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Abstract

:

Abiotic variables are crucial for seed germination and seedling development. In the present work, we attempted to determine the optimal conditions (temperature, water, seed density, and fungal growth) for sunflower seed development (Helianthus annus L. Larissza). The germination of sunflower seeds was investigated under controlled conditions at eight consistent temperatures: 5 °C, 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 35 °C, and 40 °C. For the water test, there were 12 water levels based on one-milliliter intervals and 18 water levels based on thousand kernel weight (TKW). In addition, four seed densities (6, 8, 10, and 12) and two antifungal application techniques (sterilization and growing medium) were examined. The results showed that temperature has a significant effect on seed germination, germination timing, and seedling development. Temperatures between 15 and 35 degrees Celsius were optimal for germination, with 25 degrees Celsius being the optimal temperature for significant germination and seedling development. Beginning at 0.6 mL, or 125% of the TKW, sunflower seeds can germinate under a wide range of water availability. The optimal range for seedling development (8.2–11.4) is wider than the optimal range for dry matter accumulation, which is 5.8–8.2 mL or 1000–1625% of the TKW. The finding that a density of 10 to 12 seeds per 9 cm Petri dish demonstrates the most exceptional values is advantageous for future research and breeding projects, particularly when seeds are scarce. Seed priming is a more effective antifungal application technique than other techniques.
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1. Introduction


The establishment of a crop consists of three sub-phases: sowing through seed germination, seed germination through seedling emergence, and seedling emergence through first competition among young plants [1]. Seed germination is a three-step process. During the imbibition stage, dormant seeds absorb water and undergo hydrolysis. Variations in the amounts of proteins, carbohydrates, and lipids can influence the imbibition process, which is formed by the interaction of these three substances. Protein and oil bodies are the principal reserves in oilseed crops that provide energy, carbon, and nitrogen to the seedlings during germination [2]. The second step of germination regulation involves activating ATP production in glycolysis, the Krebs cycle, the respiratory chain, and the translation of stored mRNA. Germination is complete when the radicle emerges from the seed coat and produces a root, and the plumules construct a shoot system capable of absorbing inorganic substances, water, and light energy for healthy growth. The germination process impacts seedling survival rates and crop establishment, which climate influences. Inadequate seed germination can result in inadequate stand establishment, negatively impacting crop yield and quality [3]. Furthermore, efficient seed germination affects seedling density per unit area [4,5]. Temperature and moisture are particularly key germination regulators [3].



Temperature plays a crucial role in germination processes, as it regulates membrane permeability and enzyme activity [4], germination, and the metabolic reaction of the seed [5]. The optimal temperature for maximizing germination and emergence varies depending on the crop [6,7]. Understanding crop seeds’ germination and emergence response to temperature is crucial because it identifies their tolerance to low and high temperatures and the climatic conditions under which partial crops can germinate and establish successfully [7]. The high temperature may inhibit seed germination by decreasing the availability of energy and hydrolysates, thereby delaying or inhibiting the synthesis and activity of hydrolytic enzymes [8], including fatty acid oxidation, the breakdown of storage oil, and gluconeogenesis. Similarly, lower temperatures contribute to disruptions and delays in reserve mobilization [9,10], leading to seed viability loss and poor seedling development.



Water is essential for the germination of seeds. It is a medium for enzymatic processes, the solubilization and transport of metabolites, and a reagent in the hydrolysis of proteins, lipids, and carbohydrates in the storage tissues of germinating seeds [11]. A sufficient amount of soil moisture, or imbibition of the seed, is required for germination [12]. The soil moisture deficit at this stage inhibits the seed’s ability to absorb the required water and delays germination by inhibiting the enzymes responsible for hydrolyzing endosperm starch into metabolizable sugars and providing energy for plant growth [11]. As a result, it might significantly reduce actual germination [13], resulting in poor, irregular, and non-uniform germination and crop stand [14]. In addition, drought stress can induce oxidative stress and increase the production of reactive oxygen species in seeds [15,16,17,18]. It causes a reduction in cell volume, which causes the cellular content to become more viscous, ultimately leading to the denaturation and aggregation of proteins and abnormal functioning of photosynthesis-related enzymes [19].



Sunflower (Helianthus annuus L.) is an annual oilseed crop belonging to the Asteraceae family. It is cultivated on 27.87 million hectares and produces 50.22 million metric tons, giving it an 8% share of the global oilseed market [20]. After soybean, oil palm, and canola crops, oilseed rape is the world’s fourth most profitable and cost-effective crop [21]. Sunflower is a temperate zone crop that thrives in various soil and climate conditions because it is a rustic crop [22]. It can withstand an early autumn frost, which generally kills maize and soybeans [23]. In general, sunflowers are grown primarily for their seeds, which contain 40–50% oil and 17–20% protein, and thus can alleviate the gap between the production and consumption of edible oil and animal feed around the world. In addition, this oil crop has numerous health and nutrition benefits for heart patients. It protects against hypertension and cardiovascular disease because it contains relatively low cholesterol and a high proportion (90%) of unsaturated fatty acids [24,25]. Despite all these benefits, its production is threatened by various biotic and abiotic stressors, including drought and heat from germination to the filling stage and pests [26]. During germination, seeds are subject to various biotic and abiotic stresses that, individually or in concert, inhibit germination and seedling development. Depending on the severity of the stress and the genetic background, germination is either delayed or inhibited [2].



