


Original Research Article 

Effects of seed priming with Zn and N solution on improving germination and seedling vigor of rice


ABSTRACT
The objective of this study was to investigate the effects of priming rice seeds with zinc (Zn) and nitrogen (N) solutions on germination and seedling vigor. The experiment was conducted from March to May 2024 at the Laboratory of the Department of Agronomy, Yezin Agricultural University, Myanmar, utilizing a 4 × 3 factorial arrangement in a Completely Randomized Design (CRD) with four replications. In this experiment, factor A was four levels of nitrogen (N): N0 = 0% Urea (0 g N/100 mL), N1 = 0.10% Urea (0.046 g N/100 mL), N2 = 0.20% Urea (0.092 g N/100 mL), N3 = 0.30% Urea (0.138 g N/100 mL). Additionally, three levels of zinc (Zn) were applied: Zn0 = 0% ZnSO₄·7H₂O, Zn1 = 0.07% ZnSO₄·7H₂O, Zn2 = 0.14% ZnSO₄·7H₂O as factor B. The results indicated that the N2 treatment produced the highest germination percentage, vigor index, and shoot length, followed by N1 and N3 after 14 days of treatment. The N1 resulted in the greatest root length, root number, shoot dry weight, and root dry weight compared to N2 and N3. Conversely, N0 had the lowest performance in terms of seedling emergence and vigor. Among the Zn treatments, Zn1 achieved the highest germination percentage, vigor index, and shoot length compared to Zn2. However, Zn2 showed the highest root length, root number, shoot dry weight, and root dry weight among all the Zn treatments, while Zn0 resulted in the lowest seedling parameters across all treatments. The interaction of N and Zn treatments demonstrated enhanced germination, vigor, shoot length, root length, root number, shoot dry weight, and root dry weight. In the absence of priming with either Zn or N solutions, the germination and vigor of rice seedlings were significantly lower than others. The N0Zn0 treatment exhibited the poorest seedling parameters. In conclusion, priming rice seeds with N and Zn was effective in improving germination, seedling vigor, and overall seedling performance.
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1. INTRODUCTION
	Rice is one of the most essential crops, providing a vital source of nutrients for the global population (Glangchai & Rangsri, 2021). It plays a crucial role in ensuring global food and nutritional security. In the 2024/25 global rice market, world production is projected to reach a record high of 532.7 million tons (Childs & Jarrell, 2025). In Myanmar, rice was cultivated on more than 7.18 million hectares, yielding over 29.94 million metric tons for the 2023-2024 season (Department of Agriculture Planning, 2023).
However, global rice production faces numerous challenges resulting from both biotic factors (such as weeds, vertebrate pests, and pathogens) and abiotic factors (like unpredictable rainy seasons caused by climate change), particularly in regions where rainfall is the primary growth determinant (Tajani et al., 1997; Fall, 2018). These challenges often lead to low germination rates and weak seedling vigor. Two significant contributors to low yields are induced seed dormancy and non-synchronous germination (Boucelha & Djebbar, 2015).
Recent studies have investigated solutions to agricultural challenges through a technique known as seed nano-priming. This method involves the use of fluids containing nanoparticles (NPs), which enhance plant growth and development while also improving resistance to both biotic and abiotic stressors, although it can be costly (De La Torre-Roche et al., 2020). As a result, many researchers advocate for pre-germination techniques like seed priming, which have demonstrated benefits across various crops such as rice, wheat, maize, and beans by improving their agronomic characteristics (Boucelha & Djebbar, 2015; McDonald et al., 2000). There is a strong correlation between agricultural output and seed quality.
According to Bradford (1986), seed priming involves soaking seeds in hydric, osmotic, hormonal, or chemical solutions. Additionally, reducing Zn and N intake is an effective strategy for mitigating losses due to biotic constraints (Tajani et al., 2001). In the seed priming process, seeds are re-dried (almost to their initial weight) after being slightly wet to allow metabolic processes to occur without actual germination (Bradford, 1986). Compared to non-primed seeds, primed seeds germinate more quickly (Farooq et al., 2006, 2009). Micronutrients are used as osmotica in a process termed micronutrient seed priming (nutri-priming) (Imran et al., 2004; Singh, 2007). Primed seeds require less time to absorb water (Brocklehurst & Dearman, 2008; McDonald, 2000; Taylor et al., 1998) and accumulate germination-enhancing chemicals (Basra et al., 2005; Farooq et al., 2006), leading to better and more synchronized germination (Farooq et al., 2009).
While the benefits of priming seeds with hydric, osmotic, and hormonal treatments for seed germination and seedling growth are well established, the effects of Zn, N, or their combination have been studied less frequently. There is some debate regarding whether priming with Zn, N or both affects seed quality, seedling growth, and its potential long-term effects on productivity and seed Zn accumulation. The combined application of Zn and N is known to enhance Zn availability by improving the conversion of exchangeable, loosely bound organic, and carbonate-bound Zm from other fractions (Liu et al., 2018; Lin et al., 2020; Khampuang et al., 2021).
In Myanmar, few studies have focused on this approach, particularly in relation to rice. Therefore, this study was initiated to evaluate the influence of priming on germination and seedling vigor in Sin Thu Kha rice variety. We hypothesized that seed priming with Zn and N could stimulate seed germination, seedling growth, and overall seedling vigor in rice. This study aims to assess the responses of the high-yielding rice variety Sin Thu Kha to priming with Zn, N, or a combination of both, with a focus on seed germination and seedling performance.

