



Enhancing Tomato Seed Vitality through Cold Plasma Treatment with Seed Flipping: A Path to Optimal Plant Growth

Abstract
This study investigates the effects of atmospheric pressure dielectric barrier discharge (DBD) cold plasma treatment on tomato seeds, focusing on the enhancement of seed vigor and germination rates. The research demonstrates that treatment duration of 24 seconds, combined with a seed flipping technique, significantly enhanced the germination percentage. The results indicate that plasma treatment not only elevates the germination percentage from 56% in the control group to 82% in treated seeds but also optimizes root and shoot lengths, thereby contributing to a higher vigor index. The study highlights the importance of uniform plasma exposure, as overexposure to a single side of the seed can adversely affect seed performance. These findings suggest that incorporating seed flipping in plasma treatment protocols can maximize the benefits of this innovative technology, paving the way for improved agricultural practices and seed treatment methodologies. Future research should focus on the mechanistic understanding of plasma-induced changes in seed physiology and the development of optimized treatment systems for commercial applications.
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Introduction

Cold plasma seed treatment is a cutting-edge approach in eco-friendly agriculture that holds promise for boosting plant growth. Unlike techniques like space breeding or mutation breeding with particle beams, which can alter plant genes, this method uses non-ionizing, low-level radiation (cold plasma) to gently activate the seeds' vitality without causing mutations. This makes it a safe and potentially transformative technology for improving plant health and productivity.
Cold atmospheric non-thermal plasma (CANTP) has been a subject of intense research for years, leading to the development of various generator types. The most popular options include the Cold Atmospheric Plasma Jet (CAPJ), which offers a directed flow of plasma. Dielectric Barrier Discharge (DBD) reactors provide a more contained environment for plasma generation. Radio frequency (RF) reactors utilize radio waves to create plasma, while surface DBD sources offer a flat configuration for treating surfaces directly. This diversity of generator designs allows researchers and industrial users to tailor CANTP technology to specific applications.
Plasma seed treatment in tomatoes involves exposing tomato seeds to a low-temperature plasma, which consists of ionized gases that generate reactive oxygen and nitrogen species. This treatment is considered non-thermal, meaning it does not significantly raise the seed temperature, thereby preserving seed viability. The CANTP also enhances morphological and biochemical attributes of tomato seeds (Sultan et al., 2024). The primary goal of plasma seed treatment in tomatoes is to enhance seed germination, seedling vigor, and overall plant growth. The RONS generated by plasma treatment are can potentially stimulate various biochemical processes within the seed, including the activation of antioxidant enzymes, which can help seeds withstand stress conditions such as drought or disease pressure. 

Research by Zivkovic et al. (2004) showed that treating Paulownia tomentosa seeds with non-thermal cold air plasma before planting significantly increased their germination rate. This suggests that cold air plasma could be a valuable tool for improving the germination success of this tree species. Studies have shown that cold plasma seed treatment can lead to increased growth and yield. This suggests that cold plasma technology could not only improve germination rates but also contribute to a more productive wheat harvest(Jiang  et al., 2014). Early research explored the potential of microwave plasma (Chau et al., 1996), while non-thermal cold plasma as a seed sterilization studies showed that cold plasma treatment was effective in eliminating bacterial cells and spores, particularly those belonging to the Bacillus genus (Hury et al., 1998). 
Ravinder Kumar et al. (2017) evaluated the effect of cold plasma treatment on okra growth and yield. Conducted the experiment tested seeds of two ages (‘A1’ one-year-old, ‘A2’ two-year-old) under seven plasma treatments (3–15 min, control, and vacuum-only). A 12-minute plasma treatment on A1 seeds significantly improved total emergence (27.72%), accelerated flowering, and enhanced plant height (25.99%), harvest duration (25.38%), fruit count (40.29%), fruit weight (19.67%), and yield per plant (8.16%).  Gerard et al. (2018) found that a 27-minute cold atmospheric-pressure plasma (CAP) treatment significantly improved seed water absorption, warm germination, metabolic chill test germination, and chilling tolerance in cotton. The effects were long-lasting, with enhanced germination persisting even after four months, suggesting the feasibility of large-scale industrial seed plasma treatments before planting.

In Eggplant seeds were treated with low-pressure dielectric barrier air discharge plasma for 2, 4, 6, and 8 minutes to optimize germination. A 6-minute treatment achieved the highest germination rate (80%) versus 46% in the control (Mamunur Rashid et al., 2022). Vacuum plasma seed treatment at 300V for 10 minutes significantly enhanced mustard seed quality, improving germination (92%), root length (4.37 cm), shoot length (6.98 cm), seedling length (11.0 cm), and dry weight (2.67 mg), while reducing electrical conductivity (14.20 dS/m). In contrast, a higher dose of 400V for 10 minutes had an inhibitory effect, emphasizing the need for precise plasma parameter selection (Harish et al., 2024).

