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Optimizing Seed Priming Strategies in Winter Rice to Boost Germination and Seedling Establishment
Abstract
A beneficial agronomic method for boosting seed performance is seed priming, which raises the germination levels, vigor and the consistency of seedlings. It involves treating seeds early before sowing that enhance the seed's metabolic activities, leading to expedited and enhanced germination. This strategy has become significant for strengthening the crop establishment and flourishing, especially in adverse environments. The research investigation was performed out utilizing a Completely Randomized Design (CRD) with four replications at the Bangladesh Institute of Nuclear Agriculture (BINA), Mymensingh, Bangladesh, in the Agronomy Division. The study spanned from November to December 2018. The presented research explored the impacts of seed priming substances on three different winter varieties of rice: i) BRRI dhan29, ii) BRRI dhan36, and iii) BRRI dhan67. Eight seed priming treatments were applied, namely i) Control (without priming), ii) Hydro priming (24 hrs), iii) 150 ppm PEG 8000, iv) 15000 ppm ZnSO4, v) 15000 ppm MnSO4, vi) 20000 ppm KCl, vii) 16000 ppm NaCl and viii) 22000 ppm CaCl2. Results suggested that this technique positively impacts germination rate, vigor index and seedlings growth. ZnSO4, KCl, and CaCl2 turned out to be among the best priming agents, while NaCl and PEG provided no significant improvement compared to control for seedling vigor and germination rate. These findings suggest that the effectiveness of specific priming agents, particularly ZnSO4, KCl, and CaCl2, enhance seed performance and early seedling development, offering a promising strategy for optimizing winter rice cultivation.
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1. Introduction
Being an agro-based nation, Bangladesh might be characterized as a land of rice consumers and growers (Shelley et al., 2016). About 78% of Bangladesh's total net cultivated areas are used to cultivate rice, which is also the prime diet in the country (Al Mamun et al., 2021). The nation uses 11.55 million hectares of arable land to become self-sufficient in meeting the demand for rice among its 169.04 million inhabitants (Siddique et al., 2023). Consequently, the primary source of food production and national security is winter (locally known as ‘boro’) rice. Among total rice production, boro rice had occupied 53% of it in both the years of 2021-22 and 2022-23 in Bangladesh (BBS, 2023; Islam et al., 2024). Floods, droughts, high heat and cold, and salinity strains are just a few of the natural calamities and stresses that Bangladeshi agriculture faces almost every year (Jamal et al., 2023). Rice is substantially less resilient to cold stress because it is a tropical crop. The seedling stage in the nursery bed is especially vulnerable to cold temperatures, which can cause spikelet sterility and seedling mortality during the panicle initiation stage (El-Refaee et al., 2015). Cold significantly impacts winter rice during the establishment and reproductive stages. Occasionally, the fatality of seedlings can reach 90%, particularly in the country's north (Rashid and Yasmeen, 2017). In the north and northeast of Bangladesh, more than two million hectares of rice fields have lately experienced significant cold damage, leading to partial or complete loss (Rashid and Yasmeen, 2017). Early winter rice in Bangladesh is frequently stressed by low temperatures and sudden rainfall during the periods of vegetation and reproduction (Hossain et al., 2023). Cold stress throughout the vegetative stage, can cause several changes in its morpho-physiological traits, including diminished tillering, slowed development, yellowing of the leaves, and decreased photosynthetic processes on rice plant (Rehman and Tanti, 2022). 

