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Nickel toxicity is a crucial ecological issue as it affects most soils utilized for crop 

cultivation. This work aimed to evaluate the effect of triacontanol (TRIA) foliar spray 

on photosynthesis, and physiological responses of maize (Zea mays L.) seedling 

under nickel stress. Ten-day-old maize seedlings grown in pots were divided into: (1) 

control untreated seedlings (irrigated with full nutrient solution), (2) seedlings 

treated with NiCl2.6 H2O (100 μM), (3) Ni-treated seedlings (100 μM) sprayed with 

25 µM TRIA, (4) Ni-treated seedlings (100 μM) sprayed with 50 µM TRIA. Ni 

treatment reduced the growth of the 21-day-old seedlings, photosynthetic 

performance index (PIabs) and the contents of photosynthetic pigments, total soluble 

sugars (TSS), essential elements in roots, relative water content (RWC), as well as the 

levels of auxins and salicylic acid (SA). Nevertheless, it increased the electrolyte 

leakage (EL), Ni2+ uptake, plant Ni transfer rate (Nitransfer rate), root transfer rate factor 

(TFroot), and the contents of gibberellic acid (GA3) and abscisic acid (ABA). Both 

Rubisco small subunit (ZmRBCS) and abscisic acid- stress- ripening (ZmASR1) genes 

were up-regulated under Ni stress. TRIA foliar spray (with a preference for 50 µM) 

significantly improved growth attributes, PIabs, pigments content, proline content of 

shoots, the contents of K+, Mg2+, and Ca2+, and the expression of both ZmRBCS and 

ZmASR1 genes of Ni-stressed plants. TRIA also reduced membrane damage 

expressed as EL, Niplant uptake, and TFroot and hence alleviated the toxic effects of Ni 

stress. TRIA modulated the hormonal balance under Ni stress, particularly SA and 

auxins. 
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1. Introduction  
   Heavy metal stress (HMs) has become one of the 

major concerns affecting plant growth and crop 

productivity for the last couple of decades. Nickel (Ni) 

pollution is a major environmental issue in the 

Egyptian soils and waters [1,2], as its concentration is 

increasing day by day in the environment due to 

industrialization and anthropic activities [3]. Though Ni 

is an essential microelement required for proper plant 

growth and enzyme activity, excess Ni limits crop 

productivity and inhibits seed germination and 

seedling growth [4, 5]. Moreover, Ni disrupts different 

physiological  processes  like  photosynthesis,  nutrient 

  

uptake, plant water relations, and membrane 

permeability [6, 7], besides it induces osmolytes 

accumulation like proline [8, 9]. Under the pressure of 

the world's increasing population, the negative 

impacts of Ni stress on plant growth and yield offer 

further constraints on global food crop production. 

Therefore, there is a dire need to develop eco-friendly 

applicable treatments to increase crop resistance and 

yield under the existing polluted environment.  

   Maize (Zea mays L.) is one of the main cereals 

cultivated globally, coming with the highest 

consumption for purposes of food, feed, and other 

uses [10]. Besides  the  harmful  effect of planting maize 
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in heavy metal polluted soils on its productivity and 

grain quality, it has hazardous effects on human health 

as a final consumer [11].  

   Numerous protectant compounds of diverse 

functions were found to relieve toxic effects of HMs, 

such as osmolytes, plant growth hormones, low 

molecular mass signaling molecules, and trace 

elements [12]. Triacontanol (TRIA) has been identified 

as one of the most potent eco-friendly health-safe bio-

stimulant growth regulators [13, 14]. TRIA is a natural 

long-chain (C- 30) primary alcohol present in 

epicuticular waxes of plant leaves [13, 15]. TRIA was 

reported to stimulate plant growth and increase stress 

resistance against a variety of stresses like salinity, 

drought, and HMs [16 - 18]. Exogenous application of 

TRIA to plants under abiotic stresses has been shown 

to prevent oxidative stress, reduce lipid peroxidation 

of membranes, and regulate genes involved in the 

modulation of various physiological and biochemical 

functions, especially stress-related ones [16]. TRIA was 

also recorded to improve the nutrient uptake, 

photosynthetic pigments, as well as osmolyte 

accumulation in response to abiotic stresses [19, 20]. 

Most studies conducted on alleviating HMs by 

exogenous application of TRIA focused on 

photosynthesis and antioxidant defense, but little is 

known about how TRIA influences mineral nutrition, 

hormonal balance, and HM absorption and 

distribution. Therefore, the current study aims to 

elucidate whether TRIA performs its ameliorative 

effect on Ni toxicity via enhanced photosynthesis only, 

or hormonal balance and osmolyte accumulation are 

involved as well. Another objective is to investigate 

how TRIA influences the absorption and distribution of 

both inorganic nutrients and Ni in different parts of 

maize seedlings under Ni stress. 

 

2. Materials ad Methods 

2.1 Plant material and growth conditions  

    A homogenous lot of viable maize (Zea mays L.) 

grains (hybrid three-way cross 321) was obtained from 

the Agricultural Research Centre, Giza, Egypt, and kept 

in the dark at 4 °C. The grains were surface sterilized 

by 10% sodium hypochlorite (NaClO) solution for 5-10 

min, then washed thoroughly with distilled water. The 

grains were then cultivated in sand-containing plastic 

pots (diameter 15 cm and height 30 cm). 

 The sand was rinsed with distilled water and then dried 

in an oven (70 °C for 48 h, then 200 °C for 2 h) before 

being used. Plants were grown under natural 

environmental conditions (14-h photoperiod, light/dark 

temperature 27/15 oC, and relative humidity 60-70%). 

