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ABSTRACT 
Chromium is one of the most toxic heavy metals which reduces the growth of plants at relatively low concentrations, whereas IAA, 
kinetin, GA3 and 24-epibrassinolide (24-epiBr) are well known plant growth regulators (PGRs) which enhance the growth of plants. The 
present study was undertaken to determine the effect of binary combinations of Cr(VI) and PGRs on Spirodela polyrrhiza (L.) Schleiden, 
an aquatic macrophyte, grown on Hoagland’s E-media. We observed that Cr(VI) at 1, 2 and 3 mM in the absence of exogenous PGRs 
significantly decreased the growth of plants, whereas IAA, kinetin, GA3 (0.1, 10, 1000 nM) and 24-epiBr (0.01, 1, 100 nM) in the absence 
of Cr(VI) significantly increased the growth. Multiple regression models revealed that Cr(VI) inhibits the activity of exogenous PGRs 
leading to a further decrease in the growth of S. polyrrhiza cultured in binary combinations of Cr(VI) and PGRs. 
_____________________________________________________________________________________________________________ 
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INTRODUCTION 
 
Chromium is one of the most widespread contaminants of 
human environments originating from various industries, 
e.g. metallurgical (ferro- and non-ferrous alloys), refrac-
tories (chrome and chrome-magnesite) and chemical (pig-
ment, electroplating, tanning), etc. (Zhang et al. 2004; Shtiza 
et al. 2008). As a transition element, it occurs in a number 
of oxidation states, the most stable and common forms 
being Cr(III) and Cr(VI). Cr(III) in trace doses is essential 
for animal and human glucose and lipid metabolism (Cor-
nelis et al. 1984). But Cr(VI) is a highly toxic carcinogen 
and may cause death to animals and human beings at higher 
concentrations (Zayed and Terry 2003; Panda and Choud-
hury 2005). The oral LD50 for Cr(VI) for human beings is 
50 mg kg-1 body weight and for fresh water fish the LC50 is 
250-400 mg L-1. The WHO permissible limit for total Cr in 
drinking water is 100 �g L-1. Cr(VI) can be actively trans-
ported across biological membranes of prokaryotes but 
Cr(III) is transported passively by cation exchange sites of 
cell walls (Skeffington et al. 1976; Sirko et al. 1990). 

Aquatic macrophytes are a good remediation option 
because a few species have already been reported to ac-
cumulate Cr from waste waters (Zayed et al. 1998; Zurayk 
et al. 2001; Zhang et al. 2007). Duckweeds have been con-
sidered as promising prospective scavengers of heavy me-
tals from polluted waters. Lemna gibba and L. minor L. are 
the most studied species of the family Lemnaceae with res-
pect to toxicity and phytoremediation (Mkandawire et al. 
2004; Mkandawire and Dudel 2005, 2007; Uysal and Taner 
2007). Rahman et al. (2007) reported Spirodela polyrrhiza 
to be a good arsenic phytofiltrator. Duckweeds possess rela-
tively high tolerance to Cr toxicity and are capable of active 
uptake and accumulation of this element against a concen-
tration gradient (Staves and Knaus 1985; Tripathi and Chan-
dra 1991). Chandra and Kulshreshta (2004) and Jaglarz et 
al. (2004) reported that S. polyrrhiza is a potential accumu-
lator of Cr(VI). 

Several PGRs like auxins, gibberellins, cytokinins and 
24-epiBr are well known to increase the growth of plants. 

These are present in wastewaters as natural biomolecules of 
plants, biodegradation products of urine and fecal matter or 
as leachates of commercial applications of PGRs. Discer-
ning how PGRs interact, and how their quantities are affec-
ted by environmental factors, such as nutrient supply, will 
be important for the improvement of traits of plants of eco-
nomic importance (Buchanan et al. 2000). Therefore, it 
could be interesting to study the effect of binary concentra-
tions of Cr(VI) and PGRs on the growth of plants. It has 
been reported that brassinosteroids ameliorate aluminium 
toxicity in mungbean (Phaseolus aureus) seedlings and pro-
mote seedling growth and chlorophyll content under metal 
stress (Abdullahi et al. 2003). Alleviation of the toxic effect 
of Cd, and an increase in seedling growth and seed germi-
nation under the effect of brassinosteroids was also reported 
by Anuradha and Rao (2007). Moya et al. (1995) reported 
that the addition of gibberellic acid with Cd or Ni partially 
reversed the effects of heavy metals, stimulating growth as 
well as mobilization of carbohydrate reserves in seeds from 
which seedlings had developed. The present study was 
undertaken to determine the effects of PGRs on the growth 
of S. polyrrhiza cultured in solutions containing Cr(VI) so 
as to study metal-PGR interactions and to determine the 
cause of Cr(VI) toxicity. 

