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Abstract

:

As a biostimulant, amino acids play crucial roles in enhancing plant growth and development. These roles, combined with the ability to be approved for organic usage, make amino acids a good choice for sustainable farming systems. This work investigates the effect of onion seed priming with different exogenous amino acids, specifically the impact of seed priming in enhancing a diverse range of morpho-physiological responses of onion seedlings. Here, we primed onion seeds (Cultivar Giza 6) with ten exogenous amino acids. Based on the growth parameters of onion seedlings, data showed that glutamine significantly improved the most studied parameters. Germination percentage (GP) ranged from 85% in Methionine (Met) to 98.5% in Proline (Pro) and Tryptophan (Try), with 10% over the control treatment. Glutamine (Glu) enhanced the vigor index (VI) of onion, giving the seeds a high ability to produce normal seedlings. The most extended root system (≥3.3 cm) was obtained from Glu, Glycine (Gly), Pro, and Try treatments. The maximum shoot length was obtained from treatments (Glu and Try) with more than 60% over control. Priming onion seeds with amino acids (AAs) increased chlorophyll contents compared with non-primed seeds. Glutamine and Threonine (Thr) had the highest results (122 and 127 μg/g fresh weight, respectively), while the Glu treatment registered the highest Carotene contents with 50% over the control treatment. Furthermore, the data illustrate that the principal component analysis-1 (PCA1) indicates 67.2% variability, and PCA2 indicates 14.8% variability. Strong positive correlations were observed between germination percentage, root length, shoot length, dry matter, chlorophyll a, and carotene. The study concluded that the primed onion seeds by glutamine, proline, and tryptophan had the best germination rates.
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1. Introduction


According to the European Council of biostimulants Industry (EBIC), Plant biostimulants are defined as products that stimulate the nutritional processes of plants independently of the nutrient content of the product, with the objective of promoting the efficiency of nutrients usage in the plant, their quality properties, or increasing nutrient uptake that is immobilized in the soil or rhizosphere [1]. These substances have different chemical families, such as humic acids, hydrolyzed proteins, algae extracts [2], chitosan biopolymers, inorganic compounds, and beneficial microbes [3].



New approaches have been introduced for improving agricultural production sustainability and resilience by applying natural products such as biostimulants that are appraised for being eco-friendly, cost-effective, and enhancing the productivity and quality of cultivated crops [4]. Biostimulants stimulate plant growth by increasing plant metabolism, germination rates, photosynthesis process, nutrient absorption, and improving productivity [5].



Amino acids (AAs) have various beneficial effects on plant growth and development by their structure as protein units, which play a vital role in glutamine biosynthesis [6] and plant hormones [7]. AAs are a source of organic nitrogen and structural molecules that unite to produce proteins. Additionally, AAs are functional molecules related to several physiological processes in internal plants. Also, they have an influential nutritional role during the germination of plant proteins and the synthesis of phytohormones [8]. Moreover, the exogenous uptake of free amino acids gave beneficial properties, such as enhancing photosynthesis, forming coenzymes [9], and supporting plant organisms against environmental stresses [10]. Increasing protein content in plants has been influenced by applying amino acids [11].



Germination is a critical stage in a plant’s life cycle and is the first step toward successful plant establishment, especially under unfavorable conditions. Seed priming, a non-distractive and cheap, effective technique, is a pre-sowing treatment that allows partial rehydration without leading to radicle emergence. Priming can hasten and synchronize the germination rate and improve the productivity of vegetable crops in a sustainable approach [12]. Priming can potentially support rapid seed germination and ensuing growth [13]. The most frequently applied priming techniques are hydro-priming. Priming activates processes associated with the early phases of germination. Priming is a procedure by which plants can be set to the best tolerance for future stresses, either of the same (“stress memory”) or of a different (“cross-adaptation”) type [14].



As a germination promoter strategy, seed priming has a positive effect on photosynthetic pigments by protecting the degradation of chlorophylls or increasing pigments concentrations [15,16,17] and improving the concentration of carotenoids [18,19,20] in optimal and suboptimal conditions. Seed priming is generally applied for synchronized seedling growth and stable crop productivity.



