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Nickel (Ni) is known as a plant micronutrient and serves as a component of many significant enzymes,
however, it can be extremely toxic to plants when present in excess concentration. Scientists are
looking for natural compounds that can influence the development processes of plants. Therefore,

it was decided to use proline as a protective agent against Ni toxicity. Proline (Pro) is a popularly
known osmoprotectant to regulate the biomass and developmental processes of plants under a
variety of environmental stresses, but its role in the modulation of Ni-induced toxicity in wheat is
very little explored. This investigation indicated the role of exogenously applied proline (10 mM)

on two wheat varieties (V1=Punjab-11, V2 =Ghazi-11) exposed to Ni (100 mg/kg) stress. Proline
mediated a positive rejoinder on morphological, photosynthetic indices, antioxidant enzymes,
oxidative stress markers, ion uptake were analyzed with and without Ni stress. Proline alone and in
combination with Niimproved the growth, photosynthetic performance, and antioxidant capacity of
wheat plants. However, Ni application alone exhibited strong oxidative damage through increased
H202 (V1=28.96, V2 =55.20) accumulation, lipid peroxidation (V1=26.09, V2 =38.26%), and reduced
translocation of macronutrients from root to shoot. Application of Pro to Ni-stressed wheat plants
enhanced actions of catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), and total soluble
protein (TSP) contents by 45.70, 44.06, 43.40, and 25.11% in V1, and 39.32, 46.46, 42.22, 55.29%

in V2, compared to control plants. The upregulation of antioxidant enzymes, proline accumulation,
and uptake of essential mineral ions has maintained the equilibrium of Ni in both wheat cultivars,
indicating Ni detoxification. This trial insight into an awareness that foliar application of proline can be
utilized as a potent biochemical method in mitigating Ni-induced stress and might serve as a strong
remedial technique for the decontamination of polluted soil particularly with metals.

Heavy metal pollution, either prevailing naturally or anthropogenically, poses a significant threat to sustainable
agricultural productivity!*. They are extremely persistent in soil owing to their non-biodegradability®~’, which
results in stunted plant growth, chlorosis, root browning, and death of the entire plan®®. Heavy metals are usu-
ally grouped as according to their physiological significance to the plant metabolic activities'®. Nickel (Ni) is
considered as micronutrient ranging between 0.01 and 5 ug g™* dry weight of the plants''. Nickel is involved
in the regulation of many enzymes including glyoxalase-I system urease, superoxide dismutases (SOD), and
hydrogenase'?. However, excessive amounts of Ni can lead to plant toxicity. Environmental pollution from Ni may
be due to industrialization, the use of liquid and solid fuels, municipal and industrial waste and the injudicious
use of inorganic fertilizers'®. The contamination of Ni has been increasing worldwide in recent years, including
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Asia, North America and Europe'*. Studies have recorded concentrations of Ni in aquatic environments reach-
ing levels of up to 0.2 mg/L and in terrestrial resources up to 26 g/kg. This amount is approximately 25 times
higher than in resources not affected by Ni contamination'®. When Ni concentrations exceed the recommended
range, it negatively impacts plant physiology. High Ni levels have been shown to reduce plant weight, hinder
photosynthetic activity and respiration, impede mineral intake, and disrupt the nitrogen metabolic pathway'®.
Additionally, elevated Ni levels can induce the release of harmful reactive oxidant species (ROS) that can disorder
the antioxidant immune system, leading to oxidative damage in plants'”. One of the significant consequences of
Ni toxicity is the reduced absorption of essential minerals and nutrients like iron, copper, manganese, and zinc
by plants, which can result in nutrient deficiencies'®. Plants alleviate heavy metal induced oxidative damage by
releasing defensive regulatory molecules like antioxidants and osmoprotectants'®-22,

Wheat (Triticum aestivum L.) is popularly cultivated crop among the cereals, serving as a staple food
globally?’. With a current yearly production of 786.49 million metric tons of wheat, fulfill the demand of the
growing population around the word but the requirement of wheat production is predicted to increase by 2050
up to 70% increase®*. Wheat bran and wheat germ offer unique ingredients for food applications, such as dietary
fiber, minerals, B vitamins, lipids, and protein®. Its rich nutritional content, with 60-80% carbohydrates and
8-15% protein, makes wheat superior to other grains?®. Wheat grain yield and quality are affected by genotype,
environmental conditions, and interactions between the two?”*. Nickel is considered as readily stored element
in the wheat grains even at a concentration as low as 200 mg kg™', shows serious health concerns. Excess Ni in
wheat seedlings may prevent the translocation of other essential micronutrient like Cu, and Mg. Increased Ni
concentration can disrupt the absorption and distribution of mineral elements in different plant organs, causing
Ni toxicity in wheat®.

