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Abstract

Modern agriculture faces significant challenges, such as population growth, the reduction
in productive agricultural land, and, most importantly, climate change. To address these
issues, non-thermal plasma treatment of seeds and plants has emerged as a promising
alternative to conventional chemical-based methods. This advanced technology, a powerful
chemical reactor in the gas phase, has various applications, from stimulating seed germina-
tion and plant growth to controlling pathogens. The effects of non-thermal plasma on seeds
include morphological and chemical changes in the seed coat, increased permeability and
water uptake, and the activation of some internal biochemical mechanisms. Studies have
demonstrated improvements in germination, plant development, and the activation of
internal biochemical mechanisms with the intensified production of secondary metabolites.
Non-thermal plasma also contributes to reducing the microbial load, providing an effective
and environmentally friendly method of disinfection. This review synthesises the current
knowledge on non-thermal plasma sources used in plasma agricultural applications for
seed treatments, emphasising that in some cases the exposure of seeds to such discharge
stimulates germination and also promotes early seedling growth. In addition, it highlights
reported biochemical and nutraceutical improvements, including changes in antioxidant
capacity, phenolic content and other bioactive compounds which add considerable value to
the resulting plants. Finally, the decontamination potential is discussed, along with results
discussing the potential of NTP to decontaminate seeds, associated with an extension to the
shelf-life of products and identifying key challenges and research gaps for implementing
this technology in agricultural practices. The integration of this technology into modern
agriculture, including vertical farms and hydroponic systems, opens up the prospect for
more sustainable and productive agriculture. However, scaling up the process and opti-
mising processing parameters remain important challenges that require further attention,
research and technological development.
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1. Introduction

Modern agriculture is facing increasing pressure due to increased population, a de-
crease in productive agricultural land and climate change. Farmers are responding to these
changes by overusing chemical fertilisers and pesticides, practices that have cumulative
negative effects on human and animal health, degrade soil quality and affect the entire
balance of the agricultural ecosystem [1,2]. From this perspective, it is essential to identify
technologies that support crop production without amplifying these adverse effects. The
treatment of seeds using non-thermal plasma is being investigated as an environmentally
friendly alternative to conventional practices.

Non-thermal plasma (NTP), also called cold plasma due to its low processing tem-
perature, has emerged in the past decade as a novel green agricultural biotechnology,
having significant promise for stimulating various properties of the plants after seed treat-
ment [3-8]. Obtained by applying electrical energy to a gas, usually air, it is a partially
ionised gas, a powerful chemical reactor due to the production of reactive oxygen and
nitrogen species (RONS), ultraviolet (UV) photons, and charged and uncharged energised
particles, all while keeping the temperature near room temperature [9]. These features
make it suitable for low-temperature applications, in which the temperature of the pro-
cessed material needs to be kept low to prevent degrading. Thus, NTP is good for polymer
treatments, biological media treatments such as in plasma medicine where living tissues
are exposed to NTP, or in plasma agricultural applications for treating the surface of seeds,
plants, fruits, meat, other food products, etc. [7,8,10-16].

There are many advantages of NTP over conventional seed treatments. Traditional
methods often rely on chemical treatments such as fungicides, pesticides or thermal tech-
niques that can damage seed viability or leave harmful residues behind [17]. In contrast,
NTP operates at near-ambient temperatures and leverages physical and chemical pro-
cesses that enhance germination and growth parameters while being environmentally
friendly and residue-free, and it is a method of disinfection without chemical solutions.
This approach aligns well with the goals of sustainable agriculture, as it supports increased
crop productivity without expanding chemical inputs or energy consumption [18]. More-
over, the ability to finely tune plasma generation parameters such as voltage, gas mixture,
and exposure time allows for tailored treatments optimised for specific crop species and
conditions, thus enhancing efficiency and reducing waste [5,19].

Enhancing germination and early seedling growth is critical because these early devel-
opmental stages strongly influence overall crop yield and agricultural productivity. Rapid
and uniform germination ensures vigorous seedlings capable of successful establishment,
especially under stress conditions such as drought or pathogen pressure. However, con-
ventional seed treatment methods often face challenges including inconsistent efficacy;,
environmental concerns, and damage to seedling vigour. Therefore, innovative technolo-
gies like NTP that can activate biochemical and physical processes in seeds offer a promising
way to address these limitations [12]. The biological processes that trigger germination and
growth are complex, involving water uptake (imbibition), metabolic activation, nutrient
mobilisation, and hormonal regulation. NTP’s ability to modulate these factors positions it
as a valuable tool in accelerating crop establishment [9,19,20]. Studies have demonstrated
that all the factors inside NTP (e.g., radicals, electric field, charged particles) have syner-
gistic effects on the surface modifications and internal biochemical shifts that stimulate
seed metabolism [21].

The focus of this discussion is to highlight how NTP treatments enhance germination
and subsequent seedling growth. Some key aspects that we discuss include understanding
the critical parameters such as voltage, exposure duration, and gas composition, which
determine the balance between stimulation and inhibitory effects. One must note that
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while NTP generally enhances germination, excessive exposure or inappropriate parameter
settings can lead to detrimental outcomes— effects that unfortunately are sometimes not
reported. Additionally, species-specific responses necessitate customised protocols for dif-
ferent crops [9,22,23]. Much of the current research is directed at elucidating the underlying
molecular mechanisms, optimising treatment conditions, and improving scalability for
introducing this technology in agriculture. Identifying these gaps helps refine the practical
application of NTP for diverse agricultural uses [5,9]. The aspects on which we focus are
schematically represented in Figure 1.
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Figure 1. Schematic of non-thermal plasma applications as an agricultural biotechnology.

Besides the direct non-thermal plasma treatments, plasma activated water (PAW) and
plasma activated media (PAM) have been recognised as important tools in agricultural
applications, allowing the reactive nitrogen and reactive oxygen species to be delivered
via irrigation or a nutritional medium, with the direct exposure of seeds or plants to the
discharge [24,25]. Studies show that PAW can significantly stimulate seed germination and
early seed growth, improve the development of roots, stimulate physiological processes,
and demonstrate an antimicrobial activity [26,27].

