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ABSTRACT 

Background Contamination with heavy metals might cause a severe decline 

in plant growth and agricultural productivity. Among the plant growth 

stages, appropriate seed germination is most critical to get optimum yield. 

Heavy metals at higher concentrations may affect the germination, and thus 

reduce the plant growth and yield in most of the plant species.  

Methodology The present study was conducted to evaluate the effect of 

selenium (Se) against various levels of vanadium (V) and cadmium (Cd) at 

germination stage. The experiment was planned in controlled environment. 

Rice seeds were exposed to different levels of V (0, 300, 600 and 1200 µM) 

and Cd (0, 100, 250 and 500 µM), with and without Se priming at 10 µM.  

Results It was found that V and Cd stress significantly reduced the 

germination percentage, shoot and root length, shoot length vigor index 

(SLVI), electrolyte leakage (EL), tolerance index (TI), germination index 

(GI), protrusion percentage (PP) and mean daily germination (MDG) while, 

the results about 50% germination of seeds (T50) were not highly significant. 

Moreover, V at 1200 µM and Cd at 500 µM caused more toxicity than lower 

levels (300 and 600 µM V) and (100 and 250 µM Cd). However, application 

of Se mitigated the toxic effects of V and Cd, and improved the growth 

parameters of rice under V and Cd stress.  

Conclusion Toxicity of V and Cd to rice growth increased with increasing 

the level of metal application. Selenium application could alleviate the toxic 

effects of V and Cd. However, the efficiency of Se against V and Cd toxicity 

was more pronounced at 300, and 600 µM V and 100 and 250 µM, Cd as 

compared to higher levels (1200 µM V and 500 µM Cd). 

Abbreviations: Electrical conductivity = EC, Electrolyte leakage = EL, 

Germination percentage = GP, Germination index = GI, Mean daily 

germination = MDG, Protrusion percentage = PP, Shoot length vigor index = 

SLVI, Shoot weight vigor index = SWVI, Tolerance index = TI, Time taken 

for 50% seed germination = T50, Vigor index = VI 
 

 

 

 

INTRODUCTION  

 

Among the major environmental pollutants, 

vanadium (V) and cadmium (Cd) are the most 

phytotoxic heavy metals. Both metals are released 

into air, water and soil through agricultural, industrial 

or urban activities. Many studies have indicated the 

high values of V and Cd in agricultural fields, 
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particularly due to the long-term use of phosphate 

fertilizers, sewage sludge, and waste water irrigation 

(Ringelband and Hehl 2000; He et al. 2009; Uraguchi 

and Fujiwara 2012, Ashraf et al. 2017). These non-

essential elements are highly mobile in the soil-plant 

system which allows their easy entry into plants, can 

impair several vital processes, and resulting in poor 

growth and low economic yield of crops. All these 

ultimately cause toxic effects on human health 

through the food chain contamination (Ekmekci et al. 

2008; Shamsi et al. 2008). Any element which has 

density >5 g cm-3 is considered as heavy metals. The 

heavy metals can be divided into three categories on 

the basis of their role in plants; 1) essential metals 

like zinc (Zn), copper (Cu), iron (Fe), manganese 

(Mn) and molybdenum (Mo) etc., 2) beneficial 

metals like cobalt (Co), 3) harmful metals like V, Cd, 

and lead (Pb) etc. (Marschner 2012). The higher 

concentrations of heavy metals can affect the enzyme 

activities and plant metabolism, causing toxic effects 

on plants (Shukla et al. 2007).  

In the list of heavy metals, V is particularly 

toxic to different plant species (Panichev et al. 2006; 

Rosso et al. 2005). Vanadium is considered one of 

the most important elements of the 21st century due to 

its high consumption in industries and scientific 

development. Vanadium is extensively distributed in 

the environment by different ways like leaching, 

combustion, fertilization, and waste material from 

industries, and resultantly. V contaminates the soil, 

water and atmosphere (Ringelband and Hehl 2000). 

Cadmium is a highly toxic element that is 

widespread in the environment from several 

contamination sources. Consequently, its 

bioaccumulation through the food chain represents a 

risk for animal and human health (Stohs et al. 2000). 