2. MATERIALS AND METHODS
2.1 Experimental site, design, and treatments
The seed priming experiment was carried out at Experiment and Lecture Building -2 (ELB-2), Department of Agronomy, Yezin Agricultural University (YAU), from March to May 2024. The experiment was laid out by using a 4 × 3 factorial arrangement in a Completely Randomized Design (CRD) with four replications. Four N levels were assigned as factor A: N0 = 0% Urea (0 g N/100 mL), N1 = 0.10% Urea (0.046 g N/100 mL), N2 = 0.20% Urea (0.092 g N/100 mL), N3 = 0.30% Urea (0.138 g N/100 mL) and three Zn levels was designated as factor B: Zn0 = 0% ZnSO4.7H2O, Zn1 = 0.07% ZnSO4.7H2O, Zn2 = 0.14% ZnSO4.7H2O.
2.1.1 Seed priming procedure
To prepare the N and Zn solution, urea and zinc sulfate (ZnSO4) were measured according to the treatment ratio and placed into 100 mL conical flasks containing deionized water. These flasks were then shaken on an electric shaker for approximately 30 minutes at room temperature (25°C). 
Once the solution was prepared, about 25 seeds from each treatment were carefully washed three times with deionized water. The seeds were then primed with N and Zn by soaking them in the prepared solution for 24 hours. After soaking, the primed seeds were thoroughly rinsed with deionized water. Then, the seeds were air-dried at room temperature using blotting paper inside petri dishes until they returned to their original moisture content by weight. 
Following this, the seeds were germinated on germination paper placed in petri dishes with deionized water. To maintain consistent moisture levels, 10 mL of deionized water was evenly added to each petri dish daily.
2.2 Data collection
2.2.1 Initial Zn content
Before the priming process, the initial Zn concentrations in brown rice, polished rice, bran, and husk were determined using the nitric acid digestion method with an atomic absorption spectrophotometer (AAS) after husking and milling.
To prepare the samples, one gram of each type was ground using a non-metallic grinder to avoid contamination. The powdered samples were then digested with a tri-acid mixture consisting of nitric acid (HNO₃), hydrochloric acid (HCl), and sulfuric acid (H₂SO₄) in a 10:4:1 ratio. This digestion was carried out either in a microwave digester or on a hot plate until the samples were completely dissolved. After cooling, the solution was diluted to a final volume of 50 mL with double-distilled water. Zn analysis was conducted at a wavelength of 248.33 nm using the atomic absorption spectrophotometer. The concentration of Zn was calculated using the following formula:

2.2.2 Germination and seedling growth parameters of rice
	The germination rate and vigor index were recorded from Day 3 to Day 14 after setting up the experiment. On Day 14, measurements were taken for shoot length, root length, and the number of roots. The seedlings were then separated into their roots, coleoptiles, and residual seeds. These components were oven-dried at 75°C for 72 hours to determine their dry weight. The percentage of germination and the vigor index were calculated using the formulas provided by Krishnasamy and Seshu (1990).