2. Methodology

We conducted a systematic review following the PRISMA 2020 statement and used
the associated flow diagram to present the study selection process. Web of Science Core
Collection, Scopus, PubMed, MDPI, and ScienceDirect databases were searched from
January 2000 to 24 February 2026 for experimental studies which evaluate the non-thermal
plasma (NTP) applied to seeds or sprouts. We combined terms related to the intervention,
such as “non-thermal plasma” and “cold plasma”, with plant and growth terms such as
“seeds”, “sprout”, “
of relevant reviews and book chapters were also searched to identify additional studies.

We considered eligible studies that (i) investigated seeds or sprouts of agricultural

plant species; (ii) applied non-thermal plasma as a pre-sowing or early sprout treatment;

v

microgreens”, “germination”, and specific crop names. The references

(iii) compared the outcomes with a control sample; and (iv) reported quantitative data
for germination, sprout growth, physiological and biochemical parameters, or microbial
safety. We excluded studies using thermal plasmas, those limited to non-plant substrates,
works that describe device physics without presenting biological outcomes, and reviews,
editorials, and conference abstracts without full data.

A total of 1245 records were identified in the databases, and 73 via other methods;
312 duplicate records were removed, and 21 for other reasons (e.g., did not concern plant
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plasma agriculture). A flow diagram of the filtering process is shown in Figure 2. After
carefully screening the references and removing ineligible reports, 52 studies were included
in the qualitative synthesis. Most of these studies evaluated direct non-thermal plasma
exposure of seeds, with a smaller subset focusing on plasma-activated water. Across
species, NTP in small-to-moderate doses generally stimulated the germination process and
early sprout growth compared with untreated seeds kept as control, while long exposures
tended to inhibit these traits. Several studies reported stimulation of bioactive compound
production with an increase in antioxidant capacity and phenolic content, alongside a
reduction in the microbial load from the seed surfaces, suggesting that NTP can simultane-
ously modulate several physiological traits and aid disinfection. However, there is limited
heterogeneity in plasma sources, dose metrics, and plant species, optimal parameters being
highly dependent on the device used and plant species [5,9,19,28-30]. In line with the
still limited and often correlative nature of the current existing evidence from the anal-
ysed studies, we try to distinguish between physical and chemical surface modifications,
broader physiological associations, and hypothesised molecular mechanisms reported with
direct or indirect evidence, all of which should be seen as proposed framework rather than
universally established causal pathways.

y Identification N

( Records identified via databases (n = 1245) )

( Records identified via other methods (n = 73) )

( Records after duplicates removed (n = 985))

& |

( Screening )
Records screened
(itelabsirach) )
(n=985)

( Eligibility J
Full-text articles Full-text articles
assessed for eligibility excluded, with
(n=148) reasons (n = 96)

( Included )

CStudies included in qualitative synthesis (n = 52))

Figure 2. PRISMA 2020 systematic review flow diagram showing the choices and filtering of refer-
ences based on their relevance.

3. Non-Thermal Plasma Sources for Agricultural Applications

Non-thermal plasma sources can be classified according to their operational principles
and discharge mechanisms. The main types commonly used for agricultural applications
are pulsed corona, dielectric barrier discharge (DBD), corona discharge, radio frequency
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plasma (RF), microwave plasma (MW), and glow discharge plasma. Each of these cate-
gories has distinct attributes and is employed in diverse agricultural applications. Pulsed
corona discharge involves non-thermal plasma applying a high voltage on a sharp electrode,
thereby ionising adjacent gas molecules or atoms. Its inherent characteristics often result in
operation within non-homogeneous media, which can constrain its direct applicability in
specific scenarios due to the reduced processing area. Dielectric barrier discharge (DBD) is
distinguished by the inclusion of a dielectric material situated between the electrodes, a
configuration that facilitates the generation of non-equilibrium plasma under atmospheric
pressure conditions. This discharge can be produced in many electrode configurations,
with surface or volume discharging, exhibiting low energy consumption, which positions
them as a potentially advantageous option for agricultural applications [9,31-34]. Radio
frequency (RF) plasma employs high-frequency electrical pulses to ionise gases, thereby
generating a comparatively low-temperature plasma characterised by a high concentra-
tion of reactive species. This technique’s adaptability stems from its capacity to operate
across a range of pressures and ion energy levels, rendering it suitable for diverse appli-
cations [21,35,36]. Microwave plasma, produced by electromagnetic radiation within the
300 MHz to 300 GHz frequency range, ionises gas molecules, mostly under low-pressure
conditions, but also at atmospheric pressure [37,38]. This technique facilitates food pas-
teurisation or sterilisation at reduced temperatures and shorter durations when contrasted
with conventional methods. However, low-pressure systems have the drawback of us-
ing vacuum systems that are not so suitable for plasma agriculture applications, being
expensive and having a high energy consumption and small processing volume. Glow
discharge plasma, which functions at low pressures, emits light between cathode and anode
electrodes. The distinctive illumination pattern, which varies with gas pressure and the
distance between the electrodes, allows for the precise manipulation of plasma properties.
The same low-pressure issues apply as well.

A key parameter is also the gas used for producing the discharge. The most advanta-
geous discharge reduces the costs of operation in atmospheric air. However, using a noble
gas might improve discharge properties, such as uniformity, the distribution of reactive
species, and energy. Other gases commonly used are nitrogen, oxygen, argon, helium
or mixtures thereof. Important parameters are also the voltage, frequency, power, and
treatment time, the biological responses being generally non-linear with the variations in
these parameters.

There is no ideal plasma source for agricultural treatments, and there is a lot of room
for innovation depending on the targeted outcome. Most plasma sources used and studied
by the researchers might find no applicability in the industry, due mostly to the lack of
upscaling of the treatments. However, it is still important to study such configurations in
order to get a better insight into the interaction mechanisms between non-thermal plasma
and biological media in plasma agriculture applications.

