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Abstract: Wheat (Triticum aestivum L.) exhibits a greater capacity for cadmium (Cd) absorption compared to other cereal crops, leading to elevated daily Cd intake, and posing a significant threat to public health. For the mitigation of Cd stress in sustainable and environmentally friendly way, a pot study was designed by using exogenous application of various biostimulants, i.e., Nigella sativa and Ocimum sanctum extracts: 0%, 10%, and 20% in combination with the chelating agent ethylenediaminetetraacetic acid (EDTA) using 0 and 5 mg kg−1 under various levels of Cd stress (i.e., 0, 5, 10, and 15 mg kg−1 soil). Results revealed that Cd stress significantly reduced the seed emergence, growth, root, and allometric characters and yield-related parameters of wheat crops. The most observable reduction was documented in wheat plants exposed to a higher Cd concentration (15 mg kg−1), followed by the lower Cd level (control). The combined application of bio-stimulants and EDTA minimized the negative impacts of Cd stress. The highest increase in seedling emergence (5.44%), leaf area (50.60%), number of tillers (31.02%), grain yield per plant (24.28%), biological yield (13.97%), and decrease in Cd levels in grains (40%) was noticed where 20% foliar application of N. sativa and 10% of O. sanctum biostimulants were done using 5 mg kg−1 of soil-applied EDTA. This intervention demonstrated a notable reduction in Cd-induced negative effects, highlighting the potential of these substances in promoting sustainable wheat cultivation in contaminated environments. Moreover, it is an eco-friendly and approachable method at the field level able to ensure food safety.
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1  Introduction

The presence of heavy metals in the rhizosphere poses a significant health threat to the global population and raises concerns among environmentalists [1]. Cadmium (Cd), commonly released from industrial activities, fertilizer overuse, and natural processes like rock weathering, has become a pervasive environmental issue [2]. Uncontrolled industrialization, urbanization, and inadequate environmental planning contribute to severe yield reductions in cereal crops [3].

Wheat exhibits a higher Cd absorption ability than other cereal crops [4,5]. The substantial health risk associated with the possibility of excessive Cd consumption from grains is especially acute in developing nations, where wheat accounts for >80% of staple foods [6]. The Cd uptake in wheat occurs through roots, translocating to aerial parts, disrupting vital metabolic processes, and hindering normal growth and reproduction [7]. Elevated Cd levels in the rhizosphere induce severe phytotoxic effects, affecting plant morphology, physiology, and biochemistry, including the destruction of leaf chlorophyll structure, leading to altered photosynthetic and gas exchange functions [8]. The susceptibility of the photosynthetic system to environmental changes underscores the critical role it plays in plant growth and survival [9].

To mitigate the presence of toxic metals in the food chain, various biological, chemical, and physical methods are employed on contaminated soils [10]. Among these biological approaches, phytoremediation emerges as an environmentally friendly technique [11], utilizing plants to remediate soil contaminated with various metals [12]. Natural bio-stimulants are the most promising and suitable strategy to address yield losses caused by various stresses [13]. Bio-stimulants possess many diverse compounds, with positive effects on plants to increase growth, diminish stress-induced restrictions, and enhance yield [14]. The use of plant extracts, which are rich in bioactive compounds, demonstrated notable efficacy in ameliorating Cd-induced toxicity [15]. Plant extracts played a crucial role in mitigating the adverse effects of metal toxicity on wheat by enhancing the plant’s natural defense mechanisms and detoxification processes [16]. Through its bioactive constituents, the plant seed extract appeared to promote overall plant health, leading to improved growth and productivity under Cd stress conditions [17]. Similarly, the chelating agents are recognized for their ability to facilitate the accumulation of heavy metals in various plant tissues. EDTA is a chelating agent and proved beneficial in the remediation of contaminated soils [18,19]. The EDTA effectively eliminates or renders toxic microbes and metals in the soil unavailable to plants [20]. The impact of EDTA in reducing Cd accumulation was evident in Pelargonium spp. cultivated in Cd-contaminated soil [21].

