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Cadmium - a heavy metal with density 8.3 g cm™ is a wide spread metal,
released into environment by power stations, heating systems, metal working
industries, waste incinerators, urban traffic, cement factories and as a by product
of phosphate fertilizers (Toppi and Gabbrielli 1999). According to an estimate
29.19 x10° tonnes cadmium escapes annually into the environment from various
sources (Mhatre and Pankhurst 1997). Cadmium enters into food-chain through
plants and gets biomagnified. In India, daily Cd intake ranges between 7.8-16.5
ug/person (Rivai et a/ 1990). It is a toxic carcinogen and may cause death if
ingested in large doses (Toppi and Gabbrielli 1999). Cadmium in plants causes
leaf roll, chlorosis, damage of photosynthetic apparatus particularly the light
harvesting complex Il and photosystem I and II and reduction in chlorophyll
biosynthesis (Reddy 1992).

Cadmium in water bodies originates from natural (weathering of rocks)
as well as from anthropogenic sources (industrial effluent, agricultural run-
offs). Aquatic plants have ability to accumulate large amount of cadmium
and other toxic metals. These plants could be used in designing of cost
effective phytoremediation system for cleaning of metal polluted water
(Dunbabin and Bowmer 1992; Rai et al 1995a; Zayed et al 1998; Vajpayee et
al 2001). It has been reported that submerged plants took up Cd by both
adsorption and energy dependent transport (Tripathi et al 1995). However, the
sorptive capacities are species specific and depend on the growth rate and
physiological condition of individual plant. The submerged rooted macrophytes
are of great use in planning monitoring and phytoremediation strategies of
heavy metal polluted water bodies as they do not migrate and attain
equilibrium with their surroundings with in a short period (Guilizzoni 1991;
Rai et al 1995a).

The main objective of present investigation was to study the cadmium
accumulating potential of Potamogeton pectinatus L. (a submerged aquatic
macrophyte) under the laboratory condition to explore the possible use of this
plant in phytoremediation of cadmium polluted water bodies. Phytotoxicity of
cadmium on some physiological and biochemical parameters of P. pectinatus were
also studied and results are presented in this paper.

*N. B. R. I. Publication No. (NS)
Correspondence to: U. N. Rai
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MATERIALS AND METHODS

Plants of Potamogeton pectinatus L. (Potamogetonaceae), commonly known as
funnel-leafed or Sago pond weed, were collected from unpolluted water bodies
and acclimatized for more than six months in large hydroponic tubs in natural
condition at National Botanical Research Institute, Lucknow. Growing shoots of
these plants were cut-off from mother plant and cultured in 250 ml plastic beakers
containing 200 m! of 5% Hoagland solution for six weeks under laboratory
conditions (light:dark cycle 14:10 h, temperature 25+2°C, 115 p mol m?s’
illumination provided through day fluorescent tube light). Various concentrations
(0.0, 0.5, 5.0, 25.0, 50.0, 100.0 and 200.0 uM) of Cd were prepared by diluting the
stock solution (1000 pM cadmium solution prepared from CdCly) with 5%
Hoagland’s nutrient medium. The acclimatized plants (approximately 2 g FW)
were transferred to 250 ml plastic beakers containing 200 ml cadmium
supplemented medium. Four sets (comprising of three beakers for each
concentration), were placed separately in a growth chamber under above
mentioned conditions. Plants placed in 5% Hoagland solution without cadmium
served as control. Experimental cultures were aerated 6 h a day. One set of each
concentration was harvested after 24, 48, 72 and 96 h of the treatment and washed
three times with double distilled water. The oven dried (80°C) treated and control
plants (1 g each) were digested in HNO;:HCIO4 (3:1, v/v) at 80°C and cadmium
concentrations were estimated by flame atomic absorption spectrophotometer at
228.8 nm (Perkin Elmer 2380). The cadmium content in P. pectinatus has been
reported as measured concentrations. However, a mass balance was performed to
account for the adsorption of Cd to plastic vessel wall.

