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Abstract
This study aimed at exploration of nickel (Ni) application (0, 10, 20, 30, and 40 mg  L−1) on physiological and biochemical 
attributes of sunflower cultivars (Hysun-33 and SF-187) grown in sand culture. Results revealed a significant decrease in 
vegetative parameters in both sunflower cultivars by increasing Ni concentration, although low levels of Ni (10 mg  L−1) 
improved growth attributes to some extent. Among photosynthetic attributes, 30 and 40 mg  L−1 Ni application severely 
reduced the photosynthetic rate (A), stomatal conductance (gs), water use efficiency (WUE), and Ci/Ca ratio but improved the 
transpiration rate (E) in both sunflower cultivars. The same level of Ni application also reduced leaf water potential, osmotic 
potentials, and relative water contents but increased leaf turgor potential and membrane permeability. At low level (10 and 
20 mg  L−1), Ni improved the soluble proteins, while high Ni concentration decreased it. The opposite was true for total free 
amino acids and soluble sugars. To conclude, the high Ni concentration in various plant organs had a strong impact with 
the changes in vegetative growth, physiological and biochemical attributes. A positive correlation of growth, physiological, 
water relations, and gas exchange parameters at low levels of Ni and negative correlation at higher Ni level confirmed that 
the supplementation of low Ni levels greatly modulated studied attributes. Based on observed attributes, Hysun-33 showed 
high tolerance to Ni stress as compared to SF-187.
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Introduction

Nickel is the 22nd most abundant element and is a natu-
ral constituent of the earth crust, forming about 0.008% of 
total elemental composition (Hedfi et al. 2007; Hussain et al. 
2013). Among industrial sources, burning of oil, coal, and 
various fossil fuels releases significant quantities of Ni to 
the environment. Some other industrial sources contributing 
toward Ni emission include mining and refining processes, 
synthesis of Ni alloy, electroplating, and combustion of 
municipal trashes. Collectively, these sources cause accu-
mulation of toxic levels of Ni in soil and water reserves and 

put several limitations on plant growth and survival (Ahmad 
and Ashraf 2011).

Nickel has a significant importance due to its involve-
ment in a number of biological functions in plants. The life 
cycle of some plants may remain incomplete without proper 
availability of Ni (Kumar and Trivedi 2016; Shahzad et al. 
2018). It is a part of many metalo-enzymes, like urease in 
plant cells (Fabiano et al. 2015). At low concentration, Ni 
improves plant water relation attributes viz. water potential 
(ψw), osmotic potential (ψs), turgor potential (ψp), and rela-
tive water content (Chris 2012; Jagetiya et al. 2013). It also 
participates in different vital metabolic activities viz. hydro-
gen metabolism, biogenesis of methane, and acetogenesis. 
It has a significant contribution in the synthesis of phyto-
alexin and defensive mechanism of plants to different biotic 
stresses (Fabiano et al. 2015). Therefore, the absence of Ni 
has many effects on metabolic activities that regulate plant 
growth and development. These wide range effects include 
reduction in plant growth, senescence of plants, chlorosis 
of young leaves, and iron uptake (Wood et al. 2006). Nickel 
deficiency decreases urease activity and disturbs nitrogen 
assimilation (González-Guerrero et al. 2014).
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Although low Ni concentration functions as micro-
nutrient in some cases, its high concentration has several 
phyto-toxic effects on growth and development of plants 
(Amari et al. 2014; Shahzad et al. 2018). The common 
symptoms linked with excess of Ni concentration in plants 
involve reduction in shoot and root length and fresh and 
dry weight. Other effects include reduced development of 
branches, deformation of different plant organs, irregu-
lar flower shape, reduced biomass, spotting of leaves, 
mitotic root tip disorders, reduced germination, and chlo-
rosis following foliar necrosis (Ahmad and Ashraf 2011; 
Shahzad et al. 2018). Moreover, Ni toxicity causes reduc-
tion in nutrient absorption by roots as a result of poor 
root development (Wood 2013). High concentration of Ni 
can also replace cobalt and various other heavy metals, 
positioned at active sites in metallo-enzymes and disturb 
their functions (Shanying et al. 2012; Stoikou et al. 2017; 
Moghaddam 2018). Nickel can also have drastic effects 
on membrane integrity that reduces its permeability func-
tion. Other physiological phenomena affected by Ni toxic-
ity include changes in the concentration of photosynthetic 
pigments resulting in reduction in net photosynthetic rate 
(Batool 2018), stomatal conductance, transpiration rate, 
and water-use efficiency (Hassan et al. 2019). Excessive 
Ni contents have also been shown to alter the concen-
tration of physiologically important organic molecules 
such as soluble sugars (Nie et al. 2015), free amino acids 
(Bai et al. 2006), and soluble proteins (Duman and Ozturk 
2010).

Previously, the application of higher levels of Ni has 
been shown to have inhibitory effects on growth and 
yield of many plants. In our previous paper of same 
series of Ni tolerance potential of sunflower, we have 
studied the toxicity of Ni on seed germination and growth 
(Ahmad et al. 2009; Ashraf et al. 2011), as well as yield 
and macro and micronutrient contents in sunflower cul-
tivars (Ahmad et al. 2011). In the current paper, we have 
focused on the Ni-induced physiological bases of growth 
maintenance, photosynthetic pigments, and gas exchange 
attributes of two elite sunflower cultivars at vegetative 
stage. In view of above facts, it was hypothesized that, 
despite of several beneficial roles of Ni in low concen-
tration, the presence of Ni in higher quantities should 
impose certain limitations on growth, photosynthetic, 
water relation, gas exchange attributes, and imbalance 
in secondary osmolytes. The objectives of the present 
study were (i) to determine the Ni tolerance limits of 
the selected sunflower cultivars, (ii) to establish whether 
lower levels of Ni have beneficial effects on sunflower as 
reported for other crops, and (iii) to investigate the pos-
sible toxicity mechanisms induced by higher Ni doses on 
growth, physiological and biochemical processes.

Materials and methods

Plan of experiment and treatment application

A preliminary experiment was conducted earlier to establish the tol-
erance of five sunflower cultivars, Nstt-160, Mehran-II, Hyssun-33, 
M-3260, and SF-187 at seedling stage. Based on differences in seed 
germinability, seedling growth and nutrient acquisition under 7 dif-
ferent Ni levels (0–60 mg  L−1), two sunflower cultivars, i.e., Hysun-
33 (tolerant) and SF-187 (sensitive) and four levels of Ni (i.e., 0, 10, 
20, 30, and 40 mg  L−1) were selected for further experimentation in 
this work. Please see Ahmad et al. (2009) for details.