Nowadays, priming has emerged as an effective tool for agriculture sustainability because seed priming can serve as a cost-effective tool, environment-friendly substances, and a pragmatic approach for adjusting global food security through sustainable innovation [21]. Sustainable agricultural processes that may enhance plant growth and increase crop productivity represent a priority in current agricultural systems [22]. The seed priming technique enhances initial germination [23,24], improves its synchronization, and promotes plant growth [25]. This technique has been applied to the main vegetable crops, such as carrots, onion, celery, lettuce, pepper, and tomato [24].



The priming technique mechanism (hydration) is how seed priming improves germination and encourages starting pre-germination metabolic processes. Optimal seed priming positively reflects crop development and uniformity, making farming more profitable [26]. At the imbibition phase, mechanical and biochemical changes initiate, such as embryo enlargement, respiration, protein synthesis, and DNA repair [27,28,29]. These processes promote cell elongation [30]. Utilizing the application of amino acid components based on biostimulation in agricultural practice is becoming increasingly necessary, as it sustains farming systems thanks to the role that AAs play in the main processes of plants, which have an impact on the plant’s development and crop quality [31]. These AAs are often applied as free acids or through sources of botanical or animal origin that have a sufficient concentration of amino acids [32].



Onion seeds are naturally less viable and more hygroscopic than most traditional vegetables [33,34]. Storage of onion seeds in inappropriate conditions may lead to seed deterioration, which causes reduced viability and vigor and decreases seed quality [35,36]. Seed deterioration is a natural process involving tissue metabolism and physical changes in seeds during storage [37,38]. These changes reduce germination rates which cause abnormal seedling emergence and growth. Deteriorated seeds can be recovered using the seed priming technique [24].



Most studies investigated products that contained amino acids, and there is little information regarding the single impact of these amino acids [39,40]. In this context, priming amino acids via seed can improve plant development since these substances act as signals of various beneficial physiological processes [41,42]. Based on the abovementioned, this study was conducted to answer the hypothesis of the relation between priming onion seeds with exogenous amino acids and germination improvement. For this purpose, ten exogenous amino acids were primed onion seeds, and the response of phenotypical criteria and photosynthetic pigments was assessed.




2. Materials and Methods


2.1. Experimental Design and Treatments


A laboratory germination test was conducted for 14 days for onion (Allium cepa L.) seeds [43], with the “Giza 6 cultivar” as a model. The seeds were harvested from the experimental farm, Sohag University, Egypt, during the 2022 season, well-dried, and stored in a paper package until usage. Ten exogenous amino acids (Sigma-Aldrich, St. Louis, USA) were applied (Proline [Pro]; Methionine [Met]; Tryptophan [Try]; Arginine [Arg]; Alanine [Ala]; Glycine [Gly]; Glutamine [Glu]; Threonine [Thr]; Lysine [Lyc]; Phenylaniline [Phe]; in addition to distilled water (Ctl). Each amino acid was applied at 0.5 g/L concentration [44,45,46,47]. Twenty seeds were primed with different amino acids and distilled water (control), placed in Petri dishes on two layers of filter paper, moistened with 10 mL of solution, and kept at the laboratory at 25 ± 2 °C temperature and 60% relative humidity.




2.2. Data Collection and Calculation


Growth characteristics: fresh weight (FW, mg); dry matter (DM, mg), which was determined by drying the fresh seedlings in the drying oven until constant weight, relative water contents (RWC, %), which were calculated as follows: RWC, % = (FW − DM)/FW [48], shoot height (SL, cm), and root length (RL, cm) were measured at 7 and 14 days after starting priming as described by ref. [48]. Germination was registered daily up to 7 days after starting the experiment. The following data were registered: final germinated percentage (FGP) was calculated according to Kader, 2005 [49] as follows:


