crude nitrate reductase (leaves/roots). It is
possible that the Cu induced generation of “OH had a direct effect on nitrate reductase.
Casano et al (1994), suggested that nitrate reductase exposed to "OH might undergo
changes in its secondary and/or tertiary structure, probably as a consequence of free
radical reactions with tryptophan, tyrosine, histidine and/or cysteine residues. The
experiments also demonstrated that the NRA was more responsive to Cu (30 pM) than
chlorophyll and protein (50 uM). This is due to labile nature of the enzyme while
chlorophyll and proteins are products of a few biochemical reactions. Decline in total
chlorophyl!l and protein, might be attributed to the phytotoxic consequences of the ROS
mediated effects in plants (Davies 1987; Somashekaraiah et al 1992).The inhibition of
NRA by lower concentrations of Cu (<30 uM) was negated to some extent by cysteine
and EDTA, indicating the possible involvement of —SH group oxidation by the copper.
Prevention of inactivation of NRA by cysteine and EDTA is also reported by other
workers (Smarrelli and Campbell 1983; Luna et al 1997).The results suggested two
possible mode of action by copper on -SH groups of nitrate reductase: (a) reduction of
Cu’" with the concomitant oxidation of the -SH groups (Wong et al 1984; DeVos et al
1991), which, in turn, could be re-induced by exogenous supply of cysteine; and (b) a
‘weak’ binding or chelation, in which copper did not cause significant —SH oxidation
and could be displaced by chelating agents. The latter appears to be the mechanism
mediating copper inhibition of nitrate reductase, since 1 mM EDTA overcame
reduction by copper to a similar extent to that obtained with cysteine. Our results are in
agreement with Luna et al (1997) who have also proposed two ways of copper toxicity
to nitrate assimilatory enzyme.

It may be concluded that V. spiralis accumulated Cu in roots>leaves>rhizome. When V.
spiralis were exposed to various concentrations of copper, nitrate assimilation in leaves
and roots might be affected due to decreased nitrate reductase activity. NRA and protein
content of V. spiralis were very sensitive to Cu. Further, copper reduced nitrate reductase
activity involving direct modification of - SH groups and an increased generation of
active oxygen species. This study was conducted in laboratory conditions, which
eliminates natural variables. In nature, Cu exists with several other metals, which bind
more strongly to thiols. Therefore, competing metal ions might have some impact on
nitrate reductase activity of V. spiralis in natural environment.
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