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ABSTRACT 

ZnO is extensively used in a wide range of industrial applications. Hence, considerable 

accumulation of this substance occurs in the environment. The objective of the present 

study was to compare and characterize the growth of model tobacco plant at different 

ZnO levels in various rooting media (i.e., water-based, perlite-based, and sand-based). In 

soilless medium (especially water-based), ZnO levels lower and/or higher than 1µM 

showed negative impacts on fresh weights, some of leaves indices, and number of flowers 

and fruits. In soil-based media, 250 and 500 mg ZnO kg-1 often scored the highest values 

for the mentioned indices. However, all evaluated indices were much higher in water-

based than the other two media. Flavonoids, antocyanins and FRAP capacity increased at 

highest levels in soil-grown and perlite-grown media, but Zn content was the same for all 

concentrations in soil-grown plants. Photosynthetic pigments decreased at 1,000 mg kg-1 

in soil-based media. Overall, the sensitivity to small changes in ZnO levels was much 

higher in water-based compared to the other two media, while ZnO supply resulted in 

improvement of some parameters in soil-based media. Soil and perlite possess certain 

experimental limitations (e.g., surface absorption, unfavorable pH, low gas exchange, 

limited spread of roots and insoluble Zn-complexes), while water-grown plants were 

comparatively better than the other media in terms of experimental control and handling. 

These results show different effects of ZnO levels in different media and also suggest the 

water-based medium as a possible alternate for future accurate investigations of Zn trials. 
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INTRODUCTION 

For thousands of years, heavy metals have 

been used extensively by humans for different 

uses. Elevated levels of heavy metals in 

contaminated soils and waters are widely 

recognized and many environmental concerns 

have been emphasized regarding the potential 

risks and harmful impacts to living cells such as 

animals, humans, fungal, and agricultural crops 

(Yoon et al., 2006; Houshmandfar and 

Moraghebi, 2011). Hence, metal stress remains 

one of the major limiting factors for plant growth 

and productivity (Yoon et al., 2006). On the 

other hand, heavy metals such as Zn, Cu, and Mn 

are well known to be essential microelements for 

the life of plants (Alloway, 2013).  

Because of the low solubility of Zn in the 

alkaline as well as acidic soils, it is virtually 

impossible to avoid Zn deficiencies in these 

types of soils. Generally, the optimum pH for 

most plants to acquire Zn is within the range of 

6.06.5 (Sagardoy et al., 2009). In plants, Zn is 

actively involved in a wide range of metabolic 

processes including respiration, photosynthesis, 

and protein synthesis (Candan and Tarhan, 2003; 
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González et al., 2012). This was confirmed by 

the increased level of lipid peroxidation, 

decreased Chlorophyll (Chl) pigmentation, 

changes in ferric ion metabolism, modified 

enzymatic activates, as well as levels of phenolic 

compounds in stressed-plants in response to Zn 

supplementations (Rosen et al., 1977; Candan 

and Tarhan, 2003; González et al., 2012). Other 

studies implicated that, unlike other metals, Zn 

can occur in very high concentrations that are 

extremely toxic or in some cases lethal to most 

growing plants (Sagardoy et al., 2009). Not 

surprisingly, metal stress disturbs various plant 

physiological and metabolic processes, pending 

on the stress severity and/or duration. Zinc Oxide 

(ZnO) occurs naturally as the mineral Zincite, 

but most of it is produced synthetically and 

widely used as an additive in many products 

including plastics, rubbers, ceramics, cosmetic, 

paints, ointments, adhesives, batteries and other 

electronic products (Broadley et al., 2007; 

Kołodziejczak-Radzimska and Jesionowski, 

2014). Although some information about the 

effect of ZnSO4 (Abdollahi  et al., 2011; Farhad 

et al., 2014), or recently ZnO nanoparticles, has 

been described in the literature, very limited 

investigations have been directed to characterize 

the effects of bulk ZnO on plant growth and 

development (Haslett et al., 2001). Of all the 

known species of flowering plants, Nicotiana 

tabacum (common tobacco) stands alone as the 

most extensively studied. Globally, the tobacco 

research activities have been increased 

enormously over the last decades. This 

allotetraploid plant has emerged as a major crop 

species and a model organism for studying the 

general biology of plants and for functional 

genomics and biotechnological applications. The 

focus to date has been mostly on its extreme 

utilization as a versatile model system for all 

aspects of cell and plant tissue research. This is 

due to its relatively short generation time, large 

leaves, small size of seed, and prolific seed 

production through self-pollination (Ganapathi et 
al., 2004; Schaeffer et al., 2012).  

Soil sustains life by supporting the roots and 

providing nutrients for plant growth. The nutrient 

availability affects not only cellular primary 

metabolism, but also the efficiency of various 

secondary metabolic pathways (Roca-Pérez et 

al., 2004). Unfortunately, soil media might have 

great technical limitations that could restrict the 

applicability of appropriate experimental 

approaches and/or reduces the precision of 

results. Soil limiting factors such as salinity, 

limited gas exchange, unfavorable pH, soil borne 

pathogens or residual nitrate and pesticides might 

interfere with the imposed experimental 

conditions, thereby increasing the demand for 

suitable alternative approach without soil culture 

(Ghehsareh et al., 2012; Marinou et al., 2013; 

García-Gómez et al., 2017). Accordingly, 

hydroponics and soilless cultures, especially in 

controlled environmental conditions, have 

attracted the scientific interest and, therefore, are 

rapidly expanding throughout the world. The use 

of various organic and inorganic substrates 

allows plants to possess a better nutrient 

acquisition and sufficient growth for gas 

exchange and water holding optimizations 

(Ghehsareh and Kalbasi, 2012). Since perlite, 

pumice, and sand are chemically inert inorganic 

substrates, they are widely adopted to supply 

nutrients in a controlled pattern (Marinou et al., 

2013). For instance, perlite is widely used as an 

ideal substrate especially for vegetable 

cultivations in greenhouses, mainly due to its 

higher stability, lower bulk density, and 

electrochemical conductivity (Ghehsareh et al. 

