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1. Abstract: 

 Sunflower (Helianthus annuus L.) is a significant crop whose successful establishment mainly depends on fast and uniform germination and seedling vigor. The utilization of plant-extracts biostimulants in present years has attracted  many attention as a consequence of an ecologically friendly method to improve the performance of crops at the early stage. The current experiment evaluated the dose-dependent allelopathic and biostimulatory impacts of chiraito (Swertia spp.) seed coating on sunflower germination, seedling development, and physiological characteristics. The controlled laboratory experiment with a completely randomized design having seven concentrations of chiraito aqueous extract (0, 2, 4, 6, 8, 10 and 12 percent). Germination was performed in a germinator by standard paper towel methods, and indices of germination percentage, mean germination time, root and shoot length, and seedling vigor indices were observed. The results showed that chiraito extract had a clear dose-dependent reaction on all the above parameters measured. The moderate concentrations of 4 percent and 6 percent represented a significant positive effect on germination percentage, the mean time of germination, and the increase of root and shoot growth, leading to high indices of seedling vigor. With the greatest percentage of concentration, optimal performance was always recorded at 6 percent concentration. Conversely, concentrations at higher levels (8-12%) had inhibitory germination and seedling growth, which indicates allelopathic toxicity at higher doses.	Comment by Author: These lines are introductory type, kindly discuss research background, objectives, results and concluding lines	Comment by Author: Scientific name always italic	Comment by Author: Replaced percent with “per cent” in whole manuscript
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2. Introduction:
One of the valuable world oilseed crops is sunflower (Helianthus annuus L.), which has high quality of edible oil and can grow in various conditions (Janiak et al., 2020). Uniform growth and productivity of the crop mainly rely on the success rate of seed germination and seedling vigor, which is critical to the success of the crop establishment in the field (Park & Burke, 2020). Consequently, enhancement of the germination percentage and early development by application of biological agents has gained more and more interest over the past few years. Plant-derived biostimulants and allelochemicals are one of the methods that can be used to treat seeds with the aim of promoting physiological processes during early crop development (Yakhin et al., 2017). 	Comment by Author: This introduction require revision,
Research Background is missing, 
Why needs this?
What are the hypothesis of your study?
How you can resolve it?


Allelopathy can be described as the process through which plants synthesize different allelochemicals, the effects of which are either positive or negative, as far as the germination, growth and development of other plants are concerned (Einhellig, 1996). A number of studies have found that aqueous extracts or coatings made of medicinal and aromatic plants have a dose-dependent effect on seed disgermination and seedling development of different crops and weeds (Li et al., 2022). As an example, Artemisia dubia extracts had a negative effect on the percentage of germination and growth of cool-season crops with increasing concentration (Babita et al., 2014). The seed priming and seed coating technologies involving natural plant-based materials have become popular in recent years as a green replacement of synthetic chemicals. Many reserchers also concluded that plant-based extracts, including moringa, aloe vera, and neem, have been found to enhance the germination percentage, the mean time of germination, and the overall crop performance. This leads to increased enzyme activities, which help to enhance the mobilisation of the stored reserves and a rapid metabolic activation (Colla et al., 2017). 
Chiraito (Swertia spp.) is a famous medicinal plant commonly growing in Himalayan areas that has several bioactive substances, including secoiridoid glycosides, xanthones, flavonoids, and so on, but they have biological activity. Although it has medicinal significance, there have been very few studies done on its allelopathic and bio-stimulatory properties on agricultural crops. Previous studies have said that chiraito-based seed coats can have dose effects, with low concentrations promoting germination and seedling vigor and high concentrations potentially suppressing growth, which is caused by allelochemical toxicity. Thus, this paper is intended to measure dose-dependent allelopathic and biostimulatory activity of a chiraito seed coating (Swertia spp.) on sunflower physiology and seedling vigor to gain insights into the use of this natural seed coating as a possible natural seed treatment in crop production to achieve sustainability.
3. Materials and Methods:
The experimental work was done at the Agronomy Laboratory of Agriculture and Forestry University (AFU), Rampur, Chitwan, Nepal, in March 2026. The germination test was conducted under controlled conditions using a germinator having a constant temperature of 27 ± 1 °C.	Comment by Author: Which germinator, seed germinator?
[image: ]	Comment by Author: This is lab test so no need to mention this Map in the manuscript, because you already mentioned, where experiment conducted in first paragraph
Figure 1 : Map of Nepal representing the experimental location.
3.1.  Plant Materials and Treatments:
Sunflower (Helianthus annuus L.) seeds were obtained from a reliable source. Chiraito (Swertia spp.) plant material was used to prepare aqueous extracts for seed treatment. The variety used in the experiment was Suryamukhi, one of Nepal's popular varieties.	Comment by Author: Mention properly, its vague statement	Comment by Author: From where you were took plant material, to make extract, mention