Ten surface-sterilized (0.1%  HgCl2) achenes of two sun-
flower (Helianthus annuus L.) cultivars (Hysun-33 and 
SF-187) were sown in plastic pots containing 10 kg sand. 
Various Ni concentrations (0, 10, 20, 30, and 40 mg  L−1) 
were administrated in Hoagland’s nutrient solution using 
 NiCl2.7H2O. Then 2 L of each solution was added in every pot 
before sowing. After seed germination, plants were thinned to 
keep two plants per pot. The solution in each pot was drained 
on alternate days by adding sufficient amount of distilled water. 
After half an hour, pots were saturated with new solutions to 
maintain constant level of Ni. The pots were kept in natural 
environment in the Botanical Garden of the Department of 
Botany, University of Agriculture, Faisalabad. Through the 
course of the experiment, the meteorological conditions were 
as follows: mean day temperature, 31.4 ± 5 °C; night tempera-
ture, 16.9 ± 6.7 °C; relative humidity (RH), 35.1 ± 8.1; and the 
day length was 9.5 to 10.5 h. The phyto-toxic effects of Ni on 
seed germination (Suppl. Figure 1) have already been reported 
in Ahmad et al. (2009). This manuscript reports the effects of 
Ni stress on growth, physiological and biochemical attributes 
of sunflower at vegetative stage (Suppl. Figure 2). All data 
reported in the present manuscript were recorded after 5 weeks 
of germination.

Growth attributes

After carful uprooting from every pot, plants were washed 
thoroughly with distilled water. Their roots and shoots were 
detached and weighed. Separated roots and shoots were then 
wrapped in paper bags, dried at 70 °C in an oven for a period 
of 72 h, and, then, dried weights were measured.

Determination of Ni contents

The concentration of Ni (mg  g−1 d. wt.) in roots, stems, 
and leaves was measured in acid-digested material accord-
ing to the method of Wolf (1982). The quantitative deter-
mination of Ni was performed by Atomic Absorption 
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Spectrophotometer (AAnalyst-300, Perkin Elmer, Germany) 
and expressed as mg  L−1 dry weight of plant tissue.

Concentration of photosynthetic pigments

For the estimation of Chl a and b, the procedure given by 
Arnon (1949) was followed, while carotenoid contents were 
found by following Davis (1976). Fresh leaves (0.2 g) were 
ground and extracted in acetone (80%), followed by cen-
trifugation at 10,000 g for 5 min at 4 °C. The supernatant 
was separated and absorbance was noted at 645, 663, and 
480 nm for Chl a, b, and carotenoids, respectively, by using 
a spectrophotometer Hitachi 220 (Japan). The chlorophylls 
and carotenoid contents were determined by using formulas 
proposed by Arnon (1949) and Davis (1976), respectively.

Gas exchange attributes

For the determination of gas exchange attributes, data were col-
lected at 10.30 a.m. to 1:30 p.m. The measurements for net  CO2 
assimilation rate (A), transpiration rate (E), stomatal conductance 
(gs), and sub-stomatal  CO2 concentration (Ci) were done on a 
fully extended youngest top leaf with the help of an open system 
LCA-4 ADC portable infrared gas analyzer (Analytical Develop-
ment Company, Hoddeson, England). The specification adjust-
ments of IRGA were as follows: leaf surface area, 11.35  cm2; 
ambient  CO2 concentration (Cref), 342.12 µ mol  mol−1; tempera-
ture of leaf chamber (Tch) varied from 39.2 to 43.9 °C; leaf cham-
ber volume gas flow rate (v), 396 mL  min−1; leaf chamber molar 
gas flow rate (U), 251 µ mol  s−1; ambient pressure (P), 99.95 k Pa; 
molar flow of air per unit leaf area (Us), 221.06 mol  m−2  s−1; max-
imum PAR (Q leaf) at leaf surface was 918 µ mol  m−2.

Leaf water relation

Leaf water potential was determined at 6:00 to 8:00 a.m. A com-
pletely extended smallest leaf was removed from each plant, and 
water potential was measured with a Scholander-type pressure 
chamber (Arimad-2, Japan). The same leaf was frozen at 70 °C 
in an ultra-low freezer for 2 weeks (Boyer 1967). Then, the leaf 
was thawed and extracted by using glass rod for the measure-
ment of osmotic potential. The supernatant (10 mL) was put in 
a vapor pressure osmometer (Vapro-5520, Wescor, Inc., Logan, 
UT), and the values were calculated in MPa. The leaf turgor 
potential was found by the following equation:

Relative water content

Leaves sampled at a similar level, other than those used 
for the determination of leaf water potential, were used to 

�p = �w − �s

estimate relative water content. Twenty circles of 5-mm 
diameter were separated with the help of cork borer, and 
the fresh weight was measured. The circles then were put 
in distilled water for 2 h at room temperature, and satu-
rated weight was determined. The leaf disks were then 
wrapped in paper bags, dried in an oven for 72 h at 70 °C, 
and dry weights were measured. The relative water content 
(RWC) was calculated with the following formula:

Relative water content = (Fresh weight − Dry weight)/
(Saturated weight − Dry weight) × 100.

Relative membrane permeability/electrolyte 
leakage

The electrolyte leakage was determined by following Yang 
et al. (1996). A completely mature small leaf from each 
plant was excised into small circles. Then, 0.5-g material 
was placed into test tubes having 20-mL deionized dis-
tilled water, following votexing for 3 s, and initial electri-
cal conductivity  (EC0) of each plant sample was measured. 
The plant samples were then kept at 4 °C for 24 h, and 
electrical conductivity  (EC1) was measured. The sample 
material was autoclaved at 121 °C for 15 min, and then 
cooled to room temperature, and electrical conductivity 
 (EC2) was determined. The relative membrane permeabil-
ity was measured by the following formula:

Total soluble sugars

The estimation of reducing and non-reducing sugars was car-
ried out by following Riazi et al. (1985). Fresh leaves were 
harvested and immediately cooled at 0 °C. The leaves were 
stored at 40 °C for further use. The leaf (1 g) was grounded 
in 10 mL of 80% ethanol (v/v). The grinded leaf material was 
centrifuged at 10,000 g, and the supernatant was collected 
for the determination of sugars. Reducing sugars were deter-
mined from ethanolic extract of leaves. One mL of the extract 
and 5 mL of O-tolidine were put in a test tube. This solution 
was shaken well and heated at 97 °C for 15 min and cooled 
in ice-cold water. The absorbance was read at 630 nm on a 
spectrophotometer Hitachi 220 (Japan). The concentrations 
of total reducing sugars were determined from a standard 
curve, made by using known concentrations of glucose.