2012).  

Therefore, the main aim of the present study 

was to evaluate the response of tobacco to ZnO 

at different rooting media (i.e., water-based, 

perlite-based and sand-based). The comparative 

approach was based on the determination of the 

most convenient and optimum procedure for 

future investigations of Zn-toxicity experiments. 

MATERIALS AND METHODS 

Plant Material and Growth Conditions 

Seeds of Nicotiana tabacum (L.) cv. “Isfahan” 

[courtesy from the Company of Isfahan, Iran], 

were surface-sterilized with 2.5% sodium 

hypochloride for 15 minutes and sown in 5 L 

plastic pots containing an autoclaved sterilized 

perlite as a growth medium. The plants were 

maintained in a controlled greenhouse with a 

14/10 hour day/night cycle and an approximate 

range of 25-32°C temperature during the day and 

20-23°C during the night. Photosynthetic active 

radiation was 100 µmol m
-2

 s
-1

 measured by a 
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Table 1. Chemical characteristics of the soil used in the experiment. 

 EC  pH Total N  OC 
a
 Pava b Kava Cuava Znava Mnava Feava 

Texture (dS m
-1

)  (%) (%) (mg kg
 -1

) 

Soil 4.05 7.8 0.10 0.97 37.7 331 4.8 3.64 13.42 9 

a
 Organic Carbon, 

b
 Available. 

 

photon meter (Hansatech QSPAR, UK) at the 

top of the canopy. The seedlings were irrigated 

with tap water three-times a week and 1/10 

strength modified Johnson's nutrient solution 

(Siddiqi et al., 1989) once a week. The nutrient 

solution had the following composition: 0.001 g 

L
-1

 CaCO3; 0.1 mM MgSO4; 0.2 mM KH2PO4; 

0.4 mM K2SO4; 0.05 mM Ca(NO3)2; 4 µM 

CaSO4; 0.2µM H3BO3; 0.2 µM MnSO4; 0.2 µM 

ZnSO4; 0.05 µM CuSO4; 0.05 µM Na2MoO4; 2 

µM Fe-EDDHA (a highly stable chelate). The 

pH was buffered with CaCO3 and adjusted to 

5.6±0.2 with 1N HCl. The pH was measured by 

pH meter (Metrohm, Swiss). Eight weeks later 

(at 4-leaf stage), seedlings were transferred to 

soilless culture (water-grown and perlite-grown) 

with three plants per 1.5 L nutrient solution. Two 

days later, ZnO (Sigma-Aldrich, MO, USA) was 

applied at different levels including 0, 0.2, 1, 5, 

and 25 µM, corresponding to the initial level into 

the nutrient solution (0.2 µM) and up to 125 

times higher (25 µM) in accordance to the 

suggested range for Zn supplementation (Ingram, 

2014). For this purpose, ZnO was dissolved in 

deionized water with sonication (20 min) two 

times, by using a sonicator instrument 

(Ultrasonic cleaner 2200 MH, Soltec, Italy) 

(Hwang et al., 2007). The nutrient solution was 

continuously aerated by flow of normal air of 

about 0.5 L min
1

 and the solution was changed 

once a week. Each treatment was carried out in 

three replicates. Three weeks later, when plants 

had developed 6-7 leaves, the 6
th
 leaf of each 

single plant was harvested, frozen in liquid 

nitrogen, and stored (-20ºC) for subsequent 

biochemical analyses. The Chl concentration was 

measured on fresh basis. For soil-grown plants, 

Zn treatments were added as powder to soil in 

concentrations (dry mass/dry mass basis) of 0, 

250, 500, and 1,000 mg kg
−1

 for ZnO. The soil 

was slowly mixed thoroughly with the solution 

using a glass rod and left to equilibrate for one 

day. General-purpose plastic pots were filled 

with 500 g of the treated soil which was 

classified as sand-soil mixture (1:2) in a 

greenhouse with the above mentioned 

conditions. The chemical characteristics of the 

soil are presented in Table 1. Three seeds were 

grown in each pot as one replication, and 45 days 

after germination, when plants had totally 6-7 

leaves, the 4
th
 leaf of each plant was harvested, 

frozen in liquid nitrogen, and stored at -20ºC 

until subsequent biochemical analyses. Based on 

the published reports, both the 4
th
 and 6

th
 leaves 

are representative and convenient for such kind 

of analyses (Feng et al., 2009; Bellasio et al., 

2012). Moreover, numerous parameters related 

to the growth of plants were also recorded. 

Growth Parameters 

For evaluation of growth parameters, plants 

were fractioned into shoots (leaf blades+petioles) 

and roots. The Fresh Weight (FW) of different 

fractions was recorded, while leaf characteristics 

(length, area and dry weight) were separately 

estimated. Shoot/root ratios were calculated and 

leaf samples were oven-dried at 70°C (72 hours) 

for the determination of dry matter. Leaf length 

was estimated excluding the petiole segment. 

Leaf area was measured following the procedure 

of Pandey and Sing (2011). Dried plant material 

was ground to a fine powder and its Zn contents 

were measured. For this purpose, about 0.5 g of 

plant material was extracted with 2 mL HNO3 

(65%) according to Kalra (1997). Zinc contents 

were estimated by an atomic absorption 

spectrophotometer (Chromophor, AASpect 203) 

and data was then recorded on a dry weight 

basis. 

Estimation of Photosynthetic Pigments 

The photosynthetic pigments [(Chl a, b, total 

Chl, and Carotenoids (Car)] were determined 

following the procedure described by 

Lichtenthaler and Buschmann (2001). The 

pigment extract was measured against a blank of 
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pure methanol at wavelengths of 665.2 and 652.4 

nm for Chl assays and 470 nm for Car assays 

using spectrophotometer UV-1601 (Rayleigh, 

China). 