During the first five days of sowing, all seedlings were 

irrigated with distilled water, then they were irrigated 

with a full nutrient solution for another 5 days [21]. On 

the tenth day, maize seedlings were divided into four 

groups: (1) control untreated seedlings, where they 

were irrigated with the nutrient solution [21], (2) Ni-

stressed seedlings, which were irrigated with the full 

nutrient solution [21] with 100 μM Ni (NiCl2.6 H2O) 

added, and (3& 4) Ni-stressed seedlings treated with 

TRIA (25 or 50 μM, respectively), as Ni was added to 

the nutrient solution and one of the two 

concentrations of TRIA (25 and 50 µM) was applied 

separately as a foliar spray treatment twice (at the first 

and fifth days of Ni treatment). The irrigation was 

conducted at a rate of 50 mL per pot, three times a 

week over eleven days of treatments. For each 

treatment, three independent biological replications 

were conducted (10 plants each). After harvest, five 

plants per treatment were taken to measure the 

growth criteria. Plant leaves were randomly selected 

from each treatment to measure pigments content, 

relative water content (RWC), and electrolyte leakage 

(EL). The remaining seedlings were immediately 

uprooted, separated, frozen in liquid nitrogen, and 

stored at −80 °C for other analyses.  

2.2 Determination of growth criteria, toxicity level, 

and shoot, root, and heavy metal tolerance indices 

   By the end of the experiment, fresh biomass, shoot 

and root dry weights (DW) (g per seedling), plant height 

(cm), and leaf area (cm2) of the seedlings were 

determined. The root/shoot height ratio was calculated 

by dividing the length of the root by the length of the 

shoot of the fresh seedling. The toxicity level (%) of 

roots was calculated using the method of Valivand et 

al. [22] by the following formula:  

Toxicity level (%) = (Root length of control - Root length 

of treatment/Root length of control) × 100. 

 

The shoot tolerance index (STI) was calculated 

according to Alam et al. [23] by the following formulae:  

STI (%) = Shoot length of Ni treated plants /Shoot 

length of control plants × 100. 
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The root tolerance index (RTI) was calculated using the 

method of Amooaghaie et al. [24] by the following 

formulae:  

RTI (%) = Root length of Ni treated plants/ Root length 

of control plants × 100. 

Ni tolerance index (Ni-TI) was calculated based on 

Bálint et al. [25] using the formula given below: 

 % (Ni-TI) = DW of treated plants/DW of control plants 

× 100. 

2.3 Determination of photosynthetic parameters 

   A portable pulse amplitude modulation portable 

fluorometer (Handy PEA, Hansatech, Norfolk, UK) was 

used to measure the photosynthetic performance 

index (PIabs) of the youngest fully expanded leaves of 

dark-adapted 21-day-old seedlings [26]. Chlorophylls a 

(Chl a) and b (Chl b), and carotenoids (Car) were 

extracted in 80% (v/v) acetone and measured 

spectrophotometrically (UNICAM Helios α, Unicam, 

Cambridge, UK) according to Metzner et al. [27]. The 

pigment concentration was calculated and expressed 

in µg g–1 DW.  

2.4 RNA Extraction and quantitative RT-PCR analysis  

   Total RNA was extracted from 30 mg of fresh leaves 

of each treatment using Gene JETTM RNA purification 

Kit (Thermo Fisher Scientific, MA, USA). One µg of total 

RNA was reverse transcribed into cDNA using Revert 

Aid First Strand cDNA Synthesis Kit (Thermo Fisher 

Scientific, MA, USA). Ribulose-1,5-biphosphate 

carboxylase/oxygenase (Rubisco) small subunit (RBCS) 

and ABA stress and ripening induced protein (ASR) 

genes were previously searched from NBCI to perform 

qRT-PCR. Primer sequences for the reactions were 

ZmRBCS1; D00170 FP: 5′- GATACCCTGCCTCGNITTCA-3′; 

RP: 5′- CTCCTGCNICTCCTTGTACA-3′, and ZmASR1; 

AF139814.1 FP: 5′- TTCCACCACANIANIGACGA- 3′; RP: 

5′-GATCGGATCGGACGGACTAC-3. Zea mays actin 

(GenBank accession No. J01238; FP: 5′-

GATGATGCGCCAAGAGCTG -3′; RP:5′-

GCCTCATCACCTACGTAGGCAT -3) was used as a 

reference gene to normalize the relative transcription 

and to minimize different copy numbers of cDNA 

templates. PCR amplification specificity was verified 

using melting curve analysis and data were 

analyzedfrom three independent samples based on 

the 2-∆∆Ct method [28] after normalized to the 

expression of each actin gene. 

 2.5 Determination of relative water content (RWC) 

   RWC of plant leaves was measured by the method of 

Pan et al. [29]. Leaves from selected plants were 

detached and weighed to obtain their fresh weight 

(fw), and then soaked in distilled water at room 

temperature for 24 h, weighed to obtain turgid weight 

(tw). The leaves were then dried in an oven at 80 °C for 

48 h to have dry weight (dw). The RWC was then 

calculated using the following formula:  

RWC (%) = (fw - dw)/ (tw - dw) ×100 

2.6 Determination of electrolyte leakage (EL) 

    Membrane damage caused by lipid peroxidation was 

determined by recording EL as described by Valentovic 

et al. [30] using HANNA conductivity meter (HI8733). 