Proline, known as low molecular compounds boosts plant tolerance against variety of heavy metals stress
and other abiotic stresses’®’!. These molecules salvage plants and create osmotic adjustment, thus improving
stress tolerance®. Proline, acting as a solute, osmoregulator, and amino acid, plays a defensive role by detoxifying
reactive oxygen species, protecting membranes, and stabilizing enzymes and proteins®. It maintains membrane
integrity, prevents electrolyte seepage, and reduces reactive oxygen species levels***>. Proline application has
been shown to enhance stress tolerance in various food crops, including cucumber, pea, rice, and sunflower,
when applied at appropriate concentrations®**. Under stress conditions, proline accumulates in plants, aiding in
osmoregulation and protecting cell membranes and organs. It serves as a primary solute, shielding plants from
oxidative damage and stress, and also safeguards chloroplasts, mitochondria, and DNA. Additionally, it promotes
photosynthesis and sugar accumulation in plants®. Proline application in stressed plants induces structural
changes, increasing root surface area to overcome water and nutrient deficiencies. Moreover, it stimulates root
growth and induces structural changes in leaves and stems of stressed plants®.

Proline plays a diverse role in plants, especially under harsh environmental conditions. It performs a cru-
cial role in regulating the Ni tolerance in sensitive crops. However, the protective role of proline in alleviating
Ni phytotoxicity is not much explored. So, this study aimed to explore the effect of proline on the regulation
of morphological, physiological and biochemical parameters of wheat under Ni stress. Enhancing tolerance
through proline may expand wheat cultivation into Ni-contaminated soil, contributing to global food security
by maximizing the growth. The results of this study are expected to deepen our understanding regarding proline-
mediated regulatory mechanism of wheat tolerance to Ni stress.

Methodology

The experiment was executed at the experimental area, University of Agriculture, Faisalabad (Latitude: 32° 26"
45.7046", Longitude: 74° 5" 13.2811") to examine the influence of proline as foliar treatment on wheat under
Ni stress. The experiment with completely randomized design had 4 replicates per treatment. The two wheat
varieties were exploited namely Punjab-11 (VI) and Ghazi-11 (V2). Treatments for the experiment were T0
(0 mM Proline+0 uM Ni), T1 (10 mM Proline + 0 uM Ni), T2 (0 mM Proline + 100 mg/kg Ni) and T3 (10 mM
Proline + 100 mg/kg Ni). For sowing, each pot (28 cm x 24 cm x21.5 cm) carrying 8 kg of soil was provided
with twelve seeds. Plants were watered twice every week. After two weeks of seed sowing, thinning was done
for maintaining 6 plants per pot. Nickel stress (100 mg kg™") was imposed at early boot stage (BBCH identifica-
tion code 41 and foliar application of proline was given as 0 and 10 mM concentration at end of heading stage
(BCCH identification code 59)*°. Weather data for crop duration November 2021 to April 2022 is presented in
Fig. 1. Plants were harvested after 3 weeks of foliar application to record different parameters.

Plant sampling

Four healthy plants were uprooted from each pot. The two plants were used for recording morphological param-
eters (fresh and dry weights and length of root and shoot) and the leaves of other two plants were stored at — 20 °C
to determine physiological and biochemical attributes.

Plant analyses

Morphological parameters

Length and weight. The length of shoot and root were recorded in “cm” using measurement tape while fresh
and dry weights were recorded in “g” using weighing balance.

Biochemical parameters
Photosynthetic pigments. Protocol devised by Arnon*! was followed for determining the pigments involved
in photosynthesis. Fresh leaves (0.1 g) were extracted in 80% acetone. The solution was kept overnight in the
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Figure 1. Weather date during the growing season 2021-22.

dark. The ultraviolet visible spectrophotometer (U2020 IRMECO) was utilized for taking the readings at 480,
645 and 663 nm.

Enzymatic antioxidants. Flag leaves of two wheat cultivars (0.25 g) were extracted in 5 mL of potassium phos-
phate buffer (pH 7.8) at 4 °C and centrifuged at 12,000 rpm for 15 min. Activities of enzymatic antioxidants were
determined exploiting supernatant.

Catalase (CAT). The technique developed by Chance and Maehly*? was tracked for investigating the CAT con-
centration in both stressed and non-stressed wheat cultivars. Each cuvette had phosphate buffer (1.9 mL), H,0,
(1 mL) and plant extract (0.1 mL). Absorbance was noted for 2 min after every 30 s at 240 nm.

