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Implementation of the surface dielectric barrier discharge (SDBD) plasma treatment before sowing represents a
promising strategy for future investigations and sustainable use of cold plasma in synseed biotechnology. Plasma-
treated chrysanthemum synseeds showed a better survival rate and overall plantlet growth under greenhouse

conditions in comparison to untreated synseeds.
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| 1. Introduction

Synthetic seed technology is one of the most promising tools in plant biotechnology and may represent an
innovative method for massive plant production and sustainable agriculture in the future . Synthetic seeds
(artificial seeds or synseeds) have been defined as artificially encapsulated somatic embryos or other non-
embryogenic vegetative parts of plants, mainly in alginate, that may be used for storage or sowing under in vitro or
ex vitro conditions . The term ‘synseeds’ was described by Murashige in 1977 [ as ‘an encapsulated single
somatic embryo’, but later, the definition of artificial seeds was extended to any artificially coated micropropagules
that have capability to be sown as a seed and converted into a plant 22l There is a growing trend in applications
of synseed technology for medium- and long-term storage of plant material under aseptic conditions €Il or as an
advanced procedure of cryopreservation by encapsulation—-dehydration and encapsulation—vitrification method (&
¥, Synseed technology represents an efficient alternative technique for propagation and germplasm conservation
of valuable forest, medicinal and vegetable plant species that reproduce mainly vegetatively or have a problem in

seed propagation, i.e., plants that produce non-viable seeds or seedless plants 19,

In synseed technology, an alginate capsule has two roles: (i) it acts as physical barrier of shoot tips against
mechanical damage, and (ii) it serves as an artificial endosperm, carbon source and reservoir of nutrients for better
survival and supply of energy . Alginates are a group of naturally occurring anionic polysaccharides derived from
brown algae cell walls (Macrocystis pyrifera, Limnaris hyperborea, Ascophyllum nodosum) and several bacterial
strains (Azotobacter, Pseudomonas). Sodium alginate is soluble in water, but when the sodium is replaced with
calcium, the ionic bond with calcium cross links the polymer chain in alginate, which results in the formation of an
insoluble gel. Sodium alginate and calcium salt are reported to be the best combination for encapsulation,

representing the most successful and widely accepted approach to synseed production 2. Alginates can be formed
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into diverse semisolid or solid structures because of their ability of sol/gel transition and are commonly used as
viscosity-increasing agents, thickeners and suspension and emulsion stabilizers in food and the pharmaceutical
industry (code E400-E405) (21, |n addition, alginate gels are the basis for a variety of wound dressings that have
showed variety of therapeutically effects, such as hemostatic and bacteriostatic properties 1213l On the other
hand, in plants, sodium alginate is considered a potential elicitor that improves tolerance to plant environmental

stresses, such as drought, inhibiting plant infections and reducing the toxic effect of heavy metals [14115],

Chrysanthemums (Chrysanthemum morifolium Ramat. syn. C. grandiflorum Kitam) are, besides roses, the most
important economically ornamental crop in the world 28, They originate from east Asia, a center of their
biodiversity; however, to date, many horticultural varieties and cultivars of chrysanthemums are produced using
different biotechnological tools 2. The name chrysanthemum means gold flower, but they are also called “autumn
roses” because they were, in the past, used as cut flowers during late summer and autumn. Nowadays, there is
constant demand on the market for new cultivars that are available during the whole year. Modern biotechnological
tools, such as mutation breeding and micropropagation under in vitro conditions, allow for production of hundreds
of new chrysanthemum cultivars every year (8. Chrysanthemum cultivars are commonly propagated vegetatively
by cuttings and suckers and stored as field, greenhouse or in vitro collections due to high spontaneous mutation
rates and high levels of ploidy and self-incompatibility 2229, Micropropagation of chrysanthemum cultivars, as an
in vitro way of vegetative multiplication in culture, was reported for the first time more than 50 years ago 2, and
numerous reports about plantlet regeneration from various explants of chrysanthemum have been presented [26122]
[23][24]