 
MATERIALS AND METHODS 
 
S. polyrrhiza (giant duckweed) is a free-floating macrophyte with 
a world-wide distribution and grows luxuriantly in tropical and 
subtropical regions. The plant body lacks true leaves and stem, 
instead consists of frond or thallus which is 4-10 mm long. The 
underside of the frond bears 4-16 adventitious roots. The duck-
weeds are a high protein source for ducks, geese, fish and cattle. 
These make a good experimental material for toxicity bioassays, 
and can be cultured on semi-solid inorganic media. Plants used for 
the present study were collected from wild habitats of Amritsar 
(31°63�N, 74°87�E). The tiny plants were gently washed under 
running tap water and rinsed with sterile distilled water. Each plant 
was cleaned of foreign particles, if any, with brush and placed on a 
filter paper for 5 min. to soak water adhering to it. Three sets of 15 
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filter-soaked plants for each treatment were weighed and cultured 
in Hoagland’s E-medium autoclaved at a pressure of 15 psi for 20 
min. The composition of the medium as defined by Cowgill and 
Milazzo (1989), and available online (ASTM-STP 1989), is given 
in Table 1. Salts used in the present study were procured from 
Qualigens, Loba chemie, Sd-fine-chem and Central drug house, 
India. The pH of the medium was set at 6.00, and the medium was 
poured in sterilized Petri plates and kept at 25 ± 1°C under fluo-
rescent light (1700 Lux) with a light:dark period of 14:10 h for 14 
days. Since the plants were cultured on inorganic medium, and the 
experiment was a toxicity bioassay, the plants were not sterilized 
but cultured under aseptic conditions. 

Salt used for chromium treatment was K2CrO4 (Merck). The 
plants were cultured in Hoagland’s E-medium containing 0, 1, 2 
and 3 mM concentrations (1 mM = 51.99 mg L-1 of Cr) of Cr in 
binary combinations with different concentrations of PGRs. For 
IAA, kinetin and GA3, 0 nM, 0.1 nM (10-10 M), 10 nM (10-8 M) 
and 1000 nM (10-6 M) concentrations were used, whereas for 24-
epiBr 0 nM, 0.01 nM (10-11 M), 1 nM (10-9 M) and 100 nM (10-7 

M) concentrations were used. PGRs were procured from Sigma-
Aldrich (24-epiBr) and other sources mentioned above. Each treat-
ment was given in triplicate. The growth of plants was calculated 
as change in fresh weight per g initial weight after 14 days of cul-
turing. Statistical analysis was carried out for descriptive statistics, 
2-way ANOVA, Tukey’s multiple comparison test (Daniel 1991), 
and linear, curvilinear and multiple linear regressions (Sokal and 
Rohlf 1981). Self-coded software was developed in MS-Excel. 
 
 
 

RESULTS AND DISCUSSION 
 
It was observed from the present study that Cr(VI), when 
applied at concentrations 1 mM to 3 mM, is toxic to Spiro-
dela polyrrhiza and inhibits its growth varying from 34.1% 
to 64.4% at 3 mM concentration with reference to control 
(Fig. 1). The growth of plants reduces exponentially with 
Cr(VI) concentration in the medium. 50% inhibitory con-
centration as calculated from the exponential decay curve of 
Cr(VI) for S. polyrrhiza is 2.707 mM. 

Application of PGRs, IAA, kinetin and GA3 increased 
the growth of S. polyrrhiza significantly with reference to 
control. 24-epiBr was most effective in enhancing the 
growth by 43.6% at 10-7 M concentration. The 2-way analy-
sis of variance revealed that Cr(VI) significantly affects the 
growth of plants in all the treatments at p�0.001. The effect 
of IAA on the growth of S. polyrrhiza was weekly signifi-
cant (p�0.1). The interactions between Cr(VI) and PGRs 
were weekly significant for kinetin and 24-epiBr (Table 2). 
The linear correlation analysis revealed that there was a sig-
nificant positive correlation between the increase in growth 
of the plants and application of IAA, kinetin and 24-epiBr 
(Table 3). 
 