The above observations suggest a promising application for cold plasma in reducing seed-borne diseases, improving overall seed vigor, crop health and yield.  However, one aspect almost all the researchers have not addressed in their research is the effect of flipping the seeds, this is more important for flat seeds as the bottom of the seeds tends to be exposed to fewer reactive species when compared to the exposed side of the seed. This could be a significant design parameter for scientists building machines for large scale seed processing, where they not only try to achieve better results but also consistency of seed performance.  Therefore, the effect of plasma processing with seed flipping has been investigated in the present paper and will be elaborated in the subsequent sections.
Materials and Methods
About the device - Plasma reactor
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Figure 1 Plasma reactor with zoomed in view of the parallel plate arrangement

Figure 1 shows the parallel plate arrangement of the electrodes.  The electrodes are separated by a 1mm thick alumina dielectric.  The electrode gap is 3mm and the dielectric is 1mm thick, so the total electrode separation is 4mm.  A high frequency 18kHz high voltage (variable up to 20kV peak to peak voltage) signal is applied to the electrodes, the power used is 40W.  This setup generates dielectric barrier discharge (DBD) plasma. The tomato seeds are placed in between these electrodes with a spacing of 3mm and are then exposed to the plasma.  The power rating during operation is 45W.  Although the reactor can be used with different kinds of gases in an enclosed environment, the present set of experiments were conducted in air at standard temperature and pressure.
The seeds are exposed to plasma in a single side and in another set of experiments the seeds are flipped.  To accomplish seed flipping, the top electrode is removed, and a carboard sheet 1 is placed on top of the seeds.  When the dielectric and the cardboard sheet 1 are inverted, the seeds fall on to the surface of the cardboard.  At this point a cardboard sheet 2 is used to cover the seeds after removing the dielectric cover.  Once again, the arrangement with seeds is inverted and the seeds are now ready for the final flip.  The dielectric is then used to perform the final flip and the seeds are now inverted.  The second electrode is placed above the seeds and the plasma is initiated.  The seeds are now exposed to the second half of the time of processing
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Figure 2 Schematic of the Electrode setup and the power supply connections.  A single Seed is shown, placed over the dielectric and the volume above the seed is VA and below the seed is VB
Figure 2 shows the plasma that covers the seed in all directions.  However, the volume of plasma above the seed is larger than the volume below the seed.  The seed has a shadowing effect on the plasma.  This difference is the number of reactive species (OH-, O-, O, O3, H, H+ etc.) accessible to the seed surface causes a difference in the way the seed’s surface is processed.  These reactive species can open the surface pores that allow the nutrients, and gases to enter the seed easily, thus causing the seed to germinate quickly and show a higher vigor index.  However, prolonged plasma processing will cause these reactive species to reach the interior of the seed causing some detrimental damage there.  Similarly, under processing the seed would also not have sufficient vigour altering effect.
Owing to this shadowing effect of the seed when placed on the surface of the dielectric (or electrode) a simple solution is proposed, wherein the seed can be flipped as illustrated in figure 3.  This would help expose both sides of the seed to plasma uniformly, when flipped at equal intervals.  In the subsequent section the effect of flipping the seed for uniform plasma processing of seeds is discussed.
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Figure 3. Seed with two sides A & B is flipped in three stages

Collision rate in the Dielectric Barrier Discharge Atmospheric Pressure Plasma 
Atmospheric pressure dielectric barrier discharge (DBD) air plasma is a complex environment where frequent collisions occur between various species. Electrons, due to their low mass and high energy, experience the highest collision rate, primarily with neutral air molecules like nitrogen and oxygen. These collisions excite the molecules, leading to the generation of reactive oxygen and nitrogen species. The heavier charged particles, like ions, have a lower collision rate but can still interact with the neutrals and electrons, influencing the overall plasma chemistry. The collision rate for all species is dependent on factors like the applied electric field, gas composition, and plasma temperature. Understanding these collision dynamics is crucial for optimizing DBD plasma for various applications, such as surface modification and sterilization.
In this section we investigate the collision rates of particles with a surface in a CANTP. We derive separate expressions for neutral and ion collision rates due to their distinct behavior within the plasma.  Such collisions result in surface modifications that cause macro property changes such as hydrophilicity of the seed surface.
Neutral Collisions
We derive a simple relationship for the collision rate (Zn) of neutral particles with a surface based on the concept of particles sweeping a volume. The collision rate is estimated as Chen (1984).
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is the collision rate of neutrals (particles hitting surface per unit area per unit time)

n is the density of neutral particles (particles per unit volume).       
v is the average velocity of neutral particles