Peroxidase (POD). In accordance with the process developed by Chance and Maehly*, the accumulation pat-
tern of POD was estimated. Each sample contains a measured and standard volume of phosphate buffer, guaiacol
(20 mM), H,0, (40 mM) and 50 pL plant extract. The readings were taken at 470 nm after every 30 s for 2 min.

Superoxide dismutase (SOD). The assessment of the activity of SOD activity was done by following Method by
Spitz and Oberley®. The reaction mixture consisting of distilled water, phosphate buffer, L-Methionine, Triton-
X, NBT, riboflavin and plant sample (50 pL), in a total volume of 2.5 mL was placed underneath a fluorescent
lamp for 15-20 min. The readings were noted at 560 nm with a regular interval of 30 s interval for 2 min.

Total soluble proteins. The assessment of total soluble proteins was done by pursuing the protocol of Bradford*.
The previously extracted antioxidant solution was used for estimating total soluble proteins (TSP). The Bradford
reagent (5 mL) was mixed with enzyme extract and vortexed for 5 s. Absorbance was noted at 595 nm with
UV-spectrophotometer.

Reactive oxygen species (ROS). 1Hydrogen peroxide (H,0,). H,0, determination followed Velikova et al.**.
Frozen leaf tissue was extracted in 0.1% TCA, centrifuged at 12,000 rpm for 20 min. Equal volumes of superna-
tant, pH 7.00 potassium phosphate buffer, and 1 mL KI were mixed in a glass tube. Absorbance was measured
at 390 nm after vortexing.

Lipid peroxidation markers. Malondialdehyde (MDA). The concentration of MDA was estimated by follow-
ing Cakmak and Horst*. The frozen leaves were ground in 0.1% TCA, followed by centrifugation at 13,000 rpm
for 15 min. The upper transparent liquid was further diluted with 4 mL solution containing 20% thiobarbituric
acid (TBA) fortified with 0.5% TCA, and boiled at 100 °C for 30 min. Reading for each sample was taken at
532 nm and 600 nm after being cooled in ice.

Anthocyanins. For the estimation of anthocyanins, Stark and Wray’s*” bioassay was employed. Leaf samples
of each treatment and replicate was separately chopped in small pieces, supplemented with 2 mL of acidified
methanol and boiled at 90 °C for 1 h and optical density was noted at 535 nm.

Scientific Reports |

(2024) 14:456 | https://doi.org/10.1038/s41598-023-50576-5 nature portfolio



www.nature.com/scientificreports/

Total soluble sugars. Approximation of total soluble sugars was performed out by adopting protocol designed
by Yoshida et al.*®. The leaf sample (0.1 g) was treated with deionized water (10 mL) and heated at 90 °C for 1 h.
Dilution was done with deionized water to get desired volume. The anthrone reagent (5 mL) was mixed with this
dilution (1.5 mL) and again heated 90 °C for 20 min. Absorbance was noted at 620 nm.

Flavonoids. The method developed by Zhishen et al.*’ for the evaluation of flavonoids was followed. The 0.1 g
leaf sample was mixed with 80% acetone and kept overnight in dark. The 1 mL of this solution was supplemented
with distilled water, 5% NaNO,, 10% AICl;, and 1 M NaOH. Optical density was noted down at 510 nm.

Ascorbic acid (AsA). The AsA contents were recorded through subsequent procedure of Mukherjee and
Choudhuri®. Leaf sample was ground in 6% TCA solution and centrifuged at 12,000 rpm for 10 min. The 2%
dinitrophenyl hydrazine (1 mL) along with a tiny drop of 10% thiourea were added to the supernatant, subjected
to heating in boiling water container at 90 °C for 15 min, later cooled down in ice. The freshly prepared sulphuric
acid (80%) was added, and reading was taped at 530 nm.

Mineral nutrients

Na*, K* and Ca**

Dried shoot sample (0.1 g) was digested with 3 mL sulphuric acid and kept overnight to be digested at maximum.
The reaction mixture for each sample was placed on hot plate and hydrogen peroxide (5 mL) was added. Hydro-
gen peroxide was added again until the solution became colorless. The solution was then allowed to cool after
removing from hot plate and filtered. Dilution was done by adding distilled water until the final volume became
50 mL. The reading was taken on flame photometer (Sherwood-410) for the determining Na*, K* and Ca?*.

Statistical analysis

Three-way analysis of variance (ANOVA) was implicated and data significance was analysed by using Statistix
8.1 at significance level of 0.05. Principal component analysis (PCA), heat plot and correlation analysis were
performed through R-studio (version R-4.3.1).