The EL was determined according to the following 

equation:  

EL % = (L1/L2) × 100 

Where L1 refers to the electric conductivity of the outer 

de-ionized water where the leaves were soaked for 24 

h at 25°C, and L2 is the electric conductivity of the outer 

de-ionized water after autoclaving at 120°C for 20 

minutes. 

2.7 Determination of soluble sugars and proline 

contents 

   Total soluble sugar (TSS) and proline contents were 

determined using a spectrophotometer (UNICAM 

Helios α, Unicam, Cambridge, UK) according to  

McCready et al. [31] and Bates et al. [32], respectively. 

2.8 Plant tissues Ni and nutrient elemental analysis 

   The separated roots and shoots of maize plants were 

oven-dried at 75 oC for 72 h to have the dry weight. The 

uptake of Ni and elemental nutrients were quantified 

in the dry samples. The Ni uptake [Ni]uptake (µg g-1) of 

maize plant was calculated according to the method of 

Xiong et al. [33] from the concentrations of the element 

in roots, shoots, and DW of the respective plant part by 

using equation no.1: 

[Ni] uptake = [Ni]roots* DWroots+ [Ni]shoots * 

DWshoots/DWroots +DWshoots                         (1) 

The Ni transfer rate (µg day-1) was calculated according 

to Xiong et al. [33], by dividing Ni accumulation dose in 

plants on the exposure duration (11 days) as shown in 

equation no. 2: 

Ni transfer rate = 

[Ni]roots*DWroots+[Ni]shoots*DWshoots/Exposure time 

(days)                                                            (2) 
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Root transfer factor (TFroot) indicates Ni translocation 

from exposure medium (soil) to roots of plants. 

Similarly, the shoot transfer factor (TFshoot) denotes Ni 

translocation from the roots to the shoots. These 

transfer factors were estimated using equations 3 and 

4 according to Abbas et al. [34] and Xiong et al. [33], 

respectively: 

TFroot = [Ni]roots/[Ni]exposure medium                                    (3) 

TFshoot= [Ni]shoots/[Ni]roots                                                       (4) 

Where, [Ni]roots, [Ni]shoots, and [Ni]exposure medium are the 

concentrations of Ni in maize roots, shoots, and soil, 

respectively. DWroots is the dry weight of roots, and 

DWshoots is the shoot dry weight. The concentration of 

macro- (K+, Ca2+, Mg2+) and micro-nutrients (Fe3+, Zn2+, 

Mn2+) were determined by atomic absorption 

spectroscopy (Savant AA, GBC, Australia), and the 

results were expressed as mg of the metal per Kg DW 

of the sample. 

2.9 Determination of endogenous phytohormones 

   Plant phytohormones were extracted using freshly 

collected samples. The quantity of each hormone was 

determined using high performance liquid 

chromatography (Agilent 1260 Infinity HPLC Series 

(Agilent®, USA), equipped with Quaternary pump, a 

Zorbax Eclipse Plus C18 column (100 mm x 4.6 mm i.d., 

(Agilent®, USA)) operated at 35°C. The separation was 

achieved using gradient elution with (A) 5 mM 

Ammonium acetate/ 0.05 % formic acid in water, (B) 

Acetonitrile. The injected volume was 20 µL for 

detection, a Variable Wavelength Detector was set at 

254 nm. The concentrations of indole acetic acid (IAA), 

indole butyric acid (IBA), abscisic acid (ABA), gibberellic 

acid (GA3), and salicylic acid (SA) in the samples were 

assayed against internal standards. 

2.10 Statistical analysis 

   Analysis of variance (ANOVA) and Pearson’s 

correlation analyses of the data were performed using 

SPSS v. 20.0 (SPSS, ChicNio, USA) software. The means 

were compared to calculate the statistical significance 

by Duncan's test at P ≤ 0.05.  

 

3. RESULTS 

3.1 Growth, toxicity level, and Ni tolerance indices 

   Exposure of maize seedlings to Ni stress reduced its 

growth significantly in terms of plant height, fresh 

biomass, leaf area, root/shoot length  ratio,  and  shoot  

 dry weight as compared withtheir controls Fig. 1 & 2. 

TRIA treatment (25 µM) significantly enhanced the 

plant height, fresh biomass, leaf area, and shoot dry 

weight under Ni stress and restored its growth to the 

level of the control untreated seedlings Fig. 1a,b &c & 

Fig. 2a. Though a significant enhancement in the 

root/shoot length ratio was observed when both 

concentrations of TRIA (25 and 50 µM) were applied to 

Ni-stressed seedlings, yet it failed to restore its value to 

comparable levels of the control Fig. 1d. The toxicity 

level in roots of Ni-stressed plants reached about 40.1% 

higher than unstressed controls, while this toxicity 

decreased by 36.4% and 60% at 25 and 50 µM TRIA 

treatments, respectively Fig. 1e. In response to Ni 

stress, a significant decrease was recorded in Ni 

tolerance index (Ni-TI), shoot tolerance index (STI), and 

root tolerance index (RTI) percentages to 70%, 59.9 %, 

and 91.9% of the values of the control maize plants, 

respectively, Fig. 1f & Fig. 2b. However, treatment of 

Ni-stressed seedlings with TRIA (25 µM) significantly 

restored both Ni-TI RTI percentages to the control level 

Fig. 1f & Fig. 2b. The results showed that treatment 

with 50 µM TRIA was more efficient in reducing Ni 

toxicity and enhancing shoot and root tolerance indices 

and growth of maize seedlings under stress. 