The toxicity of Cd to physiological functions in 

plants have been widely investigated, and drastic 

diminutions of biomass production, physiological 

activities and nutritional quality have been observed 

in crops grown on soils contaminated with this non-

essential element (Benavides et al. 2005; Chaoui and 

El Ferjani 2005).  

The previous reports revealed that heavy metals 

badly affected the imbibition and germination of 

seeds and also penetrated the seed coat and involved 

in the inhibition of physiological processes associated 

with germination and embryo development processes 

(Seregin and Kozhevnikova 2005). Actually, metals 

affect the seed germination by two ways; 1) due to 

toxicity and 2) effect on water uptake (Kranner and 

Colville 2011). Especially, seed germination and 

subsequent embryo development are important stages 

of the plant life which are highly sensitive to 

surrounding medium fluctuations, because the 

germinating seed is the first interface of material 

exchange between plant development and 

environment. Delay in germination has often been 

observed after heavy metals exposure (Smiri et al. 

2009). This can be associated with disorders in the 

event chain of germination metabolism, which is a 

highly complex multistage process, itself coordinated 

by physiological, biochemical and molecular 

programs. 

In the present study, ecotoxicological effects of 

V and Cd were investigated for seed germination 

assay of rice (Oryza sativa L.). Currently, no data are 

available about the effect of Se on seed germination 

in rice under V and Cd stress. The present study was 

carried out to assess the hypothesis that Se may 

alleviate the V and Cd toxicities via germination, 

shoots lengths, and vigor indices.  

 

MATERIALS AND METHODS 

 

Plant material and stress conditions 

The healthy rice seeds were surface sterilized with 

2% NaClO solution for 15 minutes, and then washed 

many times with distilled water. The seeds were 

divided into two groups; seeds in group-I were put in 

10 µM solutions of Se for 24 hours, and seeds in 

group-II were put in distilled water (without Se) for 

24 hours. After 24 hours, 50 seeds were put in a petri 

dish of 20 cm diameter. The bottom of each petri dish 

was covered with two layers of filter paper. After 

putting the seeds in each perti dish, 5 ml of distilled 

water (control: soaked separately in water, and in Se), 

V solution at 300, 600 and 1200 µM in the form of 

ammonium metavanadate (NH4VO3) and Cd solution 

at 100, 250 and 500 µM in the form of cadmium 

nitrate [Cd(NO3)2] were added to the respective petri 

dish according to treatment plan. The experiment was 

designed according to completely randomized design 

(CRD) with three replicates for the period of 18 days. 

The growth room was climate-controlled with a 

temperature range 22-25°C and relative humidity 

70%. Vanadium and Cd solutions and distilled water 

were replaced every day to maintain the 

concentration of the treatment solutions constant as 

well as to supply the optimum moisture for the 

germination of the seeds. 

 

Variants of the experiment 

The measurement of the protrusion (visible emergence 

of primary root from seed coat) and germination 

(primary root size ≥2 mm length) of the seeds were 

taken daily basis for first 7 days. Some germinated 

seeds were discarded from each petri dish, however, 

only the seeds those were under the process of 

germination and some germinated leave to remain in 
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petri dishes. No more germination was considered 

after the 11th day of the experiment, ten germinated 

seeds were used from each petri dish for further 

analysis such as shoots lengths and vigor indices. 

 

Measurement of parameters 

For mean and variation of germination time of the 

seeds, the percentage of the protrusion (PP) and 

percentage of final germination (GP) were calculated 

according to the Akinci and Akinci (2010): 

 

 

 
 

Where: 

P = total number of protruding seeds  

G = total number of germinated seeds 

T = total number of seeds per petri dish 

The time to find 50% germination (T50) was 

determined according to the Coolbear et al. (1984) 

modified by Farooq et al. (2005): 

 

 
 

Where N is the final number of germination and ni, nj 

cumulative number of seeds germinated by adjacent 

counts at times tj and tj when ni < N/2 < nj. 

