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Abstract Abiotic stress especially due heavy metals is one of the major 

environmental problems that threatens food security and pose greater risks to 

human health worldwide. In this research, greenhouse hydroponic experiments 

were carried out to study the morphological and biochemical responses of 

Sorghum bicolor L.M to different Zinc (Zn) levels. Two-week-old seedlings 

transplanted in hydroponic solutions were treated with different doses of Zn in the 

concentration ranges of 5, 25, 50, 100 and 200 mg/L supplied as ZnSO4. 5H2O. 

After 21 day of culture, the plants were harvested, blotted to dryness and separated 

into roots and shoots. The root and shoot lengths, dry weights and non-enzymatic 

biochemical parameters such as proline, Chlorophyll a, b, Carotenoids (pigments) 

were determined. The results indicate that Zn applications significantly (P<0.05) 

depressed the lengths of root and shoot, dry weights and pigment contents 

compared to untreated plants (control). The effects were more pronounced with 

increased Zn dosage. The accumulation of the metal and proline contents in treated 

plants however, increase gradually with increasing Zn concentrations (P<0.05). 

The changes in these parameters had resulted in toxicity symptoms and overall 

growth retardation especially at elevated concentrations and the estimated critical 

toxicity thresholds in both solution and tissue concentrations suggest that sorghum 

bicolor L.M should not be grown beyond Zn concentration of above 3.2 mg/L. 
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1. Introduction 

Abiotic stress and its effects on plants is a topic that is receiving worldwide attention because of its potential impacts on crop 

quality and productivity [1,2]. Among various stresses encountered by plants, heavy metal stress is one of the major 

environmental problems that threatens food security and pose greater risk to human health worldwide [3,4,5,6]. It has been 

documented that more than 70 % of the yield of important crops may be lost to various abiotic stresses [7,8]. Zinc (Zn) is an 

essential heavy metal that is needed as a micronutrient for optimal growth and development of plants [9]. It acts as a plant 

nutrient and plays an important role in many metabolic processes [10]. However, at higher levels it becomes highly 

phytotoxic to plants, causing the inhibition of growth and even death of plants [11,12]. Excess Zn in plant’s cell can generate 

reactive oxygen species (ROS). This lead to induction of oxidative damage to important biomolecules such as lipids, 

pigments and nucleic acids; which is detrimental to plant growth and development [13,14,15]. Visual symptoms of Zn 

toxicity are reported to be wilting and chlorosis in young leave which progresses to older leaves, appearance brown 

colouration in leaves and stunted growth [16,17].  

Sorghum bicolor L.M belongs to the family poacea and rapogeneae and subtribe sorghastrae. It is the fifth most important 

cereal crop in the world and represents Africa’s main contribution to the world food supply due to its wide use as food, 
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animal feed, alcoholic beverages and biofuel [18,19]. Zn deficiency is uncommon in Sorghum bicolor L.M plants due to its 

ability to release phytosiderophore compounds from roots to overcome low levels of Zn [20,21]. It has been reported that 

concentrations of Zn found in contaminated soils usually exceed to those required as nutrients and may cause phytotoxicity 

[22]. For this reason, this study was designed with the aim of examining the impacts of Zn fertilizations on the growth, 

morphological and biochemical changes in Sorghum bicolor L.M and to establish threshold for Zn toxicity using hydroponic 

culture protocol as a model to soil solutions. 

2. Material and Methods 

2.1. Plant Material and Experimental Design 

The seeds of Sorghum bicolor L.M were obtained from the Institute for Tropical Agriculture (IITA), Kano state, Nigeria. 

They were surface sterilized with 1% (v/v) sodium hypochlorite for 20 minutes and washed several times with distilled water 

to eliminate pest contamination [51]. The seeds were sown in the Agronomy experiment farm, Bayero University, Kano, 

Nigeria. After growing for 2 week, seedlings of similar sizes and vigor were transplanted to a modified Hoagland hydroponic 

solution in 1-L plastic vessels (three plants per vessels) containing the following compositions: NH4NO3 1.5 mM, CaCl2 1.00 

mM, MgSO4 1.60 mM, K2SO4 1.00 mM, KH2PO4 0.30 mM H3BO3 2.0 μM, MnSO4 5.0 μM, ZnSO4 0.5 μM, CuSO4 0.2 μM 

and (NH4)6Mo7O24 0.05 μM. Iron was supplied as Fe-EDTA at 0.1 mM. The nutrient solutions were not aerated and replaced 

every week. The plants were allowed to grow for 10 day in hydroponic culture in order to adapt to a new hydroponic 

environment which served as control (CR). Zn was added as ZnSO4.5H2O in the concentrations of 5, 25, 50, 100 and 200 

mg/L. The plants were cultured for 21 day in treated solution under controlled conditions with a day/night temperature of 30 

± 3 ºC /25± 3 ºC, and a relative humidity of 75 ± 3% in a greenhouse. The pH of the nutrient solution was maintained at 5.3 

and adjusted using NaOH or HCl. After treatments, the plants were harvested, separated into roots and shoots, soaked in 20 

mM Na2EDTA for 15 minutes to remove the metals attached to the roots surface and then washed with tap water followed 

by deionized water [23]. 