Plant guidelines
All the plant experiments were performed by relevant institutional, national, and international guidelines and
legislations.

Results

Proline reduced inhibitory effects of Ni by enhancing biomass production of wheat seedlings
Figure 2A-F describes some of the growth features of the two wheat varieties (V1 =Punjab-11, V2 =Ghazi-11),
such as shoot fresh and dry weight (SF/DW), shoot length (SL), root fresh and dry weight (RF/DW) and root
length (RL) when treated with Ni (100 mg kg™') and proline (10 mM), along with no treatment (T,) and proline
(Pro) application alone (T). The application of Ni to both wheat varieties drops the growth parameters (Fig. 2).
The shoot length of both varieties V1 and V2 was substantially (P<0.001) lowered when the plants were watered
containing 100 mg kg™' of Ni, by “27.83% and 24.28%, respectively, contrary to the plants without stress of their
respective wheat variety. Similarly, Ni treatment caused a drastic (P<0.001) reduction of SFW (26.53%), RFW
(26.92%), RDW (27.58%), and RL (30.53%) in both varieties. On the contrary, foliar application of proline (T5)
significantly (P<0.05) reduced the inhibitory effect of Ni, by limiting the reduction of SFW (1A), SDW (1B),
SL(1C), RFW (1D), RDW (1E), and RL (1F) up to 11.59, 24.38, 13.52, 13.50, 16.02, and 12.65%, respectively
compared to T, treatment of both varieties. Both wheat varieties showed significant differences, as V1 showed
a more drastic reduction of growth characteristics compared to V2, but the recovery mechanism was more
pronounced in V1 with Pro treatment facing Ni toxicity (Tj).

Proline alleviates the photosynthesis reduction induced by Ni stress in wheat seedlings

In plants treated to Ni stress, chlorophyll a, chlorophyll b, total chlorophyll and carotenoids levels fell by 36.97,
36.75, 35.78, and 40.65%, respectively, in relevance to control plants (Fig. 3A-D). In comparison to Ni-stressed
plants, Pro treatment increased (P<0.01) the chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid con-
tents by 29.64%, 18.39%, 37.07%, and 32.55%. Proline also enhanced the amounts of chl. a, chl. b, total chl. and
carotenoids in non-stressed plants by 14.46, 22.48, 17.38, and 23.33%, respectively (Fig. 3). All photosynthetic
pigments showed a non-significant difference in both wheat varieties except carotenoids, where V2 showed
higher accumulation of carotenoids with Pro treatment with (T;) and without stress (T).

Proline elevates the endogenous antioxidant pooling Ni-stressed wheat seedlings

To verify the antioxidant role of exogenous 10 mM Pro under Ni stress, the contents of CAT, POD, SOD and
TSP were recorded in wheat plants. Under only Ni treatment (T,), a significant (P<0.05) increase was observed
in CAT (V1=21.09, V2=21.69%), POD (V1=21.86, V2=27.54%), SOD (V1=28.11, V2=21.21%), and TSP
(V1=1.68 V2=27.62%) contents compared to non-stressed plants (Fig. 4). Furthermore, CAT, POD, SOD, TSP
contents were also significantly (P<0.001) increased by 45.70, 44.06, 43.40, and 25.11% in V1, and 39.32, 46.46,
42.22,55.29% in V2 under Pro + Ni treatment relative to control plants (4A-D).
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Figure 2. Effect of Ni (100 mg/kg) stress with and without foliar application of Pro (10 mM) on shoot fresh
weight (A), shoot dry weight (B), shoot length (C), root fresh weight (D), root dry weight (E), and root length
(F) in two varieties (V1 =Punjab-11, V2 =Ghazni-11) of Triticum aestivum L. seedlings.

Proline alleviates the endogenous oxidative damage induced in Ni-stressed wheat seedlings
To foster the impact of Pro under Ni, reactive oxygen species (ROS) in non-radical form H,O, (Fig. 4E) and
MDA (Fig. 4F) content were examined. The important findings specified that Ni toxicity has pointedly (P<0.001)
increased endogenous H,0,, and MDA concentration by 28.96, 55.20% in V1, and 26.09, 38.26% in V2 wheat
seedlings, respectively. However, oxidative damage was minimized (P <0.05) by the exogenous treatment of Pro
(Fig. 4). In comparison to Ni treatment alone, Ni+ Pro application appeared to reduce H,0, and MDA contents
by 9.32-22.43%, and 15.25-28.42% in both wheat varieties, respectively (Fig. 4E,F).