4. Effects on Seed Germination After NTP Treatments

Exposure of the seeds to NTP triggers a series of physicochemical changes on the
seed coat; not only this, it also has the least direct effect on the germination process.
The intense interaction between all plasma components, especially the reactive species
generated in plasma and the organic material of the seed coat, produces both morphological
and functional changes. Surface imaging performed with scanning electron microscopy
(SEM) evidenced increased roughness, and the appearance of pores and thin cracks in some
cases, indicating a strong etching process at the micro- and nanometric scale [6,9,39-41].
An example is given in Figure 3. Wheat seeds were treated in a surface dielectric barrier
discharge (same configuration as in [6,9]). It is clear that the surface of the seeds is strongly
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etched, and, in some conditions, cracks appear (see Figure 3c). Reactive oxygen species
(ROS) interact with the biopolymers in the pericarp, introducing hydrophilic functional
groups that lead to the change in surface energy [36]. This transformation reduces the initial
hydrophobicity of the seed coat and allows a greater amount of water to rapidly penetrate
the embryo, a fact proven by the increased water uptake capacity of the seeds [31,42,43].
Reactive nitrogen species (RNS) can also attach to the surface and functionalise it, as in the
case of polymers with nitrate or amine groups, modifying the chemical properties of the
pericarp in a way that can promote the subsequent mobilisation of essential nutrients [44].

untreated , - | 120s 11kVDBD  |120512kV.DBD
P3P ° - OEX

Figure 3. Microstructure of wheat seed coat for wheat that is (a) untreated, (b) treated for 120 s in
DBD ignited with 11 kV HV, and (c) treated for 120 s in DBD ignited with 12 kV HYV, respectively. The
arrow indicates cracks formed as a result of plasma treatment.

In some species, such as legumes, that are tolerant to mechanical stress, plasma not
only increases the permeability of the seed coat, but it also shortens the period required for
mechanical dormancy to be broken. Some dormant or low-viability seeds such as Arabidop-
sis, legumes, coriander, watermelon, and mustard often show an increased germination
percentage from about 50-60% in controls to up to 90-99% after NTP treatment of the
seeds [20,28,45—-48]. Reducing the rigidity of the outer wall creates favourable conditions
for a rapid transition to the active metabolic stage [40]. At the micro-level, these changes
involve the partial breakdown of the outer layer of cells of the tegument and an increase
in the intracellular spaces. At the same time, the UV radiation might contribute to the
photolysis of some superficial pigmentary or protein components, which reduces any
chemical inhibition. Plasma also has some effect on the electrostatic charging of the seed
surface, which can attract or repel polar molecules such as water and mineral ions in the
nutritional solutions used afterwards [32].

In some cases, the elemental analysis post-treatment indicated some variations in the
surface’s inorganic composition such as an increase in relative oxygen and nitrogen content,
which has been correlated with a decrease in surface organic carbon, suggesting the integra-
tion of reactive groups and the elimination of hydrophobic organic fractions, most probably
as a result of the interaction of the surface with reactive oxygen and nitrogen species [32,34].

One of the first outcomes of seed treatments using NTP is the stimulation of germina-
tion. Studies show that NTP is able to significantly increase the germination rate, uniformity,
and early seedling growth in various crops. For example, the treatment of wheat seeds
increased germination by up to 22%, as well as seedling vigour and the activities of some
antioxidant enzymes, resulting overall in up to a 27% increase in grain yield [12].

Several studies have quantified the beneficial effects of NTP treatments on the germi-
nation percentage and speed of many crop seeds. For example, alfalfa seeds subjected to
different NTP voltage conditions exhibited up to a 50% increase in sprout growth, indicat-
ing significant improvement in germination performance in optimised protocols [6]. Wheat
seeds treated with low-pressure dielectric barrier discharge (LPDBD) plasma exhibited a
14.74% increase in the germination rate compared to untreated controls, highlighting the
ability of plasma to enhance germination speed and uniformity [12]. This germination
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benefit was correlated with physical changes such as microcracks in the seed coat and
biochemical activation of some processes in the resulting sprouts.

In mung bean, the application of a novel atmospheric cold plasma system resulted in
a great increase in the germination rate from 86.67% to 91.67% after only 40 s of treatment.
This rapid enhancement was attributed to significant modifications of the seed’s surface
morphology which led to an increased water uptake as a result of the increased surface
area and porosity without altering the chemical structure of the seeds [4]. These studies
show that the effectiveness of NTP treatments varies across different species but also point
out the critical role of fine-tuning treatment parameters to maximise the benefits.

The duration and voltage of plasma exposure critically influence germination; in
some conditions it is accelerated while in others it is inhibited. Extended exposure or
overly high voltages can cause damage to the seed surface or internal tissues, leading
to decreased germination rates [33]. Thus, optimisation is crucial. Variations in plasma
generation methods, ranging from atmospheric to low-pressure systems, and the choice
of feeding gases such as air, oxygen, or argon, further affect the outcomes, necessitating
careful selection depending on the seed type [36,44]. Differences in plasma configurations,
such as dielectric barrier discharge versus transient spark discharge, also influence efficacy
and safety margins. Protocols must therefore be validated for each crop species and seed
lot to achieve reproducible and beneficial results.

Case studies for legumes such as alfalfa, mung bean, and pea have demonstrated
enhanced germination and seedling vigour following NTP treatment. Legumes benefit
notably from increased antioxidant defence systems and improved imbibition dynamics.
Correspondingly, cereal crops like wheat have shown biochemical activations aligned with
increased germination rates and seedling health. For both legumes and cereals, studies
report parallel increases in the length of the roots and shoots. This differentiation in
response underscores the need for tailored plasma treatment protocols based on seed
morphology, coat properties, and physiological requirements unique to the crop species
(Table 1). These findings collectively pave the way for integrating NTP technology into seed
technology for both leguminous and cereal crop improvement, as well as for other species.