Determination of Anthocyanin Content 

For anthocyanin determination, frozen tissue 

samples (50 mg) were immediately soaked in 5 

mL of acidified methanol [Pure methanol: HCl 

37%= 99:1 (v/v)]. Tissues were carefully crushed 

using a glass pestle and kept for one day (25ºC) 

in full dark conditions. Thereafter, the extract 

was centrifuged at 4,000×g for 10 minutes at 

room temperature and absorption rate was read 

by a UV-VIS spectrophotometer (Rayleigh, 

China) at 550 nm. Anthocyanin content was 

calculated using an extinction coefficient of 

33,000 mol
1

 cm
1

 (Wagner, 1979). 

Ferric Reducing Antioxidant Power 

(FRAP) Assay 

The ferric reducing power of plant extract was 

measured based on the FRAP as described by 

Wojdyło et al. (2007). Frozen tissue samples (50 

mg) were finely ground using a liquid-nitrogen 

cooled system. Subsequently, 2 mL of 50 mM 

phosphate buffer (pH= 6) were added and the 

extracts were centrifuged at 12,000×g at 4°C for 

10 minutes. The reducing capacity was 

performed using TPTZ (2, 4, 6-tri (2-pyridyl)-1, 

3, 5-triazine). At low pH, reducing Fe
+3 

to Fe
+2

 

by reducing agents of the extract causes an 

intense blue color after the formation of TPTZ-

Fe
+2

 complex, with a maximum absorption peak 

at 593 nm. The FRAP reagent was prepared by 

mixing acetate buffer (pH= 3.6), a solution of 10 

µM TPTZ in 40 µM HCl, and 20 µM FeCl3 at 

10:1:1 (v/v/v). The reagent (900 µL) and sample 

extractions (100 µL) were added to each and 

mixed thoroughly. The standard curve was 

prepared by using different concentrations of 

FeSO4. 

Estimation of Flavonoid Content 

To determine flavonoid content, frozen leaf 

tissue samples (50 mg) were soaked immediately 

in 5 mL of acidified ethanol [Ethanol 96%: 

Acetic acid, 99:1 (v/v)] and the samples were 

gently boiled for 10 minutes in a water bath at 

80ºC and brought up to volume. The extracts 

were then centrifuged at 4,000×g for 5 minutes at 

room temperature, and the absorbance at three 

wavelengths (270, 300, and 330 nm) was 

determined with UV-VIS spectrophotometer 

(Rayleigh, China) (Krizek et al., 1998). 

Statistical Analysis 

The experiment was arranged in completely 

randomized design with three replicates. Data 

were subjected to combined Analysis Of 

Variance (ANOVA), and means were separated 

by using the Tukey’s test followed by the Least 

Significant Difference (LSD), for double-checks. 

All statistical analyses were conducted using 

statistical tools imbedded in the SPSS Software 

package 18.0. 

RESULTS AND DISCUSSION 

Plant Biomass Production 

Previously published reports have observed 

that there were remarkable differences in plant 

responses to heavy metals depending on the 

growing conditions that affect the perception of 

heavy metals (Sobrino-Plata et al., 2009). Based 

on such evidence, we decided to study the 

interaction of ZnO and kind of root zone on plant 

growth in three different substrate media, 

namely, water-based, perlite-based, and soil-

based. To achieve this, the effects of different 

levels of ZnO were studied using tobacco as a 

test plant. 

Combined analysis of variance for different 

treatments showed a significant (P< 0.01) 

response for the evaluated indices (Table 2). 

Table 3 shows the effect of Zn treatments on the 

shoot, root, and leaf FW of tobacco grown on the 

three types of substrate in question. With 

exception of 1 µM, ZnO supplementation in the 

water and perlite growth media resulted in 

significant reductions in shoot FW. Compared to 

shoot, root FW was less sensitive to Zn supply in 

water-based medium. Increasing the Zn supply  
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from the control level resulted in a significant 

increment in shoot FW of tobacco grown in soil-

based medium, while root FW only showed a 

significant increase in Zn supply at higher dose 

i.e., 500 and 1,000 mg kg
1

 (Table 3). The 

highest fresh matter of the shoot fractions was 

scored at 250 mg kg
1

. 

The shoot/root ratio in water-based grown 

plants showed no significant difference among 

treatments (Table 3). In perlite-based plants, the 

highest ratio was observed at 25 µM ZnO, 

mainly due to the higher decrease in root FW 

compared to shoot FW.  The obvious reduction 

in the root fraction could be due to the relatively 

higher negative impact of high ZnO 

concentration on the root growth and 

development. Regarding soil-based plants, some 

remarkable changes were also observed with the 

highest ratio scored at 250 ppm, presumably, a 

result of the high increase in shoot FW. 

Compared to the control, both 500 and 1,000 

ppm caused an apparent increase in shoot and 

root FWs. However, there was a reduction in the 

root FW at 1,000 ppm compared to 500, which 

scored a higher ratio. As a whole, root FW 

seemed more sensitive to higher ZnO levels, 

especially for plants grown in perlite medium 

than the other media. With exception of 0.2 µM, 

plant Zn content showed a proportional 

increment at the highest concentrations in water 

and perlite media (Table 3). However, it showed 

similar contents for all ZnO levels in the soil 

media which were higher compared to the 

control.  

Based on the published literature, sufficient 

level of Zn could increase K
+
 content in soybean 

under salt stress and, consequently, improves 

water content and fresh weight of the plants 

(Weisany et al., 2014). Toxic concentrations of 

heavy metals (e.g., Zn) could negatively affect 

K
+
 content of the cells, hydraulic permeability 

and conductivity and water content, thus causing 

a dramatic decline in the fresh weight of the 

organs, movement rate of assimilates from shoot 

to root, and shoot/root ratio (Barceló and 

Poschenrieder, 1990). 

