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Abstract

:

Nitrogen is one of the most influencing inorganic nutrients for improved plant growth and yield in crops. However, excessive fertilizer application may have adverse impacts on the environment. Therefore, we strive to investigate in this work by examining the impact of different nitrogen (N) doses in the form of urea (46% N) on the growth, yield, photosynthetic pigment content, nitrate reductase activity, carbohydrate content, protein content, and antioxidant enzyme activity of the carrot and beetroot. A pot experiment was conducted under natural conditions with four nitrogen levels as basal treatment (Control = Nil N, U50 = 145.57 mg/kg N; U100 = 291.14 mg/kg N; U150 = 436.71 mg/kg N; U200 = 582.28 mg/kg N). Results found that U150 (436.71 mg/kg N) is the optimum N fertilizer dose at which significant (p ≤ 0.05) improvements in all the growth, yield and biochemical attributes of carrot and beetroot were observed. However, the further increment in N doses did not affect the observed parameters and, therefore, excessive N level was observed beyond U150 = 436.71 mg/kg N. The principal component analysis presented significant correlations among the various parameters observed. Two principal components account for a total of 98.86% variance (PC1 =  92.96%; PC2 =  5.90%) in carrot and 99.2% variance (PC1 = 92.64; PC = 6.56) in beetroot of the overall data variability in plants supplemented with different N treatments.
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1. Introduction


Rising demand for food, the requirement of eco-friendly agriculture and future risks due to climate change are all connected with the urgent need to adopt suitable fertilizer management strategies in crop ecosystems [1,2,3]. Nitrogen (N), classified as a primary macronutrient, plays an important role in improving the quantity and quality of crops [4,5]. Due to the urge of food demand, farmers have amplified the application of N fertilizers to their fields year by year without taking into consideration the response of various species to N rate and forms. The application of N fertilizer significantly contributed to the doubling of agricultural food production up to the 1990s [6]. The primary reason is that N is a constituent of amino acids, proteins, cell walls, membranes, nucleic acids, rubisco and plays a role in stress tolerance [7,8]. Its deficiency decreases the leaf area and rate of photosynthesis which leads to reduced crop yield [9,10]. N also works as a signaling element that influences the expression of various genes, regulates various biochemical pathways, including photosynthesis, nitrogen assimilation, antioxidant systems and the cell cycle, etc. [11,12]. A retrospective analysis of data showed that an adequate supply of N could enhance plant growth and upsurge crop production. Still, extreme and inappropriate use of chemical N fertilizers results in the accumulation of compounds in edible crops. This may be problematic to humans and causes environmental pollution and economic losses [13,14,15]. Therefore, N application’s optimal management strategies are required to reduce the environmental impact of agricultural practices that would increase profitability in crop production. Thus, N recommendations for root crops may include a detailed profit evaluation associated with the quality factors affected by deficient or excessive N applications.



Vegetables comprise a crucial component of worldwide agriculture due to their powerful nutritional value, widespread cultivation, and economic importance. India holds the 2nd rank in vegetable production globally, with an annual production of 184.39 million tonnes from a cultivated area of 10.25 million hectares [16]. Two root vegetable crops (carrot and beetroot) are well known for their flashy storage roots with enormous nutritional values. Carrot (Daucus carota L.), a member of the family Apiaceae, is an important nutritious root vegetable. Its roots are used mainly as a crunchy salad or in juice preparation. Besides, it is used in sweets and halwa, cooked with mixed vegetables, preserved by pickling and canning [17]. With an annual production of 1147.08 thousand metric tonnes, India ranks among the top 15 countries in carrot production [18]. Phytochemicals that contribute to the nutritional value of carrots comprise mostly four types viz: carotenoids, phenolic compounds, polyacetylenes and ascorbic acid [19]. In recent times, the consumption of carrot and its derivatives has increased progressively due to their recognition as an important source of natural antioxidants besides the anticancer activity of β-carotene, which also is the precursor of vitamin A. Similarly, beetroot (Beta vulgaris L.) belongs to the family Chenopodiaceae. It ranks among the 10 common potent vegetables concerning its antioxidant property [20]. Being a rich source of antioxidants, minerals, and vitamins, it becomes an efficient supplementary food for humans [21,22]. Considering the nutritional value and health benefits of root crops and the management strategies of N fertilizer, it was planned to evaluate the growth, yield, and biochemical response of these root crops to N fertilizer.