   (  FGP  )  =    Girminated   seeds     total   seeds    × 100  











Germination energy (GE) was calculated for the first Four days [50] as follows:


  GE =    Germinated   seeds     Total   seeds    × 100  











The germination Rate index (GRI) was expressed in (seed/day) and calculated by the following equation:


  GRI =  Σ     (  Gt / Dt  )   











Gt refers to the number of germinated seeds on day t, and Dt represents time corresponding to Gt in days. For measuring the rate of germination time-spread per day, mean germination time (MGT) was calculated as follows:


  MGT =  [    Σ  (  D × N  )     Σ N     ]   











Whereas D is the number of days from the start of the trial and N is the number of seeds germinated on day D. Vigor index (VI) was also calculated for all treatments as follows:   VI = length    (  root + hypocotyle  )  × GP  .



From the eighth day, seedlings were exposed to artificial blue light for 8 h daily. Blue light is considered the most effectively utilized wavelength for plant photosynthesis due to the optimum absorption spectra of the pigments ranging between 400–500 nm [51]. Measuring chlorophylls and carotene contents (μg g–1 FW) was conducted spectrophotometrically (Spectrophotometer-KΦK-3-01, Moscow, Russia) at 14 days of aged, germinated shoots. 0.2 g of fresh shoots tissues were ground in 90% acetone. Absorptions were taken at 663 nm and 644 nm for chlorophylls and 452.5 nm for carotenoids [52], and the following equations were applied for final calculations [53]:


Chla = 10.3 × Abs663 − 0.918 × Abs644










Chlb = 9.7 × Abs644 − 3.87 × Abs663










Car = 4.2 × Abs452.5 − (0.0264 × Chla + 0.4260 × Chlb)











Whereas Chla = chlorophyll a, Chlb = chlorophyll b, Car = carotenoids, and Abs663, Abs644, and Abs452.5 are absorbed in 663, 644, and 452.5 wavelengths and expressed in μg g–1 FW [54].




2.3. Statistical Analyses


The data were analyzed using one-way ANOVA with six replicates. The outputs expressed as mean ± standard deviation followed Tukey’s multiple range test at p ≤ 0.01 using MINITAB v.19. Principal component analysis (PCA) was also computed using XLSTAT v. 2022.1.





3. Results


In general, the studied germination parameters were significantly (p ≤ 0.01) affected by amino acids (AAs) priming (Figure 1 and Figure 2). Germination percentage ranged from 85% in methionine (Met) to 98.5% in proline (Pro) and tryptophan (Try), with 10% more than in the control (Ctl) treatment. The germination percentage (GP) data from all exogenous amino acids (EAAs) were statistically similar and improved germination percentage more than the control treatment except Met, which reduced GP by 3.5% compared with Ctl. Germination energy refers to the percentage of germinated seeds in a seed sample within four days in this experiment. Priming onion seeds with glycine (Gly) and threonine (Thr) gave the highest germination energy percentage (75%), while the least germination energy (GE) was obtained from Met (55%) and still more than non-primed seeds 4%. Figure 1C shows the effect of priming onion seeds with exogenous amino acids. The highest germination rate index (GRI) was observed in the Gly treatment (10.9%), with more than 3.7% compared with the non-primed Ctl. Priming seeds with Met gave the least GRI (8.0%), which statistically did not differ from the control treatment.



Mean germination time (MGT) accurately measures the time spent for seeds to germinate, focusing on the day when most germination occurred and not related to time spread or germination uniformity. The vigor index (VI) measures the percentage of viable seeds and expresses the ability to produce normal seedlings because, in some cases, seeds may not grow normally after germination. In this study, Glu treatment enhanced VI of onion seeds, giving the maximum ability (493) to produce normal seedlings, while non-primed and priming with Met shared the least VI that increased the risk of producing abnormal seedlings. The maximum MGT of onion seeds (3.5) was recorded from both non-primed and primed with Threonine, while the minimum MGT (3.2) was recorded when Glu was applied. The root length is considered the initial part (a growing plant embryo) arising from the seed through the germination process, and it is the embryonic root of the plant which grows downward firstly in the soil to fix the seedlings and absorb the nutrients and water.