Based on the gene expression level, some 

scattered reports have shown that different kinds 

of Zn (e.g. Zn
2+

 from ZnSO4, ZnCl2 or ZnO 

NanoParticles, NPs) revealed different mode of 

action and response, pending on the medium 

used (Wang et al., 2013; Beutler et al., 2014; 

Wagner et al., 2016). For instance, soluble Zn 

(ZnCl2) appeared to be more toxic than ZnO-NPs 

in solution cultures; however, both Zn substances 

showed similar responses in the soil culture 

(Wang et al., 2013). In another soil study, ZnO 

NPs and ionic Zn significantly reduced the root 

and shoot biomass of symbiotic alfalfa at 750 mg 

kg
-1

, while bulk ZnO revealed a reversible 

response i.e., increased the shoot and root 

biomass (Bandyopadhyay et al., 2015). In the 

present study, increasing the bulk ZnO 

concentrations up to 500 mg kg
-1 

was 

proportionally followed by a concomitant 

increase in the amounts of FWs (and some of 

other indices), and decreased thereafter. Apart 

from here, a recorded 20 and 80% reductions in 

the growth of Arabidopsis was reported when 

200 and 300 ppm ZnO NPs were added to the 

soil, respectively (Wang et al., 2016). 

Collectively, these and other similar studies point 

to the fact that the plant genotype as well as the 

Zn substance used greatly affects the final 

response of plants to Zn supply.  

Since Zn level has been reported to be nearly 

up to 300 ppm in soils (Alloway, 2004), the 

present study was designed to test one 

(corresponds to 250 ppm) and two (corresponds 

to 500 and 1,000 ppm) ZnO concentrations, 

below and above this soil Zn limit, respectively. 

According to the results from Table 4, 1 µM 

ZnO caused the highest length of leaf, leaf area, 

and leaf dry weight of seedlings in water 

substrate. However, all tested concentrations 

were able to improve the mentioned indices 

when applied to the soil substrate. For perlite 

medium, leaf area and leaf DW were increased at 

either middle or highest concentrations during 

the course of the experiment.  

Table 5 shows the number of leaves, flowers, 

and fruits for tobacco plants grown in various 

types of media after exposure to different Zn 

treatments. In each condition, there was no 

significant difference among various treatments 

in connection with the leaf numbers. 

Nevertheless, the total number of leaves was 

much higher in water-based compared to perlite-

base and soil-base conditions. This might imply 

that, this parameter is less sensitive to ZnO 

treatment, at least within the conditions used in 

the present study.  

Differences among the three types of media 

were significant based on the combined Analysis 
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Table 4. Effect of ZnO supply on Length of Leaf (LL, cm), Leaf Area (LA, cm
2
) and Leaf Dry Weight (LDW, 

mg) of tobacco plants grown in media over a period of 21 days and soil-based medium over a period of 45 days 

with supplementation with the indicated level of ZnO.
A
 

  
Water-

based 
   Perlite- based  

ZnO 

(µM) 

Leaf length 

(cm) 

Leaf area 

(cm
2
) 

Leaf dry 

weight (mg) 
 

Leaf length 

(cm) 

Leaf area 

(cm
2
) 

Leaf dry 

weight (mg) 

Control 19.8±0.71
ab 

142.9±9.75
ab 

88.0±4.92
a 

 15.47±0.68
a 

48.00±0.53
c 

81.6±3.36
a 

0.2 16.7±1.34
c 

79.0±8.69
c 

59.0±7.48
b 

 14.50±0.74
a 

26.60±3.71
d 

111.0±7.51
b 

1 21.8±0.68
a 

170.1±15.53
a 

102.9±8.07
a 

 15.92±0.45
a 

85.01±2.27
a 

84.5±5.14
a 

5 19.5±0.71
b 

93.7±14.10
bc 

39.5±4.75
b 

 16.55±0.54
a 

77.75±1.77
a 

77.4±5.06
a 

25 19.8±0.49
ab 

95.8±33.34
bc 

55.1±10.90
b 

 16.45±0.71
a 

61.41±4.20
b 

85.7±5.63
a 

        

ZnO 

(mg Kg
1

) 
Soil-based     

Control 6.0±0.33
b 

11.32±1.26
c 

38.96±0.32
b 

    

250 6.7±0.51
ab 

14.48±2.19
bc 

52.16±1.22
a 

    

500 8.07±0.31
a 

20.45±1.56
a 

54.90±2.67
a 

    

1000 7.3±0.94
ab 

16.93±2.22
ab 

51.34±1.64
a 

    

LSD (0.05) 1.228 9.197 4.627     

a
 Means±SD followed by the same letter (s), in each column (each substrate-media) are not significantly different 

among treatments, as measured by Tukey’s test (P≤ 0.05). 

Table 5. Effect of ZnO supply on leaf, flower, and fruit numbers of tobacco plants grown in water- and perlite-

based media over a period of 21 days and soil-based medium over a period of 45 days supplemented with the 

indicated level of ZnO.
a
 

  Water-based    Perlite-based  

ZnO 

(µM) 
Leaf No Flower No Fruit No  Leaf No Flower No Fruit No 

Control 14.6±1.07
a 

22.3±1.45
a 

non  7.8±0.19
a 

5.7±1.00
ab 

5.0±0.33
a 

0.2 14.4±0.69
a 

00.0±0.00
d 

non  8.1±0.84
a 

5.1±0.38
ab 

3.1±0.51
b 

1 16.1±1.02
a 

22.3±0.88
a 

non  7.7±0.33
a 

6.1±0.39
a 

5.9±0.20
a 

5 13.7±1.21
a 

15.4±1.39
b 

non  7.7±0.67
a 

4.2±0.51
bc 

5.2±0.51
a 

25 13.3±1.16
a 

8.9±1.17
c 

non  7.8±0.19
a 

3.3±0.33
c 

5.1±0.39
a 

        

ZnO  

(mg Kg
1

) 
Soil-based     

Control 6.6±0.04
a 

non
b 

non
b 

    

250 6.7±0.69
a 

1.1±0.38
ab 

1.1±0.38
a 

    

500 6.9±0.84
a 

1.2±0.58
a 

non
b
     

1000 7.3±0.33
a 

1.1±0.51
ab 

non
b
     

LSD (0.05) 1.388 1.479 0.505     

a
 Means±SD followed by the same letter (s), in each column (each substrate-media) are not significantly 

different, as measured by Tukey’s test (P≤ 0.05). 