2. Materials and Methods


2.1. Experimental Site and Plant Growth Conditions


A pot experiment was set in a complete randomized block design under natural conditions at the Department of Botany, Aligarh Muslim University, India. An average day/night temperature of 24 °C/18 °C (±3 °C) with a relative humidity of 68 ± 5% was observed during the experiment. Seeds of carrot and beetroot were sterilized in 0.1% HgCl2 solution for two minutes prior to sowing. Soil from the agricultural field was collected and autoclaved at 20 lb. p for 20 min. The treatments were formulated as Control = Nil N; U50 = 145.57 mg/kg N; U100 = 291.14 mg/kg N; U150 = 436.71 mg/kg N; U200 = 582.28 mg/kg N, respectively. Earthen pots (25 × 25 cm) were used for making different treatments and the number of replicates for each treatment was maintained at three (n = 3). All the experiments were repeated twice. Ten seeds were sown in each pot, but only one healthy plant in each pot was maintained. Plants were irrigated on alternate days with the required amount of water.




2.2. Soil Analysis


For the experimental work, the physicochemical characteristics of soil were determined before the application of N fertilizer and the sowing of crops. Ultrastructure and elemental analysis of the soil was done through energy dispersive X-ray analyzer (EDX) of make JEOL, JSM-6510 LV, Japan. Soil texture was determined by the traditional feel method, which involves rubbing of moistened soil/CFA between the thumb and fingers. For determining the water holding capacity, the method of Priha and Smolander [23] was followed. The pH was measured by the method of Jackson [24]. EC was determined by the method of Rayment and Higginson [25]. N (nitrogen) content was determined by the standard Kjeldahl method [26]. P (phosphorous) content was determined by the protocol of Dickman and Bray [27]. K (potassium) content was determined by using flame photometry.




2.3. Determination of Growth Biomarkers


The plants were uprooted at maturity from the pots and cleaned with water to remove the adhered particles. Plant length was measured by using a meter scale. Plant weight was taken by a digital weighing balance. Prerequisite for dry weight analysis, plants were oven dried at 80 °C for 48 h. For determination of leaf area, the graph paper method was employed.




2.4. Determination of Leaf Characteristics


Number of stomata and the ultra-structural dimensions of stomata were determined with the help of scanning electron microscope (SEM) of make JEOL, JSM-6510 LV, Japan. For SEM studies, leaf sample was prepared by following our previous study Shakeel et al. [22].




2.5. Determination of Photosynthetic Pigments


The content of chlorophyll and carotenoids was measured according to the Maclachalan and Zalik protocol [28]. At 663 and 645 nm, the absorbance was read against a blank 80 percent acetone on a spectrophotometer.




2.6. Determination of Nitrate Reductase Activity, Protein and Carbohydrate Content


In leaves, nitrate reductase (NR) activity was calculated by preparing an enzyme extract using the Jaworski process [29]. By using the Bradford method [30] with bovine serum as normal, protein content was calculated. The carbohydrate content was measured by using the Hedge and Hofreiter assay [31].




2.7. Assay of Antioxidant Enzyme Activity


Total antioxidant enzyme activity from the fleshy roots was assessed according to a standardized protocol defined by Shimada et al. [32]. An aliquot of 100 μL samples was added to a working solution made of 3 mL of 2, 2-diphenyl-1-picrylhydrazyl (DPPH). Absorbance was recorded at 517 nm through a spectrophotometer. The lower value of absorbance would signify the presence of higher antioxidant activity of the sample and vice-versa. Antioxidant activity was expressed as percent scavenging of DPPH radical and the following formula was used:


  IC   50   % = 1 −    Absorbance   of   sample       Absorbance   of   control    × 100  



(1)








2.8. Quantification and Histochemical Localization of Superoxide Anion (O2−) and Determination of SOD Activity


The estimation of the O2– content was done as per a standardized protocol defined by Wu et al. [33]. The superoxide content was calculated by a standard curve of sodium nitrite, and the content was demonstrated as μ mole g–1 FW. Localization of superoxide anions was done as per a standardized protocol defined by Kaur et al. [34]. Images were captured with the help of a stereomicroscope. The SOD (superoxide dismutase) activity was measured spectrophotometrically by following a standardized protocol of Dhindsa et al. [35] based on the ability of SOD to inhibit the photochemical reduction of nitro blue tetrazolium.




2.9. Determination of the Root Cell Viability through Confocal Laser Scanning Microscopy


Root cell viability was determined by dipping the roots in propidium iodide dye, followed by scanning through confocal laser microscope (Zeiss, LSM 780, Jena, Germany) respectively.