A total of seven treatments were used to study the dose-dependent effects of chiraito extract:

	T1
	Control

	T2
	2% extract

	T3
	4% extract

	T4
	6% extract

	T5
	8% extract

	T6
	10% extract

	T7	Comment by Author: Give headings on the tope of both the column, what are these?
	12% extract


List 1- Seven Treatments included in the study 
3.2. Chiraito powder extraction method:
The Chiraito plant material was dried in air and in the shade, and milled into a fine powder. The extract was made by adding the necessary powder and distilled water to produce the required concentrations. The extract was filtered using a muslin cloth to have a uniform extract. The seeds of sunflower were soaked in the various treatment solutions after 12 hours. Following the soaking, the seeds were dried in the shade, and then the germination test was put into practice. The standard paper towel method was used to carry out the germination test. Germination papers were wetted evenly, and treated seeds were placed on the paper in a row of five seeds each, and a total of 25 seeds were treated under each treatment. The seeds were again covered by another damp sheet of germination paper, and then the papers were rolled up and tied with rubber bands. The germinator was loaded vertically with the rolls so that it can grow without disturbance and breakage. During the experiment, adequate moisture was ensured.	Comment by Author: This is unclear
3.3. Experimental Design:
The experiment was designed in a Completely Randomized Design (CRD)  having seven treatments and three replications, satisfying the degree of freedom.	Comment by Author: Sentence case
Germination counts were recorded daily, and final observations were taken after 7th day of seedlings kept in the germinator. Germination percentage, root length in cm, Shoot length in cm, and seedling vigor index were measured.	Comment by Author: This line shift in Data collection section

3.5. Data Analysis and Data Collection:
This was measured to reveal the percentage of germination, average germination time, root, shoot length, and seedling vigor index. Standard procedure was relied upon in developing methodology in the determination of the percent germination, average germination time, and seedling vigor(Ranal & Santana, 2006).
 The number of germinated seeds was counted on a daily basis, depending on the treatment, according to the number of seedlings. Germination percent was used to determine the percentage based on the equation: 
 
Germination %= (Number of germinated seeds / Total number of seeds sown)​×100

Mean Germination Time (MGT) : measured by the count of days taken to germinate the seedlings:

MGT (days)= (Σ (n × d)) / Σ N

Where: n = the number of the seeds that germinated on a particular day. 
x = day during which the length of the day is recorded.
 N = number of seeds germinated after the test.

To measure growth, each treatment had five representative seedlings, which were uprooted meticulously on Day 4, Day 6, and Day 7. The roots and shoots were rinsed with water to eliminate debris. The length of the shoot was recorded as the distance between the base and the end of the longest leaf, and the length was recorded as the distance between the base and the end of the primary root using a ruler with 0.1 cm accuracy. Formulas relied on to compute the seedling vigor indices are given by Abdul-Baki and Anderson (1973):

 SVI-I = Germination % x ( Root length + Shoot length in cm )

  SVI-II = Germination % x Seedling dry weight (g)

 On Days 4, 6, and 7, another set of five seedlings of each treatment was harvested to determine their dry weight. The fresh seedlings were weighed right away with an electronic balance and dried in an oven at 70 °C for a period of 24 hours, and the dry weight was noted (ISTA, 2021). 