 

Of Variance (ANOVA) displayed in Table 2. 

Although there was some kind of differences 

among various treatments in each media, the 

recorded flower numbers showed a strong higher 

tendency in water-based than the other two 

media. While the lowest recorded data was 

observed at 0.2 µM in water based medium, the 

total number of flowers decreased when plants 

were exposed to the highest Zn level (25 µM) in 

perlite-based medium (Table 5). On the other 

hand, the soil grown plants comparatively 

exhibited the lowest total number of flowers 

(about 1.1) for all treatments examined (Table 5). 

Therefore, when compared with perlite and soil-
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based media, the number of tobacco flowers was 

more sensitive to Zn treatments when plants 

were cultured in water-based medium. 

Surprisingly, plants in water-based medium 

failed to develop fruits 21 or even 45 days after 

exposure to ZnO, while those cultured in perlite 

or soil media exhibited few number of fruits, 

respectively, at the same time frames (Table 5). 

In sharp contrast, all flowers in water-based 

medium fully developed to fruits later, i.e. 

about 80 days after ZnO treatment. Available 

literature showed that plants usually enforced to 

complete their life cycles early if they 

experienced, or were exposed to, unfavorable 

conditions (Gupta and Sandalio, 2012). Thus, 

the recorded data here might be a part of such 

physiological adaptation.  

Overall, the results indicated that the shoot 

and root FWs, length, dry weight and number of 

leaves, flowers, and fruits were comparatively 

lowest in the soil-grown plants, while those 

cultured in water-based system exhibited the 

highest (Tables 3 to 5). These results together 

suggest that nutrient and metal availability 

might be more restricted in soil-based system 

compared to hydroponics (Vázquez and 

Carpena-Ruiz, 2005). Apart from the restriction 

of nutrient/metals, the aeration of the root 

system might also partially affect the plant 

performance in the utilized culturing system. 

For instance, Lee et al. (2014) have shown that 

the root zone aeration level remarkable affected 

the growth and fruit yield of cucumber plants 

grown in pots filled with perlite. As one might 

expect, perlite- and soil-based substrates might 

not be highly convenient to ensure a proper 

aeration system for root respiration during the 

course of the experiment. Hence, poor gas 

exchange with the surrounding environment 

might greatly affect the reliability of the results, 

especially for soil-grown plants. Although the 

oxygen diffusion coefficient in the gaseous 

fraction of the inter soil particles is 11,300 

times higher compared to water (Schulze et al., 
2005), this problem could be drastically reduced 

via continuous bubbling of water-based system. 

If the level of oxygen decreases in root zone, a 

concomitant reduction in the root growth will 

develop, thereby, leading to a great reduction in 

water beside nutrient acquisition (Janick, 1979; 

Gliński and Stepniewski, 1985; Vepraskas, 

1994).  

Photosynthetic Pigments 

Although Zn is an essential micronutrient for 

plant growth and metabolism, the observed 

harmful responses of high Zn concentrations 

could be found closely connected with the 

generation of Reactive Oxygen Species (ROS), 

in addition to the displacement of some other 

metals from the active sites in proteins (Moura et 

al., 2012). In this regard, excessive Zn level 

might suppress the uptake of iron and, in most 

cases examined, it was common to find 

symptoms of severe iron deficiency induced by 

Zn toxicity (Tewari et al., 2008). Nevertheless, 

some researchers believe that the chlorosis 

induced by Zn toxicity is not truly a result of low 

leaf iron level, and most probably a result of the 

interaction of both micronutrients at the cellular 

active sites (Rosen et al., 1977). To avoid any 

artifacts in the present study, Fe-EDDHA was 

adopted as a highly stable chelating substance, 

thereby, providing a more convenient iron source 

for easy access by the examined plants. 

Here, various photosynthetic pigments were 

also quantified in response to different Zn 

treatments for plants grown at different 

substrates (Table 6). With exception of 1 µM, 

Chl a, b and total Chl greatly decreased in water- 

and perlite-grown plants, while Car content 

showed a reversible pattern to Chl and increased 

in water-grown plants. The unequivocal 

functions of Car in scavenging or quenching the 

singlet oxygen and protecting the chloroplast 

from lipid peroxidation and oxidative damages 

are well documented (Candan and Tarhan, 

2003). The observed difference between 

treatments in various photosynthetic pigments is 

in agreement with the published results on the 

effects of Zn, for example, in pumpkin (Lalelou 

and Fateh, 2014), shepherd's-purse 

(Kozhevnikova et al., 2014), and chickpea 

(Sharma et al., 2010).  

      In this sequence of events, we do not 

dismiss the possibility that the photosynthetic 

pigments reduction under this experimental 

conditions could be due to the destruction of 

photosynthetic apparatus, interaction with ROS, 

impair of Chl biosynthesis coupled with higher 

increase in chlorophyllase activity (González et 
al., 2012; Michael and Krishnaswamy, 2014). 

Chl content has been also classified as a reliable 

indicator in connection with the subject of 
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Table 6. Effect of ZnO supply on photosynthetic pigment contents (mg gr
-1

 FW) of tobacco plants grown in 

water- and perlite-based media over a period of 21 days and soil-based medium over a period of 45 days, 

supplemented with the indicated level of ZnO.  