Recent investigations have demonstrated that bio-stimulants and EDTA protect various crop plants from heavy metals, however, the combined application of various bio-stimulants and EDTA for the mitigation of Cd stress has limited literature. Cadmium is one of the most toxic soil metals which reduces the growth and yield of wheat; hence, extensive research is needed to reduce heavy metal stress-related yield losses. To our knowledge, no study has been conducted on the combined effect soil applied EDTA and foliar-applied bio-stimulants to alleviate the Cd toxicity in wheat. Given these findings, the current study was designed to mitigate Cd toxicity and improve the growth and yield of wheat crops. This study hypothesized that soil-applied EDTA and foliar application of bio-stimulants could improve plants’ growth and yield under various levels of Cd stress.

2  Materials and Methods

2.1 Site Description

A pot experiment was conducted in the wire net house of Agronomic Research Centre, Bahauddin Zakariya University Multan, Pakistan during 2021–22 under natural environmental conditions. Uniformed-sized earthen pots were used with 10 kg of sandy loam soil. The physiochemical properties of soil were determined using standard protocols by taking a composite sample (0–20 cm depth) of soil before filling the pots. The initial values of soil-related attributes were pH = 8.1 pH, soil organic matter = 0.34%, soil EC = 2.04 m Scm−1, available potassium 210 mg kg−1, available phosphorus = 6.68 mg kg−1, and Cd contents were 0 mg kg−1.

2.2 Preparation of Plant Extracts

For the preparation of extracts, leaves, and seeds (Tulsi and Nigella) samples of both plants were obtained from the local market. To avoid contamination, samples were rinsed with distilled water, air dried, and subjected to low heat, avoiding direct sunlight, until they became crisp. Once dried, the leaves and seeds samples were ground using a Mortar and Pestle. After that, the powder was mixed with distilled water and heated till boiling. The mixture was allowed to steep for about 15–20 min. After steeping, filtration was done using Whatman filter paper. The stock solutions of both samples were stored in separate bottles to prepare the desired dilutions for further use.

2.3 Experimental Plan

A completely randomized design (CRD) under factorial arrangement was applied with 3 replicates. The total number of experimental units was [4 (Cd concentrations) × 2 (EDTA levels) × 3 (biostimulants) × 3 (replications) = 72]. Experimental treatments comprised of three factors, i.e., four Cd concentrations (0, 5, 10, and 15 mg kg−1 of soil), two EDTA levels (0 and 5 mg kg−1), and three concentrations of plant extracts (0%, 10%, and 20%).

2.4 Crop Husbandry

A mixed culture of soil EDTA and Cd levels as per treatment was prepared separately and applied to pots. All the pots were kept under shade for one month so that the treatments were homogenized in soil using manual hoeing. All pots were kept moist until the wheat seeds were planted. The wheat seeds after decontamination with 0.1% (w/v) sodium dodecyl sulfate solution were thoroughly washed with deionized water and sown in the pots. Eight seeds were sown in each pot after that thinned to 5 seedlings per pot when shoots reached 5 cm height. The soil was fertilized with phosphorous (P) and nitrogen (N) at the rate of 200 (kg ha−1) and 150 (kg ha−1) by using di-ammonium phosphate (DAP) and urea. At the time of planting, the entire DAP was used, whereas urea was applied in two splits (1st at the sowing time, 2nd after 25 days after sowing (DAS). First irrigation was applied at 2 DAS and other irrigation was applied to keep up the best possible dampness level with 2 to 3 days’ interval relying upon the harvesting necessity. The foliar spray of PE (plant extract) was applied in two equal splits at 25 and 45 DAS. In 0% PE treatment, distilled water was sprayed. All the below-mentioned attributes were recorded with and without treatment. All the measurements were performed according to the set criterion to reduce the difference caused by determination time.

2.5 Determination of Seedling Emergence and Stand Establishment Attributes

From the second day after sowing, data were recorded to count the seedlings emergence. E50 (Time taken to 50% emergence) was calculated using Eq. (1) formulated by [22]


E50=ti+[N/2−ninj−ni](tj−ti)
(1)

where N is the final number of emerged seedlings, and ni and nj are the cumulative number of seedlings that emerged on two adjacent days when n < MET (Mean emergence time) was recorded by Eq. (2) formulated by [23]


MET=∑(Dn)/∑n
(2)

where n stands for the number of seedlings that emerged on D Day and D stands for the number of days counted from the onset of emergence. The final emergence count was measured in percentage and considered as the final germination percentage by counting the total number of seeding emerged at the final count.