It is important to note that CANTP might introduce additional reactive species like neutral mono atomic species of oxygen, nitrogen and hydrogen.  Although these species are not influenced by the ambient electric fields, the neutral collisions with the seed surface by these reactive species will still have an effect on the morphology and surface activation.   The ion collision rates are governed by various other factors as explained in the next section.
Ion Collisions

For ions, the simple neutral collision rate formula significantly underestimates the actual value due to their interaction with electric fields within the CANTP. To account for this, we propose a simplified model considering sheath formation near the surface. The model estimates the effective collision rate of ions ([image: image10.png]
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where:
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 is the effective collision rate of ions
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is the density of ions

E is the electric field strength within the sheath
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is the mass of the dominant ion species
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 is the sheath thickness (estimated using the Debye length formula) 
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where:

ε₀ is the permittivity of free space (8.854 × 10⁻¹² F/m)
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 is the Boltzmann constant (1.381 × 10⁻²³ J/K)
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 is the electron temperature (in Kelvin)
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 is the density of ions (particles per unit volume)

e is the elementary charge (1.602 × 10⁻¹⁹ C)

This formula, based on the Debye length concept, provides an estimate of the sheath thickness where the electric field is strong and significantly accelerates ions towards the surface.

The presented simplified model elucidates the correlation between ion collision rate and key parameters such as electric field strength, sheath thickness, and ion mass. This foundational framework enables a preliminary understanding of the influence of CANTP plasma conditions on ion-surface interactions. Notably, the model does not account for the plasma volume (VA and VB, Figure 2), suggesting an initial independence from this factor. Nevertheless, given the seed's direct placement on the dielectric, the formation of plasma sheaths in this region induces varying ion energies, consequently impacting collision rates on the seed's top and bottom surfaces. This potential non-uniformity in surface modification by the impinging ions necessitates seed flipping for consistent seed surface treatment.

Measurement of Germination, root length, shoots length and dry matter
Sixteen replicates of twenty five seeds were sown using the between paper method (rolled towels) and kept under test conditions of 25 ± 1°C temperature and 95 ± 2% relative humidity maintained in a germination room illuminated with fluorescent light. The number of normal seedlings was counted after 14 days and used for germination percentage calculation (ISTA, 2010).  Vigour index (VI) was calculated for each replicate in the germination test by using the formula suggested by Abdul-Baki and Anderson (1973) and the mean expressed as the whole number.

VI = Germination (%) × [Root length (cm) + Shoot length (cm)]
Ten normal seedlings were selected at random from each of the 16 replications and measured for root length, from the point of attachment of seed to the tip of primary root, and shoot length, from the point of attachment of seed to tip of the primary leaf for vigour index calculation.

Results and Discussions
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	Control
	24 Seconds with flipping
	24 seconds without flipping


Figure 4. Sample Pictures of seeds germinating in paper for control and 24s only as a representation, all the other treatment appears similarly.

Figure 4 shows 25 seeds were placed and then the paper was soaked in a bucket for duration of 14 days.  After the seeds germinated, each of the seedlings was individually measured for their root length and shoot length. The number of seeds that successfully germinated were also measured.  For instance, in table 1, one could observe that the germination percentage was only 56% for the control, while the germination percentage was 82% for the 24s plasma treated seeds (with flipping).  
Table 1 Effect of Plasma Seed Treatment of Tomato Seeds 
	S No.
	Treatment
	Germination %
	Root Length (cm)
	Shoot Length (cm)
	Vigor Index