Vigor Index (VI) = Germination (%) x Seedling length (cm) 
(Abdul-Baki & Anderson, 1973) 

2.3 Statistical Analysis
The data were summarized and analyzed using Analysis of Variance (ANOVA) with the statistical software Statistix Version 8.0. Treatment means were compared using the Least Significant Difference (LSD) test, with a significance level of 5%.
3. RESULTS AND DISCUSSION
3.1 The initial grain Zn content of rice
After milling, brown rice contains a Zn level of 11.33 mg kg-1. In contrast, the husk has a much higher Zn content of 124.62 mg kg-1. Following the polishing process, white rice shows a reduced Zn level of 6.04 mg/kg. Notably, the bran contains the highest concentration of Zn at 196.19 mg kg-1, exceeding that of the edible portion of the rice grain.
These results clearly indicate that the bran layer—comprising the seed coat and aleurone layer—contains numerous nutrients and minerals that are lost during polishing, which accounts for its high Zn concentration. As a result of these nutritional losses, white rice has the lowest Zn content. According to May San Aung et al. (2016), the Zn levels in polished rice vary from 11.1 mg kg-1 for Yezin Lone Thwe to 20.1 mg kg-1 for Sin Nwe Yin.

Table 1. Initial Zn content of brown rice, polished rice, bran, and husk
	No.
	Nutrient content
	Brown rice
(mg kg-1)
	Polished rice
(mg kg-1)
	Bran
(mg kg-1)
	Husk
(mg kg-1)

	1.
	Zinc (Zn)
	11.33
	6.04
	196.19
	124.62








3.2 Effects on Germination
Both Zn and N priming significantly improved the overall seed germination rate in this study (Figure 1). The germination rates of the primed seeds gradually increased from Day 3 to Day 7, reaching their peak on Day 7 across all treatments. Notably, without Zn application, the treatment with the highest N rate (N3Zn0) recorded the lowest germination rate, at 96%. In contrast, the combination of Zn and N priming resulted in the highest germination rate observed among all treatments by Day 7.
The germination percentages exhibited significant differences among the Zn and N rates at a 1% significance level (Table 2). Seed priming with the N2 solution resulted in the highest germination percentage (99.66%), followed by N1 (98.33%), and N3 (98.33%). The lowest germination percentage was found in the N0 treatment, (98.00%) by Day 14. Priming seeds with either Zn of N fertilizers have been shown to enhance germination rates in crops such as corn, rice, chickpeas, and bread wheat (Ullah et al., 2019; Esper Neto et al., 2020; Reis et al., 2018). Among the Zn treatments, Zn1 seed priming achieved the highest germination percentage at 99.75%, closely followed by Zn2 at 99.50%. In contrast, Zn0 priming resulted in the lowest percentage at 96.50%. According to Prom-u-thai et al. (2012), the germination percentage for seeds primed with 2.5 mM Zn on Days 2 and 3 was significantly higher than that of seeds without priming or those primed with higher Zn rates.
The interaction effect of Zn and N was also found to be significant at the 1% level (Table 2). This interaction effect significantly improved the germination percentage of rice seeds by Day 14 (Figure 2). Treatments involving both Zn and N priming exhibited the highest germination percentages compared to treatments without Zn. Pre-sowing treatment of seeds with various compounds enhances seed germination, seedling vigor, and overall crop performance (Anwar et al., 2020). Furthermore, Tuiwong et al., (2022) demonstrated that priming seeds with different concentrations of Zn and N had a substantial impact on the dry weight of seedlings, root number, and seed germination rate over a nine-day period.

Table 2. Germination (%), vigor index, seedling length and dry weight of Sin Thu Kha rice variety as affected by Zn and N

	Treatment
	Germination (%)
	Vigor index
	Shoot length (cm)
	Shoot dry weight (mg)
	Root length (cm)
	Root dry weight (mg)
	Root number

	Nitrogen(N)

	N0
	98.00 b
	787.67 c
	4.92 c
	2.88 c
	3.10 b
	2.85 c
	7.52 d

	N1
	98.33 b
	860.50 ab
	5.30 ab
	3.25 a
	3.44 a
	3.24 a
	9.76 a

	N2
	99.67 a
	876.75 a
	5.44 a
	3.17 b
	3.34 a
	3.02 b
	8.41 c

	N3
	98.33 b
	849.42 b
	5.23 b
	3.24 ab
	3.37 a
	3.04 b
	8.96 b

	LSD0.05
	1.01
	20.96
	0.16
	0.07
	0.10
	0.07
	0.38

	Zinc (Zn)