2.6 Allometric and Root Traits

The allometric traits (plant growth and leaf area) and root traits (root elongation rate and root length) were measured at a 15-day interval starting from 55 DAS and terminated at 100 DAS. One plant was randomly selected and uprooted carefully from each pot on every data measurement day. After washing roots with tap water, the length was recorded with measuring tape, and the average for each experimental treatment was calculated. For leaf area, leaves were plucked from the intact plant and manually measured the average width and length of the leaf using a scale. The shoot and roots were dried at 75°C ± 5°C for 72 h in an oven. The root dry weight was calculated by Eq. (3) formulated by [24]


PGR=  W2−W1t2−t1
(3)

where W1 is the plant’s dry biomass at the first harvest W2 is the plant’s dry biomass at the second harvest and t2 and t1 are the DAS of the second and first harvests, respectively.

2.7 Agronomic and Yield-Related Traits

The yield data and related traits were noted at plant maturity. Plant height was measured with the help of measuring tape from the bottom to spikes awns after that average was calculated to obtain a single reading. The number of tillers was counted from the wheat plant of each pot. The spike length from every pot was measured with a measuring tape and the average was determined the length of the individual. Three plants from each pot were collected at maturity and sun-dried. After drying for three days, biological yield-related parameters were measured. The spikes were threshed physically to calculate the grain yield per plant. The spikes were threshed with hands and the number of grains per spike was noted.

2.8 Cadmium Accumulation

Cd accumulation was determined in the wheat grains. The grains were ground to powder with a grinding mill. After a two-step acid digestion procedure, samples were analyzed on an Atomic Absorption Spectrometer (Ice9 3000 SERIES) to determine Cd accumulation and expressed as mg kg−1 of the plant biomass.

2.9 Statistical Analysis

Analysis of variance was used to statistically evaluate the collected data using Statistix 8.1 at a probability level of 5%. Least significance difference (LSD) was used to compare the treatment means [25].

3  Results

3.1 Seed Emergence and Early Stand Formation

Time to start emergence, mean emergence time, emergence 50% (E50%), and final emergence (%) EDTA at 0 mg kg−1 showed better results as compared to 5 mg kg−1. All Cd levels took some days to start emergence while means emergence time, E50%, and final emergence % were not changed. While two ways the interaction between EDTA and Cd had a significant effect on the start of emergence, time, E50%, and non-significant effect on the final emergence percentage (Table 1).
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3.2 Root-Related and Allometric Traits