To our knowledge, information on the effect of water and temperature on sunflower seed germination appears to be limited, mainly regarding the detection of water availability in the seed using the TKW method [27,28,29]. In this regard, the present work highlights distinct technological approaches that may be beneficial in the future for germination research and by farmers in critical circumstances to anticipate the sowing date for sunflower crop establishment and successful seed germination. It contains the following primary objectives: (i) to evaluate the effects of temperature on the germination and development of sunflower seedlings at various temperatures and determine the optimal level; (ii) to determine the minimum, optimal, and maximum water requirements for germination based on the volume of water in one-milliliter increments and the weight of one thousand kernels (TKW), as determined by prior studies [27,28,29]; (iii) to determine the optimal seed number and seedling density, as well as the impact of pre-sowing seed technology on seedling development, so as to control fungal growth. Regardless of environmental parameters, sowing date, or plant density, germination tests with varying water and temperature levels and seed numbers can establish all the necessary conditions for effective sunflower germination.




2. Material and Methods


The experiment was caried out on sunflower seeds (Helianthus annus L. Larissza) at the Institute of Agronomy (Hungarian University of Agriculture and Life Sciences), 47°35′37″ N, 19°21′55″ E. The experiment was conducted in 2022. In this work, we investigated the effects of abiotic stressors (water and temperature), seedling density, and fungal growth control on seed germination and seedling development in vitro using growth or climate chamber ICO105 (Memmert GmbH + Co. KG, Schwabach, Germany).



2.1. Temperature Test


Germination was evaluated at eight constant temperatures—5 °C, 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 35 °C, and 40 °C—using a growth chamber. Ten sunflower seeds were placed in a normal 9 cm Petri dish PD with tissue paper, and 9 mL of distilled water was added. The germination of a seed was recorded when the radicle emerged, and the length of the seedlings in the Petri dishes was measured after around 80% of them had reached 1 cm in length. On a daily basis, four PD were re-removed from each temperature chamber in order to physically measure the length of the radicles and shoots; four replications per treatment were used in this experiment. Additionally, germination percentages were determined (Figure 1).




2.2. Water Test


The germination response of sunflower seeds to water stresses was examined under 30 different water levels. Twelve different amounts of distilled water were used based on a milliliter interval from 0 to 10, and 18 different amounts of distilled water were on the base of the TKW as a percentage (Table 1). Fifty seeds were placed in five PD at each water level; five replications were used for this experiment. Then, the seeds were incubated at 20 °C for ten days in a growth chamber. The following Equation (1) was used to compute the amount of water based on Thousand Kernel Weight (TKW) [27,28]:


TKW ∗ Seed n/100,000 = 1% of the proposed water amount



(1)







The TKW of the sunflower seeds was 50.46 g. Additional information on calculating water quantity based on TKW is available in previous works [27,28]. The PD were sealed with parafilm to prevent water evaporation, and a growth chamber was used to incubate the PD at 20 °C. After 10 days of incubation, the lengths of the radicles and shoots, in addition to the number of non-germinated seeds, were measured. In addition, the radicles and shoots were dried at 65 °C until they acquired a constant weight after being separated (48 h).
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Table 1. The water levels based on the milliliter intervals of the bases and TKW%.






Table 1. The water levels based on the milliliter intervals of the bases and TKW%.





	
Amount of Water Based on 1 mL Interval

	
Amount of Water Based on the TKW %




	
1 TN

	
2 WA (mL)

	
3 TN

	
4 PW %

	
5 WA (mL)

	
6 RAW (mL)






	
1

	
0

	
14

	
125

	
0.631

	
0.63075




	
2

	
1

	
15

	
250

	
1.262

	
1.2615




	
3

	
2

	
16

	
375

	
1.892

	
1.89225




	
4

	
3

	
17

	
500

	
2.523

	
2.523




	
5

	
4

	
18

	
625

	
3.154

	
3.15375




	
6

	
5

	
19

	
750

	
3.785

	
3.7845




	
7

	
6

	
20

	
875

	
4.415

	
4.41525




	
8

	
7

	
21

	
1000

	
5.046

	
5.046




	
9

	
8

	
22

	
1125

	
5.677

	
5.67675




	
10

	
9

	
23

	
1250

	
6.308

	
6.3075




	
11

	
10

	
24

	
1375

	
6.938

	
6.93825




	
12

	
11

	
25

	
1500

	
7.569

	
7.569




	

	
12

	
26

	
1625

	
8.200

	
8.19975




	

	

	
27

	
1750

	
8.831

	
8.8305




	

	

	
28

	
1875

	
9.461

	
9.46125




	

	

	
29

	
2000

	
10.092

	
10.092




	

	

	
30

	
2125

	
10.723

	
10.72275




	

	

	
31

	
2250

	
11.354

	
11.3535




	

	

	
32

	
2375

	
11.984

	
11.98425




	

	

	
33

	
2500

	
12.615

	
12.615








1 the number of treatments determined by the milliliter technique; 2 the volume of water based on a single milliliter; 3 the number of treatments based on the TKW approach; 4 the suggested percentage for water quantity application in ml regarding the TKW method; 5 the quantity of water equaled the suggested proportion of water volume based on TKW; 6 round the water volume in milliliters on the pipette to the closest discernible digit.