3.2 Photosynthetic traits 

   Ni-stressed plants showed significant lower 

carotenoids and total pigments contents, relative to 

the controls Fig. 3a. Ni-Stressed plants treated with 

both concentrations of TRIA contained a significant 

amount of Chl a, Chl b, Car and total pigments contents 

(in a concentration-dependent pattern) that exceeded 

its corresponding levels not only in Ni-stressed plants 

but also in control plants Fig. 3a. For instance, Ni-

stressed plants treated by 50 µM TRIA accumulated 

about 8, 4.5, 1.6, and 4.5 folds of Chl a, Chl b, Car, and 

total pigments higher than the control untreated 

plants, respectively Fig. 3a.  Ni-stressed plants 

exhibited about half the value of PIabs recorded in the 

controls, whereas treatment with 25 and 50 µM TRIA 

resulted in higher PIabs by 61.86% and 89.83%, 

respectively than the Ni-stressed plants' values Fig. 3b, 

to reach comparable levels to the control. The 

expression of ZmRBCS1 was up-regulated in response 

to Ni stress by 21.4% higher than the controls Fig. 3c, 

with further increase in the expression levels of rubisco 
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Fig. 1. Effect of nickel (Ni) alone or combined with different concentrations of triacontanol (TRIA; 25 and 
50 μM) on a) plant height, b) plant fresh biomass c) leaf area, d) root/shoot length ratio, e) the 
percentage of Ni toxicity, and f) the percentage of Ni tolerance index as compared with the control 
untreated maize seedling. Data are means ± SD (n=5), bars with different letters are significantly 
different at P ≤ 0.05 

 

 

 

 

small subunit gene (ZmRBCS1) by 5.5% in 50 µM 

TRIA treated plants, while a decrease by 6.6% in its  

 expression was recognized in the plant that received 25 

µM TRIA Fig. 3c.  
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Fig. 2. Effect of Nickel (Ni) alone or combined with different concentrations of triacontanol (TRIA; 25 and 50 μM) 
on a) shoot and root dry weights, and b) percentage of the shoot and root Ni tolerance indices as compared 
with the control untreated maize seedling. Data are means ± SD (n=5), bars with different letters are 
significantly different at P ≤ 0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Effect of nickel (Ni) alone or combined with different concentrations of triacontanol (TRIA; 25 and 50 
μM) on a) pigments content (mg g-1 DW), b) photosynthetic performance index (PIabs), and c) ZmRBCS1 
(Rubisco small subunit gene) expression of maize leaves. Data are means ± SD, n = 3, bars with different 
letters indicate significant differences at P ≤ 0.05 
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Fig. 4. Effect of nickel (Ni) alone or combined with different concentrations of triacontanol (TRIA; 25 and 50 
μM) on a) relative water content (RWC), b) electrolyte leakage (EL), c) proline content, and d) total 
soluble sugar content of maize seedlings. Data with statistical analysis are means ± SD, n = 3, bars 
with different letters indicate significant differences at P ≤ 0.05 

 

3.3 Relative water content (RWC), the electrolyte leakage 

(EL), total soluble sugar (TSS), and proline contents 

   Ni treatment reduced the RWC of both shoot and 

root by 7.72% and 31.9%, respectively, relative to the 

controls, while TRIA application to the stressed 

seedlings had no mitigated impact on the declined 

RWC, except for TRIA (25 µM) on shoot RWC Fig. 4a. 

The EL increased in shoots and roots of Ni-stressed 

plants as compared with the controls, while TRIA 

treatments counteracted the injurious impact of Ni on 

the EL level in both the shoots and roots, as EL% was 

restored to control level in Ni-stressed maize shoots 

treated with 50 µM TRIA Fig. 4a.  

   Ni treatment did not have any significant effect on 

the proline content of both shoot and root as 

compared to the control untreated sample, whereas 

both TRIA treatments resulted in a significant decrease    

 in the proline content of the roots. In shoots, the 

highest proline content was measured in Ni-stressed 

seedlings treated with 50 µM TRIA, which was 151% 

and 136 % higher than the proline contents of Ni-

stressed and control shoots, respectively. Ni-stressed 

seedlings treated with 25 µM TRIA accumulated the 

lowest concentrations of proline, as it was about half 

the value recorded in those treated with 50 µM TRIA 

Fig. 3c & 4c. 

   No significant difference was observed between the 

TSS contents of roots of all plants under different 

treatments Fig. 4d. The highest TSS content was 

measured in the shoot of control plants, which was 

decreased significantly under Ni stress by16%. The TSS 

level of shoots fell dramatically (half its value in the Ni-

stressed seedlings) upon TRIA treatment combined 

with Ni stress Fig. 4d. 
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Table 1 The Plant Ni uptake (µg g-1), Ni transfer rate (µg day-1), and root and shoot transfer factor 
(Ni TF) of maize seedlings after 15 days of Nickel (Ni) exposure alone or combined with 
different concentrations of triacontanol (TRIA; 25 and 50 μM) 

Treatment Plant Ni uptake Plant Ni transfer rate 
Ni TF 

Shoot Root 

Control 0.0022 0.00014 0.49 0.98 

Ni 0.0028 0.00019 0.30 1.51 

Ni + TRIA 25 0.0027 0.00018 0.35 1.43 

Ni + TRIA 50 0.0026 0.00017 0.36 1.32 

 

 

3.4 Ni uptake, transfer rate, and translocation factor 

of Ni in shoots and roots  

   The Ni-treated maize seedlings recorded the greatest 

Niplant uptake and transfer rates (Nitransfer rate) by 27.3% 

and 35.7% more than the controls, respectively. Ni-

Stressed plants showed the highest root transfer factor 

(TFroot) and the lowest Shoot transfer factor (TFshoot), 

while control plants manifested the maximum TFshoot 

and the minimum TFroot. As the concentration of TRIA 

treatment to Ni-stressed seedlings increased, TFshoot 

increased and TFroot decreased Table 1. A negative 

strong correlation was observed between TFshoot and 

TFroot (R2=0.99) Table 3. 