Effect of binary combinations of Cr and PGRs on 
the growth of S. polyrrhiza 
 
Figs. 2-5 give the effect of growth regulators at different 
concentrations of Cr(VI). When S. polyrrhiza was cultured 
on media containing both Cr(VI) and PGRs, the growth of 
the plants decreased with reference to the control except for 

Table 1 Composition of Hoagland’s E-medium per litre of the final 
volume. 
Salt Stock solution Volume 

(ml L-1 medium)
MgSO4.7H2O 24.6 g/100 ml 1.0 
CaNO3.4 H2O 23.6 g/100 ml 2.3 
KH2PO4 13.6 g/100 ml 0.5 
KNO3 10.1 g/100 ml 2.5 
Micronutrients H3BO3 (2.86 g L-1) 

MnCl2.4 H2O (1.82 g L-1) 
ZnSO4.7H2O (0.22 g L-1) 
Na2MoO4.2H2O (0.09 g L-1) 
CuSO4.5 H2O (0.09 g L-1) 

0.5 

Fe.EDTA 
(Freshly prepared) 

FeCl3.6H2O (0.121 g/250 ml) 
EDTA (0.375 g/250 ml) 

20.0 

Agar  1.5 % 
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Fig. 1 Effect of Cr(VI) on the relative growth of S. polyrrhiza cultured on 
Hoagland’s E-medium after 14 days. 

Table 2 Two-way ANOVA and Tukey’s multiple comparison test for fresh weight of S. polyrrhiza after 14 days of culturing in media containing Cr(VI) and 
PGRs. 
Treatment Source of variation SS df MSS F-ratio HSD 

Cr(VI) 6.052 3 2.017 86.470*** 0.459 
IAA 0.195 3 0.065 2.791*  
Cr(VI) X IAA 0.367 9 0.040 1.749  
Error 0.746 32 0.023   

IAA 

Total 7.361 47    
Cr(VI) 2.075 3 0.691 36.096*** 0.418 
Kinetin 0.008 3 0.002 0.146  
Cr(VI) X Kinetin 0.369 9 0.041 2.139*  
Error 0.613 32 0.019   

Kinetin 

Total 3.066 47    
Cr(VI) 13.099 3 4.366 153.956*** 0.507 
GA3 0.030 3 0.010 0.358  
Cr(VI) X GA3 0.119 9 0.013 0.467  
Error 0.907 32 0.028   

GA3 

Total 14.157 47    
Cr(VI) 41.595 3 13.865 110.200*** 1.071 
24-EpiBr 0.792 3 0.264 2.099  
Cr(VI) X 24-EpiBr 2.075 9 0.230 1.833*  
Error 4.026 32 0.125   

24-EpiBr 

Total 48.490 47    
Significant at ***p� 0.001, * p� 0.1 
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Cr 2 mM : IAA 1000 nM combination. 
In order to find out the effect of interaction between the 

PGRs and Cr(VI) on the growth of S. polyrrhiza plants, data 
was analysed using multiple regression equation with inter-
action. General model used was 
 
Y = a + b1X1 + b2X2 + cX1X2 
 
where Y is the growth of Spirodela plants, X1 and X2 repre-
sent Cr(VI) and PGR concentrations and b1, b2 and c are 
partial regression coefficients. As given in Table 4, the cor-
relation coefficients of multiple regression models for kine-
tin, GA3 and 24-epiBr were found to be statistically signifi-
cant at p�0.001, and for IAA at p�0.01. All the four PGRs 
had positive effect on the growth of S. polyrrhiza in the 
multiple regression models, whereas Cr(VI) had negative 
effect on its growth. Interaction between Cr(VI) and PGRs, 
as represented by partial interaction regression coefficient 
‘c’, was negative in all the cases. In order to determine the 
relative effects of Cr(VI) and PGRs on the growth of S. 
polyrrhiza, �-regression coefficients were computed. It was 
observed that in the binary combinations of Cr(VI) with IAA, 
the factor influencing the growth most is Cr(VI) (negative), 
followed by IAA (positive), followed by interaction factor 
(negative). The same trends were observed for GA3 and 24-
epiBr. In case of kinetin, Cr(VI) affected the growth most, 
followed by interaction factor, followed by PGR. 