2.2. Measurement of Morphological Parameters 

Root and shoot lengths (cm) of fresh plants were recorded using calibrate ruler. The plants were oven dried at 65 ºC to a 

constant weight and dry weights of root and shoot were determined using weighing balance (Shimadzu, AP124Y). Another 

set of fresh plants was used for proline and pigments estimations. 

2.3. Estimating of Toxicity Threshold 

Toxicity threshold was established in terms of percentage relative yield at 10% dry weight reduction using the following 

relation [17]: 

 
100%t

c

Y
RY

Y
 

 (1) 

Yt = the relative percentage of dry biomass of a given plant at each treatment 

Yc = the relative percentage of dry biomass of a control. 

Toxicity thresholds were calculated from the data using second order polynomial growth curve. 

2.4. Determination of Zn2+ Concentration in Plants 

The dried samples of plants were ground, weighed and made to ashes in a muffle furnace at 450 °C for 4 h. The ashes were 

dissolved in 0.10 M HNO3 and then filtered through Whatman No. 42 filter paper. The filtrate was transferred to a 50 cm3 

volumetric flask. Zn content was analyzed using Atomic Absorption Spectrophotometer (Angstrom, AA320N). Zn 

concentrations in the samples were obtained from a calibration curve prepared from the standard solution. Blanks were also 

analyzed using similar protocol. 
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2.5. Estimation of Proline 

The amount of proline was measured according to the method of Bates et al., [24]. 0.5 g of a fresh leaf was homogenized in 

10 mL of 3% aqueous sulfosalicylic acid and filtered through Whatman No. 2 filter paper. 2 mL of the filtrate was then mixed 

with 2 mL of acid-ninhydrin and 2 mL of glacial acetic acid and heated at 100°C for 60 min. The reaction was terminated in 

an ice bath and 4 mL of toluene was added to the mixture and contents of tubes were stirred for 20 s. The absorbance of the 

pink-red upper phase was recorded at 520 nm against toluene blank using UV-visible spectrophotometer (Hitachi, U-2900/U-

2910 double beam). The concentration of proline was determined from a standard curve using L-proline as standard and 

calculated on a fresh weight basis using the relation: 

 

μg μg/ml proline vol. of toluene vol. of salicylic acid
Proline FW

g weight of plant molecular weight of proline

   
 

   (2) 

2.6. Pigment Analysis 

The estimation of pigments in both control and treated plants were carried out according to the method of described by Arnon 

[25]: Two grams of fresh leaf tissue of each sample were homogenized using 80% acetone. The homogenate was centrifuged 

for 10 minutes and a supernatant was collected. The residue was again extracted and the supernatant was pooled together. 

The extraction process was repeated until the residue became colorless. The volume of the combined supernatant was noted. 

The absorbance of the solution was measured at 645 nm, 663 nm and 470 nm for both chlorophyll a, b and carotenoids 

respectively using UV-visible spectrophotometer (Hitachi, U-2900/U-2910 double beam). The amount chlorophyll a, b (Chl 

a Chl b) and carotenoids (Car) were calculated according to Lichtenthaler and Wellburn [26] using the relations: 

        1   12.7  663   2.69  645    /  1000mg g A A V W      Chl a  (3) 

        1   22.9  645   4.68  663   /  1000  mg g A A V W      Chl b  (4) 

   1   1000 470  1.90    63.14   /  214mg g A Chl a Chl b   Car  (5) 

2.7. Statistical Analysis  

A randomized complete block experimental design was used with each treatment replicated three times. All data were 

expressed as mean of three replicates and treated using Excel 2013 program (Microsoft office window 10). The data were 

also subjected to One-way analysis of variance (ANOVA) followed by Fisher’s least significant difference (LSD) test at P = 

.05. Zn toxicity thresholds at 10% DW reduction (PT10) were determined using second order polynomial regression growth 

curve at α = 0.05. 