3.5 Plant nutrients uptake 

   Under Ni stress, K+, Mg2+, Ca2+, Zn2+, Mn2+, and Fe2+ 

levels in the root tissues were reduced as compared 

with their corresponding in the controls Table 2. 

Shoots showed an obvious accumulation of K+, Mg2+, 

Ca2+, and Zn2+contents under Ni stress, while Mn2+and 

Fe2+ contents were reduced compared to the controls 

Table 2. Ca2+ and Zn2+were the only elements 

thataccumulated in whole Ni-stressed seedlings more 

than the control, while the other ions were decreased. 

Roots of Ni-stressed seedlings treated with TRIA (25 

µM) accumulated higher K+, Mg2+, and Ca2+ in the roots 

by 58.6%, 94.7%, and 60.5% than Ni- stressed roots, 

and those treated with TRIA 50 µM accumulated the 

same ions by 67.2%, 121%, and 75%, respectively Table 

2. The content of these three ions in the whole plant 

increased also upon both TRIA treatments under   

stress Table 2. While   treatment   with   50   µM   TRIA  

 

 reduced K+, Mg2+, Ca2+, and Zn2+ contents in the shoots, 

25 µM TRIA elevated the levels of K+, Mn2+, and Fe2+ in 

the shoots under Ni stress Table 2.  

3.6 Endogenous phytohormone profile  

   Ni treatment caused a decline in IAA content in the 

shoots by 39%, meanwhile, it resulted in 171% and 

118% increase in its content in the roots and whole 

seedling, compared with the controls. The levels of IBA 

decreased and consequently total auxins were 

decreased in maize shoots and roots under Ni stress 

relative to control plants Fig. 5b & c. A similar trend 

was observed in SA content Fig. 5e. A four-fold IAA/IBA 

ratio was observed in Ni-stressed maize roots, higher 

than the control ones Fig. 5d. Maize roots and shoots 

exposed to Ni showed GA3 contents about five folds 

higher than that of the controls Fig. 5f. Though no ABA 

was detected in Ni-stressed maize shoots, a high level 

was accumulated in the roots Fig. 5g. Application of 50 

µM TRIA to Ni-stressed roots resulted in an increase in 

the IAA, IAA/IBA ratio, and SA levels by 47.3%, 361.1%, 

and 115%, respectively Fig. 5a, d &e, while it decreased 

IBA, GA3, and ABA contents by 59%, 38%, and 20%, 

respectively, as compared with the untreated Ni-

stressed plants Fig. 5b, f &g. Ni treatment caused a 

marked upregulation of ZmASR1 expression in shoots 

but not in roots, which showed further significant 

upregulation by TRIA treatments in a concentration-

dependent manner Fig. 5h. The expression level in 50 

µM TRIA-treated plants reached about 5.6-folds in 

shoots and roots in comparison with the untreated Ni-

stressed seedlings Fig. 5h. 
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Table 2. Effect of nickel (Ni) alone or combined with different concentrations of triacontanol (TRIA; 25 and 50 μM) on 
the macro and micro-nutrient contents of maize root, shoot, and whole seedling tissues 

Nutrients Organ 
Treatment 

Control Ni Ni + TRIA 25 Ni + TRIA 50 

M
ac

ro
n

u
tr

im
en

ts
 c

o
n

te
n

ts
 (

m
g 

K
g-1

 D
W

) K 

Shoot 47,900.00 49,400.00 52,800.00 43,700.00 

Root 13,400.00 5,800.00 9,200.00 9,700.00 

Whole seedling 61,300.00 55,200.00 62,000.00 53,400.00 

Shoot/root ratio 3.575 8.517 5.739 4.505 

Mg 

Shoot 3,000.00 3,700.00 3,500.00 2,600.00 

Root 2,800.00 1,900.00 3,700.00 4,200.00 

Whole seedling 5,800.00 5,600.00 7,200.00 6,800.00 

Shoot/root ratio 1.071 1.947 0.946 0.619 

Ca 

Shoot 4,100.00 7,100.00 6,100.00 3,600.00 

Root 10,500.00 7,600.00 12,200.00 13,300.00 

Whole seedling 14,600.00 14,700.00 18,300.00 16,900.00 

Shoot/root ratio 0.390 0.934 0.500 0.271 

Ca/Mg 

ratio 

Shoot 1.37 1.92 1.74 1.38 

Root 3.75 4.00 3.30 3.17 

Whole seedling 2.52 2.63 2.54 2.49 

M
ic

ro
n

u
tr

ie
n

ts
 c

o
n

te
n

ts
 (

m
g 

K
g-1

 D
W

) 

Zn 

Shoot 55.57 84.67 51.19 71.47 

Root 82.85 82.20 77.07 83.52 

Whole seedling 138.42 166.87 128.26 154.99 

Shoot/root ratio 0.671 1.030 0.664 0.856 

Mn 

Shoot 78.93 62.72 70.69 55.59 

Root 168.60 120.97 102.76 86.30 

Whole seedling 247.53 183.69 173.45 141.89 

Shoot/root ratio 0.468 0.518 0.688 0.644 

Fe 

Shoot 254.51 168.55 220.18 194.57 

Root 1,861.86 1,816.04 2,087.35 1,670.38 

Whole seedling 2,071.37 2,029.59 2,307.53 1,864.95 

Shoot/root ratio 0.140 0.091 0.105 0.116 

 

 

 

3.7 Correlation of traits 

   Correlation among morpho-physiological traits 

Table 3 revealed a highly significant (P < 0.01) 

positive correlation between fresh biomass and all 

the plant height, leaf area, Ni-TI and shoot DW. 