	1. 
	Control
	56
	6.20
	5.40
	650

	2. 
	4 Seconds with flipping
	34
	5.39
	4.46
	157

	3. 
	4 Seconds without flipping
	40
	4.71
	5.12
	393

	4. 
	8 Seconds with flipping
	50
	4.70
	4.81
	476

	5. 
	8 Seconds without flipping
	62
	4.88
	4.97
	611

	6. 
	12 Seconds with flipping
	40
	5.30
	4.49
	392

	7. 
	12 Seconds without flipping
	16
	4.39
	4.71
	146

	8. 
	16 Seconds with flipping
	42
	4.51
	4.75
	389

	9. 
	16 Seconds without flipping
	46
	4.89
	5.07
	458

	10. 
	20 Seconds with flipping
	38
	4.07
	4.43
	323

	11. 
	20 Seconds without flipping
	42
	3.55
	4.15
	323

	12. 
	24 Seconds with flipping
	82
	6.51
	6.13
	1036

	13. 
	24 Seconds without flipping
	62
	5.47
	5.10
	655

	14. 
	28 Seconds with flipping
	44
	3.98
	3.96
	349

	15. 
	28 Seconds without flipping
	24
	4.04
	5.15
	221

	16. 
	32 Seconds with flipping
	82
	4.64
	4.75
	770

	17. 
	32 Seconds without flipping
	16
	4.05
	4.13
	131

	
	SEd
	2.000
	0.260
	0.140
	7.500

	
	CD (P= 0.05)
	0.112
	0.406
	0.593
	0.009


Table 1 summarizes the observation of germination, root length and shoot length.  One could observe that root length and shoot length are the highest for 24s plasma treatment, along with the germination percentage.  This aspect is reflected in the overall vigor index as well, which is the highest for this duration of plasma treatment.  
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Figure 5 Plot of Vigor Index Vs number of seconds of plasma treatment (with and without flipping)

Figure 5 shows a plot of the vigor Index vs number of seconds of treatment of the tomato seeds in the plasma reactor.  One could observe that upto 20s of treatment the plasma seed flipping does not have significant effect on the vigor index and the results are alternatingly increasing and decreasing with flipping.  However, after 20s, the flipping seems to have a marked effect on the seed vigor index.  Especially at 24s, the vigor index variation between flipping and non-flipping seems to be over 58%.  However, the percentage difference, although is higher for the 12s treatment (169%), the vigor index, individually, does not exceed the value of the control and is therefore not statistically significant.  We may therefore conclude that the flipping of the seed at 50% time interval has a significant effect on its vigor index and must be incorporated in the design of any future machines that aim at plasma treating the seeds.  Furthermore, table 2 shows that the highest % difference in vigor index is observed for 32s treatment at this time, the true value of the vigor index has already decreased to 131 and that essentially brings the seed close to damaged levels.  
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Figure 6 Seed surface morphology shows fibrous surface

Figure 6 shows the close-up picture of the surface of tomato seed.  Typically, it is not smooth and has fibrous structures over it that varies from seed to seed significantly.  This could explain why the vigor index varies so much in the figure 5.  However, the trend remains consistent and there is optimum time duration of processing for which the seeds, on an average, provide best performance.  

Vigour Index

	S.No.
	Seconds
	With Flipping
	Without Flipping

	1. 
	0
	650
	 650

	2. 
	4
	157
	393

	3. 
	8
	476
	611

	4. 
	12
	392
	146

	5. 
	16
	389
	458

	6. 
	20
	323
	323

	7. 
	24
	1036
	655

	8. 
	28
	349
	221

	9. 
	32
	770
	131


Table 2 Vigor Index values with and without flipping, long with the percentage change

Table 2 shows that the vigor index increases with the length of time of processing.  However, maximum vigor index is observed when the increase of processing time has been accompanied by seed flipping as well. This understanding could help plasma seed treatment device manufacturers to design machines that incorporate seed flipping for uniform seed processing and thus achieve high quality seeds that are also consistent in performance.   
This seed flipping technique also highlights the importance of seed spacing.  If seeds are clubbed together or placed in heaps without proper spacing then one could observe the shadowing effect of other seeds that would produce inconsistent processing and thus causes inconsistent seed performance.  Hence the future machines should ensure that the seeds are spaced correctly and are flipped properly to expose all surfaces uniformly to the plasma and thus achieve best performance with consistency.  

Conclusions
This study highlights the significant advantages of utilizing cold plasma treatment, particularly when paired with a seed flipping technique, to enhance the vitality of tomato seeds. The results demonstrate that a 24-second exposure to plasma (generated using 40W, 18kHz, 20kV peak to peak voltage), combined with systematic flipping, ensures uniform treatment across the seed surface, leading to optimal outcomes. This method not only improves germination rates but also positively affects root and shoot lengths, resulting in a higher vigor index compared to untreated seeds. The findings indicate that overexposure of a single side of the seed can be detrimental, underscoring the importance of uniform plasma exposure. Overall, the integration of seed flipping into plasma treatment protocols presents a promising advancement in agricultural practices, fostering healthier plant growth and potentially increasing crop productivity. Future research could focus on elucidating the mechanisms behind plasma-induced changes in seed physiology and refining treatment parameters for broader agricultural applications.
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