Proline elevates osmolyte accumulation in Ni-stressed Wheat seedlings

The exposure of wheat plants to Ni stress leads to more accumulation of essential organic osmolytes which have a
significant key role in regulating growth under stress. Proline-treated plants in combination with Ni (T;) showed
a significant (P<0.05) increase of anthocyanin (Fig. 5A), flavonoid (Fig. 5B), ascorbic acid (AsA; Fig. 5C), and
total soluble sugars (TSS; Fig. 5D) contents in both wheat varieties. Nickel stress significantly (P<0.001) reduced
anthocyanin contents in V1 (38.90%) and V2 (41.73%). However, the combined application of Ni + Pro signifi-
cantly (P<0.05) enhanced anthocyanin activity in both wheat cultivars (V1=16.72%, V2=19.32%). Under Ni
stress alone (T,) and Pro and Ni stress (T;), flavonoid contents increased by 32.78% and 50.59%, respectively
(Fig. 5B). Similarly, AsA content was enriched in Pro treated plants alone and in Ni + Pro plants. Introduction of
Ni in the rhizosphere to growing plants increased AsA content by 54.48% while Pro + Ni treated plants showed
an increase of approximately 86.71% over the control plants of V1 (Fig. 5C). Under Ni stress alone (T,) and
Pro+Ni (T;) treatment, TSS activity increased by 96.26-125.11% and 125.73-176.60% respectively, in both
wheat varieties (Fig. 5D).
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Figure 3. Effect of Ni (100 mg/kg) stress with and without foliar application of Pro (10 mM) on chlorophyll
a (A), chlorophyll b (B), total chlorophyll (C), carotenoid (D) contents in two varieties (V1 =Punjab-11,
V2=Ghazni-11) of Triticum aestivum L. seedlings.

Pro application elevates the Ca?* and K* while suppressed Na* in Ni-stressed Wheat seedlings
Nickel has caused osmotic disparity in both wheat varieties (Fig. 6). The endogenous potassium ions (K*), and
calcium ions (Ca®") concentration drops substantially (P<0.05) in both wheat seedlings under Ni conditions
(T,), related to their respective control plants (T,) (Fig. 6A-C). The foliar application of Pro (T;) reduced the
inhibitory effect of Ni on Ca®* and K* accumulation by 6.38, and 15.91% compared to drastic reduction under
T, (21.28,28.41%) in V1, while T, treatment significantly (P<0.01) enhanced Ca®* (Fig. 5A; 14.63, 14.89%), and
K* (Fig. 6B; 9.15, 11.36%) in both wheat varieties.

Nickle stress caused a significant (P<0.001) higher accumulation of toxic ions like Na* in shoot samples of
both wheat varieties (Fig. 6C). The Na* accumulated up t038.78 and 53.83% under Ni stress (T,) in both wheat
varieties, when compared with respective control wheat variety. However, Pro + Ni treatment (T;) substantially
(P<0.01) minimized Na* accumulation in V1 (25.00%) and V2 (28.45%). The ionic fluxes after recovery from
Ni with Pro treatment were considerably altered in both wheat varieties (Fig. 6A-C).

Proline alleviates the yield reduction induced by Ni stress in wheat seedlings

The Ni stress condition considerably (P<0.01) reduced the overall yield of both wheat cultivars (Fig. 6D-F).
When both varieties were subjected to Pro application under non-stress condition (T)), spike length (6D), num-
ber of seeds per spike (Fig. 6E), and 1000 grain weight (Fig. 6F), increased up to 16.92, 19.23, and 19.36% respec-
tively. However, Ni-affected plants (T,) of both varieties exhibited reduced spike length (V1=33.53, V2=32.03%),
number of seeds per spike (V1=30.12, V2=32.90%), and 1000 grain weight (V1 =35.25, V2=38.20%), compared
to non-stressed plants (T,). The foliar-applied treatment (T;) minimized the inhibitory effect of Ni stress com-
pared to their stressed plants (T,). Overall, both cultivars showed non-significant differences in their agronomic
attributes (Fig. 6D-F).