Seed priming is one of suitable, sensible, and easy procedures for ensuring consistent and rapid development, high seedling establishment and yields in unfavorable circumstances (Anwar et al., 2024; Parvin et al., 2024).  In the initial phases of germination, the controlled hydration initiates regular metabolic processes prior to the radicles extending (Hussain and Saqib, 2022). It has been proven for boosting the gibberellins (GA)/abscisic acid (ABA) ratio, which could be an immediate outcome on the pattern of gene expression (Sukifto et al., 2020).  Primed seeds may exhibit a more stable GA endogenous content in harmony with endosperm weakening, expansion of embryo, and reserve mobilization (Lutts et al., 2016). The accumulation of germination-promoting chemicals during seed imbibition, numerous metabolic repairs, and reduced lag time are the main reasons why seed priming formerly helped to increase and synchronize germination and improve seedling growth (Biswas et al., 2023). Primed seeds accelerate germination by increasing the quantity of mitochondria, ATP, RNA, and DNA synthesis, as well as presence of beneficial enzymes like α-amylase (Hameed et al., 2025).  Certain seed priming methods, including hydro, osmo, chemical, redox, hormone, and nutritional priming, subject rice to environmental stressors (Ali et al., 2023).  By controlling the water that seed can receive, this technique allow germination to begin while avoiding the development of radicles (Cheng et al., 2017).  Priming is a common technique to improve seeds' capacity to tolerate stress and germinate (Sheteiwy et al., 2021; Singh and Kumar, 2021). Seed can germinate and emerge even in unfavorable agroclimatic circumstances, including extremely hot or cold weather, thanks to priming (Devika et al., 2021). Harvesting efficiency can be maximized through uniform emergence, potentially increasing yield potential (Lu et al., 2017). Keeping those in mind, this current investigation was conducted to develop a suitable seed priming technique for successfully producing winter rice under cold or salinity stress. As this program is divided into several steps, in this paper, we will select the suitable priming agents for germination attributes, and the best priming agents will be evaluated during abiotic circumstances.
2. Materials and methods
2.1 Experimental Site and Materials Used
This research work was undertaken from November to December 2018 at the Agronomy Division laboratory of the BINA. The research site was located at latitude 24°43'24"N and longitude 90°25'51"E. Four replications of a CRD were used in the investigation, incorporating two factors of three winter rice varieties named BRRI dhan29, BRRI dhan36, and BRRI dhan67; another factor included eight seed priming agents like Control (without priming), Hydro priming, 50 ppm Poly Ethylene Glycol (PEG) 8000, 15000 ppm Zinc sulphate (ZnSO4), 15000 ppm Manganese sulphate (MnSO4), 20000 ppm Potassium chloride (KCL), 20000 ppm Calcium chloride (CaCl2) and 15000 ppm Sodium chloride (NaCl). The seeds of the rice varieties were sourced from the Bangladesh Agricultural Development Corporation (BADC). The collected seeds were stored in a fully sealed box and kept in a freezer at the average temperature of 5 ±1°C. The initial moisture content of the collected seeds was 10±1% which was determined using the oven dry method. Priming chemicals of laboratory standards were utilized in the experiment. The chemicals used in the experiment as ZnSO4.7H2O, MnSO4.5H2O, KCl, CaCl2 and NaCl were manufactured by MERCK, India while PEG 8000 was manufactured by LOBAL Chemie, India.
2.2 Seed Priming Method
Initially outlined by Ruan et al., (2002), every seed was disinfected for three minutes with a 5% sodium hypochlorite (NaOCl) solution to avoid fungal infection. Following sterilization, purified water was utilized to clean the seeds completely, and tissue paper was used to dry them. Several priming agent solutions produced with filtered water were used to immerse the seeds, maintaining a volume ratio of 1:5 (g mL⁻¹) between seeds and solutions. For a full day, the soaking was done at ambient temperature (25±2°C). The seeds were retrieved after soaking and dipped three times with filtered water to remove any remaining chemicals (Khan, 2010) and air-dried using forced air at 27±3°C for 48 hours to restore their initial moisture level. Seeds that were not treated served as the control. After being packed in polythene bags and placed in brown envelopes with tags, these seeds were refrigerated at 5±1°C for 15 days before being put in a germination container.
The germination test was done following the guidelines of the Association of Official Seed Analysts, AOSA, (1990). The media used for germination was sterilized sand in 15 cm diameter plastic bowls; the sand’s moisture content was maintained at 80% of field capacity. One hundred seeds per treatment were placed in the sand, and each was made four times. The bowls were kept at ambient temperature (25±2°C) on laboratory desks. Once a seed's radicle reached 2 mm in length, it was deemed to have germinated.