For the determination of non-reducing sugars, ethanolic 
extracts of leaves (0.1 mL) were mixed with 0.1 mL 5.4 N 
KOH in test tubes, heated at 97 °C for 10 min and cooled 

Relative permeability(%) =

(

EC1 − EC0

)

(

EC2 − EC0

) × 100
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in ice-cold water. Then, 3 mL of anthrone was added, and 
the tubes were heated again (97 °C, 5 min), cooled down 
and kept at room temperature for 20 min. The absorbance 
was noted at 625 nm by using a spectrophotometer Hitachi 
220 (Japan). The concentrations of total non-reducing 
sugars were determined from a standard curve formed 
by using known concentrations of glucose. The values of 
reducing and non-reducing sugars were summed in each 
treatment to get total soluble sugars.

Total soluble proteins

Total soluble protein contents were determined by follow-
ing Lowry et al. (1951). A fresh leaf (1 g) was ground in 
10 mL of phosphate buffer (0.2 M with pH 7.2). Then, this 
extract was centrifuged at 5000 g for 5 min, and the super-
natant was collected for the determination of total soluble 
proteins. The supernatant (1 mL) was completely mixed 
with copper reagent solution (1 mL) in a test tube and kept 
at room temperature for 30 min. Then, Folin phenol reagent 
(0.5 mL) (diluted in a ratio of 1:1) was thoroughly mixed to 
it and kept at room temperature for 30 min. The absorbance 
of the mixture was measured at 620 nm with the help of a 
spectrophotometer Hitachi 220 (Japan). A blank contain-
ing the phosphate buffer and standards was also run for the 

whole procedure of protein determination. Total proteins 
were calculated from the standard curve developed from 
known concentrations of bovine serum albumin (BSA).

Total free amino acids

For the determination of total free amino acids, the proce-
dure proposed by Hamilton and Van-Slyke (1943) was fol-
lowed. The fresh leaf (1 g) was ground in 10 mL of phos-
phate buffer (0.2 M with pH 7.2). After centrifugation at 
5000 g for 5 min, the supernatant was collected for the deter-
mination of total free amino acids. The extract (1 mL) was 
shaken well with 1 mL each of pyridine (10%) and ninhydrin 
(2%) in test tubes. The test tubes were heated in water bath at 
100 °C for 30 min and allowed to stand at room temperature. 
The volume was maintained to 50 mL, and the absorbance 
was measured at 570 nm with the help of a spectrophotom-
eter Hitachi 220 (Japan). A standard curve was developed 
with known concentration of leucine. The total free amino 
acids were calculated by the following formula:

Proteins (mg∕g) =
Optical density of sample
Optical density of standard

× Concentration of standard

× dilution factor

Total amino acid =
Graph reading of sample × volume of sample × dilution factor × 1000

Weight of the tissue

Statistical analysis

The study was conducted in a completely randomized design 
(CRD) with three replicates. Two-way ANOVA was used for the 
statistical analysis of the measured traits by considering cultivars 
and treatments as independent factors (CoStat software v 6.303). 
LSD values computed at 5% level were used for post-hoc multiple 
comparisons of significant effects (Steel et al. 1996). Microsoft 
excel was used for the representation of data in graphical form. 
Clustered heatmaps, correlogram, and PCA plot were performed 
with R studio (Version 1.1.463, RStudio, Inc.) to draw inferences 
regarding response of various vegetative and physiological attrib-
utes toward different Ni application levels. The clustered heatmaps 
were constructed separately for both cultivars’ (a) morphological, 
water relation, and organic osmotica (b) photosynthetic pigments 
and gas exchange attributes. The performance of each attribute 
was plotted against different Ni treatments as colored rectangles, 
and their correlation was expressed on a color scale from red (most 
positive) to blue (most negative). Different groups of plant attrib-
utes and Ni treatments were then clustered based on hierarchical 
clustering (hcluster), and branches were colored at first branching 

level using a custom R code. A combined correlogram for all mor-
phological, water relation, organic osmotica, photosynthetic pig-
ments, and gas exchange attributes of both cultivars was made. The 
principal component analysis (PCA) was performed to visualize 
the influence of different Ni treatments on specific parameters of 
both cultivars used in this study. Before running the PCA analysis, 
the data was standardized in order to reduce the larger variation in 
numerical values of the dataset. The strength of different variables 
was expressed on a color scale where the bright red color expressed 
the highest contributory variables, while the light red color showed 
less contributory traits in PCA biplot.

Results

Growth attributes

Statistical analysis of the data revealed that application of Ni 
significantly affected shoot and root lengths and fresh and 
dry weights. Moreover, the ANOVA revealed that both culti-
vars responded differently to Ni treatment (Table 1). Results 
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revealed cultivar × treatment (C × T) interactive effect was 
non-significant for various studied growth attributes. Shoot 
length was affected to a lesser extent, but its fresh and dry 
weight was consistently reduced with elevating Ni contents 
in the growing medium (Fig. 1; Suppl. Figure 2). Shoot 
length slightly improved at 10 mg  L−1 level of Ni applica-
tion (Fig. 1a; Suppl. Figure 3). Cultivar Hysun-33 exhibited 
less reduction in various studied growth parameters under 
different levels of Ni application.

Nickel contents

The concentration of Ni in roots, stems, and leaves of sunflower 
plants highly increased upon exposure to Ni stress. Statistical 
analysis revealed highly significant C × T interaction for both cul-
tivars exposed to different treatments (Table 2). SF-187 accumu-
lated more Ni in all studied plant organs than Hysun-33 (Fig. 2).

Photosynthetic attributes

Results showed that the application of Ni highly affected the 
concentration of photosynthetic attributes including chlorophyll 
a, b, and carotenoids, chlorophyll a/b, and chlorophyll/carot-
enoid ratio in both sunflower genotypes. The C × T interaction 
term was significant for chlorophyll a, b, total chlorophyll, and 
carotenoids (Table 1). The concentration of chlorophyll a, b, 
and total chlorophyll decreased steadily with increasing Ni con-
tents in growing media, and the maximum reduction was found 
at 40 mg  L−1 Ni application. The most deleterious effects of Ni 
on concentration of chlorophyll a, b, and total chlorophyll were 
observed particularly in cultivar SF-187 (Fig. 3a, b, c). The 
chlorophyll/carotenoid ratio showed a consistent decrease in 
both cultivars by increasing Ni concentration (Fig. 3f).