Root and Allometric parameters were decreased by rising Cd concentration; though, BCE (Bio-stimulants Extract) and EDTA decreased the unfavorable effect to some level. On the whole, plant extracts showed a maximum number of roots and root lengths under all Cd concentrations (Figs. 1–3). The highest and lowest number of roots and root length were observed under 0 and 15 mg kg−1 Cd concentration, correspondingly. Application of 10% Tulsi leave extract (TLE), showed the highest root length at 70 and 80 DAS, especially with the combination of 5 mg kg−1 EDTA at a lower 5 mg kg−1 Cd concentration. The appliance of 20% BCE has induced a maximum root number and length than the rest of the PE treatments (Figs. 1 and 2). Similarly, EDTA enhanced the number of roots and root length in all Cd concentrations as compared to those pots where EDTA was not applied. Applying EDTA along 20% Nigella seed extract (NSE) performs better results in all Cd concentrations. Increasing concentration lowered plant growth rate (PGR), where a 20% NSE application rate improved it as compared to TLE. But 10% TLE enhanced plant growth rate at 85–100 DAS without EDTA application (E1) performs better as compared to E2. The highest and the lowest PGR were observed for 0 and 15 mg kg−1 Cd concentration, respectively (Fig. 4). EDTA application counteracts the Cd effect in PGR with both plant extracts. Overall, Nigella seed extract improved better growth rate as compared to Tulsi leaf extract with EDTA application (Tables 2 and 3). Plant height was significantly changed by plant extracts, Cd, and EDTA concentrations (Fig. 5) however, plant extracts showed a non-significant effect on leaf area as indicated in Table 4. Increasing Cd level decreased plant height and leaf area while these qualities were enhanced with 10% and 20% plant extract along EDTA, rather than no plant extract (PE1 = 0%) and EDTA application. Wheat plants grown under 0 mg kg−1 Cd concentration with 20% NSE had the maximum plant height and leaf area. The minimum values of these parameters were observed for wheat plants grown in 15 mg kg−1 Cd concentration without EDTA and no plant extract (Table 3 and Fig. 5A).
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Figure 1: Estimating the function of exogenous application of Nigella sativa seeds extract and Ocimum sanctum along with chelating agent EDTA under cadmium stress on the root length of Triticum aestivum ± SE
Note: Cd1 = 0 mg kg−1, Cd2 = 5 mg kg−1, Cd3 = 10 mg kg−1, Cd4 = 15 mg kg−1 soil, PE1 = 0 (%) control, PE2= 10 (%) Ocimum sanctum extract, PE3 = 20 (%) Nigella sativa seeds extract, E1 = 0 (mg kg−1) EDTA application, E2 = 5 (mg kg−1) EDTA application.
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Figure 2: Estimating the function of exogenous application of Ocimum sanctum and Nigella sativa seeds extract along with chelating agent EDTA under cadmium stress on the number of roots of Triticum aestivum ± SE
Note: Cd1 = 0 mg kg−1, Cd2 = 5 mg kg−1, Cd3 = 10 mg kg−1, Cd4 = 15 mg kg−1 soil, PE1 = 0 (%) Control, PE2 = 10 (%) Ocimum sanctum extract, PE3 = 20 (%) Nigella sativa seeds, E1 = 0 (mg kg−1) EDTA application, E2 = 5 (mg kg−1) EDTA application.
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Figure 3: Estimating the function of exogenous application of Ocimum sanctum and Nigella sativa seeds extract along with chelating agent EDTA under cadmium stress on the leaf area of Triticum aestivum ± SE
Note: Cd1 = 0 mg kg−1, Cd2 = 5 mg kg−1, Cd3 = 10 mg kg−1, Cd4 = 15 mg kg−1 soil. PE1 = 0 (%) control, PE2 = 10 (%) Ocimum sanctum extract, PE3 = 20 (%) Nigella sativa seeds extract, E1 = 0 (mg kg−1) EDTA application, E2 = 5 (mg kg−1) EDTA application.
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Figure 4: Estimating the function of exogenous application of Ocimum sanctum and Nigella sativa seeds extract along with chelating agent EDTA under cadmium stress on the plant growth rate of Triticum aestivum ± SE
Note: Cd1 = 0 mg kg−1, Cd2 = 5 mg kg−1, Cd3 = 10 mg kg−1, Cd4 = 15 mg kg−1 soil. PE1 = 0 (%) control, PE2 = 10 (%) Ocimum sanctum extract, PE3 = 20 (%) Nigella sativa seeds extract, E1 = 0 (mg kg−1) EDTA application, E2 = 5 (mg kg−1) EDTA application.
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Figure 5: Interactive effect of foliar application of plant extracts and EDTA application on (A) plant height and (B) number of tillers per plant ± SE of wheat sown in cadmium-contaminated soil. Here, PE1 = 0 (%) control, PE2 = 10 (%) Ocimum sanctum extract, PE3 = 20 (%) Nigella sativa seeds extract, E1 = 0 (mg kg−1) EDTA application, E2 = 5 (mg kg−1) EDTA application. Means sharing the same letters is statistically non-significant (p > 0.05)
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3.3 Agronomic and Yield-Related Traits

The individual Cd and interactive effects with PE and EDTA treatments considerably (p < 0.05) affect the agronomic and yield-related parameters, i.e., tiller numbers per plant (Fig. 5B), spike length, number of grain/spikes (Fig. 6), grain yield/plant (Fig. 7), and biological yield (Table 2). All these parameters were greatly reduced with rising Cd concentrations. Agronomic trait grows best at control 0 mg kg−1 Cd while at high Cd concentration, 15 mg kg−1 growth decreased (Tables 2 and 3). However, in PE treatment, 20% NSE enhanced these traits as compared to 10% TLE. Spike length and number of grain per spike were significantly improved by 20% application of NSE as compared to 10% TLE and 0%. Other traits such as grain yield and biological yield are improved by both 10% and 20% PE as compared to control. While no. of tiller per plant was non-significantly altered by plant extract (Table 3). EDTA application at 5 mg kg−1 had a significant effect on biological yield, number of tillers per plant, spike length, and number of grains per spike rather than 0 mg kg−1 EDTA (Table 3). While grain yield per plant was non-significantly a by EDTA concentration. Cd uptake in grain is higher in 15 mg kg−1 as compared to control similar result found in soil while PE and EDTA show no result.
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Figure 6: Interactive effect of foliar application of plant extracts and EDTA application on (A) Spike length and (B) number of grains per spike ± SE of wheat sown in cadmium-contaminated soil. Here, PE1 = 0 (%) control, PE2 = 10 (%) Ocimum sanctum extract, PE3 = 20 (%) Nigella sativa seeds extract, E1 = 0 (mg kg−1) without EDTA application, E2 = 5 (mg kg−1) EDTA application. Means sharing the same letters is statistically non-significant (p > 0.05)
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Figure 7: Interactive effect of foliar application of plant extracts and EDTA application on number of (A) grain yield per plant (B) soil cadmium (mg kg−1) with ± SE wheat sown in cadmium contaminated soil. Here, PE1 = 0 (%) control, PE2 = 10 (%) Ocimum sanctum extract, PE3 = 20 (%) Nigella sativa seeds extract, E1 = 0 (mg kg−1) without EDTA application, E2 = 5 (mg kg−1) EDTA application. Means sharing the same letters is statistically non-significant (p > 0.05)