The application of synseed technology, accompanied by micropropagation, represents a perfect biotechnological
approach that could be used for agricultural improvement of year-round plant production of chrysanthemums.
There are several advantages of this approach, including large-scale production; easy handling; short and medium
storage (4 °C) or low temperature (-196 °C) storage; easy transportation; and the genetically true-to-type nature of
the plants produced from synseeds. On the other hand, there are some limitations of wider usage of synseed
technology in commercial applications as published to date, such as implementation of labor-intensive procedures,
which include double-layer encapsulation or several media changes to derived plantlets with well-developed shoot
and roots at the same time. To date, the application of synseed technology of chrysanthemum cultivars has been
investigated for in vitro storage and ex vitro planting (summarized in Table 1). In addition, synseed technology in
chrysanthemums is widely used as a part of encapsulation—dehydration and encapsulation—vitrification protocols
for long-term storage of chrysanthemum cultivars by cryopreservation in liquid nitrogen 2. Considering the fact
that chrysanthemums are susceptible to mutations, meristem explants (i.e., nodal segments or shoot tips) proved
to be the best explant choice for the plant propagation of chrysanthemums, with a high degree of clonal fidelity as

mother plants, as well as for synseed production 28271[28],

Table 1. Application of synseed technology for storage and propagation of chrysanthemum cultivars.
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. Plant . Germination .
Cultivar Material Beads Sowing (%) FloweringReferences
Monolayered .
(3% Na-alginate + 0.1 Sterile, 50 no
water—sand
mg/L I1AA)
) Nodal
Clone PS segments (291
27 (ir? vitro) Double-layered
(beads: 3% Na Non-sterile,
. . 45 no
alginate, second layer: water—perlite
water)
Lady Shoot tips Monolayered . [19]
group (in vitro) (3% Na-alginate) Sterile, agar 52 no
. . Monolayered .
CVv. Roy:al Shoot_ tips (2.5% Na-alginate, Non—gten_le, 34 . [30]
Purple (ex vitro) vermiculite

sucrose, vitamin free)

Chrysanthemum synseeds are mainly produced under sterile conditions for short- and long-term storage 22!, but
sowing of chrysanthemum synthetic seeds under non-aseptic conditions has been also reported 2239
Chrysanthemum synseeds easily regrow from Na-alginate beads under sterile conditions, whereas for complete
germination and whole-plantlet development (shoot and root), it is necessary to add indole-acetic acid to the
encapsulation matrix 29 or, as separate step, in the medium for rooting after shoot regrowth 1. For sowing under
unsterile conditions, the results showed that presence of organic compounds in the gelling matrix and commercial
substrates caused microbial contamination in all synseeds and complete inhibition of further regrowth of the shoots
or whole plantlet development. In general, difficulties of sowing artificial seeds directly in soil or in commercial
substrates, such as compost, vermiculite, etc., under non-sterile conditions are considered to be one of the main
limitations for the widescale practical application of synseed technology B, Some progress has been achieved
by using chemical mixtures and antibiotics for preservation of synseeds before sowing B2, but more investigations

and novel approaches are still needed to improve the capacity of synseed cultivation under non-sterile conditions.

Atmospheric pressure plasma (non-thermal, “cold”) systems have been extensively used in biomedical applications
for almost two decades [B3IB4ESIS8] | parallel, another field of plasma applications has been growing-plasma
agriculture B4B8 One of the first applications of cold plasmas was the treatments of conventional seeds 3249,
This includes various applications in seed treatment with several purposes [“142l43] Many authors have shown
that plasma treatments can increase seed germination and speed up the whole process of plantlet development [EZ]
(3813911401 The rich plasma chemistry (with reactive oxygen and nitrogen species) interacts with the seed coating
and triggers various responses, such as increasing water uptake, changes in the surface of seeds’ coating and
elimination of pathogens on seed surfaces [44145]146][47][48][49[50](511[52](53] |y this sense, cold plasma treatment can
have a multiply positive impact on seed germination and subsequent plant development of conventional seeds