Gas exchange attributes

A significant inhibitory effect of Ni (40 mg/L) was observed 
on photosynthetic rate (A), transpiration rate (E), stomatal 
conductance (gs), water use efficiency, and Ci/Ca ratio. Sta-
tistical analysis revealed that C × T interactive effect was non-
significant for various gas exchange attributes (Table 3). A 
consistent decrease in A was observed by elevating Ni con-
tents in growing media. The cultivar Hysun-33 showed a little 
decrease at higher levels of Ni as compared to that of SF-187 
(Fig. 4a). The transpiration rate (E) increased with increas-
ing Ni level in the growth medium. The cultivar Hysun-33 
exhibited greater increase in transpiration rate as compared to 
that of SF-187 where E remained almost unaffected (Fig. 4b). 
However, the elevation of E in Hysun-33 was accompanied 
by a non-significant reduction in gs (Fig. 4c). Both cultivars 
exhibited almost parallel decrease in water-use efficiency (A/E) 
and Ci/Ca ratio (Fig. 4d, e).

Water relation attributes

Leaf water relations including water potential (ψw), osmotic 
potential (ψs), turgor potential (ψp), relative water contents 
(RWC), and relative membrane permeability (RMP) were 
also affected by Ni application. Analysis of variance revealed 
that the C × T interaction term was not statistically signifi-
cant for most of the attributes studied (Table 3). Leaf ψw 
mostly remained unaffected as no significant effects for the 
cultivar and treatment C × T interaction terms were observed 
for this trait. The ψs improved steadily with the elevating Ni 
level in the root environment. Cultivar Hysun-33 showed 
greater increase in both these parameters as compared to 
SF-187. A rise in ψp was found by increasing the Ni level in 

Table 1  Analysis of variance 
(ANOVA) for growth and 
photosynthetic attributes of 
sunflower cultivars exposed to 
varying levels of nickel

* , **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. ns, non-significant

SoV df Root length Root f. wt Root d. wt Shoot length

Cultivars (C) 1 15.84 ** 9.75 *** 1.01 *** 1035.47 ***
Treatments (T) 4 6.06** 0.85 *** 0.25 *** 273.68 ***
C x T interaction 4 0.56 ns 0.02 ns 0.01 ns 7.34 ns
Error 20 1.36 0.09 0.03 14.98

Shoot f. wt Shoot d. wt Chl. a Chl. b
Cultivars (C) 1 113.41 *** 1.01 *** 0.20 *** 0.12 ***
Treatments (T) 4 32.04 *** 0.25 *** 0.12 *** 0.02 ***
C × T interaction 4 0.51 ns 0.01 ns 0.02 * 0.00 **
Error 20 1.36 0.03 0.01 0.00

Total Chl Chl. a/b ratio Carotenoids Chl/Carot. ratio
Cultivars (C) 1 0.63 *** 6.13 *** 0.75 ** 0.06 ns
Treatments (T) 4 0.23 *** 0.20 ns 0.00 ns 0.22 **
C × T interaction 4 0.04 ** 0.08 ns 0.06 * 0.01 ns
Error 20 0.01 0.15 0.02 0.04
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Hysun-33 (Fig. 5c). Relative water contents (RWC) consist-
ently decreased with increasing concentration of Ni, where 
the highest reduction was observed at 40 mg  L−1. Though 
the inter-cultivar differences for RWC were statistically non-
significant (Table 1), the effect of Ni treatments was highly 
significant, where the cultivar Hysun-33 showed slightly bet-
ter RWC at all Ni levels (Fig. 5d). The relative membrane 
permeability increased by elevating Ni contents in the rooting 
zone. The cultivar Hysun-33 showed less electrolyte leakage, 

indicating greater membrane stability, while electrolyte leak-
age increased in SF-187, indicating greater membrane damage 
at higher Ni concentration (Fig. 5e).

Primary osmolytes

Statistical analysis showed a significant effect on the 
concentration of various biochemical molecules includ-
ing soluble proteins, amino acids, and soluble sugars by 
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Fig. 1  Effect of different levels of nickel (A = 0 mg/L, B = 10 mg/L, 
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shoot fresh weight (g) (b), shoot dry weight (g) (c), root length (cm) 

(d), root fresh weight (g) (e), and root dry weight (g) (f) of two sun-
flower (Helianthus annuus L.) cultivars. Standard error is presented 
as vertical line on bars
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imposition of Ni stress. The interactive effect of Ni on 
cultivars was non-significant for concentration of all 
studied osmolytes in sunflower plants (Table 3). The con-
centration of soluble protein was slightly increased at low 
levels of Ni (10 mg  L−1), while the differences were non-
significant between 20 mg  L−1 Ni application and control 
plants (Fig. 6a). The opposite trend was observed for 
amino acids in both cultivars, which slightly decreased 
at 10 mg  L−1 Ni application but increased thereafter. The 

maximum increase was observed at the highest concen-
tration (40 mg  L−1) of Ni application (Fig. 6b). Changes 
in concentration of soluble sugars showed a mixed trend 
through different treatment levels. Firstly, it decreased at 
low level (10 mg  L−1) but increased consistently there-
after (Fig. 6c). SF-187 exhibited higher concentration of 
soluble protein, soluble sugars, and total free amino acid 
as compared to Hysun-33. Moreover, the total soluble 
protein contents were decreased by increasing Ni con-
centration, while soluble sugar and total free amino acids 
were increased by increasing Ni concentration (Fig. 6).

Heatmap clustering

The two-way clustered heatmaps were constructed to visu-
alize the influence of different Ni levels on plant attributes 
in both cultivars used in this study. In clustered heatmap, 
the parameters were grouped depending on their similarity 
in response (hierarchical clustering) at specific treatment 
levels, and their correlation with treatments was indicated 

Table 2  Analysis of variance (ANOVA) for concentration of Ni (mg 
 g−1 d. wt.) in roots, stems, and leaves of sunflower cultivars exposed 
to varying levels of nickel

* , **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. 
ns, non-significant

SoV df Leaf Ni Shoot Ni Root Ni

Cultivars (C) 1 0.03 *** 0.03 *** 0.04 ***
Treatments (T) 4 0.07 ** 0.08 *** 0.12 ***
C × T interaction 4 0.00 ns 0.00 ns 0.00 *
Error 20 0.00 0.00 0.00
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Fig. 2  Effect of different levels of nickel (A = 0 mg/L, B = 10 mg/L, 
C = 20 mg/L, D = 30 mg/L, E = 40 mg/L) on leaf Ni contents (mg  g−1) 
(a), shoot Ni contents (mg  g−1) (b), and root Ni contents (mg  g−1) (c) 

of two sunflower (Helianthus annuus L.) cultivars. Standard error is 
presented as vertical line on bars
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as colored rectangles. The red color indicated the positive, 
and blue indicated the negative correlation of observed plant 
traits with specific Ni treatment level.