  Water-based    Perlite-based  

ZnO 

(µM) 

Chl 
a
 

(mg g
-1

 

FW) 

Chl 
b
 

(mg g
-1

 

FW) 

Total Chl 

(mg g
-1

 

FW) 

Car 

(mg g
-1

 

FW) 

 
Chl  

(mg g
-1

 

FW) 

Chl  

(mg g
-1

 

FW) 

Total Chl 

(mg g
-1

 

FW) 

Car 

(mg g
-1

 

FW) 

Control 2.5±0.11
a 

1.5±0.04
b 

4.0±0.13
a 

0.6±0.03
c 

 
1.6±0.04

a

b 0.6±0.15
b 

2.2±0.05
b 

0.4±0.62
a 

0.2 1.7±0.16
bc

 0.5±0.02
d 

2.2±0.15
c 

0.8±0.05
b 

 1.3±0.06
c 

0.5±0.13
b 

1.8±0.07
c 

0.4±0.04
a 

1 2.5±0.22
a 

1.7±0.10
a 

4.3±0.30
a 

0. 5±0.02
c 

 1.7±0.05
a 

0.7±0.16
a 

2.3±0.07
a 0.4±0.05

0
a 

5 2.0±0.02
b 

1.2±0.13
c 

3.1±0.15
b 

1.2±0.07
a 

 1.5±0.03
b 

0.5±0.18
c 

2.0±0.04
c 

0.4±0.06
a 

25 1.5±0.10
d 

0.6±0.05
d 

2.1±0.05
c 

1.1±0.04
a 

 1.2±0.05
c 

0.4±0.14
d 

1.6±0.7
d 

0.5±0.02
a 

          
ZnO  

(mg Kg
1

) 
Soil-based      

Control 1.6±0.06
b 

0.6±0.06
b 

2.3±0.12
b 

0.3±0.01
c 

     

250 2.1±0.20
a 

1.2±0.19
a 

3.4±0.038
a 

0.4±0.03
ab 

     

500 2.2±0.18
a 

1.4±0.08
a 

3.6±0.19
a 

0.5±0.02
a 

     

1000 1.5±0.12
b 

0.7±0.12
b 

2.2±0.23
b 

0.4±0.04
bc 

     

LSD (0.05) 0.208 0.142 0.307 0.076      

a
 Means±SD followed by the same letter (s), in each column (each substrate-media) are not significantly 

different, as measured by Tukey’s test (P≤ 0.05). 

  

 

environmental quality, pollution, and toxicity of 

heavy metals in higher plants (De Gomes et al., 

2014). Thus, if toxic levels of ZnO are applied to 

plant, a remarkable reduction in Chl content 

might result in response to oxidative stress. On 

the other hand, nontoxic Zn amounts are 

involved in the activity of enzymes including 

those for Chl biosynthesis (Beale, 1999). Some 

alleviating effects of sufficient Zn on Chl content 

has also been observed in plants under oxidative 

stress (Saeidnejad and Kafi, 2013).  

In this study, all examined photosynthetic 

pigments were markedly increased with 

increasing Zn supply in soil-based medium, and 

reached the maximum at a Zn level of 500 mg 

kg
1

. Overall, 1µM ZnO for water and perlite 

grown plants and 250 and 500 mg kg
1

 levels for 

soil-based ones caused the highest Chl content in 

tobacco grown in different substrates, which 

suggest them as useful levels for improving Chl 

content in future studies.  

Anthocyanin Content 

Unlike the plants grown in the other two 

media, the anthocyanin contents increased 

remarkably with increasing Zn supply in 

water-based medium, and reached the 

maximum at a Zn level of 1 µM followed by 

a steep reduction (Table 7). In perlite-based 

medium, increasing Zn treatment resulted in 

inconsistent response with 0.2 and 25 µM, 

showed the highest pigment contents (Table 

7). The anthocyanin content significantly 

increased only when plants grown in the soil 

medium received the higher levels of Zn 

corresponding to 500 and 1,000 mg kg
1

 

(Table 7). Higher content of anthocyanin in 

response to Zn supply could be explained in 

terms of reciprocal aspects. In this regard, 

some published reports have implicated 

anthocyanins in several diverse functions 

including, but not limited to, cell protection 

through ROS scavenging, breakdown of 

peroxidation chain, hydrogen donation, 

quenching of singlet oxygen and peroxidase 

enzyme (Asad et al., 2015). Accordingly, 

one would expect a remarkable 

accumulation of anthocyanin if plants are 

exposed to metal stressful conditions. On the 

other hand, some other studies have 

suggested that the cellular level of 
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Table 7. Effect of ZnO supply on anthocyanin (µM gr
-1

 FW), FRAP (mM gr
-1

 FW) and Zn (ppm gr
-1

 

DW) contents of tobacco plants grown in water- and perlite-based media over a period of 21 days and 

soil-based medium over a period of 45 days, supplemented with the indicated level of ZnO.
A
 

 Water-based  Perlite- based 

ZnO 

(µM) 

Anthocyanin 

(µM g-1 FW) 

FRAP 

(mM g-1 FW) 
 

Anthocyanin 

(µM g-1 FW) 

FRAP 

(mM g-1 FW) 

Control 0.10±0.004
c 0.15±0.003

bc  0.08±0.006
bc 0.35±0.026

ab 

0.2 0.13±0.004
ab 0.11±0.018

c  0.10±0.005
a 0.36±0.005

a 

1 0.14±0.006
a 0.25±0.023

a  0.07±0.007
c 0.24±0.018

d 

5 0.12±0.011
bc 0.16±0.017

b  0.09±0.004
ab 0.30±0.013

bc 

25 0.07±0.006
d 0.12±0.012

bc  0.10±0.007
a 0.29±0.025

cd 

      

ZnO  

(mg Kg1) 
Soil-based    

Control 0.16±0.007
b 0.49±0.016

b    

250 0.18±0.004
ab 0.60±0.023

b    

500 0.21±0.005
a 1.23±0.091

a    

1000 0.19±0.0164
a 1.08±0.08

a    

LSD (0.05) 0.012 0.064    
 

a
 Means±SD followed by the same letter (s), in each column (each substrate-media) are not significantly 

different, as measured by Tukey’s test (P≤ 0.05). 

 

anthocyanin might be closely connected to 

the regulation of other nutrients uptake or a 

result of their improved and relatively higher 

content as a result of Zn supply (Asad et al., 

2015). 