2.3 Data Collection Procedure
2.3.1 Final Germination Percentage (FGP) %
The FGP was determined on day 14 using the equation described by Don and Ducournau, (2009):

FGP (%) =   EQ \F(No. of seeds that germinated, No. of seeds sown) ( 100

2.3.2 Time to 50% Germination (T50) Days
The time required for 50% of the seeds to sprout was determined by periodic assessments. The T₅₀ was determined using the equation by Coolbear et al., (1984), which was modified by Farooq et al., (2005):                                          
T50= ti + [(N/2-ni) (tj-ti)]/ (nj-ni)

Considering N is the FGP and ni, nJ is the overall amounts of seeds germinated by neighboring reading periodically ti and tj when ni <N/2<nj.
2.3.3 Mean Germination Time (MGT)

The MGT was estimated using the method by Ellis and Roberts, (1981):

MGT =  EQ \F((Dn, (n) 
Considering n is the total count of seeds germinating on every day, and D is the duration of days since the start of germination.

2.3.4 Germination Index (GI)

According to the AOSA, (1983), the GI was computed as follows:

GI=  EQ \F(No. of germinated seeds, Days of first count) + ---------+  EQ \F(No. of germinate seeds, Days of final count) 
2.3.5 Energy of Germination (GE) %

As explained by Ruan et al., (2002), the number of seeds that germinated per hundred seeds in comparison to the entire number of analyses was used to determine germination energy on the fourth day following sowing.

2.3.6 Vigor Index (VI) 

Fourteen days after seeding, ten seedlings were chosen arbitrarily from each replicate in order to measure the lengths of the seedling length. The VI was determined by following the equation of Abdul-Baki and Anderson, (1973):

vigor index (SVI) =  EQ \F(Seedling length × Germination percentage, 100) 
Considering, Seedling length= Root length + Shoot length
2.3.7 Root and Shoot Observations
A centimeter scale was taken to determine the shoot’s length from the very bottom to the extended leaf and the length of the roots from the bottom to the leading edge of the longest root. Ten seedlings per replication were randomly selected for these measurements. After the roots and branches were removed from the seedlings, they were cleaned using drinking water and oven-dried for 72 hours at 70°C until their weight remained consistent. Dry weights were measured in grams for every treatment. By dividing the root length by the shoot length, the root-shoot ratio was computed.
2.4 Statistical Analysis

The collected data were compiled and subjected to statistical analysis. Analysis of variance (ANOVA) was performed using the software package Statistics 10.  For significant effects identified through ANOVA, mean comparisons were conducted using the Least Significant Difference (LSD) test at a 5% significance level, as Gomez and Gomez, (1984) recommended.  The graphs were drawn using R software 4.2.2 version using ggplot2, reshape2, doebioresearch, and patchwork packages.
3. Results 
This study found that seed priming has a substantial (p<0.05) impact on winter rice types on germination rate, germination pattern, seedling vigor, and seedling growth. BRRI dhan67 performed better among all the parameters than the other two varieties of BRRI dhan29 and BRRI dhan36 (Table 1). Priming agents positively affected the seed germination rate, germination pattern, and vigor of the rice varieties. Priming with CaCl2, KCl, and ZnSO4 was ideal for the germination rate and germination pattern, but priming with NaCl reduced the germination rate (Tables 1 and 2). Compared with control, it accelerated the germination rate observed in days to 50% germination and mean germination time. BRRI dhan29 primed with hydropriming, PEG 8000, and NaCl resulted in no variation, while BRRI dhan36 primed with hydropriming and NaCl slowed the germination rate compared to the control. BRRI dhan67 primed with NaCl took a longer time to 50% germination and a higher mean germination rate than the control. Conversely, the lowest mean germination time (4.91 days) was recorded in the BRRI dhan67 primed with CaC12 (Table 1). Similarly, the highest germination index (140.4), the energy of germination percentage (75.00), and the vigor index (23.33) were found in the application of CaC12 in BRRI dhan67 (Table 1). The lowest germination index (93.35), the energy of germination percentage (29.25), and the vigor index (12.34) were found in the application of NaCl in BRRI dhan29, which also indicated these values were worse than the control application (Table 1). 
Table 1: Interaction effect of winter rice varieties and priming agents on germination pattern

	Variety x priming agent
	Time to 50% germination (days)
	Mean germination time (days)
	Germination index (GI)
	Energy of germination (GE)%
	Vigor index (VI)