 3.6. Statistical Analysis: 
R-Studio v4.5.2 and Microsoft Excel were used to statistically analyze all the data. Comparison of means using the Least Significant Difference (LSD) test at the 5% level of significance was performed. All reported values were determined as the standard error of the mean (SEm). The analysis of data was of the standard procedures of Completely Randomized Design (CRD) experiments (Gomez & Gomez, 1984).	Comment by Author: Reference?	Comment by Author: version

4. Results and discussion:
4.1. Root length:
Root length was significantly influenced by the application of chiraito extract. Root growth increased progressively with concentration up to 6%, after which a decline was observed at higher levels of 8% to 12%. Thus, indicating the moderate treatments levels (4%–6%) are optimal for promoting root development, while excessive concentrations become inhibitory. The stimulatory effect at intermediate levels may be linked to the presence of bioactive compounds such as xanthones and flavonoids in Swertia spp., which are known to enhance cell division and elongation. These compounds may also support early metabolic activity by improving enzyme function and facilitating nutrient mobilization during germination.	Comment by Author: Supporting studies ?
In contrast, the reduction in root length at higher concentrations suggests a phytotoxic effect, where excessive allelochemicals interfere with membrane stability and disrupt normal metabolic processes. Such a dual response reflects a hormetic trend, in which low doses stimulate growth while higher doses suppress it (Pereira et al., 2017) 

Table 1 : Root length (cm) of sunflower under chiraito coating.
	TREATMENT 
	 3rd day
	 5th day
	 7th day

	Control(T1)
	2.97f
	5.33d
	7.21e

	2% extract(T2)
	4.77c
	8.49b
	9.80c

	4% extract(T3)
	5.28b
	9.53b
	11.05b

	6% extract(T4)
	5.67a
	10.24a
	12.57a

	8% extract(T5)
10% extract(T6)
12%  extract(T7)
	4.28d
3.84de
3.63e
	7.76b
6.96c
6.66c
	9.26cd
8.92d
7.21e

	LSD(5%)
	0.46
	0.74
	0.83

	SEm
	0.13
	0.21
	0.23

	F-probability
	***
	***
	***

	CV
	6.00
	5.35
	4.92

	Grand mean

	4.39
	7.85
	9.54


 Means followed by different letters within a column differ significantly at P ≤ 0.05 according to DMRT.	Comment by Author: You are analyzed your data with DMRT, but you mentioned LSD in Statistical analysis section?

4.2. Shoot length:
The use of chiraito extract on different days of observation had a significant effect on shoot length. The shoot length improved gradually with a rise in concentration of the extract up to 6%, then declined with a higher level of doses. The 6% treatment recorded the highest value of the shoot length, i.e., 3.66 cm at the 3rd day, and the control was the lowest with the value of 0.82 cm. On the 5th day, the 4% and 6% treatments with values of 4.86cm and 4.23, respectively, worked better than the others, as compared to the control, which was the lowest of 1.61 cm. On the 7th day, the maximum shoot length was once again recorded at the 6% with 10.80 cm, 4% with 9.89 cm, and 2% with 9.41 cm level, and the lowest was the control with 4.96cm. 	Comment by Author: T5- 8% extract have same value as T4? Not mentioned
The enhanced shoot growth at moderate concentrations could be linked to the existence of bioactive compounds, including xanthones and flavonoids in Swertia spp., which have been known to induce cell division and elongation and early seedling growth. These chemicals can also enhance the enzymatic activity and nutrient mobilization during germination(Kumar & Pandey, 2013). 	Comment by Author: Give mechanistic reasoning with authentic reference
Conversely, the decrease in shoot length with increased concentrations (8-12%) indicates a phytotoxic interaction, where too many allelochemicals cause damage to membrane structure and impairment of normal metabolic functions. This is a hormetic pattern of response with low to moderate levels of the chemical promoting growth and higher levels being inhibitory.  Similar dose-dependent effects of plant extracts also supported the above findings(Islam & Kato-noguchi, 2014) .