	Zn0
	96.50 b
	793.25 b
	5.05 b
	2.84 b
	3.15 b
	2.68 b
	7.79 c

	Zn1
	99.70 a
	873.94 a
	5.38 a
	3.29 a
	3.37 a
	3.20 a
	8.38 b

	Zn2
	99.50 a
	863.56 a
	5.25 a
	3.28 a
	3.42 a
	3.23 a
	9.82 a

	LSD0.05
	0.87
	18.15
	0.14
	0.06
	0.09
	0.06
	0.33

	Pr>F
	
	
	
	
	
	
	

	Nitrogen
	**
	**
	**
	**
	**
	**
	**

	Zinc
	**
	**
	**
	**
	**
	**
	**

	N x Zn
	**
	**
	*
	**
	**
	**
	**

	CV%
	1.23
	2.99
	3.82
	3.01
	3.97
	2.99
	5.30


Means followed by the same letter in each factor and each column are not significantly different in LSD tests (p < 0.05). * Significant at 5% level, ** Significant at 1% level. 
N0 = 0 g N/100 mL (0% Urea), N1 = 0.046 g N/100 mL (0.10% Urea), N2 = 0.092 g N/100 mL (0.20% Urea), N3 = 0.138 g N/100 mL (0.30% Urea), Zn0 = 0% ZnSO4.7H2O, Zn1 = 0.07% ZnSO4.7H2O, Zn2 = 0.14% ZnSO4.7H2O


Figure 1. Germination (%) of Sin Thu Kha rice variety as primed by N and Zn solution 
N0 = 0 g N/100 mL (0% Urea), N1 = 0.046 g N/100 mL (0.10% Urea), N2 = 0.092 g N/100 mL (0.20% Urea), N3 = 0.138 g N/100 mL (0.30% Urea), Zn0 = 0% ZnSO4.7H2O, Zn1 = 0.07% ZnSO4.7H2O, Zn2 = 0.14% ZnSO4.7H2O

Figure 2. Germination (%) of Sin Thu Kha rice variety as primed by N and Zn solution at day 14
Figure 3. Vigor index of Sin Thu Kha rice variety as primed by N and Zn solution at day 14
N0 = 0 g N/100 mL (0% Urea), N1 = 0.046 g N/100 mL (0.10% Urea), N2 = 0.092 g N/100 mL (0.20% Urea), N3 = 0.138 g N/100 mL (0.30% Urea), Zn0 = 0% ZnSO4.7H2O, Zn1 = 0.07% ZnSO4.7H2O, Zn2 = 0.14% ZnSO4.7H2O