Similarly, Ni-TI was also significantly positively 

correlated with plant height, root/shoot ratio, leaf 

area, RTI, and shoot DW, while it was significantly 

negatively correlated with the Ni toxicity level.  

  

The contents of Chl a, b and carotenoids exhibited a 

significant strong positive correlation to each other and 

proline content of the shoots, but they were 

significantly negatively correlated with the shoot’s TSS. 

The proline content of the shoots and TSS of the roots 

were significantly positively correlated, whereas 

proline content of the roots and TSS of the shoots 

showed a strong significant positive correlation Table 3. 
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Table 3. Pearson-Correlation coefficients comparisons for various plant traits under various treatments 

  
Biomass 

Plant 

height 

Root 

/Shoot 
Leaf area 

Toxicity 

level 
RTI STI Ni-Ti 

Shoot 

DW 
Root DW Chl a Chl b Car 

Shoot 

TSS 
Root TSS 

Shoot 

proline 

Root 

proline 

Biomass 1                 

Plant height .604** 1                

Root/shoot 0.164 .748** 1               

Leaf area .755** .605** 0.347 1              

Toxicity level -0.389 -.815** -.758** -.507* 1             

RTI 0.389 .815** .758** .507* -1.000** 1            

STI 0.362 .529* .461* 0.419 -0.442 0.442 1           

Ni-Ti .798** .742** .452* .793** -.643** .643** .496* 1          

Shoot DW .871** .752** 0.393 .812** -.633** .633** 0.335 .927** 1         

Root DW 0.432 0.369 0.350 0.352 -0.294 0.294 .493* .566** 0.359 1        

Chl a 0.116 0.209 -0.070 -0.248 -0.247 0.247 0.180 -0.146 -0.062 -0.219 1       

Chl b 0.112 0.303 0.037 -0.230 -0.311 0.311 0.347 -0.069 -0.039 -0.175 .967** 1      

Car 0.152 0.364 0.094 -0.047 -0.548 0.548 0.257 -0.006 0.104 -0.271 .916** .896** 1     

Shoot TSS -0.340 0.055 0.570 0.014 -0.247 0.247 -0.122 0.120 0.008 0.272 -.735** -.686* -0.575 1    

Root TSS -0.451 0.142 0.264 -0.536 -0.233 0.233 0.133 -0.158 -0.349 0.153 0.227 0.351 0.242 0.197 1   

Shoot proline -0.354 0.283 0.366 -0.506 -0.414 0.414 0.019 -0.301 -0.263 -0.235 .669* .691* .639* -0.071 .644* 1  

Root proline -0.468 0.090 0.496 -0.224 -0.210 0.210 -0.123 0.005 -0.172 0.262 -0.536 -0.465 -0.480 .876** 0.402 0.197 1 

 

4. DISCUSSION 

   In the present investigation, the growth, Ni-TI, RTI, and 

STI of maize seedlings were negatively affected by Ni 

treatment. Such impacts of Ni stress were previously 

reported in different plant species [35, 36]. It was recorded 

that roots were more sensitive to Ni stress than shoots 
[37], which was displayed in this study as reduced 

root/shoot length ratio and RTI % under Ni stress. The 

Ni-induced decline in maize seedling height, biomass, 

leaf area, and shoot DW might be attributed to 

retarded mitotic and metabolic activities, inhibition of 

cell division, and/or elongation, distorted root hairs 

and suppressed the emergence of new ones, disturbed 

mineral uptake, and altered water and hormonal 

balances [38, 39]. TRIA application to Ni-stressed maize 

seedlings alleviated the toxic effects of Ni on the 

growth attributes, Ni-Ti, RTI, STI, and reduced toxicity 

of Ni tested in this work. Similar ameliorating effects of 

TRIA on plant growth have been also demonstrated by 

other workers [15, 37, 38], which is probably due to TRIA-

mediated activation of L (+)-adenosin (a second 

messenger   in   the   signal transduction mechanism of 

  

action of TRIA), which leads to cell enlargement and 

proliferation [42].  

   The present results also showed that PIabs, Car, 

and total photosynthetic pigments contents of 

maize seedlings were greatly reduced by Ni stress, 

which was mostly related to pigment degradation 

and inhibited biosynthesis, obstructed structure 

and function of chloroplasts, and interrupted 

electron transport, and reduced leaf area as shown 

by Younis & Ismail [43] and Bhalerao et al. [37]. 