In both cultivars, all growth attributes like shoot and 
root fresh and dry weights and lengths along with total 
proteins were clustered in one group, exhibiting mostly 
positive correlation with control and 10 mg  L−1 Ni appli-
cation level. The same attributes were strongly negatively 

correlated with the highest Ni level, i.e., 40 mg  L−1, 
reflecting severe growth inhibition. A major difference 
was noted at 30 mg  L−1 where the growth attributes were 
negatively correlated in SF-187 while weakly negative 
correlated in Hysun-33, indicating growth retardation at 
this treatment level in SF-187 than Hysun-33 (Fig. 7a). In 
comparison, turgor, water and osmotic potentials and rel-
ative membrane permeability were positively correlated 
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Fig. 3  Effect of different levels of nickel (A = 0 mg/L, B = 10 mg/L, 
C = 20  mg/L, D = 30  mg/L, E = 40  mg/L) on chlorophyll a (mg  g−1 
fresh weight) (a), chlorophyll b (mg  g−1 fresh weight) (b), total chlo-
rophyll (mg  g−1 fresh weight) (c), chlorophyll a/b ratio (d), carote-
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two sunflower (Helianthus annuus L.) cultivars. Standard error is pre-
sented as vertical line on bars
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to control plants. This could be explained as a strong link 
between relative membrane permeability and water rela-
tion attributes. The total soluble sugars and amino acids 
were positively correlated with 10 mg  L−1 Ni treatment 
level. At highest level of Ni application, all these attrib-
utes were negatively correlated (at 30 mg  L−1 in Hysun-
33 and at 40 mg  L−1 Ni level in SF-187). The changes in 
the concentration of soluble sugars and amino acids more 
likely reflect metabolic alterations rather than membrane 
permeability dysfunctions, and changes in these com-
pounds may clearly alter osmotic potentials (and, hence, 
tissue water relationships, turgor pressure, etc.) (Fig. 7b).

In Hysun-33, all photosynthetic pigments (Chl. a, 
Chl. b, total chlorophyll, carotenoids, and Chl/Carot 
ratio) showed a positive correlation with photosynthetic 
rate (A), transpiration rate (E), and water use efficiency 
(WUE) at control level (0 mg  L−1) except for chloro-
phyll a/b and E being negatively correlated. The same 
attributes were weekly correlated with lower levels (10 
and 20 mg  L−1), and most of them were strong nega-
tively correlated with higher levels (30 and 40 mg  L−1) 
(Fig.  8a). Almost similar clustering was observed in 
SF-187 for photosynthetic pigments and gas exchange 
attributes. These attributes were positively correlated 
with control and 10 mg  L−1 Ni level, but carotenoids 
and E were strong negatively correlated with 10 mg  L−1 
Ni. At higher levels (20–40 mg  L−1), pigments and gas 
exchange attributes were weakly negatively correlated 
(Fig. 8b). These findings showed those photosynthetic 
rates (A) were severely inhibited at higher Ni levels 
possibly due to reduction in photosynthetic pigments 
recorded in this study. The WUE was most possibly 
linked to changes in gs rather than E as E showed oppo-
site correlation pattern at the higher Ni levels.

Correlogram

The correlogram showed that most of growth attributes 
(i.e., shoot and root fresh and dry weights and shoot and 
root lengths) were positively correlated with photosyn-
thetic pigments (Chl. a, Chl. b, total Chl., and carote-
noid), except for Chl a/b ratio that was negatively corre-
lated. These growth attributes were positively correlated 
with photosynthetic attributes A,  gs, A/E, while weakly 
correlated with Ci/Ca ratio and non-significantly with E. 
Turgor potential had a strong positive, osmotic potential a 
weakly positive and water potential a non-significant cor-
relation with growth attributes. Relative water contents 
and proteins had a positive, while relative membrane per-
meability had a negative correlation with growth. Amino 
acids and soluble sugars had a non-significant correlation 
with growth attributes (Fig. 9).

Principal component analysis (PCA)

The principal component analysis was performed to visual-
ize the influence of various Ni treatments on plant attributes 
of tolerant (Hysun-33) and sensitive (SF-187) sunflower cul-
tivars. The PCA plot showed 65.4% variability covered by 
PC1 and 28.3% by PC2 axis. Most of the attributes were 
plotted toward cultivar Hysun-33, indicating a strong linking 
of growth attributes in this genotype to Ni levels. The rela-
tive membrane permeability, Chl a, Ci/Ca, and Chl/carot-
enoids ratio were the only attributes plotted with SF-187 
cultivar. This showed that the membrane permeability was 
correlated to reduced Chl a in this genotype upon exposure 
to Ni stress (20 to 40 mg  L−1). Amino acids and soluble 
sugars were plotted with water relation components (osmot-
ica, turgor, and water potentials), indicating their signifi-
cant contribution in regulating water relation components 
at 30- and 40-mg  L−1 Ni levels. Photosynthetic pigments 
(except carotenoids) and other gas exchange attributes were 
also plotted toward growth attributes of cultivar Hysun-33 
at 10-mg  L−1 Ni level, perhaps due to higher tolerance of 
this genotype at a lower Ni application level. The Ci/Ca and 
Chl./Carot ratios were plotted with SF-187 at 10-mg  L−1 Ni 
level. Relative membrane permeability and chlorophyll a/b 
ratio were plotted at 20- and 30-mg  L−1 Ni levels in same 
cultivar. The 40-mg  L−1 Ni level applied to SF-187 was plot-
ted at distance, indicating no specific relationship with any 
of the studied plant attributes (Fig. 10).

Discussion

In this experiment, a noticeable reduction in various studied 
growth attributes was observed by increasing Ni concentra-
tion in both sunflower cultivars. Lower levels of Ni (10 mg 
 L−1) exhibited a slight improvement in shoot length; how-
ever, root length, shoot and root, and fresh and dry weight 
were highly decreased by Ni application. Although low 
levels of Ni have been shown to enhance growth of dif-
ferent crops to some extent in previous studies (Hassan 
et al. 2019), its high concentration has been reported to 
reduce different growth attributes such as plant height and 
fresh and dry weight in various crop plants (Gupta et al. 
2017). The Ni concentration in all the analyzed tissues of cv 
SF-187 was significantly higher than in cv Hysun-33 at all 
Ni levels tested (Fig. 2). This may explain why growth (and 
related physiological) traits were more negatively affected 
by Ni supply in the former genotype. A more efficient exclu-
sion of Ni ions (i.e., a reduction of net Ni uptake) seems to 
be the main reason that can explain the greater tolerance of 
cv Hysun-33 to Ni treatments. Only when comparing geno-
types containing similar endogenous Ni levels it is possible 
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to speculate whether the maintenance of higher growth rate, 
photosynthetic capacity, Chl levels, etc., in one genotype 
(Hysun-33) may be related to an inherent genetic potential 
to reduce the toxic effects of Ni.