The stimulation of seed germination following NTP treatment of the seeds seems to
be the result of a series of physicochemical and biochemical processes induced by plasma-
generated species on the seed coat and internal metabolic mechanisms within seeds. The
initial phase of the treatment involves physical alterations to the seed coat. Exposure to
reactive species, mainly oxygen and nitrogen radicals, and energetic particles in the plasma
can increase the seed surface porosity through microcrack formation, etching, and the
localised removal of surface materials. The result is a measurable decrease in the water
contact angle of the seed surface, facilitating water imbibition, which is the initial critical
step for activating seed metabolism. Enhanced permeability also improves gas exchange,
allowing oxygen to penetrate and support respiration during germination [5]. Studies on
wheat seeds treated with NTP have shown a cracked seed periphery which contributes to
increased imbibition rates [12]. In mung bean seeds, atmospheric cold plasma significantly
increased the specific surface area and total pore volume, suggesting enhanced water
absorption and nutrient exchange potential—key factors improving germination speed
and uniformity [4]. Facilitating water penetration, the internal osmotic pressure required to
break the tegument is achieved faster, allowing the radicle to mechanically pierce the coat.

At the biochemical level, the reactive oxygen and nitrogen species produced by NTP
seem to act as redox messengers inside the embryonic cells once they have passed through
the protective layers, triggering a cascade of physiological responses within the seed. For
example, ROS like hydrogen peroxide (H,O,) serve dual roles: as damaging agents at high
concentrations but also as essential secondary messengers at controlled levels, priming
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antioxidant enzyme systems and activating enzymes responsible for mobilising stored
nutrients such as starch and proteins [4]. Antioxidant enzymes such as catalase (CAT)
and superoxide dismutase (SOD) are upregulated following plasma exposure, mitigating
oxidative stress that may otherwise impair germination. This enzymatic upregulation has
been documented in plasma-treated wheat where increases in CAT and SOD activities
were accompanied by an enhanced expression of associated genes (TaCAT, TaSOD), thus
contributing to improved physiological functions critical for seedling growth [4]. The
metabolic activation also extends to pathways involved in the breakdown of reserve
nutrients, providing necessary energy and substrates for embryonic development [5].

Hormonal regulation seems to be another vital mechanism influenced by NTP treat-
ment. NTP can increase the activities of key enzymes supporting the metabolic switch
from quiescent to actively germinating seeds [20,30,40]. Plasma treatment has been shown
to reduce the levels of abscisic acid (ABA), a hormone that enforces seed dormancy and
inhibits germination. Concurrently, an increase in gibberellins (GAs), which promote seed
germination and growth, has been observed. Such hormonal shifts relieve dormancy
and stimulate processes like enzyme production and cell elongation [20,49]. For example,
in sunflower seeds treated with radio frequency cold plasma and electromagnetic fields,
gibberellin contents increased substantially whereas ABA levels decreased by more than
50%, promoting faster germination and increased seedling vigour [21]. Another impor-
tant mechanism associated with plasma-stimulated germination is the adaptation of gene
expression involved in the synthesis and activation of hydrolytic enzymes. Experimental
determinations for different species have confirmed that short exposures to plasma can
stimulate the seeds to germinate faster and increase the percentage of germinated seeds
by around 50% compared with untreated seeds [33]. Furthermore, the resulting plants
show increased uniformity in the initial development stages, which is essential when the
crop needs synchronisation for optimal harvesting. NTP can induce the expression of
genes related to photosynthesis and stress tolerance, which underpin later stages of plant
development beyond germination. Such genomic modulations hint at a lasting effect of
plasma treatment on the plant’s physiological performance [18].

In the case of using PAW, it appears to stimulate germination through reactive species-
triggered signalling, and improved water and nutrient uptake [50,51]. PAW contains hydro-
gen peroxide, nitrogen oxides that act as signalling molecules, stimulating germination and
triggering hormonal pathways that favour the germination process and plant growth [50].
PAW can also lead to increased water absorption, due to its higher redox potential, altered
surface tension, and reactive species content that interact with the seed coat [31,52].

Table 1. Results of non-thermal plasma processing of seeds in different conditions.

Plasma Source

Species Results Reference

-increased imbibition rate
-stimulated germination by up to 69%
-increased shoot length (by up to 35.6%), root length (by up to
13%) and dry weight (up to 30%)

Plasma jet Tomato -decreased malondialdehyde, ascorbate; increased proline (by up [10]
to 480%), chlorophyll concentrations
-increased gene expression
-increased stress tolerance to drought
Plasma-activated -increased plant length (up to 45%), fresh and dry weight, and
nutrient solution Basil chlorophyll contents [53]