It is, therefore observed from the present study that IAA, 
kinetin, gibberellic acid and 24-epiBr increase the growth of 
S. polyrrhiza. PGRs bring about growth and morphogenetic 
responses and each PGR is pleiotropic in its effects. Besides, 
several PGRs may affect the same response, e.g., cell elon-
gation is affected by auxins, gibberellins and brassinoste-
roids, cell division is affected by auxins, cytokinins and gib-
berellins, implying thereby a redundancy in the control of 
the same response (Srivastava 2002). Koch and Durako 
(1991) showed that cytokinin supplements increased rhi-
zome and shoot growth in Ruppia maritima L. explants 
grown in axenic cultures. In terrestrial angiosperms, auxins 
cause apical dominance in stems and promote root initiation 
and elongation; gibberellins reverse genetic dwarfs, and 
promote the growth of intact plants and dormant buds 
(Salisbury and Ross 1992). In terrestrial plants, externally 
applied gibberellins have been shown to promote stem elon-
gation, leaf enlargement and elongation, phenotypic rever-
sion of monocotyledonous genetic dwarfs and inhibition of 
root formation (Letham et al. 1978). Brassinosteroids, when 
applied exogenously at nM to μM concentrations, evoke 
cell elongation or proliferation and affect a number of phy-
siological processes (Mandava 1988; Clouse 1996). Sharma 
and Bhardwaj (2007) reported that 24-epiBr increases seed 
germination, shoot and root length and fresh weight of 
seedlings of Brassica juncea L. 

Another observation in the present study is that Cr(VI) 
affects the growth of plants. Chromium can be absorbed as 
Cr3+ or CrO4

2- by the roots of higher plants although availa-
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Fig. 5 Relative growth of S. polyrrhiza in binary combinations of Cr(VI) 
and 24-epiBr. 

Table 3 Linear regression analysis of the effect of PGRs (nM) in the 
absence of Cr on the relative growth (Y) of S. polyrrhiza after 14 days of 
culturing (g g-1 initial wt.) 
PGR (X) Regression equation r 
IAA Y = 0.1181 X + 1.461 0.9762* 
Kinetin Y = 0.1223 X + 1.055 0.9843** 
GA3 Y = 0.0547 X + 2.245 0.7458 (ns) 
24-EpiBr Y = 0.4070 X + 2.325 0.9673* 

Significant at ** p� 0.02, * p� 0.05, ns = not significant at p� 0.05. 
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ble data are still contradictory (Babula et al. 2008). One of 
the possible explanations of Cr(VI) toxicity could be that it 
produces damaging –OH radicals which inactivate the PGRs. 
It has been reported by Davies et al. (2002) that chromium 
is toxic to most of the higher plants at 100 �mol kg-1 dry 
weight. Chromium toxicity is caused by the reaction of 
chromium with reducing agents such as NAD(P)H, which 
in turn react with H2O2 to generate damaging –OH radicals, 
as well as, chromium reacting with the carboxyl and sulf-
hydryl groups of enzymes, thereby inhibiting their activity 
(Cervantes et al. 2001). Also the production of H2O2, -OH 
and –O2 under chromium stress has been demonstrated in 
many plants, leading to damage of DNA, proteins and pig-
ments, besides indicating lipid peroxidation (Bagchi et al. 
2000; Panda and Patra 2000; Panda 2003). The most signifi-
cant part of the study is that Cr(VI) toxifies the PGRs as re-
vealed by interaction factor. The mode of action of PGRs 
involves several cellular components. Auxins induce the 
cell to excrete protons by stimulating the membrane bound 
ATPase-proton pump, resulting in turgor induced cell ex-
pansion. Cytokinins promote the onset of mitosis by activa-
ting the phosphatase that removes an inhibitory phosphate 
group from the cyclin-dependant kinase/cyclin B complex, 
thus moving the cell from the G2 to the M phase of cell 
division. Gibberellins induce the release of enzymes and 
carbohydrates during germination of barley (Hopkins and 
Hüner 2004). Brassinosteroids increase the H+-ATPase acti-
vities of plasma membrane and tonoplast with a consequent 
cell elongation and division (Haubrick and Assmann 2006). 
Since Cr(VI) is capable of damaging several components of 
the cell and generate free radicals, the effect of PGRs is nul-
lified. 

It can, therefore, be concluded from the present study 
that the growth of S. polyrrhiza is retarded in cultures con-
taining binary combinations of Cr(VI) and PGRs due to the 
negative interactions between the two. 
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