3. Results and Discussion 

3.1. Effects of Zn Level on Root and Shoot Lengths 

The results of this study indicate that Zn application had adversely effected the morphology of Sorghum bicolor L.M by 

gradually decreasing the length of roots and shoots. The parameters were significantly reduced (P=.05) at all Zn 

concentrations relative to control plants (Figure 1a). The maximum decreased were 1.60 and 3.20 cm for roots and shoots 

respectively at 200 mg/L Zn level while the minimum were 6.70 and 13.0 cm respectively at 5 mg/L. Yellowing of the main 

root and lateral roots were also apparent during the period of exposure. At the end of the culture, majority of roots exposed 

to Zn concentrations beyond 50 mg/L were found to be stunted or death. Similar observations were reported by Sharma and 

Sharma [27] and Balashouri [28]. Cherif et al., [29] had studied the effects of Zn on the growth and antioxidative systems in 

tomato (Solanum lycopersicum) plants. They observed that High levels of Zn had exhibited severe phytotoxic effects and 

retarded the growth and development of plants by interfering with some important metabolic activities. Barceló and 
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Poschenrieder, [30], Sagardoy et al., [31] and Li et al., [32] had also reported that higher Zn concentrations were found to 

reduce the growth of the main root and affect cell division and elongation in various plants.  

3.2. Effects of Zn Level on Dry Weights (Biomass)  

The roots and shoots dry weight followed a similar pattern of lengths of root and shoot; decreasing gradually (P =.05) with 

increasing Zn treatments (Figure 1b). The maximum decrease of 135.00 mg was observed at 200 mg/L and a minimum of 

934.00 mg was recorded at 5 mg/L Zn level for roots. However, for shoots, the maximum reduction was 245.00 mg at 200 

mg/L and the minimum was 2108.00 mg at 5 mg/L. Our results were in good agreement with Hasan et al., [17] who observed 

a similar pattern in Sorghum Bicolor L. (Moench) and Chenopodium Album when exposed to Zn stress. Manivasagaperuma 

et al., [33] also observed a similar reduction of dry matter yield in Vignaradiata L by application of excess Zn concentrations. 

According to Tripathy and Moharty [34], the decreased in dry weight might be due interference of Zn with other essential 

metal such as Manganese (Mn) and Iron (Fe). 

 

Figure 1. Effects of Zn Levels on (a) Fresh root and shoot lengths (b) Dry weight (biomass) of sorghum bicolor L.M plants after 21 day of exposure. The 

vertical bars represent standard error of mean (n = 3). Different letters above the bars indicate significant differences at P<0.05 as determined by 

Fisher’s LSD test. 

3.3. Estimation of Critical Toxicity Threshold Values 

Dry weight yield decrease has generally been accepted as the standard measure for comparisons of plant’s toxicity [16]. 

Critical toxicity threshold level is defined as the tissue concentration resulting in a 10% reduction in growth or yield in terms 

of dry weight of a particular plant [16,35]. The critical concentration of Zn in the hydroponic solution associated with 10% 

dry weight reduction of Sorghum bicolor LM was estimated to be 3.20 mg/L (Figure 2a). This is indicates that sorghum 

bicolor L.M should not be grown beyond Zn concentrations of above 3.2 mg/L. Zn-induced physical injury in the plants such 

as chlorosis (yellowing of leaves), appearance of brown spot on leaves and drying of older leaves were observed above 5 

mg/L Zn level. This have vindicated the above claim concerning the estimated critical threshold value. For estimation of 

critical tissue concentration, second order polynomial regression growth curve was used at α = 0.05. The critical tissue 
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toxicity level of Zn in the shoot was estimated to be 158.90 mg/kg (Figure 2b). It is also comparable to the values of 173.1 

mg/Zn kg determined by Long et al., [3] for Chinese cabbage, 143 mg/kg for Acacia auriculaeformis [35], 200 mg/kg for 

Alfalfa [36] and 217.7 mg/kg for maize [37]. 

 

Figure 2. (a) Relationships Between Solution Zn Concentrations and Relative Dry Matter Yield and (b) between Plant Tissue Zn Concentrations and 

Relative Dry Yield of Sorghum Bicolor L.M exposed to 21 day of Zn Treatments. Different letters above the bars indicate significant differences at 

P<0.05 as determined by Fisher’s LSD test. 