The reduction in shoot and root growth had been most 
widely attributed to reduction in concentration of photo-
synthetic pigments, leading to impaired photosynthetic and 

gas exchange attributes, alterations in water relations, and 
imbalanced uptake and transport of essential nutrients such 
as that of iron and magnesium (Hussain et al. 2013). Thus, 
the supply of photo-assimilates required for normal growth 
and development is reduced, leading to suppressed growth 
under Ni stress. Moreover, roots are directly exposed to 
excess concentration of Ni that can lead to reduction in their 
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Fig. 4  Effect of different levels of nickel (A = 0 mg/L, B = 10 mg/L, 
C = 20 mg/L, D = 30 mg/L, E = 40 mg/L) on photosynthetic rate (A) 
(μmol  m−2  s−1) (a), transpiration rate (E) (mmol  m−2  s−1) (b), stoma-
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(μmol  CO2/mmol  H2O) (d), and Ci/Ca ratio (e) of two sunflower 
(Helianthus annuus L.) cultivars. Standard error is presented as verti-
cal line on bars
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growth and proliferation (Demchenko et al. 2010). It might 
be due to the reason that Ni can efficiently penetrate endo-
dermal layer and gather in the pericycle cells, thus affecting 
cell division and cell multiplication (D’Antò et al. 2012). 
Thus, reduced root growth can have a direct influence on 
development of aerial parts of plants. Overall, these vegeta-
tive growth parameters were affected to a lesser extent by 
application of Ni in cultivar Hysun-33 as compared to that of 
SF-187. This could be due to the fact that Hysun-33 exhib-
ited less decrease in various photosynthetic pigments, pho-
tosynthetic attributes, and nutrient concentration, thereby 
directly enhancing Ni-tolerance potential of this cultivar. 
Such maintenance of higher nutrient and pigment levels, as 
well as higher photosynthetic activity in Hysun-33 than the 
other hybrid, contributed to a better maintenance of growth 
rate under nickel stress (Koźmińska et al. 2018).

Application of Ni-stress severely reduced chlorophyll 
a, b and total chlorophyll. In contrast, the concentration of 
carotenoids was slightly increased in Hysun-33 but severely 
reduced in SF-187. The high Ni concentration has been 
found to change the photosynthetic pigments like chlo-
rophyll a, b and carotenoids in many crop plants (Batool 
2018). At high concentration, Ni directly damages photo-
synthetic apparatus of leaf in several ways. For instance, 
surplus Ni led to reduction in the photosynthetic pigments, 
mostly chlorophyll a, b, carotenoids, and xanthophylls (You-
nis et al. 2020). Moreover, Ni also interacts with essential 
nutrients and reduces their uptake and translocation, thus 
causing nutrient deficiency (Velikova et al. 2011). It has 
been recognized that magnesium is an essential constitu-
ent of heme group of chlorophyll; moreover, other nutrients 
like iron and manganese are needed for metabolic activities 
of chlorophyll. So their lower absorption rates can reduce 
synthesis of chlorophyll at high Ni concentration (Batool 
2018). In addition, Ni at high level breakdowns remaining 

chlorophyll in chloroplast that causes chlorosis of leaves and 
ultimately necrosis of plant parts (Rucińska-Sobkowiak et al. 
2013). In our earlier findings, we have reported constantly 
higher level of major nutrients in Hysun-33 than SF-187 
(Ahmad et al. 2011). The maintenance of relatively consist-
ent levels of carotenoids in Hysun-33 in current study was 
linked to its ability to accumulate essential nutrients required 
for chlorophyll synthesis and metabolism such as that of 
magnesium, iron, and manganese that could help plants to 
withstand Ni-stress (Ahmad and Ashraf 2011). Despite the 
concentration of chlorophyll a and b was reduced under Ni-
stress conditions, the chlorophyll a/b ratio was not affected 
in Hysun-33. This showed that, in Hysun-33, both pigments 
(chlorophyll a and b) were equally sensitive to Ni-toxicity. 
In contrast, chlorophyll a/b increased in SF-187, indicating 
greater sensitivity of chlorophyll b to Ni-toxicity than that 
of chlorophyll a. In contrast, chlorophyll/carotenoid ratio 
severely decreased in both cultivars under Ni-stress, show-
ing that chlorophylls were more sensitive to Ni stress than 
that of carotenoids. In this study, it was revealed that appli-
cation of Ni at high concentration significantly reduced A, 
gs, WUE, and Ci/Ca ratio. It is in accordance to previous 
studies showing that application of high concentration of 
Ni causes reduction in A, gs, and WUE of plants (Vernay 
et al. 2007; Kachenko et al. 2011). However, transpiration 
rate (E) increased with elevation of external Ni despite gs 
was slightly decreased. This could have been linked to the 
damages to leaf epidermis caused by high Ni concentrations 
in the leaf tissues (Hassan et al. 2019).

Results revealed that application of Ni at the highest 
concentration significantly affected plant water relation 
attributes. Overall, leaf ψw and ψs decreased, while leaf 
ψp increased in both sunflower cultivars with elevating 
external Ni level. However, the differences between both 
cultivars were significant only for ψw and ψs, while both 

Table 3  Analysis of variance (ANOVA) for gas exchange and water relation attributes of sunflower cultivars exposed to varying levels of nickel

* , **, *** = significant at 0.05, 0.01, and 0.001 levels, respectively. ns, non-significant
Abbreviations: A, photosynthetic rate; E, transpiration rate; gs, stomatal conductance; A/E, water use efficiency; Ci/Ca, internal and ambient 
carbon dioxide ratio; Ψw, water potential; Ψs, solute potential; Ψp, turgor potential; TSP, total soluble proteins; TFA, total free amino acids; TSS, 
total soluble sugars