2.3. Seed Number Test


This part of the experiment examined the effect of seed number on germination and seedling development using the same volume of water (9 mL) in PD. Four sets of seeds were used—6, 8, 10, and 12—and they were incubated in a growth chamber at 20 °C. After ten days, the radicle and shoot lengths and the number of non-germinated seeds were measured. This experiment was repeated ten times. The radicle and shoot were then separated and dried at 65 °C until they attained a consistent weight (48 h).




2.4. Antifungal Test


The efficiency of the fungicide in inhibiting fungal growth was evaluated using two alternative antifungal application methods. The growth media were treated with five different concentrations of Amistar Xtra in the first method: 0, 20, 200, 2000, and 20,000 ppm. Additionally, two different seed sterilization techniques were examined: the first consisted of soaking the seeds in a 2000 ppm Amistar Xtra solution for three minutes, and the second involved 10% sodium hypochlorite (NaClO) with the same method. The seeds were sterilized, rinsed with distilled water, and then incubated in growth chamber for 10 days at 25 °C. After ten days of incubation, the radicle and shoot lengths were measured, together with the number of seeds that had germinated. This experiment was performed ten times.




2.5. Statistical Analyses


A Completely Randomized Design (CRD) was used for the factorial experiments with replications to examine the effects of temperature levels, water amounts, seed density, and fungal growth control on seed germination and seedling development. The acquired data were analyzed using analysis of variance (ANOVA) and Fisher’s test for Least Significant Differences (LSD). Using SPSS V27 (IBM, New York, NY, USA), the Kolmogorov–Smirnov and Shapiro–Wilk test [30,31] were utilized to validate the normality of the data. The effects of water level, seed number, and antifungal treatment on germination percentage, radicle length, shoot length, and total seedling length were analyzed using computer software (GenStat twelfth edition, GenSat procedure library release PL20.1m, and MS Excel 365). A statistical tool was used to fit the data and draw the proper temperature levels using a sigmoid curves model (MS Excel 365 and JMP Pro 13,2,1 of SAS Institute, Cary, NC, USA).





3. Results


3.1. Temperature Effect


The time course of the germination of the sunflowers was conducted at temperatures ranging from 5 to 40 °C, with 5 Celsius intervals (Figure 2). Obvious germination was detected after the experiment began for two days at temperatures of 25 and 30 °C, three days at 20 °C, four days at 15 °C, and six days at 35 °C. Sunflower seeds can germinate at temperatures between 5 and 35 °C, but the highest germination rate was observed at 25 °C. Early germination occurred at 20 °C and 25 °C, but at 20 °C, the growth rate was lower. The same pattern was observed at 15 and 20 °C; however, the germination was earlier at 20 °C. Sunflower seeds took longer to germinate at low temperatures, taking approximately 19 days at temperatures 5 and 10 °C. The minimum temperature of germination ranged between 5 and 10 °C, while the maximum ranged between 35 and 40 °C. The seeds failed to germinate at 40 degrees Celsius. Hence, their position on the growth curve is zero (Figure 2).



The recording data of the radicle and shoot growth patterns under different temperature levels are presented in Figure 2 and Figure 3. Radicles and shoots can grow at a range of temperatures, although 15 °C, 20 °C, 25 °C, and 35 °C are optimal. The shoot grew optimally at 25 °C (Figure 3 and Figure 4). At the same time, the radicle grew optimally at a temperature between 15 and 25 °C. At 10 °C, radicle growth was more significant and rapid than shoot growth. The radicle appeared to have more distinct temperature requirements than the shoot; its development was more favorable at lower temperatures. Beyond the ideal range, the growth of the two organs accelerated until they reached their maximum height, at which time it leveled off. The shoot and radicle, particularly the radicles, do not require prolonged exposure to elevated temperatures. In addition, their growth was poor at 5 °C and nonexistent at 35 °C (Figure 3 and Figure 4).



Figure 4 illustrates the biological effects of different temperatures on the development of the seedling. The results indicated that growth was highest at 25 °C, followed by 15 °C, 20 °C, and 35 °C (Figure 5). Therefore, temperature of 25 degrees Celsius was ideal for seedling development. At 20 and 35 °C, a similar development trend was found; however, the seeds germinated earlier at 20 °C. In addition, an overlapping temperature pattern was detected between 15 and 20 °C during the growth phase. At 10 °C, seedling grew gradually; however, at 5 °C, growth was stable but significantly hindered, requiring additional development time. The lowered length value at 35 °C and the absence of germination at 40 °C demonstrated that temperature elevations above the optimal were deleterious to seedling development (Figure 5).