Principal Component Analysis (PCA), Heat-plot and correlation analysis:

To reveal total variability, PCA analysis was performed and different variability dimensions were estimated.
Among these, first two (Dim1 and Dim2) encompassed about 85.3% of the total variability explained by dif-
ferent morphological, agronomic and biochemical parameters. To comprehend the relationship among these
variables under Proline and Nickel treatment, position of each variable was shown in PCA biplot based on both
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Figure 4. Effect of Ni (100 mg/kg) stress with and without foliar application of Pro (10 mM) on catalase
(A), peroxidase (B), superoxide dismutase (C), total soluble protein (D), hydrogen peroxide (E), and
malondialdehyde (F) contents in two varieties (V1=Punjab-11, V2 =Ghazni-11) of Triticum aestivum L.
seedlings.

individual and variable projections (Fig. 7). Based on individual projections, factor analysis was performed in
2 x 2 factorials arrangements and was plotted for Nickel (Nil and Ni2) and Proline (Prl and Pr2) treatments.
This led to four treatment combinations i.e., NilPr1, NilPr2, Ni2Pr2 and Ni2Pr1 which were distributed in II, I,
III and IV quadrants respectively. To further comprehend the relationship with plant characteristics, these were
plotted as vectors and degree of correlation as measure of angle in PCA biplot (Fig. 7). Our results showed that
a group of plant variables including S Ca, RL, RDW, Chl a, Chl b, SFW, SL, SK, SDW and RFW were distributed
in first quadrant showing positive correlation to Dim1 (67.5%) while biochemical parameters like Flavonoids,
SOD, POD, CAT, AsA, TSS and TSP were positively correlated to Dim2 (17.8%). On contrary, variables like S
Na, MDA and H,0, were negatively related to both Dim1 and Dim2 (Fig. 7). However, no clear pattern was
observed for morphological, agronomic or biochemical parameters in PCA biplot.

To compare mean performance under different treatments (Variety, Nickel and Proline levels) in eight dif-
ferent treatment combinations (V1NilPrl, VINilPr2, VINi2Prl, VINi2Pr2, V2NilPr1, V2NilPr2, V2Ni2Prl,
V2Ni2Pr2) for all studied variable and log normalized data was plotted as heat map (Fig. 8). The results showed
that based on mean performance of plant variables, eight treatment combinations could be divided into two
distinct categories. All treatment combinations with Nickel level 1 (Nil) like VINilPrl, VINilPr2, V2NilPrl
and V2NilPr2 were placed in one group which demonstrated higher mean performance for S Ca, SL, S K, SFW,
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Figure 5. Effect of Ni (100 mg/kg) stress with and without foliar application of Pro (10 mM) on anthocyanin
(A), flavonoid (B), ascorbic acid (C), and total soluble sugar (D) contents in two varieties (V1=Punjab-11,
V2=Ghazni-11) of Triticum aestivum L. seedlings.

RDW, RL, SDW, REW, Seed number, 1000 GW, Spike length and few biochemical parameters like carotenoids,
Anthocyanin, T Chl, Chl a and Chl b (Fig. 8). Similarly, all treatment combinations with Nickel level 2 (Ni2)
including VINi2Pr1, VINi2Pr2, V2Ni2Prl and V2Ni2Pr2 were placed in same group which depicted higher
mean values for majority of biochemical parameters like TSS, TSP, Flavonoids, SOD, AsA, CAT, POD, H,0, and
MDA while all other variables showed lower mean values (Fig. 8).

The correlation analysis identified three main groups’ correlations among the different variables. The first
group includes higher positive and significant correlations between biochemical parameters like CAT, POD,
AsA, SOD, TSP, Flavonoids and TSS along with lower positive non-significant correlation values for MDA and
S Na and H,0,. The second larger group showed significant negative correlation values among Seed Number,
1000 GW, SDW, RFW, T Chl, Chl a, Chl b, Anthocyanins, Spike length, Carotenoids, RDW, SL SFW, S K, RL
and S Ca (Fig. 9).

Discussion

Plant growth and biomass

The risk for plant growth and development increased as a result of the unrestrained anthropogenic activities
that added HM:s to agricultural soils®’. There have been reports on the negative effects of Ni at higher concentra-
tions on the plant life cycle and its necessity for plants at lower concentrations®>->*. Nevertheless, little research
has been done on the negative effects of Ni toxicity and how plants can adapt to it. Growing wheat and other
significant cereal crops in Ni-contaminated soil might pose substantial risks to the health of people, animals,
and plants. Although Ni is a so-called vital microelement, too much of it can be hazardous™. Plant growth
and photosynthetic capacity are also decreased as a result of Ni toxicity. In addition, it causes oxidative stress,
impedes the intake of other metals, and suppresses the metabolism of nitrogen as well as enzymatic and mitotic
processes. Arabidopsis thaliana (L.) was affected by a high Ni** concentration in the growth medium, which
caused geotropism deficiencies by inhibiting root cell elongation®®. According to Wang and Zhou®’, plant toler-
ance to heavy metals is frequently evaluated based on the degree of root or shoot growth restriction produced
by the existence of undesirable metal/s in the growing media. The current findings also support the previous
findings by exhibiting reduced biomass attributes wheat plants under Ni?* stress, as demonstrated by many
scientists previously’”®. Nickel treated plants with a toxic concentration showed deprived root growth because
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Figure 6. Effect of Ni (100 mg/kg) stress with and without foliar application of Pro (10 mM) on