The photosynthetic pigments were extracted in 80% chilled acetone (v/v) and
estimated as per procedure of Arnon (1949). However, carotenoid concentrations
in these extracts were calculated by the formula given by Duxbury and Yentsch
(1956). Protein was estimated following the method of Lowry et a/ (1951) using
bovine serum albumin as reference. The lipid peroxidation in the leaf tissue was
measured in terms of malondialdehyde (MDA) content determined by the
thiobarbuteric acid (TBA) reaction following the method of Heath and Packer
(1968). Cysteine and non-protein thiol contents were estimated following
Gaitonde (1967) and Ellman (1959), respectively.

During present study, the cadmium test concentrations were analytically
confirmed by estimating the cadmium in test solutions as described above. The
standard reference material of cadmium (E-Merck, Germany) was used to provide
calibration and quality assurance for each analytical batch. The efficacy of
digestion of plant samples and Cd test concentrations was determined by adding
reference material of cadmium to the samples. After addition of standard cadmium
solution, samples were digested and cadmium was estimated as above. Mean
recovery of cadmium was 97 + 8%. The detection limit of cadmium in residue was
0.0002 ug ml™". Replicate (n=3) analyses were conducted to assess precision of the
analytical techniques. Triplicate analysis for cach test concentration varied by no
more than 5%. A two way analysis of variance in complete randomized block
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Figure 1. Cadmium accumulation (ug g* dw) in P. pectinatus. Values are mean +
SD (n=3); ANOVA p<0.05; replication df = 2, treatment df = 27; error df = 54,
total df = 55). Feonc. = 2581 (df=6), Fauration = 120.18 (df=3), Feone. X duration = 18.82
(df=18); cadmium concentration in control was below the detection limit (0.0002
pgmlt). ¥ =LSD p <0.01 (from control at each treatment duration).

high amount of Cd. Thus, P. pectinatus could survive in metal polluted lakes (Ali
et al 1999). Adams et al (1980) reported the luxuriant growth of P. pectinatus in
lakes having 0- 4.15 pg/L Cd (0.466 uM) in their water. Several submerged
aquatic plants viz., Hydrilla verticillata, Ceratophyllum demersum and Pistia
stratiotes etc. have also been reported to accumulate large amounts of cadmium
(Rai et al 1995a b; Tripathi ef al 1995, 1996).

The metal accumulation in plants is often accompanied by induction of variety of
cellular changes and some of them directly or indirectly contribute to metal
tolerance capacity of the plant. The toxic effects of metal might be attributed to
oxidative breakdown of chlorophyll, carotenoids, proteins, membrane structures
and substitution of metal co-factors (Toppi and Gabbrielli 1999). In the present
study, photosynthetic pigments (Chl a, Cht b and total chlorophyll) were
found negatively correlated with Cd level in the nutrient medium (Table 3).
Cadmium inhibits the formation of chlorophylls by reacting with essential thiol
groups in both the protochlorophyllide reductase and the enzymes involved in the
light dependent synthesis of 6-aminolevulinic acid (Stobart et al 1985). Besides,
decline in chlorophylls was concomitant with increase in MDA level. Lipid
peroxidation in plants initiated either by excited chloroplast or oxygen radicals
deriving from the superoxide and hydroxy radicals (Kunert and Elder 1985). Metal
ions could check the formation of excited chlorophyll, which inturn causes the
production of free radicals. Hence, decline in chlorophylls might be attributed to
the phytotoxic effects on the lipid peroxidation (Somashekaraiah et al 1992). It
could be inferred from present observations that reduction in chlorophylls was
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design involving seven cadmium concentrations (including control) and four
treatment duration was performed to confirm the validity of results and variability
of data (Gomez and Gomez 1984). The comparison between means has been done
using LSD (Least Significant Difference) test. Correlation coefficient (r) was
calculated to find out correlation between various parameters and Cd
concentrations.