without the addition of chemicals that can be harmful for the environment.
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Nowadays, there is a plethora of plasma sources that operate at atmospheric pressure BABSIBSIE7 They differ in
electrode design, type of applied voltage, feeding gas, etc. The variety of atmospheric pressure plasma sources
enables a large number of possible applications, but at the same time, comparison between the results of
treatment is difficult. Therefore, it is of the utmost importance to obtain detailed characteristics of the plasma device
that is used in experiments. One of the first steps that is usually performed includes electrical characterization of
the discharge, accompanied by optical emission spectroscopy, which can give insight into the plasma-excited
species. These diagnostic techniques represent only the starting point for a detailed description of plasma

characteristics and include mass spectrometry, fast imaging, laser-induced fluorescence, etc. (281,

| 2. Current Insights

The researchers used air surface dielectric barrier discharge (SDBD) because of the plane-parallel geometry, large
effective plasma surface and possibility to operate with only air as a feeding gas. When the discharge was ignited,
streamers were formed at temporary random points in the form of microfilaments, and they conducted higher
discharge current than the rest of the discharge. Because the researchers were not treating plant cells directly but
the sodium-alginate-encapsulated plant material, the samples could withstand these local inhomogeneities in the
active plasma volume without any damage. Nevertheless, due to the nature of an SDBD source, the total current of
filaments was limited, preventing formation of current hot-spots. Another reason for choosing this type of plasma
source was its simplicity, both in design and in application. It did not require the addition of feeding gas, and, as an
important feature for the future technology, it has a potential for scaling up. Detailed electrical characterization of
the SDBD and optical emission spectra was presented where the plasma source, with its plan-parallel geometry,
served as a capacitance in the electrical circuit. Regarding this, the researchers used a simple and reliable method
to measure the stray capacitance, C,, for different distances, d, between upper and lower electrode segments.
Results showed that with the increase in the distance between the powered electrode and grounded bottom
electrode, the researchers had an increase in the system capacitance, which was expected (Table 2). The
obtained C,, values allowed for determination of the displacement current of each input voltage. The measured
current signals included both the displacement and discharge current. Thus, after subtracting the displacement
current, all current waveforms represented only current through the discharge. The capacitance determined for

each d enabled calculation of the discharge current for all possible configurations of the plasma source.

Table 2. Values of stray capacitance in the SDBD system.

Electrode Distance-d [mm] Stray Capacitance—Cp [pF]
2 20
3 35
4 41
5 45
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With respect to application, one of the most important macro parameters in plasma treatments is power deposited
to the discharge. This macro parameter that can be easily monitored; it reflects the electron density and
temperature and, to some extent, through these two parameters, plasma chemistry 58 p_ ... (Figure 1) depends
on the distance between electrodes, as well as formation of microfilaments. Thus, the highest increase and mean
power values were achieved for d = 2 mm. For this distance, the researchers chose to treat the synseeds at a
power of 1.1 W. This showed to be the optimal value with respect to the effect on the seeds for the three treatment

times that the researchers used.
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Figure 1. Mean power transmitted to the discharge as a function of the voltage at the powered electrode.

Apart from power, the feeding gas (in this case air) and humidity can also play an important role in plasma
chemistry B2, Although humidity in the treatment environment was not controlled, all experiments were performed
in a room with constant humidity. Additionally, measurements of discharge characterization, as well as all
treatments, were repeated several times in order to verify the reproducibility of the measurements. All
measurements were performed with and without synseed samples. One way to obtain an insight into the chemical
reactions occurring in the discharge is optical emission spectroscopy, as it can show the existence of certain
excited species. In this experiment, the spectra were recorded for different RMS voltages and interelectrode
distances without samples, but all have the same lines belonging only to the N, Second Positive System, SPS
(Figure 2). Absence of the lines of, e.g., NO, OH and atomic oxygen, from the spectrum of an air DBD has been

noted before and is related to dominant excitation and quenching reactions that favor N, excitation in filamentary
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discharges (111259160 \oreover, other important reactive species, such as O3, do not have emissions in the
spectral range investigated. Nevertheless, these kinds of plasma sources generate a large amount of ozone and