Table 2: Shoot length (cm) of sunflower under chiraito coating.
	TREATMENT 
	 3rd day
	 5thday
	7th day

	Control(T1)
	0.82f
	1.61e
	4.96f

	2% extract(T2)
	1.40de
	1.98de
	9.41c

	4% extract(T3)
	2.53b
	4.86b
	9.89b

	6% extract(T4)
	3.66a
	4.23b
	10.80a

	8% extract(T5)
10% extract(T6)
12% extract(T7)
	2.20c
1.56d
1.30e
	4.23b	Comment by Author: Among these values which was higher? Where is letter “a” as per DMRT test?
3.15c
2.40d
	7.89d
7.49d
6.76e

	LSD(5%)
	0.19
	0.72
	0.41

	SEm
	0.055
	0.20
	0.11

	F-probability
	***
	***
	***

	CV
	5.74
	11.49
	2.87

	Grand mean

	1.92
	3.55
	8.17


Means followed by different letters within a column differ significantly at P ≤ 0.05 according to DMRT.	Comment by Author: Follow previous comment

4.3. Germination% and Mean germination time:
Various concentrations of chiraito extract had significant effects on the percent germination and the mean germination time (MGT). The germination became more and more concentrated to the highest germination (T4), then to T3 with 92.00%, T2 with 82.66%, and the lowest value was the control (T1). Additional concentration additions, however, led to increased inhibition in germination, with values falling to 78.67% in T6 and 68.00% in T7, respectively. The same was the case with MGT. Germination was faster in moderate concentrations, with a minimum concentration of 6%, with 2.79 days recorded, than the maximum of 3.87 days in the control. But at high levels i.e10% and 12%, MGT rose once more, which suggests the retarded germination of excessive levels of extracts. 	Comment by Author: As per results T4 was significantly higher, remined statistically at par with T3

These findings indicate that there is a distinct dose-effect relationship with moderate levels between  4% to 6% coating stimulating germination and shortening the period of seed germination, and higher levels inhibiting germination. Optimal levels of stimulative effect can be explained by the availability of bioactive compounds that can stimulate metabolic functions, enzyme catalysis, and water uptake during germination. Conversely, the inhibitory effect in the higher concentrations could be attributed to the build-up of allelochemicals to disrupt physiological activities and slow down seed germination. This kind of biphasic reaction is typical of hormesis in plants.	Comment by Author: Supporting reference
 The variance test also established the statistical significance of the difference among the treatments in terms of the germination percentage (P < 0.001) and mean germination time (P < 0.01).
Table 3: Germination % and mean germination time of sunflower under chiraito coating.
	TREATMENT 
	Germination%
	MGT

	Control(T1)
	64.00e
	3.87a

	2% extract(T2)
	82.66b
	2.99bc

	4% extract(T3)
	92.00a
	2.96bc

	6% extract(T4)
	98.67a
	2.79c

	8% extract(T5)
10% extract(T6)
12% extract(T7)
	78.67bc
3.33cd
68.00de
	3.15bc
3.25abc
3.61ab

	LSD(5%)
	6.67
	0.68

	SEm
	1.87
	0.20

	F-probability
	***
	**

	CV
	4.71
	12.37

	Grand mean

	79.61
	3.23


Means followed by different letters differ significantly at P ≤ 0.05 according to LSD test.


Graph 1-Hormetic effect of chiraito (Swertia spp.) extract on sunflower germination percentage	Comment by Author: Value is not clearly visible in graph
4.4. Seedling vigour I:
The different concentrations of chiraito extract showed a clear and significant effect on seedling vigour index-I at all observation days. Overall, seedling vigour increased as the concentration increased up to 6%, and then decreased at higher concentrations. On the 3rd day, the highest seedling vigour index was recorded with the 6% treatment on 950.82, while the control showed the lowest value on 243.41. The 4% treatment also performed well on 718.66, followed by 2% on 510.29. After 6%, the value drops, indicating that higher concentrations inhibit the growth.  
A similar result was shown on the 5th and 7th day. The 6% treatment gave the highest seedling vigour index, and the control was significantly lower. The vigour values decreased again when the concentration went above this point, particularly at 10% and 12%