3.2. Water Effect


The summary results of the growth indices and dry weight accumulation in response to two water bases, of a single milliliter, and TKW percentage are presented in Table 2 and Table 3 and Figure 6 and Figure 7. The statistical analysis based on the LSD values of germinated seed numbers is shown in Table 2 and Table 3. There was no significant difference in the number of germinated seeds between different water levels for both methods. As a result, the sunflower seeds germinated successfully at all tested water levels (Table 2 and Table 3).



The growth of radicles, shoots, and seedlings increased significantly with water volume to the optimal level, but decreased significantly as the water quantity increased beyond the optimal level (Figure 6a and Figure 7a; Table 3). The optimal water range for radicle, shoot, and seedling growth was 8.2–11.4, representing 1625–2250 percent of the TKW (Table 3). It was within the ideal range indicated by the one-milliliter (8–12 mL) water-based approach (Table 2). Therefore, we can say that the TKW approach is more precise in optimizing germination water requirements.



Table 2 and Table 3 display the findings of an analysis of variance performed on the dry weight of the shoot, radicle, and entire seedling. All evaluated parameters demonstrated a significant effect between the various water levels. The dry weight of radicles and shoots increased significantly as the water quantity increased, stabilized at its optimal level, and then decreased slightly, despite the increased water volume (Figure 6b and Figure 7b; Table 3 and Table 4). The optimal range of dry matter in radicles was evaluated to be 1.9–4.4 mL, corresponding to 375–875% of the TKW. Due to its larger structure, the shoot accumulates more dry matter than the root. In addition, the optimal range of dry matter content for the entire seedling corresponded to the optimal range estimated for shoot structure, which was evaluated to be 4.4–8.4 mL, corresponding to 875–1750% of the TKW (Table 3). When the availability of water exceeded 8.8 mL per plant, the dry weight of the seedlings fell (Figure 5b and Figure 6b; Table 3 and Table 4).




3.3. Seed Number Effect


The effect of seed number on the growth parameters and dry weight accumulation of radicles, shoots, and seedlings is displayed in Table 4. The results indicated a significant difference in the radicle growth, shoot growth, radicle dry weight, shoot dry weight, and dry seedling weight the among aggregated values of 6, 8, 10, and 12 seeds per PD used for the seed number test. Furthermore, all the parameters measured significantly increased as the number of seeds increased (Table 4). Therefore, the seed densities of 10–12 appeared to be ideal for developing a sunflower crop in vitro.




3.4. Antifungal Effect


Figure 8 illustrates the recorded data and comparison results for pre-treated germination seeds with antifungal Amistar Xtra and Hypo (10% Sodium hypochlorite (NaClO)). The priming of seeds with Hypo had a significant effect on radicle growth compared to the control, but the antifungal growth medium Amistar Xtra suppressed fungal growth together with radicle, shoot, and seedling growth. Consequently, their development was decreased by 80–86% relative to the control. In addition, the findings given in Figure 9 demonstrated that, even at low doses, all growth parameters dropped correspondingly as antifungal concentrations increased. Figure 10 contrasts the procedures of priming seeds with a fungicide solution and growing seeds in growth media containing the fungicide Amistar Xtra. Compared to the treated seeds in the growing medium, the priming approach enhanced all growth indicators significantly. Priming or pre-treating seeds can be a useful option for reducing fungal growth during in vitro seed germination.





4. Discussion


4.1. Effect of Temperature Levels on a Radicle, Plumule, and Seedling Development of Sunflower


The right temperature is required for plants to transition from one phase of their life cycle to the next. In this study, seeds were exposed to eight constant temperature levels ranging from 5 to 40 °C to determine the optimal temperature for sunflower germination. At approximately 25–30 °C, germination (radicle reaching 1 cm) began. Below these temperatures, the beginning of germination gradually slowed. In the present research, sunflower seeds germinated at temperatures between 5 °C and 30 °C, and 25 °C was the ideal temperature for germination, with a range of 15–35 °C (Figure 2).



While sunflower seeds can germinate at 35 °C, the optimal germination temperature was 25 °C (Figure 2). This result is consistent with other works, where the optimum temperature was reported to be close to 25 °C [32,33]. At the optimal temperature, a higher germination rate is achievable [6]. In addition, it enables a more efficient combination of germination rate and percentage [34]. The significant reduction in germination potential and germination energy above or below 25 °C indicates the existence of a high- and low-cut threshold between the temperature range of studies.



Low temperatures of 5 °C or below delayed the germination process and meant this took a longer time (Figure 2). Higher temperatures accelerated the germination process [35,36]. Low and critical high temperatures slowed the metabolic rate to the point where essential pathways for germination initiation ceased to function. This can lead to a loss of seed viability and poor seedling development. Furthermore, elevated temperatures cause plants to have a faster metabolism, which depletes the seed energy required for growth [8]. Temperature promotes metabolic and enzyme activity in addition to the seed’s ability to absorb water, hence enhancing germination [5]. At extremely high temperatures, the available energy for growth is lost rapidly, preventing germination [36]. In addition, when the temperature rises, the growth of the radicle (Figure 3) and the shoot (Figure 4) increases linearly until the optimal level is reached, after which it decreases linearly. The optimal temperature range for radicles was determined to be 15–35 °C, with temperatures of 15 and 25 °C overlapping in the early stages (Figure 3). Each development stage’s temperature requirements contribute to the radicle’s temperature sensitivity. Previous research has demonstrated that each growth phase of the radicle requires a specific cumulative temperature [27,28].