According to the shown data of root length after seven days of priming (RL-7), pre-priming onion seeds with Glu and Try treatments produced a root length of more than 2.8 cm (Figure 2C). The longest radicle (3.0 cm) was obtained from seeds primed with Glutamine and increased by over 55% compared with non-primed (1.1 cm). At 14 days after priming, all AA increased the length of the root system compared with the control, except with the arginine (Arg) treatment (Figure 3B).



The most extended root system (≥3.3 cm) was obtained when the onion seed was primed with Glu, Gly, Pro, and Try, while the shortest was observed at Ctl, Ala, and Arg treatments (≤2.2 cm).



Shoots are the second growth part that emerges from seed germination that grows upward, where leaves will develop, and the photosynthesis process will start. Dry matter refers to all substances absorbed and formatted by a plant’s tissues except water; it is a more reliable indicator to investigate the weight. The maximum shoot length at 7 days after planting was obtained from treatments (Glu and Try) with more than 1.4 cm representing more than 60% compared with non-primed (1.0 cm), while the minimum results were observed at Arg, Met, and Phe treatments (≤0.9 cm). The same trend also was observed 14 days after planting, whereas Glu treatment produced the highest result (6.8 cm), while the minor result (5.7 cm) was obtained at Thr (Figure 3C). Illustrated data in Figure 4 and Figure 5 show the impact of AAs on the fresh weight of the whole onion-primed seeds at 7 and 14 days after planting in addition to water contents percentages. At 7 days after planting, the Glu treatment registered the heaviest fresh and dry weight (24.1 and 2.4 mg, respectively) by more than 33% compared with the control treatment. The least fresh weight (FW) was registered from Met (17.6 mg), while the minimum dry matter (DM) content (1.4 mg) was observed at the Phe treatment. Figure 4C shows no statistically significant differences in relative water contents (RWC) among the treatments at 7 days after planting.



At 14 days after planting (Figure 5A), Glu and Gly treatments registered the heaviest fresh weight (48.0 and 48.5 mg, respectively), representing more than 14% compared with the control treatment. On the other hand, Ala, Arg, Lys, and Met treatments gave the minor FW compared with other treatments; their results statistically did not differ from the control treatment. The same trend also was observed in the accumulation of dry matter contents (DM) in the studied treatments (Figure 5B). The maximum DM was obtained from Glu and Gly with more than (7.5 mg) while the minimum DM was observed at Try treatment (6.0 mg), which contained the highest RWC (87.1%), as shown in Figure 5C.



Photosynthesis is the primary process of recharging a plant for growth and development, and embryonic photosynthesis has a profound function in priming the next stage of the plant. Priming onion seed with Glu formatted the highest chlorophyll a (Chla) contents (82.8 μg/g FW), and the results were significant over other treatments (Figure 6A) and increased by 160% over the control treatment (32.4 μg/g FW), while Lys produced the minor Chla contents in onion shoots (31.5 μg/g FW) compared with other AAs. A different trend was observed in chlorophyll b (Chlb) contents (Figure 6B), whereas Thr achieved the maximum contents (66.5 μg/g FW), while Pro gave the minimum result (24.1 μg/g FW) in comparison with other AAs treatments, while the least Chlb content (12.5 μg/g FW) was observed from the Ctl treatment. When the total chlorophyll contents were calculated, the (Chla + Chlb) in shoot parts showed that all AAs increased the total chlorophyll contents compared with the Ctl. Glu and Thr had the highest amount (122 and 127 μg/g FW, respectively) compared with other treatments (Figure 6C), and the most negligible contents came from Ctr (45 μg/g FW), while the most negligible impact among AAs was observed in Lyc (64 μg/g FW). Carotene contents in the onion seedling shoot were also determined (Figure 7A). Glu gave the highest carotene (Car) contents with 50% over control treatment (30.4 μg/g FW), whereas the minimum content was registered in Arg (16.8 μg/g FW) with a −50% under control Chla/Chlb ratio (Figure 7B), which was very high in the Ctl treatment (2.6) but decreased in all AAs treatments. The minimum ratio was obtained at Glu (0.9). The ratio between total chlorophyll and carotene (Chl/Car) was also calculated in this work (Figure 7C).