N,O that is important for treatments of alginate surfaces of synseeds [L3114](61][62]
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Figure 2. Optical emission spectrum from an air SDBD source obtained from side-on recording of spatially
integrated emissions from the whole discharge volume (electrode gap, d = 2 mm). The intensity signal is corrected

for spectral efficiency of the optical system.

The effect of plasma treatment (10 min) on synseed germination of different chrysanthemum cultivars was
evaluated (Table 3). The researchers have found that the plasma treatment significantly enhance the process of
synseeds germination and conversion to plantlet after direct sowing in soil for all tested cultivars. This effect of
plasma was cultivar dependent (Table 4). Without plasma treatment of chrysanthemum synseeds, frequency of
whole plantlet regeneration varied from 6-28% depending on the cultivar. On the other hand, plantlet regeneration
from plasma-treated synseeds were 22-49%. The highest treatment effect on whole plantlet development were
recorded for cultivars BC and PP (~370% and ~350%, respectively) in comparison to control synseeds, while the

lowest values were obtained for the PP cultivar (~160%).

Table 3. The effect of plasma treatment on germination of chrysanthemum synseeds grown ex vitro.
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Synseed Germination

Plasma Treatment (min) Leaf Emergence * Shoot Regrowth * Plantlet *
(%) (%) (%)
0 60 +7 3 * 33+72 17+5¢@
10 66+52 60+5P 41+5°

* Leaf emergence is evaluated as first sign of shoot appearance out of alginate beads one week after sowing;
shoot regrowth was evaluated as a fully developed shoot out of the bead three weeks after sowing; plantlet
development was recorded as a fully developed plant with well-developed shoot and roots. ** Values represent
mean * standard error. The data signed with a different letter within the same column are significantly different

according to Fisher’s LSD test.

The researchers found that the plasma treatment significantly enhanced synseed germination and complete
plantlet development for all investigated chrysanthemum cultivars. The response to plasma treatment of
chrysanthemum synseeds was cultivar-dependent. Observed differences could be attributed to the fact that
different chrysanthemum cultivars have distinct nutritional requirements, as was reported earlier for other
chrysanthemum cultivars 2239 According to the results, no morphological disorders were noticed among plantlets
derived from untreated and plasma-treated synseeds. The absence of any morphological or flower color alterations
in chrysanthemum plants may be explained as a consequence of the regeneration protocol used in this research.
First, the researchers used stock shoot cultures derived from one mother plant. In addition, initiation of shoot
regeneration was mainly achieved by direct shoot induction on the initial explant, avoiding a callus phase and
further shoot multiplication by axillary meristem activation, which minimized possibilities for genetic changes due to
somaclonal variations 287 According to available data, this research represents first data about complete

chrysanthemum plantlet regeneration from synseeds to flowering plants.

Data about application of synseed technology for short- and long-term storage in vitro or easy transport of valuable
genetic resources are available 8364 hereas data regarding synseed manipulations for ex vitro growth are quite
scarce (63881 |n chrysanthemum, plantlet development from synseeds formed in vitro and sowing ex vitro was
successfully achieved from double-layered synseeds 22, In the current work, the researchers planted untreated
and plasma-treated simple, one-layer chrysanthemum synseeds directly in soil substrate. After three weeks of ex
vitro cultivation of chrysanthemum synseeds, two-fold higher shoot development was observed in the case of
plasma-treated chrysanthemum synseeds in comparison to untreated synseeds. Additionally, after six weeks of
growth under ex vitro conditions, plasma-treated chrysanthemum synseeds showed significantly higher plantlet
conversion compared to the untreated control. The enhanced survival, regrowth and further complete plantlet
formation of plasma-treated chrysanthemum synseeds shown in the research might be explained, besides by
antimicrobial effect, by the prolonged effects of chemical changes in the alginate gels after plasma treatment and
their antimicrobial properties. Similar effects were reported for plasma treatment of alginate wound dressings 12,