3.4. Effects of Zn Levels on Zn Uptake 

The results presented in Figure 3a show the mean Zn contents of Sorghum bicolor LM exposed to different doses of Zn. Both 

shoot and root Zn concentrations increased significantly (P < 0.05) with increasing Zn levels, with a maximum uptake of 

2711.853 followed by 1470.744 mg/kg at 200 and 100 mg/L Zn levels respectively. The minimum uptake was recorded at 

control followed by 329.093 mg/kg at 5 mg/L for the shoot. In the case of roots, the maximum uptake was observed at 

1074.217 (13 fold) followed by 890.66 mg/kg at 200 and 100 mg/L Zn treatments. While the minimum uptake was recorded 

at control treatments followed by 12.14 mg/kg at 5 mg/L Zn level. Davis and Parker [38] and Soudek et al., [39] also made 

a similar observation that uptake of Zn increased with increased application of Zn in peanut plants. The roots were affected 

more strongly by Zn treatments than shoots [38]. These results confirmed other studies that the Zn uptakes were higher in 

the roots than the shoots. The reason for this may likely be that the roots are organs in direct contact with Zn or because of 

metal tolerance mechanisms by the plants [40,41] 

3.5. Effects of Zn level on the Accumulation of Proline 

One of the strategies of plant’s tolerance to Zn stress and toxicity is the generation and accumulation of proline [42,43]. 

Proline is believed to protect the plant’s cells against oxidative damage caused by Zn-induced toxicity [41,44]. Sorghum 

bicolor L.M exposed to Zn stress exhibited a significant (P = .05) elevation in proline levels. Proline accumulation increased 

progressively with increasing Zn dosage (Figure 3b). The accumulations were more apparent in the leaves than root and 

shoots. The highest accumulation was obtained at 200 mg/L Zn level (3.657 μg/g) while the lowest (0.157 μg/g) was recorded 
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at control treatments for the leaves. In the case of roots, the maximum accumulation was found at highest Zn level (3.091 

μg/g) and the minimum was recorded at control.  The proline contents for shoots were lowest in comparison with that of the 

leaves and roots with maximum accumulation at 200 mg/L (2.35 μg/g) and minimum at control (0.08 μg/g). This is in good 

agreement with work carried out by Saradhi, and Saradhi [45] who observed that heavy metal stresses greatly the increased 

amount of proline. It has also been reported by numerous authors that proline acts as a metal chelator and the production of 

proline in response to Zn stress is dosage dependent [46,47]. The variation in proline accumulation may be due to differences 

in metabolic activities in different tissues [48]. Proline is reported to act as an antioxidant and have ROS scavenging activity 

thereby protecting cells against heavy metal-induced injury [49,50]. Based on this study however, accumulation of proline 

could not protect the studied plants from Zn-induced toxicity especially at higher Zn concentrations. This probably because 

the excess Zn had overpowered protective role of proline. 

 

Figure 3. Effects of Zn Levels on (a) Zn uptake (b) accumulation of proline in sorghum bicolor L.M plants after 21 day of exposure. The vertical bars 

represent standard error of mean (n = 3). Different letters above the bars indicate significant differences at P<0.05 as determined by Fisher’s LSD test. 

3.6. Effects of Zn Level on Pigments 

To assess the effects Zn toxicity on sorghum bicolor L.M plants pigments (Chl a, Chlb and Car.) contents were determined. 

Elevated levels of Zn in plants showed a remarkable decrease in pigments contents (P =.05) that causes remarkable reduction 

of photosynthesis rate [51]. The changes in pigment content are linked to visual symptoms of plants illness and photosynthetic 

production [52]. In this study, addition of Zn to hydroponic solution had resulted in severe depletion of pigment contents by 

inhibiting the Chl a, Chl b and Car (Figure 4) formation. The strongest inhibitory effect was recorded at the highest Zn dosage 

(200 mg/L). The pigments reduction followed the trend Car > Chl b > Chl a. Excess Zn has been reported to promote the 

decrease in pigments contents of Triticumaestivum seedlings [47]. The Zn-induced reduction in pigment contents is found to 

be associated with overproduction of reactive species oxygen (ROS), which is resulted from induction of oxidative stress  

[53]. The destruction of photosynthetic pigments by metal could be due to replacement of Mg2+ ions associated with the 

tetrapyrrole ring of chlorophyll molecules by Zn2+ [28,52,54]. It might also be due to impairment of the electron transport 

chain and inhibition of important enzymes associated with chlorophyll biosynthesis [52,55,56].  
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Figure 4. Effects of Zn Levels on Pigment Contents of Sorghum bicolor L.M leaves after 21 day of exposure.  The vertical bars represent 

standard error of mean (n = 3). Different letters above the bars indicate significant differences at P < 0.05 as determined by Fisher’s LSD test. 

4. Conclusion 

It can be concluded based on the results of the study that Zn uptake and toxicity in sorghum bicolor L.M were concentration 

dependent. Excess Zn reduced plant growth and development by depressing root and shoot lengths, biomass and the leaves 

showed chlorosis symptoms and signs of damage as judged by reduced pigment contents. Proline accumulations were 

markedly increased with increased Zn dosage. The critical toxicity threshold had shown that sorghum bicolor L.M should 

not be grown beyond Zn concentration of above 3.2 mg/L. 
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