RESULTS AND DISCUSSION

P. pectinatus accumulated significant amounts (ANOVA p< 0.05) of cadmium in
a concentration duration dependent manner (Fig. 1). Maximum amount of Cd
(266.3ug g-1 DW) was accumulated when plants were growing in nutrient
solution containing 200 pM cadmium (LSD, p< 0.01). Results indicated
significant loss in photosynthetic pigments (Chlorophyll a, chlorophyll b, total
chlorophyll) of P. pectinatus plants exposed to different concentrations of Cd for
24-96 h. Further, decrease in total chlorophyll content was concomitant with
increase in MDA content (Table 4). The toxicity of Cd to photosynthetic pigments
was maximum after 96h exposure to 200 uM cadmium (Table 1). The lower
concentrations of cadmium (0.5-25 uM) enhanced the level of carotenoid at all
the treatment duration. However, reduction in carotenoid contents was observed
when plants were exposed to cadmium concentration >25 uM. The toxicity to
carotenoid content was concentration and duration dependent. The maximum
reduction in carotenoid content was recorded after 96 h exposure of 200 pM
cadmium (Table 1).

Cadmium has stimulatory effect on protein content of P. pectinatus exposed to
different concentrations of Cd for 24-96 h (Table 2). However, the adverse affect
of cadmium on protein content was first noticed at 100 uM Cd in nutrient solution
after 24 h exposure which enhanced with increased cadmium concentration and
treatment duration (LSD, p< 0.05). Cadmium induced lipid peroxidation
(enhanced MDA levels) in P. pectinatus at all treatment concentrations and
duration (ANOVA P<0.05). Maximum level of MDA (25 p mol g'1 FW) was
observed when plants were exposed to 200 uM cadmium for 96 h (Table 2).
Cadmium treated test plants accumulated significant (ANOVA p<0.05) amount of
cysteine in a concentration-duration dependent manner upto 50 uM Cd exposure
for 96 h (Table 2). The toxicity of cadmium to cysteine was first observed when
plants were exposed to 100 uM Cd for 24 h and increased with level of cadmium
in nutrient solution and treatment duration (LSD, p <0.01 at 200 pM Cd). Further,
the data showed a significant (LSD, p < 0.05) increase in NP-SH content of
cadmium (0.5-50 uM) treated plants at all the treatment duration (Table 2).
However, Cd concentration >50 pM in nutrient medium had an adverse
effect on NP-SH content. The lowest NP-SH content (6.44 p mol g' FW) was
observed when plants were grown in medium supplemented with 200 pM
cadmium for 96 h.

Although aquatic plants accumulate large quantities of Cd, it is not required for
growth of these plants. During present investigation, P. pectinatus accumulated
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Table 1. Effect of cadmium on photosynthetic pigments (mg g' FW) of P.