The data showed that the maximum chl/car ratio was observed in Arg (6.0) and Thr (5.0) by 200% and 150% over Ctl (1.8). Most of the applied exogenous amino acids, such as (Glu, Gly, Lyc, Met, Phe, Pro, and Try) gave a pigments ratio ranging between 2.6–3.6.



Principal Component Analysis


Principal component analysis (PCA) was calculated to investigate the correlation of the studied parameters of onion seedlings with the different applied amino acids. Figure 8 illustrates that PC1 indicates 67.2% variability, and PC2 indicates 14.8% variability. This PCA biplot represents clear segregation into two clusters among the parameters. The first three components had eigenvalues of more than 90% of the variance (Figure 8A). The PCA biplot shows the loading of different variables on the first two PCA (PC1 and PC2), which explained more than 80% of the variance. All the variables are strongly indicated in the plot, as cleared from the long vectors. All studied variables were positively correlated with PC1 except germination time, relative water contents, and chlorophyll ratios. Half of the examined variables positively correlated with PC2, such as GRI, GE, VI, RWC, Chlb, chl/car ratio. The biplot provided sufficient details of the correlations of the variables. Strong positive correlations were observed between GP, RL, SL, DM, Chla, and Car (Figure 8B).





4. Discussion


The current study highlights the impact of priming onion seeds with amino acids on germination characteristics and pigment formations. Ten different AAs were applied at 500 ppm (0.5 g/L). The results showed that applying glutamine had the best germination parameters (GP, GRI, VI) and took the least germination time compared with other amino acid treatments. Furthermore, seedling growth and development parameters (shoot length, root length, fresh weight, dry matter, and relative water contents) are positively correlated with amino acid priming, and we can observe that glutamine and tryptophan registered the highest growth parameters. Glutamine enters the plant tissues through the amino acid transporters and serves as an essential nitrogen source for growth and development, and this demonstrated that onion could effectively utilize glutamine as a nitrogen source. Based on the growth parameters of onion seedlings, such as root and shoot length and weight, we cleared that supplementation of 0.5 g glutamine significantly improved onion seedling growth parameters (Figure 9).



These conclusions proposed that glutamine is a primary nitrogen source in plants. The same trend was when the glutamine effect was studied in the growth and development of rice seedlings [55]. Priming improved germination rates in cauliflower and broccoli compared with non-primed under controlled conditions [56]. Primed seeds can be more profitable in farming than non-primed seeds for many reasons, such as reducing plant emergence time [57], which is considered an essential factor for crops to avoid environmental stresses and ensure high crop establishment [58,59].



The role of AAs on plants has been extensively investigated. Studies showed that AAs promote fertilizer assimilation, nutrients, water uptake, and photosynthesis of various vegetable crops [60], enhancing flowering, fruit set, and fruit yield [61,62]. AAs increased plant growth parameters of lettuce [63] and radish [64]. Furthermore, increased yield quantity and quality in cucumber [65], garlic [66], potato and green bean [41], broccoli [67], and onion [68]. Amino acids have been reported to indicate growth regulator activity and activate plant metabolic processes [69,70].



The impact of seed priming in leaf biochemistry has been broadly studied, with an emphasis given to photosynthetic pigments. Despite leaves, chlorophyll content is an indicator of the plant’s vigor [71]. It has been demonstrated that priming seeds can protect chlorophyll or enhance its concentrations under optimal conditions [15]. Priming techniques have also been shown to promote the concentration of carotenoids under normal and stressful conditions [18,19,20]. At the end of the experiment, photosynthetic pigments (Chla, Chlb, and Car), with contents as mg per g fresh weight of onion seedlings shoots, were performed then; from the data, pigments ratios were calculated. As a result, we observed that the maximum photosynthetic processes were obtained when Glutamine, Glycine, Proline, and Tryptophan were applied. The biostimulation impact of amino acids on plant growth and development has been repeatedly reported [47,72,73]. Due to their nature, low application doses, and effectiveness, amino acids are completely friendly to the ecosystem [74].