3.4 Cadmium in Soil and Grain

The individual and interactive effects of Cd, PE, and EDTA concentrations significantly (p < 0.05) affect the soil cadmium (Table 2). Grain Cd level was significantly affected (p < 0.05) by Cd and plant extract concentrations while EDTA had a non-significant effect; two-way interaction between Cd and EDTA, and three-way interaction had a non-significant effect on grain Cd concentration (Table 2). However, 20% NSE significantly decreased the grain Cd level in wheat as compared to 10% TLE. The top Cd concentration resulted in a higher grain Cd concentration than the control (Table 3).

4  Discussion

Cadmium (Cd) is ranked 7th among 20 major toxic environmental contaminants and grouped in the 1st category of the carcinogenic elements (24). Cd contaminated soil and water, a recently occurring problem in agriculture due to industrialization is damaging plants ranging from germination to suppressed growth and yield. Plants growing in Cd-contaminated soil uptake the heavy metal through their roots, which accumulates in different organs, eventually reducing plant growth and productivity. Cd’s adverse impact and potential strategies for its remediation were reported in various studies [26,27]. Phytoremediation or plant extract-based strategies are eco-friendly and are decisive for eliminating or reducing Cd toxicity. However, limited studies on Cd remediation strategies for wheat are discussed; therefore, in the present study, the effect of foliar application of various levels of novel bio-stimulants and soil-applied EDTA on different morphological and yield attributes of wheat under Cd stress was investigated.

Our results showed that different Cd levels did not affect final seed germination and early stand establishment which was supported by [28,29]. The lack of significance could be attributed that seeds could not ingest Cd in the germination process. Heavy metals in the soil have little effect on germination, according to [30], because seeds use their reserves throughout this process. As a result, germination was unaffected by any of the Cd doses utilized in the current investigation. Germination results under strong metal stress were comparable to a previous study [31]. The extent to which Cd poisoning slows seedling growth depends on the amount of metal in the soil [32]. Different environmental factors have an impact on how different plant species’ seeds germinate [24,33].

The result indicated that 5 mg kg−1 EDTA concentration did not affect seed germination. On the other hand, some researchers also observed non-significant effects of EDTA on metal uptake by plants. Sometimes, metal-EDTA complexes solutions are present in non-plant available form [27]. This could be caused by several variables, such as metal content, pH, capacity of cation, and chelated metal species [34]. Growth parameters with both EDTA concentrations were negatively affected by increasing Cd. The maximum negative effects were observed on several roots and root lengths in 0 mg kg−1 EDTA concentrations under higher Cd concentration as compared to 5 mg kg−1 EDTA. The conclusion of the present study is supported by various other researchers who mentioned that Cd has a deleterious impact on root structure and root growth was suppressed with increasing Cd concentrations [35,36]. Our results with respective to root parameters are in line with earlier reports [27,37].

These features may have declined as a result of Cd interfering with plant mineral intake, which would have disrupted its uptake and translocation from the root zone [38,39]. Cadmium stress in plants causes drastic changes in enzyme activity causing oxidative stress in plant cells [26,40]. Plant development and yield are decreased as a result of the phytotoxic effects of heavy metals, which cannot be fully mitigated by antioxidant enzymes [41]. Growth rate and height were significantly affected by higher Cd concentrations (Figs. 4 and 5A) whereas leaf area was non significantly affected as depicted in Fig. 3. These results are similar to numerous earlier studies in which plant growth rates reduced [42–44].