SoV df A E gs A/E Ci/Ca Ψw Ψs

Cultivars (C) 1 405.24 *** 6.84 *** 36,192.13 *** 1.49 ns 0.01 ns 0.15 ** 0.16 **
Treatments (T) 4 71.52 ** 1.84 ns 9164.33 *** 6.38 ** 0.04 *** 0.02 ns 0.22 ***
C × T interaction 4 10.29 ns 0.35 ns 103.13 ns 0.10 ns 0.00 ns 0.01 ns 0.01 ns
Error 20 9.06 0.35 1128.13 0.70 0.01 0.01 0.01

Ψp RWC RPM TSP TFA TSS
Cultivars (C) 1 0.00 ns 135.98 ns 778.97 ** 10.01 ** 30.20 *** 970.15 ***
Treatments (T) 4 0.11 *** 226.94 ** 136.15 ns 3.53 ** 13.00 *** 268.73 **
C × T interaction 4 0.00 ns 4.96 ns 18.44 ns 0.30 ns 0.46 ns 16.07 ns
Error 20 0.00 33.59 57.58 0.71 1.05 57.27
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cultivars showed almost similar increasing trend for leaf 
ψp. Nickel has significant impact on water relation compo-
nents of stressed plants. For example, Hassan et al. (2019) 
reported that plants exposed to excess Ni showed a sub-
stantial rise in water potential of leaves. Such changes in 
plant water relations are possibly a result of accumula-
tion of compatible solutes/osmotic under metal stressed 
conditions. For example, there is strong evidence that 

soluble sugars and other free amino acids gather in metal-
stressed plants. These solutes can considerably contribute 
in decreasing the water and solute potential of plants under 
metal stress (Rucińska-Sobkowiak 2016). Consistent with 
this, the changes in water-relation components of both cul-
tivars showed a parallel change with increased concentra-
tion of compatible solutes such as total sugars and amino 
acids of Ni-stressed plants.
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Fig. 5  Effect of different levels of nickel (A = 0 mg/L, B = 10 mg/L, 
C = 20 mg/L, D = 30 mg/L, E = 40 mg/L) on water potential (-M Pa) 
(a), osmotic potential (-M Pa) (b), turgor potential (M Pa) (c), relative 

water content (%) (d), and relative membrane permeability (%) (e) of 
two sunflower (Helianthus annuus L.) cultivars. Standard error is pre-
sented as vertical line on bars
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Relative water contents of both cultivars decreased under 
Ni-stress. A putative explanation for such decrease in RWC 
despite the significant increment in turgor pressure and the 
more negative osmotic and water potentials as recorded in 
this study could be linked to the reduction of mesophyll cell 
size and thickness with a parallel reduction in midrib thick-
ness in expanding leaves under Ni stress (Khaliq et al. 2016). 
Other reasons that might account for the observed trends in 
RWC might include severe reduction in leaf cortical region 
thickness and area accompanied by a reduction in vascular 
bundle thickness (both xylem and phloem). These anatomi-
cal modifications caused a significant change in specific leaf 
area (SLA) of the nickel stressed plants (this data is not 
reported in this manuscript and can be found in the PhD 
dissertation of first author Ahmad 2011), which significantly 
hampered the plant water relation attributes.

Similarly, the fact that E increased despite gs decreased 
could result in damages to the leaf epidermis that increases 
cuticular transpiration. These results are in accordance 
with Jagetiya et al. (2013), who reported that green gram 
seedlings exposed to 1-µM Ni increased RWC of leaves. 

However, RWC significantly decreased at 10- to 1000-µM Ni 
levels. In another study, Singh and Pandey (2011) reported a 
significant decrease in RWC of metal stressed lettuce plants. 
Likewise, Llamas et al. (2008) showed that RWC of rice 
plants were considerably reduced with rise in Ni concentra-
tion. This evidence shows that RWC are generally reduced 
in plants exposed to Ni stress, but further research is needed 
to determine the underlying mechanisms, causing alterations 
in relative water contents of Ni-stressed plants.

Electrolyte leakage in leaves of both sunflower cul-
tivars increased with the increment of Ni level, indicat-
ing that the membrane permeability was significantly 
disturbed under Ni-stress. It has been argued that the 
metal stress causes loss of membrane permeability, 
which leads to loss of osmolytes and, ultimately, turgor 
potential (Jogawat 2019). Although Ni cannot directly 
produce ROS, high production of reactive oxygen spe-
cies (ROS) has been reported under Ni stress (Boomina-
than and Doran 2002; Gajewska and Skłodowska 2007). 
These facts show that production of ROS is an indirect 
consequence of Ni stress that might damage micro- and 
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Fig. 6  Effect of different levels of nickel (A = 0 mg/L, B = 10 mg/L, 
C = 20  mg/L, D = 30  mg/L, E = 40  mg/L) on protein (mg  g−1 fresh 
weight) (a), amino acid (mg  g−1 fresh weight) (b), and total soluble 

sugar (mg  g−1 fresh weight) (c) of two sunflower (Helianthus annuus 
L.) cultivars. Standard error is presented as vertical line on bars
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macro-molecules including biological membranes. Other 
reports indicate that Ni causes alterations in sterol and 
phospholipids of the plasma membranes that can cause 
modifications in the permeability of membranes leading 
to enhanced electrolyte leakage under Ni-stress (Hassan 
et al. 2019).

Results revealed that the content of soluble proteins 
was slightly improved at low level of Ni (10 and 20 mg 
 L−1); however, it was reduced by increasing Ni concen-
tration. Moreover, the opposite was true for the concen-
tration of free amino acids. At high Ni application, the 
concentration of soluble proteins was severely decreased 
as an indication of toxic effects of elevated concentration 
of Ni in the growing environment. Cultivar Hysun-33 
exhibited fewer reductions in soluble protein contents but 

more increase in free amino acids than that of SF-187. 
It has been reported that total free amino acids might 
accumulate in various crop plants under metal stress. 
The higher total free amino acids may be the result of 
increased synthesis of protective osmolytes (e.g., proline) 
or enhanced protein degradation due to Ni stress (Ahmad 
and Ashraf 2011). Proline performs protective function, 
while asparagine acts as chelating agent for Ni, Cd, Pb, 
Zn, and other metals by forming a metal–ligand complex 
for detoxification (Hassan et al. 2019). Such increment in 
free amino acids is mostly complemented with a reduc-
tion in total soluble proteins (Ali et al. 2009).