shoot potassium ions (A), shoot calcium ions (B), shoot sodium ions (C), spike length (D), seed number per
spike (E), and 1000 grain weight (F) in two varieties (V1=Punjab-11, V2=Ghazni-11) of Triticum aestivum L.
seedlings.

of reticence of mitotic activity, thus restrict the overall growth of the plants®. Ni distribution in plant tissues is
an indication of a change in chemical form resulting from complexation with plant-produced ligands. Studies
on the uptake of HMs by plants have shown that HMs can also be transported passively from roots to shoots
through the xylem vessels®. Nickel was also likely to have adverse effects on various metabolic and biochemical
processes, as well as on plant cell proliferation, mitotic cell division, and cell wall flexibility®"%2. These molecular
disbalance resulted in arrested shoot and root weight as well as growth. To improve plant’s adaptability against
Ni?* stress, certain signal molecules could be applied exogenously to serve as a potent solution. Among many
signal molecules, proline is a notable biological signal molecule in plant tissues to regulate numerous growth
and development processes. In stressed plants, increased proline levels in the roots and shoots may lead to
osmoregulation. Proline is essential for maintaining membrane integrity, controlling cytosolic pH, regulating
osmosis, stabilizing enzymes, and scavenging free radicals®®. Categorically, Pro performs three important func-
tions under stress in addition to being a great osmolyte: it chelates metals, works as potential antioxidant, and
signaling molecule. The stimulation of growth in response to exogenous proline treatment could be attributed
to changes in net photosynthetic rate and gaseous exchange characteristics, which improves the osmoregulatory
mechanism of plant with and without stress®*®>. The Pro has considerably defeated the Ni and salinity-induced
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Figure 7. PCA biplot of both individual and variable projections under Proline and Nickel treatments. (CAT:
catalase, POD: peroxidase, AsA: Ascorbic acid, SOD: superoxide dismutase, TSP: total soluble proteins, TSS:
total soluble sugars, S Na: shoot sodium, MDA: malondialdehyde, H,0O,: hydrogen peroxide, 1000 GW: 1000
grain weight, SDW: shoot dry weight, RFW: root fresh weight, Chl a: chlorophyll a, T Chl: total chlorophyll, Chl
b: chlorophyll b, RDW: root dry weight, SL: shoot length, SFW: shoot fresh weight, S K: shoot potassium, RL:
root length, S Ca: shoot calcium).

toxic effects at early growing stage, water status, and photosynthetic attributes. The Pro is efficient in regulating
polyamine metabolism to create tolerance in pea against Ni®®.

The toxic concentration of Ni caused a drastic reduction of dry biomass and yield occurred was found to
be different for different plant species. The current study also demonstrated the significant reduction of yield,
and yield-related components under Ni*" stress; while the exogenous application of Pro statistically stimulated
the yield attributes, when compared with control. Previously, it has been documented that Ni** toxicity imparts
negative consequences on mung bean yield due to phenomenon reduction of its morpho-physiological and
biochemical attributes®”.

Lipid peroxidation and reactive oxygen species scavenging by proline under Ni stress

In this study, we found inhibition of gaseous, and photosynthetic attributes at 100 mg kg™ concentration of Ni
in wheat. Toxicity of Ni** most likely impair photosynthetic process by interfering with membrane selectivity,
CO, fixation, ultrastructure of chloroplast, and electron transport processes®®. We recommended that higher
transpiration rate indicated higher rate of translocation of Ni from roots to the shoot®"!. Proline mitigated the
Ni?* toxicity in wheat seedlings by improving photosynthetic attributes”.