	BRRI dhan29
	Control
	4.00a
	5.56a
	107.5hij
	35.50g-j
	12.82ij

	
	Hydropriming
	4.00a
	5.40bc
	104.9j
	39.75f-i
	13.26hij

	
	PEG 8000
	4.00a
	5.35b-e
	112.4f-i
	39.75f-i
	13.51ghi

	
	ZnSO4
	2.50d 
	5.23fgh
	122.1c 
	52.00c
	18.74e

	
	MnSO4
	3.50b
	5.36bcd
	105.6ij
	39.50f-i
	13.77ghi

	
	KC1
	3.25bc
	5.24fg 
	119.4cde
	50.75cd
	16.44f

	
	CaC12
	3.25bc 
	5.03jk
	130.2b 
	60.50b
	17.02f

	
	NaC1
	4.00a
	5.62a 
	93.35k 
	29.25j 
	12.34j

	BRRI dhan36
	Control
	4.00a
	5.42b 
	108.4g-j
	41.00fgh
	13.08hij

	
	Hydropriming
	4.00a
	5.31c-f 
	112.1f-i
	41.75efg
	14.07gh

	
	PEG 8000
	3.50b
	5.31c-g
	119.5cde
	43.50def
	13.40hi

	
	ZnSO4
	3.50b
	5.13hij
	114.9d-g
	44.50def 
	21.93bc

	
	MnSO4
	3.50b
	5.39bc
	110.4f-j
	41.75efg
	20.34d

	
	KC1
	3.50b
	5.28d-g
	116.3c-f
	45.75cde
	21.49c

	
	CaC12
	3.50 b
	5.21ghi 
	114.0e-h
	48.75def
	22.63ab

	
	NaC1
	4.00a
	5.54a 
	97.05k 
	34.00hij
	13.74ghi

	BRRI dhan67
	Control
	3.25bc 
	5.31c-f
	105.1j
	35.75g-j
	13.36hij

	
	Hydropriming
	3.00c
	5.24fg
	120.2cde 
	33.50ij
	13.99gh

	
	PEG 8000
	3.00c
	5.25efg
	113.9e-h
	49.00cde
	14.48g 

	
	ZnSO4
	3.00c
	5.02k 
	135.0ab 
	58.50b
	22.44abc

	
	MnSO4
	3.00c
	5.11ijk
	116.6c-f
	49.00cde
	18.78e

	
	KC1
	3.00c
	5.03 jk
	121.2cd 
	50.00cd
	20.00d

	
	CaC12
	2.00e 
	4.91 l 
	140.4a
	75.00a
	23.33a

	
	NaC1
	4.00a
	5.38 bcd
	97.80k 
	35.50ghi
	13.36hij

	LSD0.05
	0.34
	0.10
	5.99
	6.35
	0.911

	Level of sig.
	**
	**
	**
	**
	**

	CV (%)
	7.14
	1.40
	3.73
	10.03
	3.89


** = Significant at 1% level of probability, 

Figures not sharing the same letters in the same column differ significantly at p<0.05

The final germination percentage differed significantly across the priming agents and winter rice varieties. Priming with ZnSO4, KCl, and CaCl2 resulted in the greater final germination percentages across all varieties, with BRRI dhan67 showing superior performance under these treatments, as indicated in Figure 1. For priming with ZnSO4, final germination percentages were 87.25%, 84%, and 91.75% for BRRI dhan29, BRRI dhan36, and BRRI dhan67, respectively. Similarly, priming with KCl resulted in 85.25%, 84%, and 92.5% final germination, while CaCl2 produced 90%, 89.25%, and 92.5% for these varieties. Conversely, the lowest final germination percentage (78.25) was recorded when NaCl was applied in BRRI dhan36, even lower than the values where no priming agents were applied (control). Priming with NaCl resulted in only 82.25% and 81.5%, the lowest final germination for BRRI dhan29 and BRRI dhan67, respectively. Overall, BRRI dhan67 demonstrated the best germination rates under favorable treatments, while BRRI dhan36 and BRRI dhan29 showed moderate performance. These results also highlight that the highest final germination percentage (92.50) was noted at BRRI dhan67 when both KCl and CaC12 were applied, which was also statistically similar to the ZnSO4 application in the same variety (Figure 1). For BRRI dhan67, particularly, it shows how well micronutrient-based priming agents like ZnSO4, KCl, and CaCl2 increase final germination rates. Conversely, the least successful method was NaCl priming, suggesting that it was not very useful for enhancing seed germination in these circumstances.
Figure 1: Influence of winter rice varieties and priming agents on final germination percentage
[image: image1.png]Rice Varieties [l BRI dhan 29 || BRRI dhan 36 [l BRRI dhan 67

al Germination (%)