Reduced nutrient and water uptake under heavy metal stress results in a decline in plant growth and biomass [45,46]. This could also be a result of cadmium stress, which increases the synthesis of malondialdehyde and hydrogen peroxide in plants, leading to oxidative stress, which affects plant growth and development [29,47]. Leaf area and leaf number of wheat plants decreased by excess Cd [48], which might be due to the destruction of the ultra-structure portion of the chloroplast [49,50]. The negative effects of Cd on photosynthetic pigments such as Chlorophyll a, b, and carotenoids in plants are due to a range of interactions between Cd and plant metabolism. The increase in chlorophyllase production in leaves is reported to alter the biosynthesis of carotenoids and chlorophyll, leading to chlorophyll breakdown [51,52]. Additionally, decreasing the leaf area hurts the plant’s canopy, which unintentionally alters the plant’s height by obstructing the flow of oxygen because of photo radiation [53].

The grain yield of wheat is mainly determined by yield components, the number of grains per spike, and other yield-related traits, and these traits significantly decreased (Table 3). Experiments have shown that wheat under Cd stress had significantly lower height, tiller count, fresh and dry weight, flag leaf area, and yield analysis (weight, spike count, and weight of 100 grains) [51]. When plants are under Cd stress, it affects their physiology and yield, which results in decreased grain production [54,55]. After cd stress, the number of spikes, spike length, and spike weight all reduced, which resulted in a decrease in wheat yield [16]. Cd can have an impact on the yield, morphology of the plants, and the production of grain [54].

In our findings, EDTA concentration at 5 mg kg−1 shows better performance at high Cd level in root length and number of roots as compared to control (0 mg kg−1 EDTA). There is little research on how using EDTA, which is typically applied directly in polluted soil, can lower Cd levels in wheat roots [56,57]. The application of EDTA improved the wheat plant’s performance in our experiment by accelerating the plant growth rate. This was supported by [56]. When EDTA is combined with heavy metals, forms a metal-ligand-complex [20,21]. Adding EDTA to the soil enhances the solubility of Cd, but separating Cd-EDTA reduces the solubility of free Cd2+ on the root surface, thus reducing the amount of metal that plants can absorb [58–60]. It was noted in the current study that the application of EDTA improved the plant height and dry matter in wheat which is reliable with the findings of [61]. In the present study our findings similar to the [62] which demonstrated that, in the leaf, the promoting effect of EDTA on plant growth only occurred by EDTA application.

These findings demonstrate the value of EDTA in improving wheat plant tolerance to cadmium stress, as previously indicated by [63]. In our experiment, 5 mg kg−1 EDTA significantly increased the yield character except grain yield rather than control (Table 3). Both the buildup of Cd in grains and the movement of Cd from the lower tissue to the upper tissue in the stem were greatly reduced by the addition of EDTA [64]. Agronomic character improved by EDTA application under Cd stress (Tables 2 and 3) which is supported by [63].

Various plants’ Cd toxicity was lowered by exogenous foliar spray [50,65,66]. Mineral nutrients are absorbed by plants, who then provide them to tissues and organs [67]. The foliar application of NSE increased gas exchange metrics and growth-related features while reducing the harmful effects of Cd-toxicity. Previous research has shown that applying foliar applications of several compounds under metal stress increased growth and gas exchange parameters in maize [68–70]. In a recent study, NSE enhanced maize growth and associated characteristics when exposed to Cr and Cd stress [29,69]. In Cd toxicity, NSE foliar application dramatically improved wheat growth and yield characteristics. Due to its bioactive components, N. sativa seeds have excellent antioxidant properties that can scavenge free radicals. Thymoquinone [71–73]. Exogenous Foliar application of 20% NSE mitigated Cd toxicity which is consistent with the findings of [69] and [29] might be due to TQ. Conversely, the efficient mechanism of NSE concerned with improving Cd tolerance needs to be additionally considered.