using gliding arc

-stimulated essential oil profile
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Table 1. Cont.
Plasma Source Species Results Reference
Dielectric . s - .
barrier discharge Cotton -improved germination, seed hydrophilicity, water absorption [42]
-cracks in the seed coat
-improved germination (by up to 14.74%), root and shoot length,
Low-pressure dry weight (by up to 98.04%), chlorophyll concentration (by
dielectric Wheat 27.1%), catalase activity in leaves and roots [12]
barrier discharge -increased grain yield by 27.06%, soluble protein, total soluble
sugar, mean fat content (by up to 70.62%), NO concentrations
in leaves
-increase in germination rates (up to 91.67%), specific surface area
Dielectric and total pore volume of the seeds; increased seedling length,
. . Mung bean [4]
barrier discharge water uptake
-cracks and pores on the surface of the seeds
-no significant change in the germination behaviour
Radio frequency Wheat -stimulated growth of the plants (plant height 21.8%, root length [35]
cold plasma 11%, fresh weight 7%, stem diameter 9%, leaf area 13%, and leaf
thickness 25.5%), yield (5.89%)
-no significant change in germination
-increased root length
Dielectric Ginsen -bactericidal and fungicidal effects on Kocuria spp., Variovorax [14]
barrier discharge & spp., Pseudomnas spp., Coniochaeta, Pyrenochaeta, Fusarium,
Clonostachys, C. destructans; some species were not affected:
Humicola spp., Mortierella hyaline.
Radio frequenc -decreased mean germination time, increased germination (by
cold l;lsma y Sunflower 16%); stimulation effect on the expression of proteins mostly [21]
p involved in photosynthetic pathways or their regulation
Dielectric Nasturtium -increased water uptake, stimulated germination [31]
barrier discharge -oxidation of the seed surface
-strong etching of the seed surface
Dielectric Alfalfa -in some conditions, the growth of the plants is stimulated, with a [6]
barrier discharge slight increase in chlorophyll pigments and a decrease in
flavonoid and polyphenol contents.
-faster germination
Dielectric -stimulated growth (by up to 50%)
barrier discharge Fenugreek -stimulated production of chlorophyll pigments, &
antioxidant compounds
Dielectric Cress -increased hydrophilicity, average stem length (9%), root length [22]
barrier discharge Broccoli (38%), and chlorophyll pigments
-stimulated germination, water uptake, especially in the gas
Cold plasma Barley phase, and oxidation of the seed surface [32]
. . -accelerated germination
Dielectric © R
barrier discharge Barley -no damage to the seed surface; increased oxidation of the seed [54]
surface, ion enrichment of treated seeds (K, Ca, Na, N, P)
Plasma-activated
water In a Tomato -increased plant size, number of flowers, tomato biomass [51]
dielectric
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Table 1. Cont.

Plasma Source

Species Results Reference

Low-pressure
radio frequency
plasma
Dielectric barrier
discharge
Plasma jet

-atmospheric pressure plasma was more effective in stimulating

ﬂ . .
Sunflower water uptake, germination, and plant growth

[36]

Low-pressure
radio
frequency plasma

-deep cracking of the seed surface
-enhanced germination, forage yield under normal and
Cowpea medium salinity [39]
-enhanced dry matter degradability level
-enhanced ammonia concentration

-enhanced germination potential (from 1.18 to 66.97%),
germination index (from 0.50 to 60.09%), germination rate (from

Dielectric Sovbean 1.78 to 32.17%), seedling length (from 2.70 cm to 78.13 cm), root [40]
barrier discharge y length (from 2.87 cm to 56.13 cm) and seedling dry weight (from
1.80 g to 36.63 g), increased CAT activity (from 0.40- to 4.01-fold)
compared to control treatment
Dielectric Pepper -stimulated germination and growth in some conditions, but also [33]
barrier discharge PP inhibited these traits in other conditions
Plasma-activated Lettuce -stimulation of growth, chlorophyll content production, and [25]
water dry weight
-oxidation of seed surface
Dielectric . -no structural damage to seed surface
. . Quinoa . .. [34]
barrier discharge -no influence on germination
-slight impact on the fresh biomass
-increased dry weight by about 80.5%
Dielectric Bok choy -stimulated chlorophyll contents, total soluble protein, and [7]

barrier discharge

nitrogen uptake
-increased concentrations of NO in the roots

Dielectric
barrier discharge

-inactivation of Aspergillus flavus, Alternaria alternata, and
Maize Fusarium culomorum from the surface of the seeds [43]
-enhanced water uptake, growth

Cold atmospheric
plasma

-stimulated germination and growth

Mung bean - .
& -no drastic changes in seed surfaces

[44]

5. Effects on Seedling Growth After Seed Treatments with NTP

Beyond germination, the effects of non-thermal plasma on the growth and subsequent
development of plant seedlings and microgreens manifest through a combination of ac-
celerated physiological processes, and morphological and biochemical adjustments. In
the first days after emergence, microplants obtained from treated seeds develop larger
leaves, reflecting improved photosynthetic efficiency and increased light energy conversion
capacity, which reduces the time required for the microgreens to reach commercial size,
increasing the dry weight of the plants [7]. Starting from the initial changes described in
Section 4, plant growth from seeds treated with cold plasma enters an early vegetative
phase with an increased rate of biomass accumulation. At the same time, NO contributes to
the early differentiation of conductive tissues, which optimises the transport of water and
nutrients to growing organs [55]. UV radiation emitted simultaneously with the reactive
fluxes can photochemically activate pigment-structural precursors of photosystems before
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the leaf apparatus fully matures, accelerating the transition to the autotrophic phase [56].
Following this, there is an increase in the activities of respiratory enzymes, with a faster
mobilisation of the seed reserves, which supports early growth; sometimes it is accom-
panied by an increase in the concentrations of photosynthetic pigments, especially under
moderate NTP treatment [8,20,21,30].

All these are supported by a rapid activation of the metabolic systems responsible
for photosynthesis, respiration, and the synthesis of secondary metabolites, which creates
the conditions for healthier, more vigorous, and more resistant plants [51]. Morphological
improvements include increased seedling height and root and shoot length, supporting
better early vigour. Enhanced biomass accumulation has been observed during early devel-
opmental phases, contributing to superior nutrient uptake and photosynthetic capacity. For
example, wheat plants derived from air plasma-treated seeds showed significant increases
not only in germination but also in leaf chlorophyll concentrations and biomass accumula-
tion, indicating improved physiological vigour [35]. Similarly, alfalfa sprouts treated under
optimised NTP conditions developed longer shoots, demonstrating stimulated growth
aligned with physical and biochemical seed modifications [6].