This enhancement in moderate concentrations (2% to 6%) could be due to the presence of some useful natural compounds such as flavonoids in chiraito (Swertia spp.). Such compounds may facilitate early development of seedlings by making enzymes more efficient and enabling the seed to utilize its stored nutrients during the process of germination(Calvo et al., 2014). But, at high levels of concentration (8% to12%), the extract, instead of helping, may begin to disrupt normal growth processes that result in a low vigour index. This kind of effect, when a reduced dose is useful and an increase in dose is detrimental, is supported by different finding (Macías et al., 2004).
Table 4 : Seedling vigour-I of sunflower under chiraito coating.
	TREATMENT 
	3rd  days
	 5th days
	 7th days

	Control(T1)
	243.41f
	443.62e
	781.92g

	2% extract(T2)
	510.29c
	867.30c
	1588.69c

	4% extract(T3)
	718.66b
	1322.80b
	1927.32b

	6% extract(T4)
	950.82a
	1667.86a
	2307.73a

	8% extract(T5)
10% extract(T6)
12% extract(T7)
	509.52c
396.32d
335.69e
	943.14c
740.02d
616.53de
	1349.69d
1203.0e
1001.18f

	LSD(5%)
	50.06
	101.19
	142.70

	SEm
	14.07
	28.44
	40.10

	F-probability
	***
	**
	**

	CV
	5.37
	6.03
	5.52

	Grand mean

	523.33
	943.04
	1451.36


 Means followed by different letters differ significantly at P ≤ 0.05 according to LSD test.



4.5. Seedling vigour II:
Seedling vigour index II was highly affected by various concentrations of chiraito extract, too. However, the maximum value of SVI-II was obtained at 6%(T) and then 4% (T) while the minimum value was noticed in control and the other moderate treatments (10-12%). The trend indicates that the seedling dry matter accumulation was improved by the application of chiraito extract at certain concentrations, but suffered at others. 	Comment by Author: 6% significantly higher and statistically at par with 4%, results presentation again weak,, revise it, as per your results

The increased SVI-II value at optimal concentrations may result from stimulation of metabolic activities and effective utilization of reserve substances in the seed, resulting in higher dry weight accumulation. The decrease at higher concentrations may be related to the toxicity of allelochemicals, which can interfere with physiological processes and biomass production. Many studies have reported that the responses of allelopathy and seed priming are dose-dependent ( Inderjit and Duke, 2003; Ashraf M and Foolad, 2005).
Table 5: Seedling vigour-II(cm) of sunflower under chiraito coating.
	TREATMENT 
	 3rd  days
	 5th  days
	 7thdays

	Control(T1)
	6.85c
	9.65f
	30.13e

	2% extract(T2)
	11.57bc
	19.84c
	45.73c

	4% extract(T3)
	17.38ab
	26.70b
	60.37b

	6% extract(T4)
	18.85a
	32.57a
	91.73a

	8% extract(T5)
10% extract(T6)
12% extract(T7)
	9.96c
7.57c
6.34c
	16.50d
13.94e
9.74f
	42.24cd
38.61d
33.32e

	LSD(5%)
	6.18
	2.10
	3.81

	SEm
	1.73
	0.59
	1.07

	F-probability
	**
	**
	***

	CV
	30.99
	6.43
	4.38

	Grand mean

	11.22
	18.42
	48.87


 Means followed by different letters differ significantly at P ≤ 0.05 according to LSD test.
5. Conclusion: 
The current experiment showed that the seed coating of chiraito had a definite dose-dependent influence on the germination of sunflower, growth, and seedling vitality. The percentage of germination was greatly increased by moderate levels, especially 4 and 6 percent, decreased the mean time of germination, and also increased root length, shoot length, and seedling vigor index. But at higher concentrations between 8% to 12%, they were inhibitory in these parameters, probably through allelopathic toxicity. These results indicate that chiraito extract has the potential to serve as a possible natural biostimulant at the best concentrations to enhance early seedling growth and physiological activity. Thus, chiraito-derived seed coating might be an effective, greener alternative to conventional synthetic seed treatments in the production of crops in a sustainable way.	Comment by Author: Rewrite your conclusion
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