Plasma treatment of alginate gels inactivated bacterial and fungal infection for a month, which was a long enough
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period for successful shoot development and complete conversion of synseeds to plantlets. On the other hand,
continued growth of untreated chrysanthemum synseeds was significantly reduced due to contamination and lack
of adventitious root formation for other plant species [2l. The researchers examined the germination of plasma-
treated and untreated chrysanthemum synseeds, as well as the subsequent growth and development of plantlets

after direct sowing in soil substrate (ex vitro conditions) (Table 4).

Table 4. The effect of plasma treatment on germination of chrysanthemum synseeds grown ex vitro.

Synseed Germination

Plasma Treatment (min) Leaf Emergence * Shoot Regrowth * Plantlet *
(%) (%) (%)
0 60 £ 7 a** 33x72 17+52
10 66+52 60+5P 41 +5P

* Leaf emergence is evaluated as first sign of shoot appearance out of alginate beads one week after sowing;
shoot regrowth was evaluated as a fully developed shoot out of the bead three weeks after sowing; plantlet
development was recorded as a fully developed plant with well-developed shoot and roots. ** Values represent
mean +* standard error. The data signed with a different letter within the same column are significantly different

according to Fisher’s LSD test.

During direct sowing of synseeds, contamination by microorganisms is one of the major hurdles for the
commercialization of encapsulation technology for many plant species [2. Besides that, one of the main limiting
factors for plantlet conversion is low-nutrient availability due to inhibition of root growth. Numerous factors are
involved in this process, such as poor rooting ability and survival due to the lack of nutrients and oxygen supply.
Organic nutrients released by the beads are mainly responsible for severe contamination of synseeds 2239
Unfortunately, the depletion of nutritional compounds in beads may cause lower shoot regrowth or complete growth
inhibition 28129130 To date, there are two strategies to overcome this problem in chrysanthemum synseeds. The
first strategy is to use double-layered synseeds to restrict contamination, where the second layer is formed by Ca-
alginate made with water 29, A recently reported strategy for both production and sowing of chrysanthemum
synseeds in non-aseptic conditions proposes eliminating all carbon sources and organic additives both inside and
outside the synseeds 9. The reported strategy might be promising, but it was applied to one cultivar only, and it is
guestionable whether it is applicable to other cultivars. Therefore, it is necessary to build up a system that lowers
contamination and keeps a nutrient reservoir within the encapsulated plant tissue, which is necessary for
successful rooting. Considering the results of the present research, this problem may be successfully solved by

plasma treatment of chrysanthemum synseeds before sowing.

There are many research data that demonstrate that cold plasma has a potent general antimicrobial effect through
its generation of free radicals, reactive oxygen species (ROS) and reactive nitrogen species, such as hydrogen
peroxide, superoxide, singlet oxygen, nitric oxide and ammonia 2. The generated reactive species or their

products are responsible for the antimicrobial effect and, in certain situations, have proven to be non-toxic to
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eukaryotic cells 7. The chemical changes produced in the gel are relatively stable, and the anti-microbial
properties of such a gel may last for close to one month, as reported after plasma treatment of alginate wound
dressings (13, The treated alginate gels inactivated all of the Gram-negative, Gram-positive and fungal pathogens
by generated ROS inside bacterial cells, leading to their rapid death or triggering programmed cell death exhibiting
characteristic features of apoptosis 22, According to the results, the researchers can conclude that treatment with
non-thermal plasma generates chemical and physical responses in an alginate gel, producing changes that

implicate not only biocidal effects but possibly growth-promoting effects.