Not only does germination need a certain temperature, but so do root development and shoot growth at each stage. For example, the plumule grew similarly between 15 and 35 ° C (Figure 4). However, it required a higher temperature than the radicle, which had a higher length value at 25 ° C (Figure 4). A shoot in the late stages showed an overlapping growth pattern between 15 and 20 °C. The same finding was observed in the seedling development during the very late stages, between the temperatures of 15 and 25 °C (Figure 5). As each part of the stem and root responds differently to temperature, evaluating the complete seedling development is a more reliable method for predicting the effects of temperature on plants. The optimal temperature range for sunflower germination and seedling development was determined to be 25 °C, with a range of 15 to 35 °C. The temperature of 40 °C had a negative effect on them (Figure 2 and Figure 5); most enzymes became inactive, and seeds died, indicating that the high temperature accelerated the seeds’ aging [8].




4.2. Effect of Water Levels on the Radicle, Plumule, and Seedling Development of Sunflower


This study examines the effect of one of the most influential environmental factors on germination, water, which influences sunflower establishment from sowing to seed filling. Water absorption is a prerequisite for germination. The amount of water substantially affected the seed germination potential (Table 2 and Table 3).



According to both methods, with the one-milliliter intervals technique and TKW water levels, due to their deep and long root, sunflower seeds could germinate at low and higher water availability, beginning at 0.6 mL, or 125% (Table 2). This quantity may be equal or close to the required moisture content for germination. In the literature, this proportion was estimated to be 30% for corn, 40% for wheat, and 50% for soybeans [37]. Species diversity may be responsible for these differences. Once the critical seed moisture content is reached, sufficient moisture is present to initiate germination. Previous research has documented the minimum water potential required to induce seed imbibition [38,39] during the plateau phase of seed imbibition, a crucial phase in regulating seed germination. It was observed that the duration of this phase is highly dependent on water potential and species. It can be extended to water potentials around −0.03 MPa in some species [38] and −1.0 MPa in others [39].



Generally, an optimal quantity of germination water has a substantial impact on plant growth. Water availability is advantageous to the shoot, radicle, and seedling. Although the radicle grows more slowly than the shoot, their optimal water conditions for growth and development are similar. As a result, the optimal water range for total seedling length is 8.2 to 11.4 mL, corresponding to 1625 to 2250% of the TKW. Radicle growth is the most critical factor in early seedling survival because it enables the seedling to exploit soil water through rapid root extension [40]. Under varying water conditions, dry weight accumulation in the radicle, shoot, and seedling revealed a significant difference (Table 2 and Table 3). The optimal water range for radicle development was determined to be 8.2–11.4 mL, representing 1625–2250% of the TKW (Table 3). This value was higher than their dry matter accumulation: approximately 1.9 and 4,4 mL, representing 375–875% of the TKW (Table 3). This finding demonstrated that the sunflower’s prominent radicle structure allows it to exploit available water. However, water application that exceeded the optimal range had a detrimental effect on the dry matter accumulation of plants.



Given that rapid radicle development under optimal hydric conditions contributed significantly to shoot dry matter accumulation, the plant will respond to increased water availability by increasing its flow and assimilating plumule to increase its dry matter accumulation. As a result, the accumulated dry matter for the plumule was determined to be between 4.4 and 8.2 milliliters, representing 875 to 1625% of the TKW. Furthermore, the radicle structure required less water to produce dry matter: 1.9–4.4 mL (Table 3). Therefore, the optimal range for the entire seedling 4.4–8.4 mL, as determined by the TKW method, which falls within the optimal range determined by the one-milliliter method (4–12 mL), confirming the TKW method’s accuracy in determining the minimum optimal water requirement for germination, as supported by previous research [27,28,29].




4.3. Effect of Seed Number Density on Seed Germination and Growth Traits


In this experiment, we compared the effects of 6, 8, 10, and 12 sets of seeds per PD on germination and growth parameters to determine the optimal number of seeds that results in the highest germination efficiency. The results revealed a significant difference in the growth and dry weight of the radicle and shoot among the seed numbers set (Table 4). The seedling growth and dry weight increased as the number of seeds per Petri dish increased. High seedling length and dry seedling matter were observed using a set of 10–12 seeds per PD. Although 6–8 seed densities enhanced germination, seedling development was slower [41]. This finding may be attributable to the shortage of a vital resource, such as water, at a low seed number as a result of competition [42,43]. In addition, dense seedlings could be more susceptible to lodging, which increases disease incidence [44] and, as a result, the seedling emergence percentage [45]. The optimal seed density for growing sunflowers in vitro under controlled conditions is 10–12 seeds per PD (Table 4). Therefore, optimizing seed density per PD and other environmental factors is crucial during germination tests.