FRAP Assay 

The response of FRAP to different levels of 

ZnO under various tested growing media are 

shown in Table 7. With the exception of 1 µM 

treatment, the levels of FRAP in water-based 

plants were found unaffected by the increase in 

Zn supplementation to the nutrient solution. For 

perlite-grown plants, application of most of 

the treatments induced a significant 

reduction in FRAP measurements. In 

accordance with the response of anthocyanin 

content, FRAP significantly increased when 

plants grown in the soil medium received higher 

levels of Zn corresponding to 500 and 1,000 mg 

kg
1

. 

As the result of ZnO application, the increase 

in anthocyanin and FRAP levels could help 

plants to overcome unfavorable conditions (e.g., 

ROS production) for better response and 

adaptation. In addition to the role of anthocyanin 

in ROS scavenging and cell protection (Asad et 

al., 2015), FRAP levels in stressed plants are 

reliable indicators of the tissue antioxidant power 

and widely used as a good indicator of plant 

potential antioxidant capacity (Cervilla et al., 

2007; Szôllôsi et al., 2011). Therefore, compared 

to other concentrations, application of 1 µM ZnO 

and 250/500 mg kg
1 

caused a relatively higher 

increment in the content of Chl, anthocyanin and 

FRAP. Hence, future studies might consider 

using these Zn regimes for better growth of 

plants. 

Flavonoid Content 

An overriding question regarding our approach 

is the response of flavonoids content in the 

examined plants. In this study, application of 0.2 

and 25 µM ZnO to water grown plants resulted 

in a significant higher absorbance of extracts 

(presumably flavonoids) at 270, 300 and 330 nm 

(Table 8). With the exception of 5 µM ZnO, no 

other Zn treatment showed a significant lower 

absorbance of extracts (at 330 nm) for water 

grown plants. In perlite-based medium, 0.2 µM 

ZnO significantly reduced the flavonoid contents 

at 270 and 300 nm, while Zn levels above 0.2 

µM remarkably increased this parameter at both 

wavelengths excluding 25 µM at 300 nm. For 
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Table 8. Effects of ZnO supply on Flavonoid (Fla) content of tobacco plants grown in water- and perlite-

based media over a period of 21 days and soil-based medium over a period of 45 days supplemented with 

the indicated level of ZnO. The Fla content was measured at 270, 300 and 330 nm wavelengths.
a
  

  Water-based    Perlite- based  

ZnO 

(µM) 
Fla 270 Fla 300 Fla 330  Fla 270 Fla 300 Fla 330 

Control 0.39±0.035
c 0.32±0.022

b 0.31±0.011
c  0.36±0.013

b 0.22±0.016
b 0.24±0.027

ab 

0.2 0.58±0.025
a 0.49±0.025

a 0.49±0.031
a  0.29±0.004

c 0.17±0.002
c 0.21±0.009

b 

1 0.35±0.035
c 0.27±0.027

b 0.27±0.019
cd  0.44±0.017

a 0.25±0.013
a 0.25±0.016

ab 

5 0.34±0.012
c 0.28±0.037

b 0.23±0.019
d  0.46±0.015

a 0.25±0.006
a 0.27±0.007

a 

25 0.50±0.30
b 0.44±0.031

a 0.39±0.011
b  0.46±0.025

a 0.24±0.010
ab 0.26±0.016

a 

        

ZnO  

(mg Kg1) 
Soil-based     

Control 0.29±0.026
c 0.32±0.018

b 0.39±0.420
b     

250 0.36±0.026
b 0.41±0.021

b 0.44±0.028
b     

500 0.61±0.018
a 0.75±0.100

a 0.75±0.010
a     

1000 0.66±0.038
a 0.64±0.039

a 0.64±0.063
b     

LSD (0.05) 0.043 0.063 0.068     
 

a
 Means±SD followed by the same letter (s), in each column (each substrate-media) are not 

significantly different, as measured by Tukey’s test (P≤ 0.05). 

 

soil-based plants, application of 500 mg kg
1

 Zn 

treatment significantly increased the flavonoid 

content at the three wavelengths used to detect 

the absorbance. At 270 nm, 250 mg kg
1

 Zn 

treatment reflected the higher significance effect, 

while, at 270 and 300 nm, the highest Zn 

treatment was able to reach this edge. Overall, 

Zn treatments significantly increased the 

flavonoid content in the plants grown under 

conditions of the three different media. Mostly, it 

occurred in extreme Zn levels (0.2 and 25 µM in 

water-based and 500 and 1,000 mg kg
-1

 in soil-

based media), probably, as an adaptation 

response. In addition to flavonoids content, some 

increases in FW of organs, leaf length, area and 

DW, number of flowers, flavonoid content, 

anthocyanin and FRAP levels were observed 

mostly at 500 or even 1,000 mg kg
-1

 on soil-

based medium (similar to 1 µM at water-based 

condition) compared to the control, thus 

suggesting a better condition.  

Although 1,000 mg kg
-1
 caused less positive 

effects than 500 mg kg
-1
, it showed relatively 

better results over the control. Pending on the test 

plant and conditions adopted, the substrate 

conditions for the examined substrate might vary 

greatly from one study to another. For instance, 

Alia and coauthors (2015) reported some toxic 

effects and reduction in growth indices of 

Spinacia oleracea at 250, 500, and 700 ppm of 

Cd, Pb and/or Zn in soil, which are not 

comparable to the results of the present study. 

Apparently, the main reason for this discrepancy 

might be related to the test plant used, pH, and 

organic matter of soils in both studies (Alia et al., 

2015). Although higher compared to the control, 

the relative similar Zn contents in plants grown 

in pots at all ZnO concentrations (Table 3) might 

give a sense that no more Zn entered the plants at 

higher concentrations.  