ectinatus
Cd Treatment duration (h)
uM) 24 48 72 96
Chlorophyll a
0.0 1.803£0.047 1.826 +£0.039 1.84320.055 1.84710.063
0.5 1.783+0.042 1.762+ 0.051 1.746+0.056 1.684+0.051
5.0 1.745%0.055 1.710£0.048 1.668+0.047 1.596%0.055
25.0 1.687+0.073 1.608+0.064 1.581£0.036 1.546+0.047
50.0 1.623*+0.076 1.498*+0.041 1.477%0.043 1.463*10.037
100.0 | 1.481*+0.040 1.357*+0.053 1.302*+0.032 1.251*10.028
200.0 | 1.459*+0.048 0.985*+0.032 0.960*+0.029 0.927*+0.022
Chlorophyll b
0.0 1.052+0.041 1.069 +0.039 1.070 +0.035 1.086+0.068
0.5 1.025+0.042 0.985+ 0.033 0.964+0.049 0.93310.043
5.0 0.992+0.055 0.976+0.048 0.957+0.047 0.873£0.040
25.0 0.941+0.043 0.878+0.034 0.842*1£0.036 | 0.808**+0.034
50.0 0.898+0.036 0.813*+0.035 0.784**+0.043 | 0.741**10.030
100.0 | 0.832*+0.026 | 0.773**£0.033 | 0.758**+0.032 | 0.712**+0.027
200.0 | 0.816*+0.018 | 0.770**+0.013 | 0.744**+0.029 | 0.661**+0.012
Total chlorophyll
0.0 2.85610.140 2.890 £0.131 291240.115 2.928+0.118
0.5 2.806£0.130 2.746% 0.126 2.7121£0.116 2.615*%+0.116
5.0 2.735£0.136 2.694£0.122 2.621£0.117 2.460%*£0.110
25.0 2.629+0.126 2.489*+0.116 2.423**%£0.110 | 2.350*%*+0.114
50.0 2.529*%+0.121 | 2.411**+0.113 | 2.345%*+0.115 | 2.210%*+0.108
100.0 | 2.311**+0.113 | 2.130*%*£0.101 | 2.069**+0.098 | 1.963**+0.098
200.0 | 2.271**+0.110 | 1.757**%£0.082 | 1.704**+0.076 | 1.588**+0.080
Carotenoids
0.0 0.874+0.035 0.837 +0.033 0.838+0.039 0.840£0.027
0.5 0.94310.043 0.961+ 0.045 0.936+0.033 0.966=0.032
5.0 1.016£0.55 1.027 £0.032 1.028+0.030 1.067£0.033
25.0 1.210%*£0.043 | 1.269**+0.041 | 1.170**+0.049 | 1.213**+0.041
50.0 0.941+0.022 0.822+0.033 0.829£0.029 0.701+0.024
100.0 | 0.794+0.021 0.673+0.021 0.778+£0.021 0.61410.026
200.0 | 0.662**+0.021 | 0.611**+0.018 | 0.551**+0.025 | 0.412**+0.018

Values are Mean (n=3) £ SD; ANOVA P<0.05; chlorophyll a : Feone. = 21.717
(df=6), Fauration =3.299(df=3), Feonc. X duration = 0.6494" (df=18). chlorophyll b : Fene,
=20.900 (df=6), Fauration =15.015(df=3), Feonc. x duration =2.351(df=18); total
chlorophyll: Feone =367.085 (df=6),, Fauration = 30.265 (df=3), Feone. x guration =2.230
(df=18); carotenoids : Feonc, = 12.491(df=6), Fauration =2.379(df=3) Feonc. X duration
=0.2358 ™ (df=18); in all cases replication df = 2, treatment df = 27; error df = 54,
total df =55; ns = p>0.05; * = LSD p < 0.05, ** =LSD p < 0.01.
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Table 2. Effect of cadmium on protein, MDA, cysteine and non-protein thiol (NP-
SH) contents of P. pectinatus