T4 T5
Treatments





Considering, T1= Control, T2= Hydropriming, T3= PEG 8000, T4= ZnSO4, T5= MnSO4, T6= KC1, T7= CaC12, T8= NaCl and significant at 1% level of probability
There were notable differences in the lengths of the roots and shoots between the winter rice varieties and priming agents (Figure 2). The priming agents that consistently generated the largest root and shoot lengths were ZnSO4, KCl, and CaCl2, whereas those that produced the lowest lengths were control, polyethylene glycol, and NaCl. Priming with ZnSO4 had the maximum values for shoot length among all types; BRRI dhan29 recorded 15.68 cm, BRRI dhan36 reached 19.81 cm, and BRRI dhan67 had the most extended shoot length at 20.49 cm (Figure 2). With BRRI dhan29 reaching 14.28 cm and 14.26 cm, BRRI dhan36 reaching 19.6 cm and 19.2 cm, and BRRI dhan67 recording 18.24 cm and 16.49 cm for CaCl2 and KCl, respectively, priming with CaCl2 and KCl also came in close succession. NaCl and control, on the other hand, produced the shortest shoot lengths; their respective values were 10.44 and 10.62 cm for BRRI dhan29, 10.51 and 10.55 cm for BRRI dhan36, and 10.6 and 10.73 cm for BRRI dhan67. Similar patterns were seen in the lengths of the roots, where ZnSO4 priming performed best, with BRRI dhan29 recording 5.94 cm, BRRI dhan36 7.28 cm, and BRRI dhan67 6.22 cm (Figure 2). Root lengths for BRRI dhan29, dhan36, and dhan67 were 6.82 cm and 5.69 cm, 6.16 cm and 5.83 cm, and 5.93 cm and 5.91 cm, respectively, after priming with CaCl2 and KCl. After being primed with NaCl, the lowest root lengths were measured as 3.64 cm in BRRI dhan29, 4.59 cm in BRRI dhan36, and 4.63 cm in BRRI dhan67. 
Figure 2: Interaction effect of winter rice varieties and priming agents on root and shoot length
Considering, V1= BRRI dhan29, V2= BRRI dhan36, V3= BRRI dhan67; 

T1= Control, T2= Hydropriming, T3= PEG 8000, T4= ZnSO4, T5= MnSO4, T6= KC1, T7= CaC12, T8= NaCl and significant at 1% level of probability

This study revealed substantial differences in root dry weight, shoot dry weight, and root-shoot ratios among the three winter rice varieties and the eight agents (Table 2). Priming with ZnSO4 consistently outperformed other agents, producing the highest root dry weights of 0.047 g, 0.050 g, and 0.050 g for BRRI dhan29, BRRI dhan36, and BRRI dhan67, respectively. Priming with CaCl2 followed closely with comparable root dry weights of 0.042 g for BRRI dhan29, 0.040 g for BRRI dhan36, and 0.040 g for BRRI dhan67. In contrast, the lowest root dry weights were observed under NaCl priming, particularly in BRRI dhan67 (0.022 g), while BRRI dhan29 and BRRI dhan36 recorded slightly higher values of 0.030 g each. 

Table 2: Interaction effect of winter rice varieties and priming agents on root dry weight, shoot dry weight, and root-shoot ratio 

	Variety x priming agent
	Root dry wt.

(g)
	Shoot dry wt.