The soluble sugar contents first decreased at low Ni con-
centration (10 mg  L−1) and then increased with rise in Ni 
level. Most of the metal ions including Ni cause alteration 

Fig. 7  A heatmap constructed for various growths and physiologi-
cal attributes of Hysun-33 (a), SF-187 (b). The numbers on right 
(0, 10, 20, 30, and 40  mg/L) show Ni concentration. Within heat-
plot, red color indicates strong positive correlation, while blue color 
indicates strong negative correlation with applied Ni levels. Same 
color in clades and leaves of dendrogram on top and left sides indi-
cates parameters placed in same cluster. Abbreviations: AA, total 
free amino acids; Prot, total soluble proteins; RDW, root dry weight; 
RFW, root fresh weight; RL, root length; RMP, relative membrane 
permeability; RWC, relative water content; SDW, shoot dry weight; 
SFW, shoot fresh weight; SL, shoot length; TSS, total soluble sugars; 
OP, leaf osmotic potential; TP, leaf turgor potential; WP, leaf water 
potential

Fig. 8  A heatmap constructed for photosynthetic pigments and gas 
exchange attributes of Hysun-33 (a), SF-187 (b). The numbers on 
right (0, 10, 20, 30, and 40 mg/L) show Ni concentration. Within the 
heatplot, red color indicates strong positive correlation, while blue 
color indicates strong negative correlation with applied Ni levels. 
Same color in clades and leaves of dendrogram on top and left sides 
indicates parameters placed in the same cluster. Abbreviations: A, net 
photosynthetic rate; Chl a, chlorophyll a; Chl b, chlorophyll b; Chl 
a/b, chlorophyll a/b ratio; Ci/Ca, Ci/Ca ratio; Chl/Carot, chlorophyll/
carotenoids ratio; Carot, carotenoids; T Chl, total chlorophyll; E, tran-
spiration rate; gs, stomatal conductance; WUE, water use efficiency

50359Environmental Science and Pollution Research  (2023) 30:50346–50363



1 3

in carbohydrate metabolism when they are in abundance in 
the soil. This is due to a negative effect on the functioning 
of the main metabolic enzymes of Calvin cycle, causing 
changes in the levels of essential bio-molecules like sugars, 
proteins, amino acids, and nucleotides in growing plants 
(Jha and Dubey 2005). In addition, excess Ni concentration 
caused a marked reduction in the concentration of photo-
synthetic pigments, thereby affecting photosynthetic rate 
as observed in this study. Thus, reduced photosynthetic 
rate can reduce the concentration of soluble sugars under 
Ni-stress, which affects plant growth. The maintenance 
of higher soluble sugar content in the tolerant genotype 
(Hysun-33) can be, in part, related to the maintenance of 
higher photosynthetic rates, supported by maintenance of 
higher photosynthetic rates supported by higher photosyn-
thetic pigments under nickel stress (Rosa et al. 2009).

The heatmap clustering to draw the response of dif-
ferent plant attributes to specific Ni treatment levels 
in both cultivars showed that low levels of Ni (10 mg 
 L−1) were positively correlated with growth, physiologi-
cal, photosynthetic, and gas exchange attributes, while 
higher levels (20–40 mg  L−1) of Ni showed a negative 
effect on most of these attributes. These findings showed 
that low level of Ni (10 mg  L−1) may have some poten-
tial in improving sunflower growth, physiological and 

biochemical attributes, probably because of its growth 
stimulatory effects as reported in some earlier stud-
ies (Ahmad and Ashraf 2011; Patra et al. 2020). These 
findings were further strengthened by PCA plot where 
all growth attributes, photosynthetic pigments, and gas 
exchange attributes were plotted with lower Ni levels 
(10 mg  L−1) in cultivar Hysun-33. Water relation attrib-
utes, carotenoids, amino acids, and total soluble sugars 
were plotted with 30- and 40-mg  L−1 Ni levels in the 
same cultivars. These findings clearly indicated that 
lower levels had a significant growth promontory effects 
mainly because of maintenance of photosynthetic capac-
ity in this cultivar as indicated in some earlier studies 
(Freitas et al. 2018). Comparably, only a few physio-
logical attributes, i.e., relative membrane permeability 
(RMP), Chl a/b ratio (at 20- to 40-mg  L−1 Ni levels), and 
 Ci/Ca and chlorophyll/carotenoid ratios (at 10-mg  L−1 Ni 
level) were affected. These findings suggest that the sen-
sitivity of this genotype was partly related to enhanced 
electrolyte leakage from membranes (reduced RMP) and 
higher sensitivity of chlorophyll a over b. Chlorophyll 
a is the main component of the reaction center, and any 
damages to Chl. a can significantly reduce photosyn-
thetic capacity under Ni stress (Szymaska and Matraszek 
2005; Singh and Pandey 2011).

Fig. 9  A correlogram con-
structed for various growths 
and physiological attributes 
of the two sunflower hybrids. 
(red = significantly positive, 
blue = significantly negative). 
Abbreviations: AA, total free 
amino acids; Prot, total soluble 
proteins; RDW, root dry weight; 
RFW, root fresh weight; RL, 
root length; RMP, relative 
membrane permeability; RWC, 
relative water content; SDW, 
shoot dry weight; SFW, shoot 
fresh weight; SL, shoot length; 
TSS, total soluble sugars; OP, 
leaf osmotic potential; TP, leaf 
turgor potential; WP, leaf water 
potential; A, net photosynthetic 
rate; Chl a, chlorophyll a; Chl 
b, chlorophyll b; Chl a/b, chlo-
rophyll a/b ratio; Ci/Ca, Ci/Ca 
ratio; Chl/Carot, chlorophyll/
carotenoids ratio; Carot, carot-
enoids; T Chl, total chlorophyll; 
E, transpiration rate; gs, stoma-
tal conductance; WUE, water 
use efficiency
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Conclusion

Application of high levels of Ni showed a marked reduc-
tion in growth due to changes in various biochemical and 
physiological parameters of sunflower. High concentra-
tion of Ni severely reduced plant growth and development 
because of negative effects on photosynthetic pigments 
and water relation attributes that inhibited photosynthetic 
capacity of Ni-stressed plants. However, low concentra-
tion of Ni (10 mg/L) showed some improvements in shoot 
length, transpiration rate, leaf turgor potential, membrane 
permeability, and soluble proteins, indicating that the low 
levels of Ni can potentially benefit sunflower growth. The 
lower accumulation of Ni across different treatments in 

one of the hybrids (Hysun-33) may account for the better 
performance shown by this hybrid for most of the traits 
measured. Cultivar SF-187 was apparently more sensitive 
to high Ni level as compared to Hysun-33. This was appar-
ently due to a lower capability of SF-187 to decrease net 
Ni accumulation in both underground and aerial tissues 
than the other genotype, which significantly hindered key 
physiological processes.
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