Cd Treatment duration (h)
(uM) 24 | 48 72 96
Protein (mg g'1 FW)
0.0 11.69+0.481 11.89 +0.572 11.784+0.409 12.11£0.579
0.5 14.0720.678 | 14.60+0.493 | 16.09%*+0.789 | 17.03**+0.889
5.0 16.6120.542 | 17.23**+0.725 | 18.10%*+0.885 | 22.62**+1.102
25.0 | 18.95%*%+0.555 | 19.16**+0.885 | 20.39**+0.886 | 14.39+0.506
50.0 14.2240.740 14.01£0.335 13.8840.443 11.99+0.336
100.0 | 8.73*£0.539 8.04*+0.744 7.10%*+0.223 | 5.78%*+0.455
200.0 | 7.77*+0.606 | 6.35**+0.849 | 5.22%* +0.408 | 3.70%*+0.431
MDA (1 mol g”' FW)
0.0 6.92+0.201 6.92 £0.139 7.15+0.259 7.67+0.225
0.5 7.66+0.362 7.75+0.223 8.09+0.288 11.30%£0.430
5.0 8.43+0.305 8.53+0.332 8.77 £0.255 11.52%40.555
25.0 9.76% 0.407 9.860.398 10.18+0.347 | 13.11**+0.634
50.0 | 11.54%*+0.459 | 12.51%*+0.356 | 12.68**+0.436 | 16.43**+0.793
100.0 | 12.04**%£0.536 | 13.94*%+0.530 | 16.49%*+0.432 | 20.25%*+0.898
200.0 | 17.39**+0.668 | 19.25%*+0.889 | 22.28**+1.020 | 25.18 **+1.136
Cysteine (1 mol g”! FW)
0.0 33.00 +1.60 33.12+1.20 33.07£1.30 34.20+1.55
0.5 52.32%%£2.60 | 52.32%*£2.50 | 60.24*%£230 | 62.72%*%+2.60
5.0 54.34%*+2.15 | 54.34%%£2.55 | 64.80%*£2.50 | 66.30%*+2.88
25.0 58.59%*+2.78 | 58.20%*42.70 | 67.68%*£2.70 | 69.06**+3.10
50.0 | 6323*%4£298 | 63.23**+£2.75 | 72.50%*+2.88 | 74.32%*+3.21
100.0 | 30.62*+1.20 29.62%+1.30 28.26%+1.10 27.46*£1.11
200.0 | 28.18%*£1.30 | 22.18**+1.25 | 20.83**+0.99 | 18.19**+0.86
NP-SH ((1 mol g’ FW)
0.0 16.90+0.55 17.64 +0.65 18.2610.75 19.41%0.76
0.5 20.78*+0.78 21.54*+0.76 22.57%*£1.02 | 25.00%*+1.11
5.0 22.16%*+1.03 | 23.56 **+1.02 | 24.34%*%1.10 | 28.57**£1.20
25.0 | 25.57**%1.10 | 26.09**+0.88 | 32.51%*+1.36 | 34.20%*+].50
50.0 | 31.49%*%+1.22 | 32.51*%+130 | 35.70**+1.42 | 38.19%*+].88
100.0 | 13.15%+0.56 11.64**£0.55 10.23%*+0.43 9.34%*+0.39
200.0 | 12.01**+0.48 | 10.15%*+0.46 7.78**+0.36 6.44**+0.20

Values are Mean + SD (n=3); ANOVA P<0.05; protein: Feone = 36.717 (df=6),
Fauration =0.154 ™ (df=3), Feonc. X duration = 0.6494 ™ (df=18). MDA Fonc, =65.60
(df=6), Fauration =20.16(df=3), Feonc. X duration =1.180 (df=18); cysteine: Feone. =120.40
(df=6), F guration =2.841(df=3), Feonc. x duration = 2.450 (df=18); NP-SH: F gy -220.05,
Fauration =7.878 (df=3), Feonc. X duration = 4.229 (df=18); in all cases replication df = 3,
treatment df = 27; error df =54; total df =55; ns = p>0.05; * = LSD p < 0.05, ** =
LSD p<0.01.
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Table 3. Correlation coefficient (r) of various responses of P. pectinatus under Cd
stress

Parameter Correlation coefficient (r) at different treatment duration (h)
24 48 72 96

Cd uptake 0.956 0.939 0.937 0.973
Chlorophyll a -0.919 -0.990 -0.982 -0.968
Chlorophyll b -0.885 -0.811 -0.774 -0.781
Total chlorophyll -0.910 -0.971 -0.954 -0.927
Carotenoids -0.691* -0.700* -0.743%* -0.858
Protein -0.543* -0.615* -0.681* -0.675*
Cysteine -0.504* -0.506* -0.579* -0.664*
MDA 0.978 0.982 0.992 0.960
NP-SH -0.517* -0.621* -0.632* -0.683*

Tabular value of r at 5% level (df = 5) = 0.754; * = insignificant

Table 4. The summary of the physiological responses of P. pectinatus exposed to
various concentrations of cadmium based on statistical analysis of the data.