Germination index (GI) was determined according to 

the Association of Official Seed Analysts (1983): 

 

 

Tolerance indices (TI) were calculated with the 

formula as described by Iqbal and Rahmati (1992): 

Tolerance index (TI) = Mean shoot length in metal 

solution/mean shoot length in control x 100 

After measuring the shoots and roots lengths and 

fresh biomass, seedling length vigor index (SLVI) 

and mean daily germination (MDG) were calculated 

by the formulas described by Abbasian and Moemeni 

(2013): 

 

 
 

Where FGP: final germination percent     

d: test period 

 

Electrical conductivity measurements 

The germination media were collected and analyzed 

for electrical conductivity on daily bases. Special 

care was taken to remove most of the medium from 

the filter paper by folding the paper and applying 

pressure. Electrical conductivity measurements were 

carried out using a conductivity meter. The electrical 

conductivity of germination media was expressed on 

the basis of seed number (µohm cm-1 seed-1) in 

accordance with Powell and Raymond (1981).  

 

Statistical analysis 

All the collected data were subjected to analyze using 

SAS software. Analysis of variance (ANOVA) and 

the treatments means comparison was made by 

Duncan's Multiple Range Test (DMRT) to determine 

the level of significance at p ≤ 0.05. 

 

RESULTS 

 

The results of the present study indicated that higher 

concentrations of both metals, V and Cd badly 

affected the germination of seeds and growth 

parameters of rice seedlings. Compared to the 

control, the PP was gradually reduced with the 

increase of V and Cd concentrations (Figure 1). The 

maximum reduction was occurred about 52% and 

60% against 500 and 1200 µM of Cd and V, 

respectively when treated without Se-priming. 

However, seed priming with Se significantly 

increased the PP. The Se-priming of rice seeds 

effectively increased the PP against all levels of both 

metals. However, the effect of Se-priming against 

higher concentrations of Cd (500 µM) and V (1200 

µM) was the lowest. Overall, the rice seed-priming 

with Se alleviated the Cd and V toxicity and 

improved the PP (Figure 1). 

The GP for controls and treated genotypes are 

presented in Figure 2. The lowest GP was recorded at  

higher levels of Cd and V. The GP was reduced by 

48% and 58% when the rice seeds were exposed to 

500 µM of Cd and 1200 µM of V, respectively 

without Se-priming. While, seed-priming with Se 

effectively increased the GP of rice, however, the 

alleviation effect of Se-priming at higher levels of Cd 

and V was recorded lowest. Generally, Se-priming 

enhanced the GP against both metals stresses. 

The effect of Cd and V stress on GI of rice seed 

grown at different Cd and V levels with and without 

Se-priming was variable and concentration/or Se-

priming dependent (Figure 3). The GI was gradually 

declined with the increasing concentration of both 

metals. The highest decline of GI was recorded at 
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500 µM of Cd and 1200 µM of V which was 10.8 

and 8.5, respectively without Se-priming. On the 

other hand, seed-priming with Se increased the GI 

against all the levels of Cd and V.  

The MDG of rice seeds were significantly (p ≤ 

0.05) decreased when treated with Cd and V 

concentrations without Se-priming as compared to 

control, and the highest decrease was confirmed at 

higher concentration of Cd (500 µM) and V (1200 

µM) with respect to control (Figure 4). While, seed-

priming with Se significantly improved the MDG 

against all levels of Cd and V but the lowest effect of 

Se-priming was observed against higher doses of 

both metals.  

The results about shoot length, plant biomass, 

SLVI and SWVI are presented in Figure 5, 6, 7 and 

8. The results showed that shoot length was 

significantly (p ≤ 0.05) higher in control as compared 

to plants exposed to Cd  and V without Se-priming 

and increasing concentration of both metals 

drastically reduced the length and biomass. The 

minimum length and biomass of rice seedlings were 

recorded at 500 µM Cd and 1200 µM of V in the 

absence of Se-priming which was 3.1 cm and 1.9 cm, 

2.1, and 1.1 g respectively (Figure 5 and 7). The 

SLVI and SWVI were also significantly (p ≤ 0.05) 

reduced in Cd and V treated seedlings than control as 

well as treated with both metals plus Se-priming. The 

reduction in SLVI was observed about 7.4 and 14.3 

folds while, SWVI was reduced about 7.2 and 16.4 

folds as compared to control when seedlings were 

exposed to 500 µM of Cd and 1200 µM of V (Figure 

6 and  8). However, the shoot length, SLVI, biomass 

and SWVI of the seedlings grown after seed-priming 

with Se showed tolerance to the toxicities of both 

metals.  