In our research, aqueous extracts of O. sanctum were applied to Cd-containing plants. In comparison to the Cd level, all growth parameters in Cd-treated plants showed a significant restoration in seedling growth, a large reduction in Cd uptake, and comparatively less ROS formation which is consistent with the finding of [74]. The leaves of O. sanctum contain a variety of naturally occurring compounds, including euginal, eugenol, carvacrol, rosameric acid, apigenin, saponins, triterpenoids, tannins, flavonoids, propanoic acid, and some water-soluble flavonoids like orientin and vicenin that have pharmacological effects like antioxidants [75,76]. O. sanctum aqueous extract has strong chelating and free radical scavenging capabilities as a result of the presence of these chemicals [77]. When compared to O. sanctum extract, Cd absorption was more significantly decreased with N. sativa seed extract, indicating that N. sativa reduces Cd bioavailability more effectively than O. sanctum does in lowering Cd toxicity in wheat plants. This might be one of the causes of the decreased absorption of Cd by the roots and subsequently decreased bioavailability of Cd in the tissues as a result of the use of EDTA and plant extracts.

5  Conclusion

It is suggested that exogenous application of seed extract N. sativa and leaf extract of O. sanctum enhanced the growth, biomass, and yield traits of wheat crops under Cd stress in contrast to non-spray and non-soil applied EDTA plants under Cd toxicity. In a nutshell, an exogenous application of easily available and inexpensive natural bio-stimulants especially Nigella sativa and Ocimum sanctum could be a useful strategy to enhance Cd tolerance in wheat plants by improving growth, biomass and reducing Cd uptake in various tissues on the wheat plants. Further research should explore optimal application rates and timing for these interventions. Long-term field studies are warranted to assess their efficacy under diverse environmental conditions. Additionally, investigating the molecular mechanisms underlying the observed improvements could provide valuable insights for future applications in sustainable agriculture.
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OEBPS/Images/table-1.png
Table 1: Effect of different Cd concentrations on seed emergence and early stand establishment traits with

EDTA concentrations

Treatments Time to start Mean emergence E50 (days) Final emergence
emergence (days) time (days) percentage (%)

EDTA concentrations (EDTA)

0mgkg ' 5.00° 8.27 9.97 77.59*

5mgkg ! 4.86° 8.22 9.46° 65.37°

LSD at 5% 0.07 NS 0.41 7.51

Cadmium concentrations (Cd)

0mgkg ' 4.722° 8.13 11.20° 68.89

5mgkg ! 5.00° 8.18 10.66° 71.85

10 mg kg ! 5.00° 8.42 8.49° 69.93

15 mg kg ' 5.00° 8.25 8.53" 71.85

LSD at 5% 0.11 NS 0.59 NS

EDTA*Cd * * * NS

Note: E50 = time taken to complete 50% emergence; NS = non-significant., * = significant.
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OEBPS/Images/table-3.png
Table 3: Interactive effect of EDTA, PE, and different Cd concentrations on yield-related trait of wheat

Treatments Plant ~ Number of Spike  Number of Grain yield Biological Soil Cd Cadmium

height tillers per  length grains per  (g/pot) yield (mg uptake
(cm)  plant (cm) spike (g/pot) kg') (mgkg")
EDTA concentrations (mg kg ")
0mgkg ' 37.76° 6.305° 12.14°  28.49° 7.55 N8 21.90° 0.12°  0.03™
5mgkg ' 39.95% 7.11° 14.23*  33.69° 7.94 NS 27.54* 0.11° 0.03™
LSD at5% 0.96  0.49 029 093 NS 1.95 0.0l NS
Plant extract (N. sativa and O. sanctum) (%o; w/v)
0% 36.33° 629N 12.01°  26.19° 6.82° 22.23° 0.17*°  0.03*
10% 40P 6.92 NS 12.94° 31.28° 7.88° 24.33% 0.08°  0.02°
20% 4225 692 NS 14.62*  35.78% 8.52° 24.36° 0.08°  0.03*
LSDat5% 1.17  0.60 036  1.14 0.84 2.39 001  6.94
Cd levels (mg Cd kg soil)
0 45.19* 8.67° 17.88*  49.22° 11.35% 35.97° 0.030% 0.01°
5 42.25° 7.28° 14.29°  34.43° 8.74° 25.93° 0.086° 0.04*
10 37.61° 6.39° 13.31°  25.04° 7.12¢ 23.16° 0.150° 0.03*
15 30.39 ¢ 4.50¢ 729 15.64¢ 3.75¢ 13.79¢ 0.186* 0.03*
LSDat5% 135  0.69 041  1.32 0.97 2.76 0.02  8.02
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Table 4: Analysis of variance of leaf area attributes of wheat treated with various plant extract concentrations
(0% vs. 10% vs. 20%) along with EDTA concentrations (0 vs. 5 mg kg ) under Cd concentrations (0 vs. 5 vs.
10 vs. 15 mg kg "). NS = non-significant, * = significant