Parameters Concentrations of the Cd (uM) exhibiting first effects at
different treatment durations (h)
Stimulatory Inhibitory

24 48 72 96 24 48 72 96
Chlorophyll a - - - - 50 50 50 50
Chlorophyll b - - - - 100 50 25 25
[Total chlorophyll - - - - 50 25 25 0.5
Carotenoids 25 25 25 25 100 100 100 | 100
IProtein 25 5 0.5 0.5 100 100 100 | 100

MDA 50 25 25 0.5 - - - -
Cysteine 0.5 ] 05 0.5 0.5 100 100 100 | 100
P-SH 05 | 05 0.5 0.5 100 100 100 | 100

probably achieved both by reaction with responsible biosynthetic enzymes as well
as lipid peroxidation mediated degradation. During present study, lower
concentration of Cd enhanced the carotenoid biosynthesis. Carotenoids have long
been recognized as important cellular antioxidants (Devi and Prasad 1998).
Carotenoid can interact with singlet oxygen and free radicals preventing the
initiation of potentially leathal processes such as lipid peroxidation. Cadmium
induced lipid peroxidation in P. pectinatus is evident from enhanced levels of
MDA. Probably the increased carotenoid level in test plant is a part of strategy
adopted by the plant to counteract the toxic effect of free radicals generated under
Cd stress. Kenneth et al (2000) reported that many plants have quite large
difference in the absolute level of the carotenoid and synthesize zeaxanthin in
response to stress condition.

Cadmium has been reported to induce stress proteins in Oryza sativa (Reddy

1992). Further, it has been demonstrated that the DNA of Cd stressed cells
produces specific mRNA transcripts, which regulate the synthesis of stress
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proteins (Toppi and Gabbrielli 1999; Czarnecka et al 1988). Therefore, increased
protein content in P. pectinatus treated by Cd (0.5-50 uM) might be attributed to
the synthesis of stress proteins. The higher concentrations of cadmium (>50 uM)
have toxic effect on protein contents of P. pectinatus. The decline in protein
content under cadmium stress in aquatic plants has been reported (Rai et al 1995,
1998). A decrease in protein content in the presence of Cd may be due to the
breakdown of soluble proteins or due to the increased activity of protease or other
catabolic enzymes which were activated and destroyed the protein. The increased
lipid peroxidation is considered to be an indication of increased oxidative stress,
which is often observed under metal stress condition in a variety of plants (DeVos
et al 1992). In the present study, the concentration of MDA was significantly
increased by treatment with Cd as compared to control, indicating enhanced lipid
peroxidation in Cd exposed plants. The level of MDA was found positively
correlated to the concentration of Cd in the nutrient solution (Table 3). Results of
the present study indicate that plant possess a cytoplasmic detoxification
mechanism comprised of the enhanced levels of non-protein thiols and cysteine
contents to tolerate the high concentrations of Cd. Induction of the sulfate
reduction enzyme ATP sulfurylase and adenosine 5° phosphosulphate sulpho
transferase during Cd stress leading to accumulation of more cysteine has been
reported (Nussabaum ez al 1988). Possibly this may be essential to meet the high
demand of reduced S to sustain required threshold of phytochelatin synthesis. It
may be likely that Cd at various concentrations may activate the sulphate
reduction enzymes in a similar way. The decrease in cysteine content at higher
concentration may be ascertained to the toxic effect of Cd on the enzymatic
protein content. Plants of H. verticillata and P. stratiotes, growing under Cd stress
conditions have been reported to synthesize phytochelatins which is accompanied
by increased levels of cysteine and non-protein thiols (Rai et a/ 1995b; Tripathi et
al 1996). Varying responses to Cd induced oxidative stress are probably related
both to levels of Cd supplied in the medium and to concentration of non-protein
thiols already present or induced by Cd treatment. Thiols possess strong
antioxidative properties and they are consequently able to counteract oxidative
stress (Pichorner et al 1993).

P. pectinatus appears to be an ideal candidate for the phytoremediation of
cadmium polluted water bodies as it accumulated significant amounts of Cd and
showed tolerance through increased levels of non-protein thiols, cysteine and
carotenoids. However, before using the plant for phytoremediation, it is necessary
to study the effect of environmental variables that may be encountered in the field
studies viz., light, temperature and pH etc.
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