Results for the T50 grown at different 

concentrations of Cd and V are presented in Figure 9. 

Application of Cd and V to rice seeds not treated 

with Se significantly (p ≤ 0.05) affected the T50. Both 

Cd and V application at 100 and 250 µM and 300 and 

600 µM considerably increased the T50 of rice seeds. 

The rice seeds only treated with Cd and V metals 

took long time to achieve 50% germination. It was 

found that 6.1 days was spent to complete T50 when 

seeds were treated with Cd at 500 µM and 50% of 

seed germination was completed when treated with 

1200 µM of V (Figure 9). On the other hand, the T50 

was completed early when seeds were exposed to 

lower concentrations of Cd and V. However, seeds 

treated with Se effectively reduced the time period to 

complete the T50, especially at lower levels of Cd and 

V. Even, Se-priming alleviated the V toxicity and 

completed the 50% of seed germination that was not 

achieved without Se-priming (Figure 9).  

The results about electrolytes leakage or 

damage in seed coat are presented in Figure 10. 

Cadmium and V solution were taken four times to 

check the electrolyte leakage via electrical 

conductivity. The maximum electrolyte leakage was 

observed at 4th sampling that showed the interaction 

of the metals solution for a long time could badly 

damage the seed coat. The maximum electrolyte 

leakage was observed when seeds were exposed to 

higher concentrations of Cd and V without Se-

priming. While, Se-priming of seeds helped to 

stabilize the seed coat and reduced the electrolyte 

leakage, even after 12 days of germination (Figure 

10). 

 

DISCUSSION 

 

The application of Cd and V caused significant 

effects on the PP of rice seeds. Heavy metals 

inhibited the cell division in seeds which could affect 

the PP. This reduction of PP under metal stress might 

be due to disruption of seed coat by metal toxicity, 

due to which metals entered the seeds and affected 

the seed metabolism (Khaliq et al. 2015). Similar 

results were reported by Seregin and Kozhevnikova 

(2005) and Kranner and Colville (2011) regarding the 

PP of seeds under metal stress. 

The growth parameters like GP, GI (Mhatre and 

Chaphekar 1982) and shoot length were used as an 

indicator against metal toxicity in plants (Uveges et 

al. 2002). The differences in GP, GI and shoot length 

clearly showed the toxic effects of Cd and V on rice 

seed germination. The GP, GI and shoot length were 

not inhibited at lower concentrations of Cd and V, 

indicating that lowers levels of Cd and V were not 

more toxic at the germination stage. However, higher 

concentration detrimentally reduced these parameters 

indicating that higher levels of both metals were 

more toxic for seed germination. The MDG was also 

strongly affected by Cd and V application, however, 

at lower concentrations of both metals, the reduction 

in MDG was not significant. The results of the 

present study strongly agreed to the findings of other 

researchers (Hoshmandfar and Moraghebi 2011). 

Rahman and Mahmud (2010) reported that 

higher concentrations of Ni and Co also caused a 

reduction in GP in plants. This reduction in GP might 

be due to depression of oxygen uptake and 

disturbance in the transportation of stored food 

materials in seed, and damage the selective properties 

of cell membrane (De Andrade and da Silveira 2008). 

These results showed conformity with the results of 

other researchers (Rout et al. 2000; Akinci and 

Akinci 2010). Like plant species, plant organs also 

differed for metals accumulation and adaptability   
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Figure 1 Effects of cadmium (Cd) and vanadium (V) with and without selenium priming on protrusion percentage 

(PP) of rice seeds 

 

 

 

 
Figure 2 Effects of cadmium (Cd) and vanadium (V) with and without selenium priming on germination percentage 

(GP) of rice seeds 
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Figure 3 Effects of cadmium (Cd) and vanadium (V) with and without selenium priming on germination index (GI) 

of rice seeds. Values represent means ± S.D. (n = 3) 

 

 

 
Figure 4 Effects of cadmium (Cd) and vanadium (V) with and without selenium priming on mean daily germination 

(MDG) of rice seeds. Values represent means ± SD (n = 3) 
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Figure 5 Effects of cadmium (Cd) and vanadium (V) with and without selenium priming on shoot length of rice 

seedlings. Values represent means ± SD (n = 3) 

 

 

 
 