3.3 Effects on Seedling Vigor Index
Seed priming with Zn and N significantly affected the seed vigor index of rice in Table 2. Among the N treatments, priming with N2 resulted in the highest seedling vigor index of 876.75, closely followed by N1 at 860.50 and N3 at 849.42 on Day 14. The lowest vigor index, 787.67, was observed in the control (N0). A previous study by Badiel et al. (2024) indicated that increasing the N rate during seed priming enhances emergence parameters in rice.
Regarding Zn treatments, Zn1 priming yielded the highest seedling vigor index of 873.94, comparable to Zn2 at 863.56, during the early germination stage. In contrast, Zn0 (without Zn priming) had the lowest vigor index of 793.25 at 14 days. According to Cakmak (2008), Zn plays a crucial physiological role in seedling germination, vigor, and viability. Furthermore, Poudel et al. (2023) reported that a 5% zinc sulfate (ZnSO4) treatment demonstrated the highest vigor, while the control group (no priming) showed the lowest vigor.
The interaction effects on the vigor index between Zn and N during seed priming were also noted (Table 2). The combination of Zn and N treatments resulted in the highest vigor index at Day 14, as illustrated in Figure 3. However, treatments without Zn priming produced a lower vigor index. The lowest seedling vigor index was recorded in the samples that were primed without either Zn or N solution at Day 14. Earlier research by Prom-u-thai et al. (2012) further supports the notion that priming with Zn and N enhances enzymatic antioxidant activities, reducing oxidative stress and improving seed vigor.
3.4 Effects on Shoot Length 
The shoot length showed a highly significant difference among N rates and Zn rates at the 1% level of significance (Table 2). The N2 priming rate resulted in the highest shoot length of 5.44 cm, followed by N1 at 5.30 cm, and N3 at 5.25 cm on day 14. In contrast, the N0 treatment recorded the lowest shoot length at 4.92 cm. Seed priming enhances imbibition and metabolic processes, resulting in improved germination, uniform germination, and better growth and development of seedlings (Ansari et al., 2012). This improvement in primary growth parameters such as fresh weight, dry weight, root length, and shoot length occurs under both normal and stressful conditions. 
In the Zn priming, the Zn1 treatment resulted in a longer shoot length of 5.38 cm, compared to Zn2 at 5.25 cm, and Zn0 at 5.05 cm. Under various treatments with ZnO nanoparticles, the shoot length of rice increased by 29.90% to 34.79% (Li et al., 2021).
When seed priming was performed with a combination of Zn and N, the interaction effects significantly enhanced shoot length in all treatments (Figure 4). In seed priming treatments without either Zn or N, lower shoot lengths were recorded on day 14. Tuiwong et al. (2022) noted that the combination of Zn and N priming was most effective for increasing coleoptile length up to day 9. Therefore, the results indicate that priming with N and Zn enhanced metabolic activities, promoting cell elongation and ultimately leading to increased shoot length.
3.5 Effects on Shoot Dry Weight
Seedlings derived from rice seeds that were primed with both Zn and N demonstrated a greater shoot dry weight compared to those from unprimed seeds. As shown in Table 2, the highest shoot dry weight (3.25 mg) was recorded in the N1 priming treatment, closely followed by N3 (3.24 mg) and N2 (3.17 mg). At Day 14, the lowest shoot dry weight (2.88 mg) was observed in the N0 solution. When rice seeds were primed with a 2% urea treatment, the maximum dry weight was achieved 20 days after sowing (Yadav et al., 2023).
Regarding the effects of Zn, the Zn1 treatment recorded the greatest shoot dry weight (3.29 mg), which was similar to that of Zn2 (3.28 mg). In contrast, Zn0 resulted in the lowest shoot dry weight (2.84 mg). Cakmak (2008) reported that a sufficient concentration of Zn in the seed is essential for seedling vigor and plant resilience to external stressors during the germination and early growth stages. Additionally, according to Srivastav et al. (2021), cereal crops such as wheat, treated with 150 ppm ZnO nanoparticles, and maize, treated with 100 ppm ZnO nanoparticles, both exhibited comparable increases in dry biomass of shoots
In this study, significant improvements in shoot dry weight were observed in seeds primed with a combination of Zn and N at Day 14 (Table 2). Figure 5 illustrates that the highest shoot dry weight occurred in seeds primed with the combined N and Zn solution. Conversely, the lowest shoot dry weight was found in seeds primed without Zn. Priming with Zn and N resulted in a 15.1% increase in seedling dry weight compared to non-primed seeds, while priming with Zn alone produced a 7.5% increase (Tuiwong et al., 2022). These increases in dry weight indicate improved nutrient uptake and utilization, leading to more vigorous seedlings.
3.6 Effects on Root Length
The root lengths of rice seedlings showed significant differences among various Zn and N rates when using seed priming (Table 2). The N1 priming rate produced the longest root length at 3.44 cm, which was comparable to the N3 rate at 3.37 cm and the N2 rate at 3.34 cm. In contrast, the N0 priming rate recorded the shortest root length at 3.10 cm. Additionally, seed priming with a urea solution (2%) resulted in longer root lengths at 20 days after sowing (DAS) (Yadav et al., 2023). 