Though published works demonstrated the reduced 

activity of Rubisco under Ni stress [44], our data 

indicated that RBCS expression of Rubisco small 

subunit increased under Ni stress, perhaps acting as 

a reparation mechanism to compensate for reduced 

leaf area and PIabs. In the current work, foliar 

application of TRIA (particularly 50 µM) to Ni-

stressed maize seedling resulted in a great leap in 

the contents of all photosynthetic pigments, PIabs, 

and RBCS expression, which agrees with those of 

other researchers [13, 17]. 
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Fig. 5. Effect of nickel (Ni) alone or combined with different concentrations of triacontanol (TRIA; 25 and 50 
μM) on plant hormones content a) IAA, b) IBA, c) total auxins, d) IAA/IBA ratio e) SA, f) GA3, g) ABA, 
and h) abscisic acid- stress- ripening (ZmASR1) gene expression of maize seedlings. Data of gene 
expression are means ± SD, n = 3, bars with different letters indicate significant differences at P ≤ 
0.05  

 

 

Those effects of TRIA  on photosynthesis could be 

presumably attributed to the elevated number and 

size of chloroplasts, enhanced biosynthesis of 

chlorophyll, and enhanced photosystem II activity, 

which were recorded by Chandra & Roychoudhury [45]  

 

 and Ramos-Zambrano et al [46]. TRIA has also been 

reported to hamper chlorophyllase activity, modulate 

the fluidity of chloroplast membrane and its associated 

bound enzymes, and enhance the progression of 

thylakoid grana [47].  
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   Relative Water Content (RWC)  is an important 

determinant of a plant’s growth under environmental 

stresses [48]. In this study, Ni reduced the RWC of the 

shoot and to a higher extent of the root of maize 

seedling. Reduced root length and small leaf area 

obtained in the present work are possible reasons for 

the lower RWC of maize seedlings. TRIA treatment 

caused a slight retrieval of shoot RWC, which is 

probably induced by modulating photosynthesis and 

membrane fluidity [47]. The elevated percentage of EL 

of Ni-stressed shoots and roots, recorded in this work, 

is a direct indicator of membrane damage and lipid 

peroxidation of cell membranes [43, 49], and might also 

be a result of impaired activity of the plasma 

membrane transporters [50]. TRIA application mitigated 

the Ni effect on the EL of both maize shoots and roots, 

which agrees with the results obtained by Ali and 

Perveen [41] and Nabi et al. [17] who reported similar 

ameliorative effects of TRIA on membranes’ stability 

under HMs. TRIA may execute these effects via altered 

fatty acid composition and lipid-protein interaction of 

cellular membranes [47].  

   In the current study, the proline content of both shoots 

and roots was not affected by Ni stress, however, the TSS 

content of maize shoots has been significantly decreased 

by Ni treatment, which agrees with the adverse impact of 

HMs on sugar metabolism in plants [51]. HMs-induced 

oxidative stress might alter primary carbohydrate 

metabolism and change sugar source-sink partitioning 

which eventually inhibits plant growth [52]. On the other 

hand, the maximum value of proline content was 

recorded in Ni-stressed maize shoots treated with TRIA 

(50µM) that exceeded even the control level at the 

expense of  TSS content as the proline biosynthesis is an 

energy-demanding process [53]. These results suggest that 

TRIA treatment favors proline accumulation in the shoot 

to protect the photosynthetic apparatus which is the 

most important machinery in the plant [38]. This was 

confirmed by the significant positive correlation (P< 0.01) 

between the proline content of shoots and all 

photosynthetic pigments.  

   In the current work, maize plants exposed to 100 mM 

Ni2+ exhibited higher Ni2+ uptake, Nitransfer rate, and TFroot, 

which was probably related to the immobilization of Ni2+ 

ions in the root cortex and its chelation to organic acids in 

root tissues as a potential tolerance mechanism [54]. 

 Ni2+localizationin the roots recorded in the present 

investigation might be an adaptive response of plants 

to prevent the transport of toxic amounts of Ni to the 

photosynthetic tissues [55]. TRIA application to Ni-

treated plants led to lower Niplant uptake, and TFroot in a 

concentration-dependent manner, implying that TRIA 

might block the entrance of Ni to the plant, mainly into 

roots. This might be related to the TRIA lipophilic 

nature that may enable its interaction with cellular 

membranes affecting its permeability for heavy    

metals [47]. Ni fixation in the cell wall, subcellular 

compartmentalization in roots, and its chelation and 

sequestration in vacuoles are all potential mechanisms 

of Ni detoxification [56].  

   Ni2+ stress triggered a reduction in K+, Mg2+, Ca2+, 

Mn2+, and Fe2+ levels in both roots and whole seedlings 

of maize. Those essential nutrients participate in many 

physiological and biochemical processes in plants [57]. 

Decreased K+ content under Ni stress may be due to K+ 

efflux through potassium outward rectifying channels 

activated by hydroxyl radicals produced by HMs [58]. 

Further, Ni stress can inhibit ZIP/NRAMP root 

transporters linked to the uptake of other divalent 

cations, such as Ca2+, Mg2+, Fe2+, and Zn2+ [59, 60]. 

Additionally, Ni was reported to compete with Mg2+, 

Fe2+
, and Zn2+ (of similar ion size) at their      

transporters [38]. On the other hand, enhanced contents 

of K+, Mg2+, and Ca2+ in Ni2+-stressed maize shoot 

observed in this work may be explained by their 

enhanced loading in the shoot as a technique to 

maintain the photosynthetic process under stress, 

though the whole seedling content of these ions was 

less than that of the control [61]. Our data showed a 

similar pattern of Ni uptake and Ca2+ content in shoots 

of maize seedlings, which might be explained as a 

strategy for sequestration of Ni, as heavy metals were 

found to be chelated in leaves of some plants in the 

form of Ca oxalate crystals [62]. In the present work, 

treatment of Ni-stressed maize seedling with either 

concentration of TRIA managed to replenish the 

contents of K+, Mg2+, and Ca2+in roots and the whole 

seedling, whereas Fe2+ content in shoots and the whole 

plant was increased by treatment with 25 µM TRIA. A 

comparable ameliorative effect of TRIA on mineral 

nutrition balance was documented by                     

Romero-Martínez et al. [47]. 
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   Our data showed that Ni-stressed roots accumulated 

IAA meanwhile it contained low levels of IBA compared 

with the control. On the other hand, Ni stress reduced 

the contents of IAA, IBA, and total auxins of shoots. 