Figure 6 Effects of cadmium (Cd) and vanadium (V) with and without selenium priming on plant weight of rice 

seedlings. Values represent means ± SD (n = 3) 
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Figure 7 Effects of cadmium (Cd) and vanadium (V) with and without selenium priming on shoots length vigor 

index (SLWI) of rice seedlings. Values represent means ± SD (n = 3) 

 

 
Figure 8 Effects of cadmium (Cd) and vanadium (V) with and without selenium priming on shoot weight vigor 

index (SWVI) of rice seedlings. Values represent means ± SD (n = 3) 



http://www.jea.com.pk                                                                                                                                        Imtiaz et al. (2017) 

270 

 

 

Figure 9 Effects of cadmium (Cd) and vanadium (V) with and without selenium priming on time taken to complete 

50% rice seeds germination. Values represent means ± SD (n = 3) 

 

 

 

Figure 10 Electrical conductivity (EC) of germination media of rice seeds after imbibitions with water, cadmium 

and vanadium with and without selenium priming. Values represent means ± SD (n = 3) 
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(Ramos et al. 2002). Therefore, there was difference 

in rice seed germination. These results are in line 

with the findings of the earlier researchers (Raziuddin 

et al. 2011; Khaliq et al. 2015; Arezoo et al. 2016). 

Higher concentration of cadmium (Cd) and 

vanadium (V) badly affected the seed germination as 

well as T50, and T50 showed a positive relation with 

increasing concentration of vanadium. Moreover, 500 

of Cd and 1200 of V maximally delayed the T50 of 

rice seeds treated without Se-priming among all the 

treatment. The metal toxicity causes bad effects on 

seed coat and metabolism, and affect the permeability 

of cell membrane inside the seeds (Shafiq et al. 

2008), this factor might be the main reason to 

increase the time period for T50. Selenium treatment 

improved the T50 and these results were same in line 

with Khaliq et al. (2015).  

The plant growth (e.g. height and biomass) is 

the best indices against metal stress. The findings of 

the present study indicated that cadmium (Cd) and 

vanadium (V) stress extensively affected on said 

traits. Our findings indicated that application of Cd 

and V affected the GP; the seeds that attained the 

germination state were then subjected to continuous 

exposure of added metals, showed the clearly 

stunting of heights and biomass. 

The shoot elongation of rice seedlings reduced 

significantly (p ≤ 0.05) in all treatments which were 

not undergoing Se-priming with respect to seeds 

treated with Se. The reduction in shoot length at 

higher concentrations of Cd and V could be attributed 

due to decreasing of meristamatic cells and enzyme 

activities present in cotyledon and endosperms 

(Shafiq et al. 2008). These results also showed an 

agreement with the results of Street et al. (2007) and 

Liu et al. (2008). Effects of different levels of Cd and 

V on plant weight were also evaluated. The plant 

weight was notably reduced with increasing of Cd 

and V levels. The plant weight made a negative 

relationship with metals applied without Se-priming 

in growth medium. The previous researchers also 

reported that application of higher concentration of 

heavy metals declined the seedlings growth and 

biomass yield (Ozdener and Kutbay 2009; Solanki 

and Anju 2011; Wei et al. 2012). These findings 

strongly indicated a negative relationship between 

plant weight and metal treatments and are in line with 

the results of Chongkid et al. (2007) and Xi-yuan et 

al. (2012). The reduction in shoot growth due to Cd 

and V was the main factor to decrease the SWVI. 

Higher concentration of metals damaged the cell 

division and other main physiological mechanisms 

which could be the reason for the reduction in SWVI 

(Clemens, 2001). The obtained findings are in line 

with Sharikova et al. (2003) and Khaliq et al. (2015). 

The exudation of electrolytes from rice seeds 

can be correlated with the increasing concentration of 

both metals (Cd and V). It possibly reflected the 

leakage out of all soluble cell ingredients as indicated 

by the extent of Cd and V enhanced EC in the 

germination medium (Figure 10). There may be 

several factors involved in this damage of seed coat 

such as membrane damage and loss of essential 

elements (Powell and Raymond 1981). The exudates 

of electrolytes from plants are mainly the reflection 

of impairment of cell membrane and ultimately poor 

retention of solutes, resulting in leakage from 

imbibing seeds and this happened mainly because of 

rupture of cell membranes. This kind of damage in 

cell membrane could be mediated by metals stresses, 

which regulated the oxidative injury and this injury 

impaired the membrane structure because of lipid 

peroxidation (Chaoui and El Ferjani 2005; Ahsan et 

al. 2007; Agrawal and Mishra 2009; Posmyk et al. 