4.4. Effect of Antifungal Experiment on a Radicle, Plumule, and Seedling Development


The antifungal Amistar Xtra had a negative effect on radicle, shoot, and seedling development, given that its primary function is to inhibit fungal growth (Figure 8); these findings corroborate that of previous works [27,28,29]. It has the active component azoxystrobin, which blocks electron transport in the mitochondrial respiratory chain of fungi, hence decreasing aerobic energy production and slowing the growth of fungi [46]. Additionally, as the antifungal concentration in the growth media increases, the inhibitory effect becomes more significant (Figure 9). The absence of fungi in our experiment could have been the cause, rather than the fungicide’s phytotoxicity, as many authors suggest in their works [47,48,49]. In addition, they observed a recovery in seedling growth after fungal exposure and inoculation. Priming seeds with Amistar Xtra or Hypo, as opposed to amending seeds in antifungal growth conditions, was observed to reduce in vitro fungus development (Figure 8 and Figure 10).





5. Conclusions


It is crucial to consider the length of the vegetative season and the plant’s ability to germinate when planning the cultivation of sunflowers. This would allow farmers to schedule the planting date, assuring the crop’s successful establishment and growth. In this study, the optimal temperature range for sunflower germination and seedling development was determined to be 25 °C, with a range of 15 and 35 °C. This finding revealed that optimal seed germination could occur as spring temperatures rise before the hot temperatures of summer. Below or above optimum ranges, the germination potential was diminished. The water has a significant effect on sunflower germination and growth. The hybrid utilized in this experiment had the potential to germinate in a wide range of water concentrations, beginning at 0.6 mL, or 125% of the TKW. Optimizing the water availability for seeds based on milliliters of the TKW appeared to be the most successful strategy since it takes into consideration the seed’s weight and size when estimating the appropriate amount of water for optimal seed development. The optimal amount of water for seed germination, seedling development, and dry matter buildup ranged from 4.42 to 8.2 mL, or 875 to 1625% of the TKW. In addition, regulating seedling density is essential to prevent water factor limitation and competition among seedlings, as well as to limit disease issues. Therefore, 1012 seeds per Petri dish was found to be the optimal seed density for cultivating sunflowers in vitro. In terms of antifungal control, priming seeds with an antifungicide to suppress fungal growth is recommended. Future studies, breeding initiatives, and the prediction of sowing dates may benefit from these findings, particularly when seed supplies are limited. Seed priming is a more effective antifungal application technique than other techniques.
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Figure 1. Photos showing seed germination at 25 °C in PD. At this temperature, both germination and seedling development were observed to be at a high level. 
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Figure 2. Germination and seedling growth of sunflower seeds vs. time at different levels of temperature. The * represents 40 °C which is not shown on the graph because its value is zero (no germination). 
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Figure 3. Effect of temperature levels on the growth response of radicle. The * represents 40 °C which is not shown on the graph because its value is zero (no radicle development). 
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Figure 4. Effect of temperature levels on the growth response of shoot. The * represents 40 °C which is not shown on the graph because its value is zero (no shoot growth). 
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Figure 5. Effect of temperature levels on seedling growth response. The * represents 40 °C which is not shown on the graph because its value is zero (no seedling growth). 
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Figure 6. The effect of water quantity on seedlings, shoots, and roots. (a) Growth in relation to varied amounts of water at 1 mL intervals. (b) Dry weight accumulation vs. various quantities of water at 1 mL intervals. 
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Figure 7. The influence of water quantities on seedling, plumule, and radicle growth. (a) Length vs. water according to TKW%. (b) Dry weight buildup versus water according to TKW%. 
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Figure 8. The growth response of the radicle, shoot, and seedling to two distinct fungal seed treatment procedures. Means are presented ±SD (n = 100). At p < 0.05, values between treatments marked by different letters differ significantly. They began in order, with the letter (a) being the most significant. 
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Figure 9. The growth response of radicles, shoots, and seedlings to varying concentrations of the fungicide Amistar Xtra. Means are presented ±SD (n = 100). At p < 0.05, values between treatments marked by different letters differ significantly. They began in order, with the letter (a) being the most significant. 
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Figure 10. Responses of radicle, plumule, and seedling to two methods of fungicide control (sterilization SP-2000 ppm and growth media 2000 ppm). Means are presented ±SD (n = 100). At p < 0.05, values labeled with different letters differ significantly. They began in order, with the letter (a) being the most significant. 
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Table 2. Mean values on germination and seedling growth traits for the various amounts of water based on 1 mL intervals.
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	Water mL
	Germinated

n
	Radicle L

(cm)
	Shoot S

(cm)
	Seedling L

(cm)
	Shoot DW

(g)
	Radicle DW

(g)
	Seedling DW

(g)





	0
	0.0 ± 0.0
	0.000 ± 0.00 g
	0.000 ± 0.00 g
	0.000 ± 0.00 f
	0.000 ± 0.00 d
	0.000 ± 0.00 f
	0.000 ± 0.00 d



	1
	10.0 ± 0.0
	1.860 ± 0.54 f
	1.622 ± 0.05 f
	3.482 ± 0.55 e
	0.351 ± 0.01 abc
	0.016 ± 0.00 de
	0.367 ± 0.01 abc



	2
	10.0 ± 0.0
	1.844 ± 0.67 f
	2.368 ± 0.55 ef
	4.212 ± 1.14 e
	0.348 ± 0.01 abc
	0.024 ± 0.00 bc
	0.372 ± 0.02 abc