Physiological enhancements underpin these morphological improvements. The plasma-
induced elevation of antioxidant enzymes reduces oxidative damage that can compromise
growth and make the plant more resistant to stress. The increased water absorption and
nutrient uptake, resulting from plasma-etched seed surfaces and pore formation, sustain
metabolic processes vital for seedling development. Metabolic pathway modulation follow-
ing plasma treatment enhances energy availability and the biosynthesis of key molecules
essential for growth. Reactive oxygen and nitrogen species (RONS) generated in plasma
function as signalling molecules, stimulating glycolysis and the tricarboxylic acid (TCA)
cycle, thereby increasing ATP production during the seed’s initial metabolic reactiva-
tion [10,11,51]. Concurrently, the pentose phosphate pathway is activated, resulting in
elevated nicotinamide adenine dinucleotide phosphate (NADPH) levels, which contribute
to maintaining redox equilibrium and provide reducing equivalents for anabolic processes,
such as fatty acid and nucleotide biosynthesis [23]. Furthermore, plasma-induced redox
signalling also augments amino acid metabolism and protein synthesis, while enhanced
lipid biosynthesis facilitates membrane formation, a critical process for cell division and
elongation during the establishment of seedlings [8,21]. These metabolic alterations collec-
tively contribute to an improved cellular energy balance, increased biosynthetic capacity
and stress resilience, accelerating germination and seedling growth across a range of crop
species [42,43]. Studies in mung bean highlight improved water exchange and seed coat
permeability that directly translate to accelerated radial growth without compromising the
seed’s chemical integrity [4]. Together, these factors promote a faster transition from seed
to seedling stages with stimulated biomass accumulation.

However, growth enhancement varies notably across species and treatment conditions.
Investigations using plasma-activated water (PAW) irrigation in vegetables such as tomato,
Swiss chard, and cabbage revealed differential responses, with some species exhibiting
substantial height increases and others showing no significant effects or even negative
growth effects under certain PAW conditions [57,58]. The outcomes are determined by
factors including substrate volume, plasma intensity during water activation, and species-
specific traits [27]. This variability reinforces the requirement for customised treatment
regimens and rigorous optimisation to maximise early growth benefits while avoiding
detrimental effects. Experiments on alfalfa showed that moderate durations and well-
dosed concentrations led to the emergence of viable seedlings in a shorter time compared
to untreated control, along with an increase in the levels of the bioactive compounds such
as flavonoids, an aspect that adds nutraceutical value to the final product [6]. Similar

https://doi.org/10.3390/agronomy16070731


https://doi.org/10.3390/agronomy16070731

Agronomy 2026, 16, 731

12 of 20

9L S b€ oz it

MINIIID

I

control

T

effects have been reported in fenugreek: rapid emergence combined with an increase in the
average size of the microplants (as seen in Figure 4) was combined with a stimulation of
antioxidant compounds [9].
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Figure 4. Fenugreek microplants (left) grown from untreated seeds and dry seeds treated in non-
thermal plasma in different conditions (with cover—closed package, and plasma—directly exposed
to the discharge) and length of the microplants (right) after treatment in different conditions for dry
and pre-soaked seeds (adaptation from 9) (significant differences at 0.05 level are indicated in letters).

Regarding the treatment modality, direct plasma exposure of seeds has been widely
studied, producing modifications at the seed surface and internal changes. Conversely,
plasma-activated water (PAW) irrigation offers an alternative that delivers reactive species
indirectly through the root environment, sometimes producing species-specific growth re-
sponses. For example, plasma-activated media (water or nutrient solution) induced height
increases in tomato and cabbage but inhibited growth in lettuce and basil, highlighting
the need to optimise the composition and dosage of such plasma-activated solutions to
individual species requirements [25,53]. Because PAW accumulates nitrates and nitrites
under the influence of reactive nitrogen species, it can also function as a nitrogen fertiliser,
supporting growth and seedling biomass [52] (Srisonphan, 2025). Other strategies include
the use of only reactive species produced by NTP, since these proved to have a crucial role in
the observed modifications [6,9,22]. Instead of using PAW, some researchers suggested the
use of so-called artificial PAW, which is obtained just by mixing the main stable components
of PAW (e.g., HyO;, O3, HNO,, and HNO3). The experiments show that the artificial PAW
has the same effects as PAW regarding the stimulation of wheat germination and early
plant growth [59].

6. Biochemical and Nutraceutical Improvements

Another contribution to shortening the cultivation period comes from the correlation
between primary and secondary metabolism: carbohydrates produced rapidly through
efficient photosynthesis support the accelerated biosynthesis of secondary metabolites
involved in protecting the seedlings against abiotic or biotic stresses. At the biochemical
and molecular levels, NTP treatment activates antioxidant defence systems that protect
seeds and seedlings from oxidative stress incurred during germination and early growth.
Increased activities of catalase and superoxide dismutase have been consistently recorded,
which detoxify ROS and stabilise cellular environments, supporting healthy develop-
ment [40]. These reactive species-related signals may prime the seedling’s intrinsic stress
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resilience mechanisms, affording better adaptation to biotic and abiotic stressors during
early establishment [11].

NTP also modulates phytohormone content, a critical determinant of seed dormancy
release and growth promotion. Gibberellins, which encourage seed germination via en-
dosperm weakening and the stimulation of growth-related genes, increase post-plasma
treatment, while inhibitory abscisic acid levels decline, easing dormancy restrictions. NTP
treatment thus shifts the hormonal balance favourably for rapid germination and seedling
establishment [60]. Moreover, gene network analyses indicate the induction of photo-
synthetic genes and stress tolerance pathways lasting into seedling stages, suggesting
that plasma exposure confers not just transient but potentially durable enhancements to
plant metabolism [61].

In addition to hormonal modulation, plasma treatments activate enzymes involved
in the mobilisation of nutrient reserves, such as amylases and proteases, facilitating the
provision of energy and building blocks for cell division and elongation. Secondary
metabolite profiles, including polyphenols and flavonoids with antioxidant properties, have
been altered, contributing not only to enhanced vigour but also improved nutraceutical
qualities in sprouts, such as in the case of fenugreek [9]. Wheat treated with LPDBD plasma
demonstrated biochemical changes associated with improved seed vigour and metabolic
activation supporting seedling nutrition [12].