2009).  

 

CONCLUSIONS 

 

Cadmium and vanadium had inhibitory effects on 

rice seed germination and initial seedling growth. It 

was concluded that addition of metals in the growth 

medium, particularly in higher concentrations 

significantly reduced the seed germination, plant 

weight, shoot length and weight vigor indices, and 

postponed the time to accomplish the 50% 

germination. However, Se-priming of rice seeds 

significantly improved the all observed parameters 

which showed that Se could enhance the tolerance 

against metals toxicities. In combined polluted areas, 

further study is needed to examine the various levels 

of metals including Cd and V in the environment and 

different plant parts. 

 

ACKNOWLEDGMENTS 

 

This work was financially supported by the National 

Science Foundation (41650110482), Special Fund for 

Agro-scientific Research in the Public Interest 

201303106, 201103007) and Research grants from 

Sino Hydropower Group (GW-KJ-2012-10-01). 

 

REFERENCES 

 
Abbasian A, J Moemeni (2013) Effects of salinity stress on 

seed germination and seedling vigor indices of two 

halophytic plant species (Agropyron elongatum and A. 

pectiniforme). International  Journal of Agriculture 

and Crop Science, 5(22): 2669-2676. 

Agrawal SB, S Mishra (2009) Effects of supplemental 

ultraviolet-B and cadmium on growth, antioxidants 



http://www.jea.com.pk                                                                                                                                        Imtiaz et al. (2017) 

272 

 

and yield of Pisum sativum L. Ecotoxicology and 

Environmental Safety, 72: 610–618. 

Ahsan N, SH Lee, DG Lee, H Lee, SW Lee, JD Bahk, BH 

Lee (2007) Physiological and protein profiles 

alternation of germinating rice seedlings exposed to 

acute cadmium toxicity. Comptes Rendus Biologies, 

330: 735–746. 

Akinci I, S Akinci (2010) Effect of chromium toxicity on 

germination and early seedling growth in melon 

(Cucumis melo L.). African Journal Biotechnology, 9: 

4589-4594. 

Arezoo E, F Seyfollah, T Ali (2016) Seed priming 

improves seed germination and reduces oxidative 

stress in black cumin (Nigella sativa) in presence of 

cadmium. Industrial Crops and Products, 79: 195–

204. 

Ashraf M, ME Safdar, SM Shahzad, A Aziz, MA Piracaha, 

M Suleman and MB Ahmad (2017) Challenges and 

opportunities for using wastewater in agriculture: a 

review. Journal of Applied Agriculture and 

Biotechnology, 2: 1–20. 

Association of Official Seed Analysis (AOSA) (1983) Seed 

Vigor Testing Handbook. Contribution No. 32 to the 

handbook on Seed Testing. Association of Official 

Seed Analysis. Springfield, IL. 

Benavides MP, SM Gallego, ML Tomaro (2005) Cadmium 

toxicity in plants. Brazilian Journal of Plant 

Physiology, 17: 21–34. 

Chaoui A, El Ferjani (2005) Effects of cadmiumand copper 

on antioxidant capacities, lignification and auxin 

degradation in leaves of pea (Pisum sativum L.) 

seedlings. Comptes Rendus Biologies, 328: 23–31. 

Chongkid B, N Vachirapatama, Y Jirakiattikul (2007) 

Effects of vanadium on rice growth and vanadium 

accumulation in rice tissues. Kasetsart Journal-

Natural Science, 41: 28−33. 

Clemens S (2001) Molecular mechanisms of plant metal 

tolerance and homeostasis. Planta, 212: 475-786 

Coolbear P, A Francis, D Grierson (1984) The effect of low 

temperature pre-sowing treatment on the germination 

performance and membrane integrity of artificially 

aged tomato seeds. Journal of Experimental Botany, 

35: 1609-1617. 

De Andrade SAR, APD da Silveira (2008) Mycorrhiza 

influence on maize development under Cd stress and P 

supply. Brazilian Journal of Plant Physiology, 20: 39-

50. 