(g)
	Root - Shoot ratio

	BRRI dhan29
	Control
	0.032def
	0.060fg
	0.570def

	
	Hydropriming
	0.037cde
	0.063f
	0.705bcd

	
	PEG 8000
	0.032ef
	0.067ef
	0.625def

	
	ZnSO4
	0.047ab
	0.085c
	1.375a

	
	MnSO4
	0.040cd
	0.067ef
	0.812bc

	
	KC1
	0.042bc
	0.078e
	0.812bc

	
	CaC12
	0.042bc
	0.080de
	1.248a

	
	NaC1
	0.030fg
	0.061fg
	0.500efg

	BRRI dhan36
	Control
	0.035de
	0.037hi
	0.360gh

	
	Hydropriming
	0.038cd
	0.045gh
	0.512efg

	
	PEG 8000
	0.035de
	0.072ef
	0.470fg

	
	ZnSO4
	0.050a
	0.110a
	1.330a

	
	MnSO4
	0.040cd
	0.090bc
	0.557def

	
	KC1
	0.040cd
	0.090bc
	0.570def

	
	CaC12
	0.040cd
	0.092b
	0.812bc

	
	NaC1
	0.030fg
	0.030ij
	0.267h

	BRRI dhan67
	Control
	0.032ef
	0.035hi
	0.370gh

	
	Hydropriming
	0.037cde
	0.050g
	0.570def

	
	PEG 8000
	0.037cde
	0.062f
	0.522efg

	
	ZnSO4
	0.050a
	0.082cd
	0.875b

	
	MnSO4
	0.030fg
	0.072ef
	0.630def

	
	KC1
	0.030fg
	0.070ef
	0.655cde

	
	CaC12
	0.040cd
	0.080de
	0.875b

	
	NaC1
	0.022h
	0.035hi
	0.275h

	LSD0.05
	0.006
	0.0089
	0.154

	Level of sig.
	**
	**
	**

	CV (%)
	11.06
	9.96
	16.28


 ** = Significant at 1% level of probability, 

Figures not sharing the same letters in the same column differ significantly at p<0.05

An identical pattern was noted for shoot dry weight, where ZnSO4 produced maximum values of 0.085 g, 0.110 g, and 0.082 g in BRRI dhan29, BRRI dhan36, and BRRI dhan67, respectively (Table 2). This was followed by CaCl2, which resulted in shoot dry weights of 0.080 g, 0.092 g, and 0.080 g for the same varieties. KCl was also effective, particularly in BRRI dhan36 (0.090 g) and BRRI dhan29 (0.078 g). On the other hand, NaCl and the control treatments consistently recorded the lowest shoot dry weights, with NaCl producing values as low as 0.030 g in BRRI dhan36 and 0.035 g in BRRI dhan67. Similarly, priming with ZnSO4 and CaCl2 emerged as the most impactful agents for the root-shoot ratio. The highest ratios were recorded for ZnSO4, reaching 1.375 in BRRI dhan29, 1.330 in BRRI dhan36, and 0.875 in BRRI dhan67 (Table 2). Likewise, CaCl2 exhibited 1.248, 0.812, and 0.875 ratios in BRRI dhan29, BRRI dhan36, and BRRI dhan67, respectively. Notably, the NaCl treatment yielded the lowest root-shoot ratios across all varieties, with values of 0.500, 0.267, and 0.275 for BRRI dhan29, BRRI dhan36, and BRRI dhan67, respectively. 

A correlation heatmap analyzed the relationships among germination and seedling establishment traits of winter rice varieties in response to seed priming (Figure 3). Final germination percentage, germination index, energy of germination, vigor index, root length, shoot length, root dry weight, shoot dry weight, and root-shoot ratio positively correlated with most variables, except for time to 50% germination and mean germination time. Mean germination time was strongly correlated with time to 50% germination (r= 0.78***). Final germination percentage showed significant positive correlations with germination index (r= 0.79***), energy of germination (r= 0.84***), vigor index (r= 0.66**), root length (r= 0.53**), shoot length (r= 0.59**), root dry weight (r= 0.44*), shoot dry weight (r= 0.55**), and root-to-shoot ratio (r= 0.55**). These correlations indicate that improved seedling vigor and growth is accompanied by higher germination percentages. But it was negatively correlated with time to 50% germination (r= -0.70***) and mean germination time (r= -0.82***), which means that rapid and synchronous germination is associated with good germination performance in general. The strongest positive correlation was between vigor index and shoot length (r= 0.97***), which indicates that rapid and synchronous germination is associated with good germination performance in general. But the strongest negative correlation was between germination index and mean germination time (r= -0.88***), 
Figure 3: Correlation heatmap showing the connection between different germination and growth traits of winter rice varieties 
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Considering, *Significant at a 5 % level of significance, **Significant at a 1 % level of significance, ***Significant at a 0.1 % level of significance;