	3
	10.0 ± 0.0
	1.770 ± 0.67 f
	3.096 ± 0.85 e
	4.866 ± 1.44 e
	0.316 ± 0.07 c
	0.026 ± 0.01 bc
	0.342 ± 0.07 c



	4
	10.0 ± 0.0
	2.216 ± 0.19 f
	5.462 ± 0.44 cd
	7.678 ± 0.51 d
	0.367 ± 0.02 ab
	0.036 ± 0.00 a
	0.404 ± 0.03 a



	5
	10.0 ± 0.0
	2.474 ± 0.67 f
	5.834 ± 1.22 cd
	8.308 ± 1.84 d
	0.339 ± 0.03 abc
	0.018 ± 0.01 bcde
	0.358 ± 0.03 bc



	6
	10.0 ± 0.0
	3.506 ± 0.28 de
	6.962 ± 0.77 b
	10.468 ± 0.94 bc
	0.335 ± 0.03 abc
	0.021 ± 0.01 bcd
	0.356 ± 0.03 bc



	7
	10.0 ± 0.0
	2.612 ± 0.47 ef
	5.506 ± 1.09 cd
	8.118 ± 1.45 d
	0.341 ± 0.02 abc
	0.017 ± 0.01 cde
	0.359 ± 0.02 bc



	8
	10.0 ± 0.0
	4.064 ± 0.78 cd
	8.996 ± 0.85 a
	13.060 ± 1.55 a
	0.340 ± 0.03 abc
	0.034 ± 0.01 a
	0.373 ± 0.03 abc



	9
	10.0 ± 0.0
	5.140 ± 0.83 ab
	8.918 ± 0.68 a
	14.058 ± 0.93 a
	0.328 ± 0.02 bc
	0.034 ±0.01 a
	0.363 ± 0.02 abc



	10
	10.0 ± 0.0
	3.686 ± 0.65 cd
	5.102 ± 0.98 d
	8.788 ± 1.46 cd
	0.363 ± 0.04 ab
	0.014 ± 0.00 e
	0.377 ± 0.04 abc



	11
	10.0 ± 0.0
	4.648 ± 1.72 bc
	6.380 ± 1.70 bc
	11.028 ± 3.40 b
	0.372 ± 0.05 a
	0.019 ± 0.01 bcde
	0.391 ± 0.04 ab



	12
	10.0 ± 0.0
	5.832 ± 1.14 a
	8.706 ± 0.80 a
	14.538 ± 1.42 a
	0.346 ± 0.02 abc
	0.026 ± 0.00 b
	0.372 ± 0.02 abc



	LSD
	NS
	0.994
	1.222
	1.906
	0.040
	0.0075
	0.041







Means are presented ±SD (n = 50). Different letters denote a statistically significant difference between treatments p < 0.05, following LSD (Fisher test). They began in order, with the letter (a) being the most significant. NS indicates that there is no significant difference between the means. L: length (cm), DW: dry weight (g), n: number.
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Table 3. Mean comparison of germination and seedling growth characteristics for varying amounts of water depending on TKW%.
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	Water mL

of the TKW
	Germinated

n
	Radicle L

(cm)
	Shoot S

(cm)
	Seedling L

(cm)
	Shoot DW

(g)
	Radicle DW

(g)
	Seedling DW

(g)





	0
	0.0 ± 0.00
	0.000 ± 0.00 i
	0.000 ± 0.00 h
	0.000 ± 0.00 j
	0.000 ± 0.00 g
	0.000 ± 0.00 i
	0.000 ± 0.00 f



	0.6
	10.0 ± 0.00
	2.412 ± 0.62 h
	4.182 ± 0.34 g
	6.594 ± 0.88 i
	0.324 ± 0.02 f
	0.037 ± 0.01 abcd
	0.360 ± 0.03 e



	1.3
	10.0 ± 0.00
	2.804 ± 0.57 gh
	3.208 ± 0.17 g
	6.012 ± 0.63 i
	0.338 ± 0.01 def
	0.030 ± 0.00 ef
	0.368 ± 0.01 de



	1.9
	10.0 ± 0.00
	3.102 ± 0.50 gh
	4.388 ± 0.60 g
	7.490 ± 0.19 hi
	0.346 ± 0.02 bcde
	0.039 ± 0.00 ab
	0.384 ± 0.01 abcde



	2.5
	10.0 ± 0.00
	2.782 ± 0.34 gh
	5.912 ± 0.70 f
	8.694 ± 0.46 gh
	0.333 ± 0.02 ef
	0.040 ± 0.00 a
	0.374 ± 0.02 bcde



	3.2
	10.0 ± 0.00
	2.448 ± 0.32 h
	6.008 ± 0.31 f
	8.456 ± 0.61 gh
	0.351 ± 0.02 abcde
	0.024 ± 0.00 fgh
	0.374 ± 0.02 bcde



	3.8
	10.0 ± 0.00
	3.338 ± 0.80 fgh
	6.136 ± 1.21 f
	9.474 ± 1.75 g
	0.348 ± 0.04 def
	0.038 ± 0.01 abc
	0.386 ± 0.04 abcde