References

1. Rihan, H.Z.; Kareem, F.; EI-Mahrouk, E.; Fuller, M.P. Artificial seeds (Principle, aspects and
applications). Agronomy 2017, 7, 71.

2. Yucesan, B. Synseed: A new trend in seed technology. In Synthetic Seeds, Germplasm
Regeneration, Preservation and Prospects; Faisal, M., Alatar, A.A., Eds.; Springer Nature: Cham,
Switzerland, 2019; pp. 61-75.

3. Murashige, T. Plant cell and organ culture as horticultural practice. Acta Hortic. 1977, 78, 17-30.

4. Standardi, A.; Picconi, E. Recent perspectives on the synthetic seed technology using non—
embryogenic in vitro-derived explants. Int. J. Plant Sci. 1998, 159, 968—-978.

5. Ara, H.; Jaiswal, U.; Jaiswal, V.S. Synthetic seed: Prospects and limitations. Curr. Sci. 2000, 78,
1438-1444.

6. Benelli, C.; Micheli, M.; De Carlo, A. An improved encapsulation protocol for regrowth and
conservation of four ornamental species. Acta Soc. Bot. Pol. 2017, 86, 3559.

7. Phanornchai, S.; Bodhipadma, K.; Noichnda, S.; Leung, D.W.M. Short-term storability of alginate-
encapsulated Persian violet microshoots for germplasm exchange. Plants 2022, 11, 185.

8. Sakai, A.; Engelmann, F. Vitrification, encapsulation-vitrification and droplet-vitrification: A review.
Cryo Lett. 2007, 28, 151-172.

9. Sharma, S.; Shahza, A.; Teixeira da Silva, J.A. Synseed technology—A complete synthesis.
Biotechnol. Adv. 2013, 31, 186-207.

10. Saxena, A.; Shukla, M.; Saxena, P. Synthetic seeds: Relevance to endangered germplasm
conservation in vitro. In Synthetics Seeds, Germplasm Regeneration, Preservation and
Prospects; Faisal, M., Alatar, A.A., Eds.; Springer Nature: Cham, Switzerland, 2019; pp. 21-59.

11. Szekalska, M.; Pucitowska, A.; Szymanska, E.; Ciosek, P.; Winnicka, K. Alginate: Current use and
future perspectives in pharmaceutical and biomedical applications. Int. J. Polym. Sci. 2016, 2016,
7697031.

https://encyclopedia.pub/entry/21583 9/14



Treatment of Chrysanthemum Synthetic Seeds by SDBD Plasma | Encyclopedia.pub

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Wiegand, C.; Heinze, T.; Hipler, U.C. Comparative in vitro study on cytotoxicity, antimicrobial
activity, and binding capacity for pathophysiological factors in chronic wounds of alginate and
silver-containing alginate. Wound Repair Regen. 2009, 17, 511-521.

Poor, A.E.; Ercan, U.K.; Yost, A.; Brooks, A.D.; Joshi, S.G. Control of multi-drug-resistant
pathogens with non-thermal-plasma-treated alginate wound dressing. Surg. Infect. 2014, 15, 233—
243.

Salachna, P.; Grzeszczuk, M.; Miller, E.; Sobdl, M. Oligo-alginate with low molecular mass
improves growth and physiological activity of Eucomisa utumnalis under salinity stress. Molecules
2018, 23, 812.

Golkar, P.; Taghizadeh, M.; Noormohammadi, A. Effect of sodium alginate on secondary
metabolites and antioxidant activity of safflower genotypes under in vitro salinity stress. In Vitro
Cell Dev. Biol.-Plant 2019, 55, 527-538.

Teixeira da Silva, J.A. Ornamental chrysanthemums: Improvement by biotechnology. Plant Cell
Tissue Organ Cult. 2004, 79, 1-18.

Teixeira da Silva, J.A.; Kulus, D. Chrysanthemum biotechnology: Discoveries from the recent
literature. Folia Hortic. 2014, 26, 67-77.