For Zn priming, the Zn2 rate had the longest root length at 3.42 cm, which did not significantly differ from the Zn1 rate at 3.37 cm. The shortest root length of 3.15 cm was observed with the Zn0 treatment. Furthermore, root lengths of rice seedlings significantly increased when treated with 25 and 100 mg L−1 of ZnO nanoparticles, respectively (Li et al., 2021).
Moreover, combining Zn and N during seed priming significantly enhanced root length during the early seedling growth stages (3-14 days) (Table 2; Figure 6). Priming rice seeds with a solution that combines Zn and N led to the highest root lengths compared to treatments that included only one of the nutrients. The results indicate that Zn nutrition, even without N, can significantly improve root length in primed seeds. This enhancement supports enzymatic activities and cellular processes that are critical for root elongation. Similarly, seedlings from seeds treated with Zn alone, without N, exhibited the highest root lengths at D3, D4, D7, and D9. (Tuiwong et al., 2022). 
3.7 Effects on Root Number
In Table 2, the number of roots differed significantly among treatments primed with Zn or N solutions at the 1% level of significance. The highest root number (9.76) was achieved with the N1 solution, followed by N3 (8.96) and N2 (8.41) at Day 14. In contrast, the N0 treatment resulted in the fewest roots (7.52). Priming with N is essential for rice seeds; however, under conditions of low N or excessive N, rice seeds showed a decrease in total root length, root surface area, root volume, and root number during the seedling stage. Compared to unprimed seeds, priming seeds with N (e.g., KNO3) increases root number, root length, and dry weight, leading to healthier seedlings and improved early root development (Poudel et al., 2023).
In the Zn solution treatments, there were significant differences in root numbers across the various treatments (Table 2). The Zn2 seed priming resulted in the highest root number (9.82), followed by Zn1 (8.38). The lowest root number (7.79) was observed with the Zn0 treatment. Priming with 2.5 mM and 5 mM Zn solutions resulted in more roots compared to treatments without Zn (Tuiwong et al., 2022).
Figure 4. Shoot length (cm) of Sin Thu Kha rice variety as primed by N and Zn solution at day 14
Figure 5. Shoot dry weight (mg) of Sin Thu Kha rice variety as primed by N and Zn solution at day 14
N0 = 0 g N/100 mL (0% Urea), N1 = 0.046 g N/100 mL (0.10% Urea), N2 = 0.092 g N/100 mL (0.20% Urea), N3 = 0.138 g N/100 mL (0.30% Urea), Zn0 = 0% ZnSO4.7H2O, Zn1 = 0.07% ZnSO4.7H2O, Zn2 = 0.14% ZnSO4.7H2O
There is a significant interaction effect of the number of roots primed by Zn rates and N rates (Table 2). Figure 8 shows that the combination of all Zn and N treatments with primed seeds resulted in the highest number of roots at Day 14 compared to other treatments, while the treatments without Zn produced significantly fewer roots. Thus, the combined effects of N and Zn priming enhanced the root numbers, which supported better nutrient and water uptake during the early growth stages. Over the nine days of germination, priming seeds with various concentrations of N and Zn had a considerable impact on the dry weight of seedlings, the number of roots, and the germination rate (Tuiwong et al., 2022).
3.8 The Effects on Root Dry Weight
Root dry weight showed highly significant variations among Zn rates and N rates at a 1% significance level (Table 2). In this study, the highest root dry weight of 3.24 mg was recorded with the N1 solution, followed by N3 at 3.04 mg and N2 at 3.02 mg, both of which were statistically similar. The lowest root dry weight of 2.85 mg was observed with the N0 solution. Rice seedlings demonstrated superior performance in terms of total dry weight, as well as root, stem, and leaf dry weights, under both low and high N levels during the seedling stage (Liu et al., 2023). Additionally, the Zn2 treatment yielded the highest root dry weight at 3.23 mg, comparable to Zn1 at 3.20 mg, while Zn0 priming resulted in the lowest weight at 2.68 mg. In the study by Rai-Kalal & Jajoo (2021), seedlings from nano-primed rice exhibited the highest fresh and dry weights compared to hydro-primed and unprimed seeds.
Furthermore, a strong interaction effect on root dry weight was observed between Zn and N rates, also at the 1% significance level (Table 2). Seed priming with various Zn and N applications positively influenced the maximum root dry weight of seedlings compared to treatments without Zn. An increase in root dry weight indicated better root development and nutrient storage, contributing to improved seedling establishment. Similar findings were reported, with the highest root dry weight recorded at 0.12 µM Zn in rice across all N supply conditions (Ji et al., 2022). In this study, seed priming with both Zn and N consistently enhanced root dry weight due to improved root biomass accumulation and increased seedling vigor.
Figure 6. Root length (cm) of Sin Thu Kha rice variety as primed by N and Zn solution at day 14