Plasma-induced chemical and nutraceutical improvements observed in seeds and
early plant tissues are increasingly interpreted through redox-mediated signalling mech-
anisms initiated by plasma-generated RONS. Non-thermal plasmas generate a complex
mixture of short- and long-life RONS which can interact with the seed coat, alter the surface
chemistry and permeability, and trigger endogenous ROS/RNS production within the em-
bryonic tissues [4,43,44]. High concentrations of these species produce detrimental effects,
but lower concentrations seem to act as secondary messengers that transiently modulate
cellular redox homeostasis, thereby activating Ca’*-dependent signalling, MAPK cas-
cades, and redox-sensitive transcription factors known to regulate the primary metabolism
and secondary metabolite biosynthesis [8,10,51]. Such signalling events have been corre-
lated with the enhanced accumulation of nutraceutical compounds, including phenols,
flavonoids, antioxidant enzymes, and photosynthetic pigments, as reported in plasma-
treated sprouts, microgreens, and seedlings [6,9,12,56,62]. These responses are commonly
described as plasma-induced priming effects, whereby mild oxidative and nitrosative
stimuli enhance metabolic readiness and stress resilience without causing irreversible
oxidative damage [3,8,23].

Nitric oxide (NO) is crucial in mediating plant reactions to non-thermal plasma treat-
ments, mainly due to its role as a reactive nitrogen-signalling molecule produced during
plasma discharge. The exposure to plasma generates NO and related reactive nitrogen
species, which are involved in redox signalling and also interact with reactive oxygen
species derived from plasma, thus influencing cellular redox homeostasis and subsequent
physiological responses [11,23]. In plants, NO is a well-known secondary messenger
implicated in seed germination, root development, and stress adaptation; moreover, its
accumulation induced by plasma exposure has been associated with increased antiox-
idant enzyme activity and enhanced tolerance to abiotic stresses, such as salinity and
drought [8,40]. Furthermore, nitric oxide (NO) is recognised for its involvement in phyto-
hormone signalling pathways, including those of abscisic acid, gibberellins, and auxins,
thereby influencing the plasma-induced regulation of dormancy release, early seedling
vigour, and growth enhancement [21,51]. These signalling interactions lend support to
the notion of plasma-induced priming, wherein subtle nitrosative and oxidative signals
trigger defence-related pathways, thus preparing plants for forthcoming environmental
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stressors [8,11]. Consequently, these observations collectively establish nitric oxide as a
crucial mediator, connecting plasma-generated reactive chemistry with physiological and
adaptive plant responses within the context of plasma-based agricultural applications. Nev-
ertheless, we must emphasise that direct causal links between specific plasma-generated
RONS, defined molecular targets, and downstream nutraceutical outcomes remain to be
further analysed, as most studies rely on correlative biochemical markers rather than vali-
dated pathways. This is a critical limitation and also constitutes an important direction for
future mechanistic research. In some species such as fenugreek, stevia, and alfalfa, NTP-
primed seedlings or sprouts had higher concentrations of phenols, flavonoids, antioxidants
or some other nutraceutical compounds, the responses being highly dependent on the
processing conditions [6,9,60,63]. In fenugreek, a short direct exposure to NTP of the dry
seeds roughly tripled the total flavonoid concentration in the resulting sprouts compared
with those obtained from untreated seeds [9]. The sprouts obtained from pre-soaked seeds
treated with the intensified action of the reactive species exhibited the largest increase in
total polyphenols and overall antioxidant activity, indicating that both seed water status
and reactive species confinement are important to trigger such responses [9]. Reviews
on NTP-primed seeds highlight that such increases arise from the metabolic adjustments:
ROS/RNS signals from plasma reprogram the gene expression and enzyme activities, boost-
ing the synthesis of antioxidant compounds under suitable stress intensity [21]. In alfalfa,
seeds treated in NTP produced sprouts with altered flavonoid and polyphenol profiles
and antioxidant activity: some conditions mildly enhanced these traits, while others were
neutral or even inhibitory, underlining the fact that NTP often behaves as a stressor with a
narrow beneficial window [6].

7. Decontamination and Extension of the Shelf-Life

Non-thermal plasma plays a significant role in extending the shelf-life of agricultural
products following seed treatment by leveraging its unique physicochemical properties
for microbial decontamination, nutritional preservation, and the enhancement of product
quality without the application of high temperatures. Reducing the microbial load by
exposing seeds and plant material to non-thermal plasma is a complex process, in which
the most important plasma components seem to be the reactive species and UV radiation.
Their action is associated with pathogen inactivation without compromising the viability
of the biological material. The effectiveness of this type of treatment derives from the
combination of chemical oxidation, the photochemical action of UV, and physical effects on
the surface [14,32,64-67].

NTP treatment is highly effective at inactivating a broad spectrum of microorganisms
present on seeds, including bacteria, fungi, and viruses [68]. This ensures that plants
grown from plasma-treated seeds begin their development with significantly reduced
initial pathogen loads, which in turn decreases the risk of disease transmission to subse-
quent food products, reducing risks for consumers as well. By preventing early and latent
microbial contamination, the post-harvest longevity of crops (such as cereals, legumes,
and millets) is improved, as the incidence of spoilage organisms is greatly reduced in the
supply chain. Furthermore, NTP is capable of reducing or inactivating toxin-producing
and pathogenic microbes on seeds and grains, which is crucial since fungal contaminants
and their mycotoxins pose a persistent risk in stored products and often survive through
conventional seed processing steps. This microbial inactivation achieved with NTP di-
rectly translates to prolonged safe storage and reduced spoilage rates during post-harvest
handling and distribution [68,69]. The effect combines UV emission, reactive oxygen and
nitrogen species, and charged particles that damage microbial cell walls, membranes and
nucleic acids [23,63,70].
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Unlike conventional thermal processing, which can damage sensitive nutrients, pro-
teins, and physiological structures, NTP enables the preservation of the nutritional and
sensorial quality of seeds and derived products. This is important for products like millets,
where high heat can degrade essential vitamins and antioxidants. Non-thermal techniques
such as cold plasma maintain the raw, unprocessed characteristics of food, thus supporting
shelf-life by preventing nutrient degradation and extending the period during which the
product remains safe and attractive for consumption.