Our results suggest that Ni stress activated IBA 

conversion to IAA in roots as well as IAA basipetal 

transport as compensation for the stunted growth, 

which was supported by the work of Frick and Strader 
[63]. The effect of TRIA on auxins metabolism, transport, 

conjugation, and signaling is under investigation, yet 

our results showed that TRIA increased IAA content in 

roots, while it reduced its accumulation in shoots of Ni-

stressed seedlings. Those results corresponded with 

the fully revived RTI and partially restored STI of TRIA-

treated plants. Moreover, Soundararajan et al. [64] 

reported simultaneous enhancement of both IAA 

content and root emergence upon TRIA treatment of 

tomato in vitro cultures,annotating its role in 

enhanced root growth. Our results revealed that both 

shoots and roots of Ni-stressed seedlings exhibited a 

reduced level of SA compared with the unstressed 

control, which might be supported by the findings of 

Freeman et al. [65], who reported blocked SA signaling 

by Ni stress. TRIA application (50μM) restored SA 

levels in both shoots and roots to comparable levels of 

the control plants. SA is known to repress heavy metals 

absorption, repair the stress-induced photosynthetic 

impairment, regulate ROS scavenging, and prevent 

membrane damage by HMs [66]. The ability of plants to 

adapt to HMs was found to be related to the low 

contents of GA3, while higher concentrations of GA3 

were related to increased oxidative damage caused by 

HMs [66]. Similarly, in this work, elevated levels of GA3 

were detected in shoots and roots of Ni-exposed maize 

seedlings accompanied by membrane damage that 

was displayed as a high level of EL%. Ni-induced 

accumulation of ABA together with the reduced RWC, 

recorded in this work, supported the potential 

involvement of ABA in the inhibition of Ni 

translocation through the xylem stream to the shoots 
[67].ABA was reported to stimulate metallothioneins 

(metal-binding protein responsible for HM 

sequestration in roots) expression in roots under heavy 

metal stress [68].In the present work, ABA was not 

detected in Ni-stressed roots treated with the low 

concentration of TRIA (25μM), but it was retrieved in 

 those treated with 50 μM TRIA, which agrees with 

the comparable findings of El-Shafey et al. [69]. On 

the contrary, Chen et al. [70] reported a reduction of 

ABA content and its related genes in response to 

TRIA treatment in rice. These contradictory results 

might be attributed to the complex processes 

involved in ABA synthesis, perception, and signaling 
[71]. Additionally, the conditions at which the 

experiments were conducted, plant species, and 

growth stage are all factors that must be taken into 

consideration when dealing with those conflicting 

results. Given that TRIA treatment, in this work, 

enhanced the expression of ZmASR1 (a gene involved 

in ABA signal transduction) in a concentration-

dependent manner under Ni stress treatment. Such 

enhancement of ZmASR1 expression by TRIA 

treatment may be improved roots tolerance to Ni, 

which was evidenced by high RTI and reduced level 

of toxicity in roots found in this study.  

 

5. CONCLUSION 

   In conclusion, Ni stress reduced the growth and 

developmental processes of the Zea mays plants. This 

work confirmed that foliar spray of maize seedlings 

with TRIA was effective in mitigating the detrimental 

effects of Ni on growth and photosynthesis, more so 

with 50 µM TRIA. TRIA-induced photosynthesis 

recuperation under Ni-stress might be triggered by 

enhanced photosynthetic pigments, photosynthetic 

performance, and ZmRBCS expression. This paper 

aimed to address the interaction between TRIA and 

both osmolytes and hormonalbalance under Ni stress. 

Our results showed that TRIA altered osmolyte 

accumulation, balancing between sugar and proline 

accumulation in an organ-specific manner, which might 

be intended for energy-saving purposes. Hormonal 

balance was greatly transformed by TRIA application 

(especially 50 µM) under Ni stress, by increasing IAA/ 

IBA ratio in roots exposed to Ni and restoring SA in 

both shoots and roots. All those changes caused by 

TRIA ultimately cast on the better exclusion of Ni from 

maize seedlings, basically from roots. The 

interconnection between hormonal signaling and ion 

transporters under TRIA application and its role in 

alleviating Ni toxicity will be a prospective point to 

study. 
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6. ABBREVIATIONS 

ABA: abscisic acid; Car: carotenoids; Chl a: chlorophyll 

a; Chl b: chlorophyll b; DW: dry weights; EL: electrolyte 

leakage; FW: fresh weight; GA3: gibberellic acid;    

HMs: Heavy metal stress; IAA: indole acetic acid;     

IBA: indole butyric acid; Ni: nickel; Ni-TI: Ni tolerance 

index; Nitransfer rate: plant Ni transfer rate;                  

PIabs: photosynthetic performance index; RTI: root 

tolerance index; Rubisco: Ribulose-1,5-biphosphate 

carboxylase/oxygenase; RWC: relative water content; 

SA: salicylic acid; STI: shoot tolerance index;            

TFroot: root transfer factor; TFshoot: shoot transfer 

factor; TRIA: triacontanol; TSS: total soluble sugar; 

ZmASR1: abscisic acid- stress- ripening gene;      

ZmRBCS: Rubisco small subunit gene. 
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