Figure 7. Root dry weight (mg) of Sin Thu Kha rice variety as primed by N and Zn solution day 14

Figure 8. Root numbers of Sin Thu Kha rice variety as primed by N and Zn solution at day 14
N0 = 0 g N/100 mL (0% Urea), N1 = 0.046 g N/100 mL (0.10% Urea), N2 = 0.092 g N/100 mL (0.20% Urea), N3 = 0.138 g N/100 mL (0.30% Urea), Zn0 = 0% ZnSO4.7H2O, Zn1 = 0.07% ZnSO4.7H2O, Zn2 = 0.14% ZnSO4.7H2O

4. Conclusion
[bookmark: _Hlk217549206]This study demonstrated that priming rice seeds with a combination of Zn and N solution significantly enhanced several growth parameters compared to treatments lacking these nutrients. Specifically, seeds primed with N2 [0.092 g N/100 mL (0.20% Urea)] exhibited a notable increase in shoot length, seedling vigor, and germination rates. In addition, seeds primed with N1 [0.046 g N/100 mL (0.10% Urea)] showed higher shoot dry weight, root length, root number, and root dry weight. Regarding Zn, seeds primed with Zn1 [0.07% ZnSO₄·7H₂O] achieved the highest germination rate, vigor, shoot length, and shoot dry weight. Conversely, Zn2 [0.14% ZnSO₄·7H₂O] priming resulted in greater root length, root number, and root dry weight. The combined effects of Zn and N priming surpassed treatments without Zn and those with only N in terms of germination rates and seedling vigor. Therefore, the combination of Zn and N in seed priming created a synergistic effect, enhancing nutrient availability during germination and ultimately facilitating superior seedling development.
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Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	N0	N1	N2	N3	4.7525000000000004	5.2225000000000001	4.8050000000000006	5.2474999999999996	5.3049999999999997	5.370000000000001	5.2524999999999995	5.5750000000000002	5.5200000000000005	4.9800000000000004	5.4550000000000001	5.3274999999999997	Combined effect of Nitrogen and Zinc


Shoot length (cm)
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Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	N0	N1	N2	N3	2.5499999999999998	3.17	2.92	2.86	3.46	3.45	3.08	3.11	3.33	2.87	3.42	3.45	Combined effect of nitrogen and zinc


Shoot dry weight (mg seedling-1)
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Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	N0	N1	N2	N3	2.5	2.92	3.15	2.93	3.42	3.37	2.63	3.09	3.36	2.67	3.38	3.07	Combined effect of nitrogen and zinc


Root dry weight (mg seedling-1)
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Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	N0	N1	N2	N3	2.8425000000000002	3.2874999999999996	3.1774999999999998	3.43	3.5350000000000001	3.3624999999999998	3.2374999999999998	3.23	3.58	3.1174999999999997	3.4349999999999996	3.58	Combined effect of nitrogen and zinc


Root length (cm)
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Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	N0	N1	N2	N3	6.65	7.7750000000000004	8.15	10	8.6999999999999993	11.1	7.2750000000000004	8	10.050000000000001	7.75	9.15	10	Combined effect of nitrogen and zinc


Root number



N0Z0	D3	D4 	D5 	D6 	D7 	D8 	D9 	D10 	81	83	86	92	94	94	94	94	N0Z1	D3	D4 	D5 	D6 	D7 	D8 	D9 	D10 	85	87	89	100	100	100	100	100	N0Z2	D3	D4 	D5 	D6 	D7 	D8 	D9 	D10 	85	87	88	95	100	100	100	100	N1Z0	D3	D4 	D5 	D6 	D7 	D8 	D9 	D10 	83	84	87	90	96	96	96	96	N1Z1	D3	D4 	D5 	D6 	D7 	D8 	D9 	D10 	83	84	85	89	99	99	99	99	N1Z2	D3	D4 	D5 	D6 	D7 	D8 	D9 	D10 	87	87	87	87	100	100	100	100	N2Z0	D3	D4 	D5 	D6 	D7 	D8 	D9 	D10 	82	83	83	89	100	100	100	100	N2Z1	D3	D4 	D5 	D6 	D7 	D8 	D9 	D10 	83	83	83	89	100	100	100	100	N2Z2	D3	D4 	D5 	D6 	D7 	D8 	D9 	D10 	85	85	85	90	99	99	99	99	N3Z0	D3	D4 	D5 	D6 	D7 	D8 	D9 	D10 	86	87	90	90	96	96	96	96	N3Z1	D3	D4 	D5 	D6 	D7 	D8 	D9 	D10 	83	83	83	90	100	100	100	100	N3Z2	D3	D4 	D5 	D6 	D7 	D8 	D9 	D10 	85	85	85	89	99	99	99	99	Day after sowing 


Germination (%) 
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Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	N0	N1	N2	N3	713.56000000000006	851	798.25	833.04	875.22	873.25	849	880.5	900.68000000000006	777.3599999999999	889	882	Combined effect of Nitrogen and Zinc


Vigor Index
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Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	Zn0	Zn1	Zn2	N0	N1	N2	N3	94	100	100	96	99	100	100	100	99	96	100	99	Combined effect of Nitrogen and Zinc
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