NTP induces physicochemical changes in seed coats and grains, such as increased
hydrophilicity and surface wettability, which not only improve water uptake and vigour
during seedling growth but can also enhance post-harvest resistance to environmental
stressors. This leads to improved stability in the resulting crop products, thereby reducing
quality loss and waste during storage. Additionally, plasma-generated reactive species
can modify the chemical environment on the product’s surface, leading to the deactivation
of spoilage enzymes and the extension of post-harvest freshness, further contributing to
a longer shelf-life [71]. Figure 5 shows the effects discussed including the inactivation of
microorganisms from the surface of the seeds.

SUMMARY OF MAIN EFFECTS OF NON-THERMAL PLASMA (NTP) ON SEEDS AND SEEDLINGS

(1) Seed coat modification
and dormancy release

1 OIN, | hydrophobicity
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Figure 5. Schematic summary representation of the main aspects reviewed regarding the effects of
non-thermal plasma on seeds and seedlings.

8. Conclusions, Challenges, and Considerations

NTP treatments are highly dependent on factors related to the plasma source (e.g., the
type of plasma, discharge gas, discharge voltage, processing time) and plant species as well.
In some cases, the same conditions that stimulated some features in the case of one species
can lead to inhibitory effects for another species, including reduced viability or biochemical
responses. The efficacy of NTP treatment hinges on the careful optimisation of various
parameters critical to achieving desirable outcomes. Voltage intensity and power settings
must be adjusted to elicit sufficient reactive species generation without causing thermal
or oxidative damage. Treatment duration must also be finely balanced, with excessive
exposure leading to inhibitory effects, similar to the intense action of a eustress factor. The
composition of feed gases (air, oxygen, argon, etc.) influences the types and concentrations
of reactive species produced, impacting seed surface interaction and biochemical signalling.

The electrode design and plasma generation configuration also affect treatment uni-
formity and effectiveness. For example, the choice between atmospheric plasma and
low-pressure plasma configurations influences reactive species diffusion, seed exposure
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homogeneity, and operational scalability. Dose-response studies are critical to establish
stimulation thresholds and inhibition points, enabling the development of standardised
protocols for different crop seeds.

Species-specific factors further complicate the application of NTP. The seed size,
coat morphology, and intrinsic physiological properties dictate its sensitivity to plasma
treatment. Comparative investigations reveal varied thresholds for beneficial effects
and damage among crops such as alfalfa, wheat, and mung bean, necessitating tailored
treatment regimes.

The mechanisms of action are partially understood, and many aspects still need to be
figured out. There is also room for standardisation, although, considering the multitude of
NTP sources and discharge conditions, this remains a delicate issue to be addressed.

While non-thermal plasma presents numerous advantages, it is not devoid of chal-
lenges and limitations. Excessive exposure, elevated voltages, or prolonged treatment
times can result in seed coat damage, DNA fragmentation, and deleterious oxidative stress,
leading to reduced germination rates or abnormal seedling development. At a fundamen-
tal level, the understanding of the molecular pathways triggered by plasma-generated
reactive species remains incomplete. While signalling via ROS and RNS is acknowledged,
the downstream gene networks, metabolite interactions, and long-term effects on entire
plant life cycles necessitate further integrated omics investigations. Understanding these
mechanisms is essential to fully harness plasma technology’s benefits and mitigate adverse
effects. Future research focusing on multi-disciplinary approaches combining molecular
biology, plant physiology, and plasma physics will be vital.

Another aspect mandatory for increased agricultural impact is the scalability of the
devices, which implies the scale of the treatment and the number of seeds processed. In most
cases this might be a problem, mostly when using low-pressure systems or discharge of
small volumes, such as plasma jet. On the other hand, trying to figure out the mechanisms,
it was shown that only reactive species produced in NTP could lead to the same stimulatory
effects in some cases, which makes the scalability of the processing easier.

Relative to the environmental and user impacts, NTP is a chemical-free technology,
aligned with sustainable and green agriculture goals. It was proven already as a great tool,
able to reduce the use of pesticides for increasing crop yield and improving stress resilience,
thus having far-reaching effects on food security and safety.

From the standpoint of sustainable and eco-friendly agriculture, NTP embodies a clean
alternative to chemical seed treatments and pesticides, thereby reducing environmental
contamination and chemical residues in food systems. The technology aligns with climate
resilience strategies by enhancing crop stress tolerance and yield stability. The possibility of
integrating NTP with emerging innovations such as nanotechnology and machine learning-
driven protocol optimisation further amplifies its potential as a cornerstone of modern
precision agriculture.

In summary, non-thermal plasma has been emerging not as a “one-size-fits-all” so-
lution, but as an agricultural biotechnology that can be finely tuned and whose success
depends on matching the discharge type and treatment conditions to the biological particu-
larities of each targeted crop species. In optimum conditions, NTP and its derivatives such
as PAW can reliably stimulate germination and seedling growth, and increase the stress
resilience of plants while reducing chemical inputs, which closely aligns with the sustain-
ability goals of modern agriculture. Therefore, we recommend that future work should
prioritise the standardised reporting of treatment parameters, designing multi-disciplinary
studies that investigate the interaction mechanisms, and developing scalable systems so
that NTP can move from the lab to the field.
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Abbreviations

The following abbreviations are used in this manuscript:

NTP Non-thermal plasma
RONS Reactive oxygen and nitrogen species
uv ultraviolet
DBD Dielectric barrier discharge
RF Radiofrequency
MW Microwave
ROS Reactive oxygen species
RNS Reactive nitrogen species
LPDBD  Low-pressure dielectric barrier discharge
CAT Catalase
SOD Superoxide dismutase
ABA Abscisic acid
GAs gibberellins
TCA Tricarboxylic acid
NADPH nicotinamide adenine dinucleotide phosphate
PAW Plasma-activated water
NO Nitric oxide
DNA deoxyribonucleic acid
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