Zalewska, M.; Lema-Ruminska, J.; Miler, N. In vitro propagation using adventitious buds
technique as a source of new variability in chrysanthemum. Sci. Hortic. 2007, 113, 70-73.

Kulus, D.; Zalewska, M. In vitro plant recovery from alginate-encapsulated chrysanthemum x
grandiflorum (Ramat.) Kitam. shoot tips. Propag. Ornam. Plants 2014, 14, 3-12.

Zalewska, M.; Tymoszuk, A.; Miler, N. New Chrysanthemum cultivars as a result of in vitro
mutagenesis with the application of different explant types. Acta Sci. Pol. Hort. Cult. 2011, 10,
109-123.

Hill, G.P. Shoot formation in tissue cultures of chrysanthemum Chrysanthemum morifolium
Ramat. JPN J. Breed. 1968, 42, 386—389.

Jevremovi¢, S.; Radojevic, L. In vitro plant regeneration from stem segments of several cultivars
of chrysanthemum (Chrysanthemum morifolium Ramat. ) Bull. Inst. Jard. Bot. Univ. Belgrade
1995, 29, 107-114.

Jevremovic, S.; Subotic, A.; Miljkovic, D.; Trifunovi¢, M.; Petri¢, M.; Cingel, A. Clonal fidelity of
chrysanthemum cultivars after long term micropropagation by stem culture. Acta Hortic. 2012,
961, 211-216.

Jevremovic, S.; Subotic, A. Micropropagation of chrysanthemum cultivars in Serbia. In
Proceedings of the IX International Scientific Agriculture Symposium, Agrosym 2018, Jahorina,

https://encyclopedia.pub/entry/21583 10/14



Treatment of Chrysanthemum Synthetic Seeds by SDBD Plasma | Encyclopedia.pub

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bosnia and Herzegovina, 4—7 October 2018; Kovacevic, D., Ed.; University of East Sarajevo,
Faculty of Agriculture: Sarajevo, Bosnia and Herzegovina, 2018; pp. 408—413.

Teixeira da Silva, J.A.; Kim, H.; Engelmann, F. Chrysanthemum low-temperature storage and
cryopreservation: A review. Plant Cell Tissue Organ Cult. 2015, 120, 423-440.

Rout, G.R.; Das, P. Recent trends in the biotechnology of Chrysanthemum: A crucial review. Sci.
Hortic. 1997, 69, 239-257.

Teixeira da Silva, J.A. Chrysanthemum: Advances in tissue culture, cryopreservation, postharvest
technology, genetics and transgenic biotechnology. Biotechnol. Adv. 2003, 21, 715-766.

Kulus, D. Application of synthetic seeds in propagation, storage, and preservation of Asteraceae
plant species. In Synthetic Seeds, Germplasm Regeneration, Preservation and Prospects; Faisal,
M., Alatar, A.A., Eds.; Springer Nature: Cham, Switzerland, 2019; pp. 155-179.

Pinker, 1.; Abdel-Rahman, S.S. Atrtificial seeds for propagation of Dendrantema x grandiflora
(Ramat.). Propag. Ornam. Plants 2005, 5, 186-191.

Hung, C.D.; Dung, C.D. Production of chrysanthemum synthetic seeds under non-aseptic
conditions for direct transfer to commercial greenhouses. Plant Cell Tissue Organ Cult. 2015, 122,
639-648.

Reddy, M.C.; Rama Murthy, K.S.; Pullaiah, T. Synthetic seeds: A review in agriculture and forestry.
Afr. J. Biotechnol. 2012, 11, 14254-14275.

Rihan, H.Z.; Al-Issawi, M.; Al-Swedi, F.; Fuller, M.P. The effect of using PPM (Plant preservative
mixture) on the development of cauliflower microshoots and the quality of the artificial seed
produced. Sci. Hortic. 2012, 141, 47-52.