2.10. Statistical Analysis


The data is presented as mean from triplicate measurements of two repeated experiments. The results were analyzed by one-way analysis of variance (ANOVA) with DMRT test, using SPSS version 17.0 software and p < 0.05 was considered statistically significant. In addition, the data were analyzed using principal component analysis (PCA) by using Origin pro (2021) software.





3. Results


3.1. Physicochemical Characterization of the Soil


Table 1 demonstrates the physicochemical characteristics of soil in terms of pH, EC, texture, porosity and water holding capacity. Scanning electron microscopy reveals the shape of soil particles as peds (Figure 1). Energy dispersive X-ray shows the composition of the soil in terms of elements (Figure S1).




3.2. Effect of N on the Growth and Yield Attributes of Carrot and Beetroot


Application of N fertilizer as a basal dose caused a significant enhancement in all the growth markers and yield attributes of carrot and beetroot. Among all the treatments, U150 (436.71 mg/kg) proved optimum to significantly enhance the growth in terms of shoot length (37.46% and 43.57%), shoot fresh (16.63% and 23.33%) and dry weight (39.3% and 46.32%) number of leaves (76.4% and 79.67%), and leaf area (72.70% and 86.60%), and stomatal area (70.29% and 60.74%) in carrot and beetroot, respectively (Figure 1). Congruently, the yield of carrot and beetroot was markedly increased in terms of root length (61.40% and 73.5%) root fresh (19.27% and 12.72%), root dry weight (62.87% and 60.20%), and root circumference (70.70% and 83.03%) at U150 treatment (Figure 2). Scanning electron microscopy revealed a significant improvement in the stomatal aperture of carrot and beetroot at U150 treatment (Figure 3). The results of the repeated experiment are attached to the Supplementary Data (Tables S1 and S2).




3.3. Effect of N on the Photosynthetic Pigment Content of Carrot and Beetroot


The photosynthetic pigment contents, including chlorophyll a, chlorophyll b, and carotenoid contents showed a gradual increment with higher N concentrations and the maximum enhancement was observed at U150 (436.71 mg/kg) (Figure 4). Chlorophyll a was enhanced by 63.80%, chlorophyll b by 58.8% and carotenoid content by 63.3% in carrot at U150 (436.71 mg/kg). Similarly, in beetroot, chlorophyll a was enhanced by 29.0%, chlorophyll b by 28.45% and carotenoid content by 33.35% at U150 (436.71 mg/kg).




3.4. Effect of N on the NR Activity, Carbohydrate and Protein, and Nitrogen Contents of the Carrot and Beetroot


The effect of the basal application of N on the activity of nitrate reductase was found positive at all the N concentrations as compared to the control. However, U150 (436.71 mg/kg) was found most optimum concentration at which the enzyme activity was enhanced by 52.83% and 48.70% in carrot and beetroot, respectively (Figure 5). Similarly, the protein and carbohydrate contents in the storage roots were positively affected by the basal application of N in both crops. Among different treatments, U150 (436.71 mg/kg) N was found most optimum at which protein content was enhanced by 19.80% and 19.50% in carrot and beetroot, respectively. Likewise, carbohydrate content was enhanced by 12.82% and 20.46% in carrot and beetroot, respectively. The basal application of N had a marked impact on the antioxidant activity in the edible parts of both the crops. Among different N concentrations, U150 (436.71 mg/kg) was found optimum to enhance the scavenging capacity (Figure 5). Antioxidant activity was enhanced by 18.84% and 17.95% at U150 in carrot and beetroot, respectively. The role of N in improving the growth and yield of crops is a manifestation of how various biochemical pathways and molecules are influenced by it. N content in the edible part of both the crops was found in direct proportionality with the basal application of N to the soil (Figure 6).




3.5. Effect of N on Superoxide Anions and SOD Activity of the Carrot and Beetroot


The basal application of N at U150 (436.71 mg/kg) significantly reduced the generation of superoxide radicals by 33.33% 30.0% in carrot and beetroot, as compared to their respective controls (Figure 7 and Figure 8). Superoxide dismutase (SOD) which is the principal enzyme of antioxidant defense in plants to scavenge the O2− radicals exhibited a significant enhancement 68.01% and 55.33% in carrot and beetroot as compared to their respective controls (Figure 9).




3.6. Effect of N on the Root Cell Viability of the Carrot and Beetroot


Cell viability could be examined visually by observing nucleic acid staining. Viability shows antagonistic effects with stained nuclei. In the present study, N application at U150 (436.71 mg/kg) level improves the viability of the cells for both carrot (Figure 10B) and beetroot (Figure 10D) as compared their respective controls (Figure 10A,C).