By far, glycine is one of the most widely applied AAs in plant nutrition. It is frequently used to produce various amino-chelate fertilizers (amino acid-chelated nutrients). The exogenous application of AAs is generally inverted into enhancing nitrogen status and concentration of nutrient elements in plant tissues [32]. Plants can directly uptake amino acids to promote their growth and development. Glutamine in 0.5 mM concentration enhances the length of shoots and roots and the chlorophyll content of rice seedlings. Glutamate is a highly active amino acid promptly converted to other nitrogen-containing compounds in plant tissues. For instance, glutamate is plants’ primary nitrogen donor for most transamination reactions [75]. According to our study, proline application improved onion growth compared with non-treated plants due to enhancing cell membrane integrity, leaf water, and chlorophyll [76]. The growth of primed seeds with proline was improved due to enhancing mineral uptake and photosynthesis in canola [77]. Another study reported that a quarter of proline was found in seeds of Arabidopsis, whereas less than 5% of proline was registered in vegetative tissues, which indicates that proline has the primary function in seed metabolism [78]. Moreover, the additional proline supply via seed priming can be more beneficial during seed germination, seedling growth, and other growth stages [79]. Exogenous proline increased nitrogen metabolism [80], regulated the photosynthesis process [81], improved CO2 exchange from stomata, and influenced the oxygen pentose phosphate pathway, which is considered a vital process for germination and growth [82,83].



Seed priming with tryptophan (1–100 µM) significantly promoted pepper seed germination and seedling emergence under salt stress conditions [84]. Tryptophan is an essential amino acid that has a vital role in protein biosynthesis and as a precursor of numerous biologically active compounds such as nicotinamide adenine dinucleotide, serotonin, quinolinic acid, and kynurenine [85].




5. Conclusions


To summarize everything identified so far, priming is a pre-sowing hydration technique that leads to a physiological condition that triggers seed germination and enhances uniformity. Furthermore, seed priming is implicated in promoting various ranges of morphological and biochemical responses. This technique is a cost-effective and less labour-intensive strategy, so the horticultural industry can easily apply this technique because improving the nutritional quality of horticultural produce by priming seeds before cultivation may reduce malnutrition issues, especially in underdeveloped countries. Priming onion seeds with exogenous amino acids is an attractive ecological approach for improving the germination rates of seeds. Priming exogenous amino acids (glutamine, proline, and tryptophan) at a concentration of 0.5 g/L of onion seeds can stimulate rapid and uniform germination and accelerate seedlings’ growth.
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Figure 1. Effect of priming onion seeds with exogenous amino acids. (A)—Germination percentage, %; (B)—Germination index, %; (C)—Germination rate index, %. Ctl (Control); Ala (Alanine); Arg (Arginine); Glu (Glutamine); Gly (Glycine); Lys (Lysine); Met (Methionine); Phy (Phenylalanine); Pro (Proline); Thr (threonine); Try (tryptophan). Columns that share the same letter(s) are not statistically significant at p ≤ 0.01. 






Figure 1. Effect of priming onion seeds with exogenous amino acids. (A)—Germination percentage, %; (B)—Germination index, %; (C)—Germination rate index, %. Ctl (Control); Ala (Alanine); Arg (Arginine); Glu (Glutamine); Gly (Glycine); Lys (Lysine); Met (Methionine); Phy (Phenylalanine); Pro (Proline); Thr (threonine); Try (tryptophan). Columns that share the same letter(s) are not statistically significant at p ≤ 0.01.