Treatments DF SS MS p-value
Cadmium concentration (CD) 3 1159.0 386.33 0.6478 °
EDTA concentration (EDTA) 1 3.0 3.04 0.9476 N
Plant extract (PE) 2 736.0 368.01 0.5933 %
CD x EDTA 3 8346.4 2782.12 0.0131%
CD x PE 6 4946.8 824.47 0.3320 ™®
EDTA x PE 2 125.7 62.84 0.9139 N
CD x EDTA x PE 6 2665.1 444,18 0.6997 N
Error 46 32056.2 696.87

Total 71 53417.1
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Table 2: Analysis of variance of different growth and yield attributes of wheat treated with various plant
extract concentrations (0% vs. 10% vs. 20%) along with EDTA concentrations (0 vs. 5 mg kg ') under Cd
concentrations (0 vs. 5 vs. 10 vs. 15 mg kg ). NS = non-significant, *, ** = significant

Plant height Tillers

Treatments df SS MS p value SS MS p value
Cadmium concentration (Cd) 3 2248.86 749.620 0.0000** 164.486 54.8287 0.0000**
EDTA concentration (EDTA) 1  86.68 86.681  0.0000** 11.681 11.6806  0.0019**
Plant extract (PE) 2 230.78  115.389 0.0000%*  6.250 3.1250  0.0652"S
Cd x EDTA 3 2040 6.801 0.1895™5  8.486 2.8287  0.0617"8
Cd x PE 6 349.06 58176  0.0000** 15.639  2.6065  0.0409*
EDTA x PE 2 311 1.556  0.6868™° 1.694  0.8472  0.4617"°
Cd x EDTA x PE 6 9572 15.954  0.0001** 29306  4.8843  0.0011**

Spike length (cm) Number of grain per spike
Cadmium concentration (Cd) 3 1044.37 348.124 0.0000** 11071.2 3690.42 0.0000**
EDTA concentration (EDTA) 1  78.96 78.961  0.0000*  485.7 48569 0.0000**
Plant extract (PE) 2 8337 41.68 0.0000**  1105.4  552.70  0.0000**
Cd x EDTA 3 8.12 2.706 0.0000**  255.2 85.06 0.0000**
Cd x PE 6 4033 6.721 0.0088**  1592.3  265.38  0.0000**
EDTA x PE 2 4.09 2.044 0.0006**  104.5 52.25 0.0000**
Cd x EDTA x PE 6 7.25 2.706 0.0122*  290.9 48.48 0.0000**

Grain yield per plant (g) Biological yield (g)
Cadmium concentration (Cd) 3 544.811 181.604 0.0000** 4497.42 1499.14 0.0000**
EDTA concentration (EDTA) 1  2.664 2.664 0.2692N% 57150  571.50  0.0000%*
Plant extract (PE) 2 35701 17.851  0.0008**  20.89 10.45 0.5447N8
Cd x EDTA 3 51.781 17.260  0.0002** 111.69  37.23 0.1015N8
Cd x PE 6 19574  3.262 0.1893N5  590.64  98.44 0.0001**
EDTA x PE 2 49.617 24808  0.0001** 30.87 15.44 0.4098N%
Cd x EDTA x PE 6 75541 12.59 0.0001** 2491 4.15 0.9590N%

Soil cadmium (mg/kg) Grain cadmium (mg/kg)
Cadmium concentration (Cd) 3  0.25617 0.08539  0.0000** 0.00697 0.00232  0.0000**
EDTA concentration (EDTA) 1  0.00363 0.00363 0.0141*  0.00001 0.00001 0.8201"%
Plant extract (PE) 2 0.11238 0.05619 0.0000** 0.00098 0.00049 0.04054
Cd x EDTA 3 0.01883 0.00628 0.0000** 0.00043 0.00014 0.4052 NS
Cd x PE 6 0.13172  0.02195 0.0000** 0.00215 0.00036 0.0348*
EDTA x PE 2 0.01114 0.00557 0.0002** 0.00187 0.00093 0.0032**
Cd x EDTA x PE 6 0.18490 0.03082 0.0000** 0.00147 0.00024 0.1404"°
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