Ekmekci Y, D Tanyolac, B Ayhan (2008) Effects of 

cadmium on antioxidant enzyme and photosynthetic 

activities in leaves of two maize cultivars. Journal of 

Plant Physiology, 165: 600–611. 

Farooq M, SMA Basra, K Hafeez, N Ahmad (2005) 

Thermal hardening: a new seed vigor enhancement 

tool in rice. Acta Botanica Sinica, 47: 187-192. 

He JY, YF Ren, FJ Wang, XB Pan, C Zhu, DA Jiang 

(2009) Characterization of cadmium uptake and 

translocation in a cadmium-sensitive mutant of rice 

(Oryza sativa L. ssp. japonica). Archives of 

Environmental Contamination and Toxicology, 57(2): 

299–306. 

Hoshmandfar A, F Moraghebi (2011) Effect of mixed 

cadmium, copper, nickel and zinc on seed germination 

and seedling growth of safflower. African Journal of 

Agricultural Research, 6(5): 1182-1187. 

Iqbal MZ, K Rahmati (1992) Tolerance of Albizia lebbeck 

to Cu and Fe application. Ekologia (CSFR), 11: 427-

430. 

Khaliq A, A Farhena, M Amar, H Saddam, G Mingjian, W 

Abdul, R Hafeez (2015) Seed priming with selenium: 

consequences for emergence, seedling growth, and 

biochemical attributes of rice. Biological Trace 

Element Research, 166(2): 236-244. 

Kranner I, L Colville (2011) Metals and seeds: Biochemical 

and molecular implications and their significance for 

seed germination. Environmental and Experimental 

Botany, 72: 93–105. 

Liu D, J Zou, M Wang, W Jiang (2008) Hexavalent  

chromium uptake and its effects on mineral uptake, 

antioxidant defence system and photosynthesis in 

Amaranthus viridis L. Bioresource Technology, 99: 

2628-2636. 

Marschner P (2012) Marschner’s mineral nutrition of 

higher plants. 3rd ed. Academic Press, London, Pp 

672. DOI: 10.1016/C2009-0-63043-9 

Mhatre GN, SB Chaphekar (1982) Effect of heavy metals 

on seed germination and early growth. Journal of 

Environmental Biology, 3: 53-63. 

Ozdener Y, HG Kutbay (2009) Toxicity of copper, 

cadmium, nickel, lead and zinc on seed germination 

and seedling growth in Eruca sativa. Fresenius 

Environmental Bulletin, 18: 26-31. 

Panichev N, KL Mandiwana, D Moema, R Molatlhegi, P 

Ngobeni (2006) Distribution of vanadium (V) species 

between soil and plants in the vicinity of vanadium 

mine. Journal of Hazardous Materials, 37: 649−653. 

Posmyk MM, R Kontek, KM Janas (2009) Antioxidant 

enzymes activity and phenolic compounds content in 

red cabbage seedlings exposed to copper stress. 

Ecotoxicology and Environmental Safety, 72: 596–

602. 

Powell WW, BT Raymond (1981) Soaking injury and its 

reversal with polyethylene glycol in relation to 

respiratory metabolism in high and low vigour 

soybean seeds. Physiologia Plantarum, 53: 263–268. 

Rahman KM, KM Mahmud (2010) Effect of varying 

concentration of nickel and cobalt on the plant growth 

and yield of chickpea. Australian Journal of Basic and 

Applied Sciences, 4: 1036-1046.  

Ramos I, E Esteban, J Lucena, A Garate (2002) Cadmium 

uptake and subcellular distribution in plants of 

Lactuca sp. Cd-Mn interaction. Plant Science, 162: 

761-767. 

Raziuddin F, G Hassan, M Akmal, SS Shah, F Mohammad 

M Shafi, J Bakht, W Zhou (2011) Effects of cadmium 

and salinity on growth and photosynthesis parameters 

of Brassica species. Pakistan Journal Botany, 43: 

333-340. 