[image: Horticulturae 09 00080 g001]







[image: Horticulturae 09 00080 g002a 550][image: Horticulturae 09 00080 g002b 550] 





Figure 2. Effect of priming onion seeds with exogenous amino acids. (A)—Mean germination time, %; (B)—Vigor index, %; (C)—Radicle length, %. Ctl (Control); Ala (Alanine); Arg (Arginine); Glu (Glutamine); Gly (Glycine); Lys (Lysine); Met (Methionine); Phy (Phenylalanine); Pro (Proline); Thr (threonine); Try (tryptophan). Columns that share the same letter(s) are not statistically significant at p ≤ 0.01. 
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Figure 3. Effect of priming onion seeds with exogenous amino acids. (A)—Shoot length, cm (SL-7); (B)—Root length, cm (RL-14); (C)—Shoot length, cm ((SL-14)). Ctl (Control); Ala (Alanine); Arg (Arginine); Glu (Glutamine); Gly (Glycine); Lys (Lysine); Met (Methionine); Phy (Phenylalanine); Pro (Proline); Thr (threonine); Try (tryptophan). Columns that share the same letter(s) are not statistically significant at p ≤ 0.01. 
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Figure 4. Effect of priming onion seeds with amino acids. (A)—Fresh weight-7, mg; (B)—Dry matter-7, mg; (C)—Relative water contents-7, %. Ctl (Control); Ala (Alanine); Arg (Arginine); Glu (Glutamine); Gly (Glycine); Lys (Lysine); Met (Methionine); Phy (Phenylalanine); Pro (Proline); Thr (threonine); Try (tryptophan). Columns that share the same letter(s) are not statistically significant at p ≤ 0.01. 
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Figure 5. Effect of priming onion seeds with exogenous amino acids. (A)—Fresh weight-14, mg; (B)—Dry matter-14, mg; (C)—Relative water contents-14, %. Ctl (Control); Ala (Alanine); Arg (Arginine); Glu (Glutamine); Gly (Glycine); Lys (Lysine); Met (Methionine); Phy (Phenylalanine); Pro (Proline); Thr (threonine); Try (tryptophan). Columns that share the same letter(s) are not statistically significant at p ≤ 0.01. 
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Figure 6. Effect of priming onion seeds with exogenous amino acids. (A)—chlorophyll content, μg/g FW; (B)—chlorophyll b, μg/g FW; (C)—total chlorophyll, μg/g FW. Ctl (Control); Ala (Alanine); Arg (Arginine); Glu (Glutamine); Gly (Glycine); Lys (Lysine); Met (Methionine); Phy (Phenylalanine); Pro (Proline); Thr (threonine); Try (tryptophan). Columns that share the same letter(s) are not statistically significant at p ≤ 0.01. 
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Figure 7. Effect of priming onion seeds with amino acids. (A)—Carotene contents, μg/g FW; (B)—Chla/Chlb ratio; (C)—Chl/Car ratio. Ctl (Control); Ala (Alanine); Arg (Arginine); Glu (Glutamine); Gly (Glycine); Lys (Lysine); Met (Methionine); Phy (Phenylalanine); Pro (Proline); Thr (threonine); Try (tryptophan). Columns that share the same letter(s) are not statistically significant at p ≤ 0.01. 
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Figure 8. (A) Principal component analysis, PC1 and PC2 explained 82.01% of the total variation. (B) PCA components variability of growth, development, and pigment contents of onion seedlings primed with amino acids. Ctl (Control); Ala (Alanine); Arg (Arginine); Glu (Glutamine); Gly (Gly-cine); Lys (Lysine); Met (Methionine); Phy (Phenylalanine); Pro (Proline); Thr (threonine); Try (try-tophan). 
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Figure 9. Primed onion seedlings with different exogenous amino acids. Ctl (Control); Ala (Alanine); Arg (Arginine); Glu (Glutamine); Gly (Glycine); Lys (Lysine); Met (Methionine); Phy (Phenylalanine); Pro (Proline); Thr (threonine); Try (tryptophan). 
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