3.7. Principal Component Analysis


The principal component analysis demonstrates a total 98.86% variance (PC1 = 92.96%; PC2 = 5.90%) in the data of carrot and 99.2% variance (PC1 = 92.64; PC = 6.56) in the data of beetroot plants under the basal application of N fertilizer (Figure 11). The growth markers (shoot length, shoot fresh and dry weight, No. of leaves, leaf area, stomatal area), yield attributes (root length, root circumference, root fresh and dry weight), photosynthetic parameters (chlorophyll a and b, and carotenoids), and biochemical are clustered together, thus, exhibit a strong positive correlation the basal application of N in carrot and beetroot. Superoxide radicals showed a negative correlation with the basal application of N in carrot and beetroot. Scavenging activity showed an intermediate correlation with the basal application of N in both the root crops studied.





4. Discussion


Our results found that N supplied as a basal dose in the form of urea at the rate 36.71 mg/kg improved all the growth and yield attributes of carrot and beetroot. The possible reason for this improvement is that N supply increases the number and rate of dividing meristematic cells, leading to the growth of shoot and root systems in plants [36]. Moreover, N application is associated with increased cytokinin levels, which affects the cell wall extensibility to enhance cell division [37]. N also acts as a key constituent of several metabolites, proteins, enzymes, coenzymes, purines and pyrimidines [7]. Additionally, N improves the growth and yield indirectly by increasing the uptake of other nutrients from the soil [38]. It is, therefore, rational to establish the fact that N was engaged directly or indirectly in enhancing the rate of division of cells and production of new tissues, which in turn were responsible for the increase in growth and yield characteristics of carrot and beetroot. Among the different treatments of N used, U150 (N at the rate 436.71 mg/kg) was found as an optimum dose for both the vegetable crops. This is possibly due to the fact that the activity of nitrate reductase, which is the primary N fixing enzyme was found maximum at this concentration. Further increment in N concentration does not benefit the plants because of the saturation of nitrate reductase at U150 (N at the rate 436.71 mg/kg).



Our results also demonstrate a significant improvement in the photosynthetic pigments with the basal application of N at the rate 436.71 mg/kg in carrot and beetroot. This is attributed to the presence of N as a component of photosynthetic apparatus of green plants [39]. Moreover, N distinctly promotes the content of stromal and thylakoid proteins in leaves which results in the formation of active photosynthetic pigments [40]. N fertilizer promotes the formation of chloroplasts, which causes an increase in the lipid content of leaves and chloroplast constituents such as chlorophyll and carotene [41]. Our results are further strengthened by the approach of scanning electron microscopy, which showed that the basal application of N fertilizer at U150 (436.71 mg/kg) markedly enhanced the stomatal area of carrot and beetroot leaves as compared to the control (Figure 8).



Our results further demonstrate that basal application of N at the rate 436.71 mg/kg significantly enhanced the activity of NR and protein content in carrot and beetroot. This is because NR is a key enzyme that plays a vital role in nitrogen uptake and assimilation by plants. Its activity can directly reflect the status of plant nitrogen uptake and utilization [42]. We also observed a marked increment in the protein content of both crops at U150 (436.71 mg/kg) because the basal application of N improved the activity of NR, facilitating its prompt conversion into N precursors for the synthesis of amino acids and henceforth proteins [43]. N enters the food chain through plants mostly as nitrate (NO3−) and ammonium ions (NH4+). The transport of NO3− into the root cells is mediated by an active process through H-ATPase. A proton gradient is generated across the plasma membrane that drives the uptake of nitrogen against a concentration gradient. Then, a multi-step, complex process occurs through which mineral N is assimilated by plants (Figure 12). In the first step, NO3− is reduced to NO2− (nitrite) by the enzyme nitrate reductase (NR) in the cytosol. In the second step, NO2− is reduced to ammonia by the enzyme nitrite reductase (NiR). The ammonium thus generated is converted into amino acids in a sequential process. First, glutamine synthetase combines NH4+ with glutamate to form glutamine. Further, glutamine is converted back to glutamate by the enzyme glutamate synthase or GOGAT (glutamine-2 oxoglutarate amino transferase) [44]. This glutamate is converted into other amino acids. Thus, NR activity is directly proportional to protein synthesis. Therefore, at optimum N level (436.71 mg/kg), NR activity is enhanced which consequently improved the protein content of carrot and beetroot.