GP= Final Germination Percentage, GT50= Time to 50% Germination, MGT= Mean Germination Time, GI= Germination Index, GE= Energy of Germination, VI= Vigor Index, RL= Root Length, SL= Shoot Length, RDW= Root Dry Weight, SDW= Shoot Dry Weight, R:S= Root - Shoot ratio.
4. Discussion
Seed germination, germination rate patterns, seedling vigor, and development are essential for plants to flourish and yield under favorable and adverse situations (Anwar et al., 2021). Hussain and Saqib, (2022) assert that plants subjected to seed priming have enhanced stress adaptability. Consequently, it was anticipated that pre-sowing seed treatment might enhance germination rates, seedling vigor, and growth, as well as improve seed germination under diverse abiotic and biotic circumstances (Mim et al., 2021; Sharma et al., 2021). Seed nutri-priming, which provides an adequate supply of nutrients, can enhance seed germination and seedling vigor (Irfan et al., 2024). Our result indicates that seed priming positively influences winter rice germination except for NaCl priming, but ZnSO4, KCl, or CaCl2 priming proved the most effective. The findings align with several studies confirming that primed seeds in rice and other crop species germinate more rapidly and effectively, emerging simultaneously (Mamun et al., 2018; Miah et al., 2022). Aswathi et al. (2022) assert that the accelerated development of immature embryos, facilitated by seed priming and genetic and structural repair, provides plausible reasons for the increased germination rate. Conversely, Jatana et al., (2024) argued that seed priming reduced physiological non-uniformity in seed mass, potentially enhancing and synchronizing the germination rate. Although NaCl priming did not enhance the seed germination rate and other relevant attributes in our investigation, contradictory results were reported by Mamun et al., (2018) in rice, where osmo-hardening with NaCl boosted the germination percentage, germination energy, seedling fresh and dry weight. This may be attributed to distinct studies examining varying amounts of NaCl and utilizing different crop kinds and seed quality. Veerendra et al., (2023) observed that NaCl had a favorable effect on seedling vigor, fresh weight, and dry weight of roots and shoots but no effect on germination percentage enhancement. Seed priming enhanced seedling growth parameters, including dry weight, root and shoot length. Each of the priming agents demonstrated improved seedling development. However, in several instances, the efficacy of hydropriming, NaCl, or Polyethylene glycol was inadequate, potentially attributable to their phytotoxic effects on rice seedlings (Anwar et al., 2021). Pre-sowing seed priming has demonstrated a beneficial effect on seedling growth in several studies (Zheng et al., 2016). Rapid imbibition during priming may cause cell membrane rupture, resulting in localized cells in the cotyledon and more robust seedlings (Wojtyla et al., 2016). Monajjem et al., (2023) contended that rapid emergence, attributed to the precocious synthesis of emergence metabolites, enzymatic and biochemical performances like catalase (CAT), superoxide dismutase (SOD), per oxidase (POD), ascorbate peroxidase (APOD) etc. may facilitate seedling growth through seed priming at low temperatures. Numerous elements, including moisture, temperature, light, nutrition, pathogens, and more, influence the seeds' germination capacity and nutritional level, affecting the seedling's vigor index (Mamun et al., 2018). The development of rice seedlings is intricately linked to α-amylase activity, total soluble sugar concentrations, and starch metabolism (Nie et al., 2022).
Conclusion
This study reveals the efficacy of seed priming to boost the seed germination rate, germination speed, seedling development, and vigor of winter rice. NaCl and PEG exhibited no advantages compared to unprimed seeds, however ZnSO₄, KCl, and CaCl₂ excelled the other priming agents. These findings indicate the efficacy of seed priming as an advantageous technique for maximizing seed germination and the development and growth of rice seedlings.
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