Nickel convincingly influences metabolic processes by accumulating higher rate ROS, which induce oxidative
stress in plants”. Variety of plants has displayed this phenomenon of increased production of ROS under abiotic
stress. The higher concentration of proline inhibits pyroline-5-carboxylate synthetase and generate ROS causing
growth inhibition in plants®. Some experiments recommended that 20 mM endogenous proline can completely
switch off singlet oxygen’. Proline functions as a protein compatible osmolyte, scavenging free toxic oxygen and
nitrogen radicals, buffering cellular redox potential to stabilize compartmental structures, membranes, and other
inclusions. Our results recommended the positive role of Pro in wheat facing Ni?* stress, might be attributed
to upregulation of antioxidant enzymes against ROS in plants. Proline also has detrimental role in maintaining
osmotic balance by keeping ionic homeostasis, successfully scavenging ROS, stabilizing antioxidant enzymes
that minimize oxidative damage, and enhancing growth and yield”.
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Figure 8. Heat plot showing mean performance of various plant characteristics under Proline and Nickel
treatments. (CAT: catalase, POD: peroxidase, AsA: Ascorbic acid, SOD: superoxide dismutase, TSP: total soluble
proteins, TSS: total soluble sugars, S Na: shoot sodium, MDA: malondialdehyde, H,O,: hydrogen peroxide,

1000 GW: 1000 grain weight, SDW: shoot dry weight, REW: root fresh weight, Chl a: chlorophyll a, T Chl: total
chlorophyll, Chl b: chlorophyll b, RDW: root dry weight, SL: shoot length, SFW: shoot fresh weight, S K: shoot
potassium, RL: root length, S Ca: shoot calcium).

The higher accumulation of proline in the plant is a response to the induction of stress that can cause the
plant to show tolerance mechanism. Proline accumulated in response to metals stress in many plants particu-
larly against cadmium in chickpea, and olive, Ni in pea, and aluminium in trifoliate orange’®””. The application
of Ni inhibited essential elements (N, P, K) and showed higher accumulation of MDA under Ni?** stress’®. The
phytotoxicity induced by Ni on different growth and physiological parameters of wheat was mitigated by Pro
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Figure 9. Correlation plot showing correlation matrix for various variables under Nickel and Proline
treatments. Correlogram based on Pearson correlation. Only significant correlations (p <0.05) are colored. Color
gradient shows degree of relationship while positive and negative correlations were presented with different
colors. (CAT: catalase, POD: peroxidase, AsA: Ascorbic acid, SOD: superoxide dismutase, TSP: total soluble
proteins, TSS: total soluble sugars, S Na: shoot sodium, MDA: malondialdehyde, H,O,: hydrogen peroxide,

1000 GW: 1000 grain weight, SDW: shoot dry weight, RFW: root fresh weight, Chl a: chlorophyll a, T Chl: total
chlorophyll, Chl b: chlorophyll b, RDW: root dry weight, SL: shoot length, SFW: shoot fresh weight, S K: shoot
potassium, RL: root length, S Ca: shoot calcium).

as indicated by the higher values of the shoot and root growth and scavenge the plants from harmful ROS and
limiting the lipid peroxidation.

Micronutrient regulation by proline under Ni stress

Plants that are exposed to heavy metals excessively have lower concentrations of macro- and micronutrients.
Plant growth and development require the correct levels of Ni and other minerals. Because Ni has the same jonic
charge as Mg?*, Fe?*, and Zn?*, it exhibits properties comparable to those of these metals”®. Nickel competes with
both macronutrients (Ca, Mg) and micronutrients (Fe, Cu, and Zn) in plant sorption and transpiration because
of their comparable properties®. Due to these similarities, a high Ni content prevents these nutrients from being
absorbed, translocated, and sorption by plants®’. Our findings support earlier research showing that Ni toxicity
dramatically reduced the quantities of nutrients in wheat shoots. Proline has certainly improved the nutrient
concentration both in stressed and non-stressed wheat seedlings. According to Zouari et al.*?, exogenous proline
also plays a protective role in osmotic adjustment maintenance, ionic homeostasis preservation, efficient ROS
scavenging, antioxidant enzyme stabilization that reduces oxidative damage, plant photosynthetic rate enhance-
ment, and growth and yield enhancement.

Conclusion

Our objective regarding current study was to examine the hypothesis that Pro can mitigate the deleterious effect
of Ni toxicity in wheat seedling. Our findings show that Pro can upregulate both morphological and biochemi-
cal parameters in such a way that enhances the plant tolerance to Ni pollution. This regulatory mechanism was
clearly embodied in improving the chlorophyll pigments that was associated with the concomitant increase in the
plant biomass, higher ionic uptake, and yield of both wheat cultivars with and without Ni stress. This alleviation
effects not only enhanced photosynthesis and biomass, but also regulated the biosynthesis and accumulation of
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flavonoids, total soluble sugars, and ascorbic acid. Overall, this study offers a significant insight upon the potent
ability of Pro to manipulate osmoregulatory metabolism to tolerate contamination with other heavy metal,
particularly Ni for other significant cereal crops.
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