The basal application of N at the rate 436.71 mg/kg showed a significant influence on the generation of superoxide radicals and antioxidant activity of both the crops (Figure 8, Figure 9 and Figure 10). This is because plants grown in soil with deficient nutrients exhibit increased generation of free radicals like superoxide anions (O2−) [45]. An optimum supply of N significantly reduced the generation of O2− radicals by enhancing the antioxidant defense system such as SOD (superoxide dismutase) activity in carrot and beetroot (Figure 10). The enhancement in the antioxidant activity helps in the scavenging of superoxide anion radicals, therefore, localization of O2− radicals were found to be decreasing with increasing N concentrations. Our results are supported by the findings of Singh et al. [46], which demonstrate that N mediated improvement in antioxidant activity accelerates the scavenging of superoxide radicals (O2−) from the photosynthetic and respiratory pathways.




5. Conclusions


This work recommends a uniform N dose (U150 = 436.71 mg/kg N) for different root vegetables that will benefit the uneducated agricultural sector of society who otherwise get confused with different N recommendations. Though N application has been studied on various crops and vegetables, this work brings novel insights by taking into consideration the ultrastructural studies through scanning electron microscopy and cell viability through confocal laser microscopy of the two root vegetables under different N levels.
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Figure 1. Impact of different N levels on the growth attributes of carrot and beetroot. Data from experiments are collected as the mean of three replicates ± standard error (SE). Different alphabets used indicate significant differences between treatments at p < 0.05, (n = 3). 
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Figure 2. Impact of different N levels on the yield attributes of carrot and beetroot. Data from experiments are collected as the mean of three replicates ± standard error (SE). Different alphabets used indicate significant differences between treatments at p < 0.05, (n = 3). 
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Figure 3. Scanning electron micrograph of carrot and beetroot leaves, showing the impact of different N levels on the stomatal aperture of carrot at control and U150 and stomatal aperture of beetroot at control and U150. 
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Figure 4. Impact of different N levels on the photosynthetic pigments of carrot and beetroot. Data from experiments are collected as the mean of three replicates ± standard error (SE). Different alphabets used indicate significant differences between treatments at p < 0.05, (n = 3). 
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Figure 5. Impact of different N levels on the biochemical attributes, and antioxidant activity of carrot and beetroot. Data from experiments are collected as the mean of three replicates ± standard error (SE). Data represent mean of three independent replicates ± standard error (SE). 
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Figure 6. Impact of different N levels on the N uptake by carrot and beetroot. Data from experiments are collected as the mean of three replicates ± standard error (SE). 
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Figure 7. Impact of different N levels on the generation of superoxide radicals (and their histochemical localization in the leaves of beetroot at control (a) and U150 (b) and carrot at control (c) and U150 (d). 
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Figure 8. Impact of different N levels on the generation of superoxide radicals (O2−) in the leaves of carrot and beetroot. 
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Figure 9. Impact of different N levels on SOD activity of carrot and beetroot. Data from experiments are collected as the mean of three replicates ± standard error (SE). 
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Figure 10. Confocal micrographic images of the root cells of carrot at U150 (A) and its control (B) and root cells of beetroot at U150 (C) and its control (D). 
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Figure 11. The biplots of PCA for carrot (a) and beetroot (b) presenting the impact of different levels of N on the studied parameters of carrot and beetroot; SL = shoot length; SFW = shoot fresh weight; SDW = shoot dry weight; LA = leaf area; RL = root length; Circum. = root circumference; RFW = root fresh weight; RFW = root dry weight; Chl. A = chlorophyll a, Chl. B = chlorophyll b; Caroten. = carotenoids; NRA = nitrate reductase activity; O2- radicals = superoxide anion radicals. 
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Figure 12. Schematic diagram showing the role of (NR) nitrate reductase in N assimilation by plants. NO3− is converted into NO2− by NR (nitrate reductase). NO2− is further converted into NH4+ by NiR (nitrite reductase). NH4+ is converted into amino acids by GS-GOGAT (glutamine synthetase, GS; glutamate-2-oxoglutarate aminotransferase). 
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Table 1. Physicochemical characteristics of the soil.
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	Characteristics
	Texture
	pH
	EC (μ mhos cm−1)
	Porosity (%)
	Water Holding Capacity (%)
	N (%)
	p (%)
	K (%)





	Results
	Sandy loam
	7.62
	278.44
	35.87
	40.67
	1.53
	1.93
	12.23
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