Ringelband U, O Hehl (2000) Kinetics of vanadium 

bioaccumulation by the brackish water hydroid 

Cordylophora caspia (Pallas). Bulletin of 

https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2FC2009-0-63043-9?_sg%5B0%5D=HgYAQcfc0iO4lHIrDx4MxNAg9lnj0ZDdS32ZYEk34jDxCgHEEHYtIn4IN52-jqYvjV79QyE1622pFHM0hyWykSY-rg.erbjWjuoTLjCmyZw9N88VCHwF4PB-NdFXvrNa_9nowpXuj_aDXKYYP0KlF0LqnU0YHYyNJtUIA7cJ8ZbihxVzA


J. Environ. Agric., 2(2): xx--xx; 2017 

273 

 

Environmental Contamination and Toxicology, 65: 

486-493. 

Rosso PH, JC Pushnik, M Lay, SL Ustin (2005) 

Reflectance properties and physiological responses of 

Salicornia virginica to heavy metal and petroleum 

contamination. Environmental Pollution, 137: 241–

252. 

Rout G, S Sanghamitra, P Das (2000) Effects of chromium 

and nickel on germination and growth in tolerant and 

nontolerant populations of Echinochloa colona (L.). 

Chemosphere, 40: 855-859. 

Seregin I, D Kozhevnikova (2005) Distribution of 

cadmium, lead, nickel, and strontium in imbibing 

maize caryopses. Russian Journal of Plant Physiology, 

52: 565-569. 

Shafiq M, MZ Iqbal, M Athar (2008) Effect of lead and 

cadmium on germination and seedling growth of 

Leucaena leucocephala. Journal of  applied Science 

and Environmental Management, 12: 61-66. 

Shamsi IH, K Wei, GP Zhang, GH Jilani, MJ Hassan 

(2008) Interactive effects of cadmium and aluminum 

on growth and antioxidative enzymes in soybean. 

Biologia Plantarum, 52: 165–169. 

Sharikova F, A Sakhabutdinova, M Bezrukova, R 

Fatkhutdinova, D Fatkhudinova (2003) Changes in the 

hormonal status of wheat seedlings induced by 

salicylic acid and salinity. Plant Science, 164: 317–

322. 

Shukla P, S Dubey, U Rai (2007) Preferential accumulation 

of cadmium and chromium: Toxicity in Bacopa 

monnieri L. under mixed metal treatments. Bulletin of 

Environmental Contamination and Toxicology, 78: 

252–257. 

Smiri M, A Chaoui, E El Ferjani (2009) Respiratory 

metabolism in the embryonic axis of germinating pea 

seed exposed to cadmium. Journal of Plant 

Physiology, 166: 259–269. 

Solanki R, PD Anju (2011) Zinc and copper induced 

changes in physiological characteristics of Vigna 

mungo (L.). Journal of Environmental Biology, 32: 

747-751. 

Stohs SJ, D Bagchi, E Hassoun, M Bagchi (2000) 

Oxidative mechanisms in the toxicity of  chromium 

and cadmium ions. Journal of Environmental 

Pathology Toxicology and Oncology, 19: 201–213. 

Street R, G Kulkarni, W Stirk, C Southway, J Van Staden 

(2007) Toxicity of metal lements on germination and 

seedling growth of widely used medicinal plants 

belonging to hyacinthaceae. Bulletin of Environmental 

Contamination and Toxicology, 79: 371-376. 

Uraguchi S, T Fujiwara (2012) Cadmium transport and 

tolerance in rice: perspectives for reducing grain 

cadmium accumulation. Rice, 5(1): 5 (doi: 

10.1186/1939-8433-5-5). 

Uveges JL, AL Corbett, TK Mal (2002) Effects of Pb 

contamination on the growth of Lythrum salicaria. 

Environmental Pollution, 120: 319-323. 

Wei Y, MJ Shohag, Y Wang, L Lu, C Wu, X Yang (2012) 

Effects of zinc sulfate fortification in germinated 

brown rice on seed zinc concentration, bioavailability 

and seed germination. Journal of Agricultural and 

Food Chemistry, 60: 1871-1879. 

Xi-yuan X, Y Miao, G Zhao-hui, L Yue-ping, B Jun-ping 

(2012) Permissible value for vanadium in allitic udic 

ferrisols based on physiological responses of green 

Chinese cabbage and soil microbes. Biological Trace 

Element Research, 145: 225–232. 

 

 

 

https://dx.doi.org/10.1186%2F1939-8433-5-5