	4.4
	10.0 ± 0.00
	4.508 ± 0.93 de
	7.448 ± 0.90 cde
	11.960 ± 1.81 def
	0.338 ± 0.03 abc
	0.043 ± 0.00 a
	0.381 ± 0.03 abcde



	5.0
	10.0 ± 0.00
	3.468 ± 1.46 fg
	6.778 ± 2.85 ef
	10.246 ± 4.24 fg
	0.367 ± 0.02 a
	0.032 ± 0.01 cde
	0.399 ± 0.02 ab



	5.7
	10.0 ± 0.00
	4.852 ± 0.57 cde
	8.59 ± 0.32 abc
	13.438 ± 0.68 cd
	0.373 ± 0.02 ab
	0.031 ± 0.01 cde
	0.405 ± 0.01 a



	6.3
	10.0 ± 0.00
	4.218 ± 0.19 ef
	8.734 ± 0.84 ab
	12.950 ± 0.93 cde
	0.369 ± 0.02 abcde
	0.026 ± 0.01 efgh
	0.396 ± 0.02 abc



	6.9
	10.0 ± 0.00
	4.178 ± 0.46 ef
	7.372 ± 1.14 de
	11.550 ± 1.31 ef
	0.349 ± 0.02 def
	0.023 ± 0.01 gh
	0.371 ± 0.01 cde



	7.6
	10.0 ± 0.00
	5.056 ± 0.55 cde
	8.568 ± 0.51 abc
	13.620 ± 0.76 bcd
	0.340 ± 0.02 abcd
	0.028 ± 0.01 efg
	0.368 ± 0.02 de



	8.2
	10.0 ± 0.00
	6.400 ± 1.32 ab
	9.326 ± 0.27 a
	15.726 ± 1.46 a
	0.359 ± 0.02 ab
	0.032 ± 0.00 bcde
	0.392 ± 0.02 abcd



	8.8
	10.0 ± 0.00
	5.358 ± 0.14 cd
	7.86 ± 0.56 bcd
	13.21 ± 0.62 cde
	0.369 ±0.02 abcde
	0.023 ± 0.00 gh
	0.391 ± 0.02 abcd



	9.5
	10.0 ± 0.00
	6.584 ± 0.80 a
	9.496 ± 0.84 a
	16.08 ± 1.56 a
	0.353 ± 0.01 abcde
	0.030 ± 0.00 ef
	0.383 ± 0.01 abcde



	10.1
	10.0 ± 0.00
	5.468 ± 0.60 bc
	7.478 ± 1.25 cde
	12.946 ± 1.26 cde
	0.359 ± 0.01 abcd
	0.021 ± 0.01 h
	0.381 ± 0.01 abcde



	10.7
	10.0 ± 0.00
	5.594 ± 1.47 bc
	9.090 ± 0.44 a
	14.684 ± 1.84 abc
	0.342 ± 0.01 cdef
	0.031 ± 0.00 de
	0.373 ± 0.01 bcde



	11.4
	10.0 ± 0.00
	6.834 ± 0.33 a
	8.53± 0.42 bcd
	15.360 ± 0.69 ab
	0.354 ± 0.03 abcde
	0.024 ± 0.00 fgh
	0.378 ± 0.02 bcde



	LSD
	NS
	0.947
	1.189
	1.830
	0.025
	0.006
	0.026







Means are presented ±SD (n = 50). Different letters denote a statistically significant difference between treatments p < 0.05, following LSD (Fisher test). They began in order, with the letter (a) being the most significant. NS indicates that there is no significant difference between the means. L: length (cm), DW: dry weight (g), n: number.
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Table 4. Collecting data on sunflower germination and seedling response to seed density.
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	Seed Number
	Radical

cm
	Shoot

(cm)
	Seedling

(cm)
	Radicle DW

(g)
	Shoot

DW (g)
	Seedling

DW (g)





	6
	4.277 ± 1.19 ab
	5.673 ± 0.53 ab
	9.950 ± 1.60
	0.210 ± 0.01 d
	0.036 ± 0.01 c
	0.246 ± 0.02 d



	8
	4.846 ± 0.99 a
	5.438 ± 0.55 b
	10.28 ± 1.34
	0.275 ± 0.02 c
	0.056 ± 0.01 b
	0.331 ± 0.02 c



	10
	4.420 ± 1.02 ab
	5.6 ± 0.27 b
	10.04 ± 1.12
	0.344 ± 0.01 b
	0.071 ± 0.01 a
	0.416 ± 0.02 b



	12
	3.640 ± 0.46 b
	6.004 ± 0.37 a
	9.644 ±0.61
	0.407 ± 0.02 a
	0.076 ± 0.01 a
	0.483 ± 0.02 a



	LSD
	0.785
	0.335
	N.S
	0.013
	0.007
	0.017







Means are presented ±SD (n = 100). Different letters denote a statistically significant difference between treatments p < 0.05 following LSD (Fisher test). They began in order, with the letter (a) being the most significant. NS indicates that there is no significant difference between the means. DW: dry weight.
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