 To summarize, ZnO is insoluble in water but 

remains soluble in most acids. The level of ZnO 

solubility is highly depending on the pH of the 

medium (Wesolowski et al., 1998). While the pH 

can be easily adjusting ( 5.6) in water and 

perlite-based mediums, it remains relatively hard 

to correct in the soil medium (pH= 7.8). Apart 

from the pH, other reports have shown that 

organic acids (e.g., oxalic acid, malic acid, citric 

acid, and succinic acid) could be exudated from 

the plant roots, thus would affect the pH, around 

the roots (Wu et al., 2014). On the other hand, 

microbial soil inoculation might also affect the 

plant growth, either positively by providing more 

availability of metal contents and their uptake, or 

negatively due to the competition (Chauhan and 

Rai, 2009; Barber, 1973). In this regard, perlite is 

known to have special properties, which make it 

a candidate adsorbent for the removal of toxic 

heavy metals from aqueous solutions. Thus, it 
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can successfully be used as sorbent for the 

removal of some inorganic and organic 

pollutants (Sarı et al., 2012). All these, in 

addition to a better handling of gases exchange 

into water-based condition, could make some 

different and inconsistent results from ZnO 

treatment on plants grown in the three media in 

question.  

Conclusions 

As an essential element, both deficient and 

excessive amounts of Zn are very important 

subjects for the international research 

community. Although Zn deficiency is more 

common in crops and human bodies, the toxicity 

of this element has been widely increased due to 

the industrial applications (e.g. ZnO fertilizers) in 

the environment. Among the different kinds of 

Zn, ZnCl2, ZnSO4 as well as ZnO NPs are the 

most studied; however, several researchers have 

recently focused on the differences between ZnO 

NPs and its bulk forms. According to the 

literature, the nutrient uptake and consequent 

influences on plant indices could be closely 

related to the rhizospheric characteristics. Apart 

from the soil, numerous tobacco producers 

extensively use soilless systems in order to 

produce transplants for tobacco industry. In the 

present study, the effect of bulk form of ZnO on 

three substrate media (water-based, perlite-based 

and soil based) was evaluated by using tobacco 

as a model crop plant. Water- and perlite-based 

plants were relatively more sensitive to Zn 

supply than soil-based plants. However, perlite 

substrate caused some inconsistent results, 

possibly due its modicum uptake properties. Soil 

substrate showed improvement in plant growth 

indices in response to ZnO concentrations 

including the higher levels (500 and 1,000 mg 

kg
-1

). This response could be partly due to the 

chemical properties of the soil e.g. pH and 

organic matter parameters. Generally, water-

grown plants showed a more consistent response 

to ZnO application compared to the other two 

media. This response might be related to a better 

gas exchange, accurate pH adjustment, and 

effective nutrient uptake system. Moreover, the 

variation between treatments looks more 

specific, thus reflecting a better experimental 

control and handling over soil and perlite. The 

findings also revealed that tobacco had a better 

performance in water-based systems, with 1 µM 

ZnO reflecting the best performance compared to 

the other levels. Under the conditions of the 

present study, the potential capacity of root 

spread increases according to the following 

sequence: soil-grown ˂perlite-grown ˂water-

grown plants. Collectively, these results suggest 

the water-based medium as a plausible alternate 

for future investigations of Zn trials. 
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در  (.Nicotinana Tabacum L)  گیاه تنباکوای تاثیر اکسید روی بر  مقایسه بررسی

 های رویشی متفاوت محیط

 و ا.  اسماعیلی جو، س. سلیمان م. مظاهری تیرانی، م. مددکار حق

 چکیده

قاتلیشایاصآندسمحیطصیستغسيیداسایکاستشدَایگستشدٌصىعتیاست.اصایىشي،تجمعمقذاسعمذٌاکسیذ

َایکشتمتفايتَایمختلفاکسیذسيیدسمحیطاجتىاباست.َذفایهمطالعٍ،تشسسیيمقایسٍتاثیشغلظت

دسمحیط تشخصًصیاتسشذگیاٌمذلتىثاکًتًد. پشلیتيخاک( غلظت)آتی، آتی(، َایفاقذخاک)تًیژٌ

َاتاثیشمىفیَايمیًٌاصشاخصَایتشگیيتعذادگلتش،تشخیمیکشيمًلاس،تشسيیيصن1تشيیاتالاتشاصپاییه

َایرکشکیلًگشماکسیذسيی،اغلةتیشتشیهمقذاسشاخصگشمتشمیلی522ي052وشاندادوذ.دسمحیطخاک،

شاخص کلیٍ ایىحال تا مًجةشذوذ. سا مقذاسشذٌ تًدوذ. محیطکشتدیگش دي اص تالاتش آتی، محیط دس َا

دسگیاَانسشذیافتٍدسخاکيپشلیت،تحتتاثیشغلظتُایتالایاکسیذسيیFRAPآوتًسیاویهيفلايوًئیذَا،

دسخاکیکسانتًد.سوگذاوٍ کلیٍغلظتُا دس مقذاسعىصشسيیگیاَچٍ، اما اثشَایفتًسىتضیتشافضایشیافتىذ،
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تطًسکلی،حسگشمتشمیلی1222غلظت اسیتوسثتتٍتغییشاتاوذککیلًگشم،دسمحیطخاککاَشیافتىذ.

َادسسيی،دسمحیطآتیتسیاستیشتشاصديمحیطدیگشتًد،دسحالیکٍسيیسثةتُثًدتشخیشاخصغلظتاکسیذ

محذيدیت پشلیت، خاکي محیطُای خاکگشدیذ. يیژٌمحیط آصمایشی َای سطحی، جزب )وظیش pHای

گستشدگیسیشٍ محذيدیتدس تثادلاتگاصیپاییه، کمپلکسغیشمطلًب، ي سثةَایغیشَا سا محلًلسيی(

وتایج،تاثیشاتَاتًد.ایهیافتٍدسمحیطآتی،تُتشاصسایشمحیطشًوذ،دسحالیکٍکىتشليسسیذگیتٍگیاٌسشذمی

دادٌيویضمحیطآتیساتعىًانیکمًسدقاتلَایکشتمختلفساوشانسيیدسمحیطَایاکسیذمختلفغلظت

 ومایذ.َایعىصشسيیمعشفیمیقثًلتشایاوجامتحقیقاتدقیقآتیدساوجامآصمًن
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