Adamovich, I.; Baalrud, S.D.; Bogaerts, A.; Bruggeman, P.J.; Cappelli, M.; Colombo, V.;
Czarnetzki, U.; Ebert, U.; Eden, J.G.; Favia, P.; et al. The Plasma Roadmap: Low temperature
plasma science and technology. J. Phys. D Appl. Phys. 2017, 50, 323001.

Weltmann, K.-D.; von Woedtke, T. Plasma medicine—current state of research and medical
application. Plasma Phys. Control. Fusion 2017, 59, 014031.

Laroussi, M.; Kong, M.G.; Mofrfill, G.; Stolz, W. (Eds). Plasma Medicine Applications of Low-
Temperature Gas Plasmas in Medicine and Biology; Cambridge University Press: Cambridge, UK,
2012.

Lazovi¢, S.; Puac, N.; Mileti¢, M.; Pavlica, D.; Jovanovi¢, M.; Bugarski, D.; Mojsilovi¢, S.; Maleti¢,
D.; Malovi¢, G.; Milenkovi¢, P.; et al. The effect of a plasma needle on bacteria in planktonic
samples and on peripheral blood mesenchymal stemcells. New J. Phys. 2010, 12, 083037.

Puac, N.; Gherardi, M.; Shiratani, M. Plasma agriculture: A rapidly emerging field. Plasma Proc.
Polym. 2018, 15, 1700174.

https://encyclopedia.pub/entry/21583 11/14



Treatment of Chrysanthemum Synthetic Seeds by SDBD Plasma | Encyclopedia.pub

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Attri, P.; Ishikawa, K.; Okumura, T.; Koga, K.; Shiratani, M. Plasma agriculture from laboratory to
farm: A review. Processes 2020, 8, 1002.

Zivkovié, S.; Puac, N.; Giba, Z.; Grubigi¢, D.; Petrovié, Z.L. The stimulatory effect of non-
equilibrium (low temperature) air plasma pretreatment on light-induced germination of Paulownia
tomentosa seeds. Seed Sci. Tech. 2004, 32, 693-701.

Sera, B.; Strandk, V.; Sery, M.; Tichy, M.; Spatenka, P. Germination of Chenopodium album in
response to microwave plasma treatment. Plasma Sci. Technol. 2008, 10, 506.

Lu, X.; Reuter, S.; Laroussi, M.; Liu, D. Non Equilibrium Atmospheric Pressure Plasma Jets:
Fundamentals, Diagnostics, and Medical Applications, 1st ed.; CRC Press: Boca Raton, FL, USA,
2019; pp. 1-426.

Waskow, A.; Avino, F.; Howling, A.; Furno, I. Entering the plasma agriculture field: An attempt to
standardize protocols for plasma treatment of seeds. Plasma Process Polym. 2022, 19,
e2100152.

Motyka-Pomagruk, A.; Dzimitrowicz, A.; Orlowski, J.; Babinska, W.; Terefinko, D.; Rychlowski, M.;
Prusinski, M.; Pohl, P.; Lojkowska, E.; Jamroz, P.; et al. Implementation of a non-thermal
atmospheric pressure plasma for eradication of plant pathogens from a surface of economically
important seeds. Int. J. Mol. Sci. 2021, 22, 79256.

Lu, X.; Naidis, G.V.; Laroussi, M.; Reuter, S.; Graves, D.B.; Ostrikov, K. Reactive species in non-
equilibrium atmospheric-pressure plasmas: Generation, transport, and biological effects. Phys.
Rep. 2016, 630, 1-84.

Bradu, C.; Kutasi, K.; Magureanu, M.; Puag, N.; Zivkovi¢, S. Reactive nitrogen species in plasma-
activated water: Generation, chemistry and application in agriculture. J. Phys. D Appl. Phys. 2020,
53, 223001.

Matthes, R.; Bender, C.; Schliter, R.; Koban, |.; Bussiahn, R.; Reuter, S.; Lademann, J.;
Weltmann, K.D.; Kramer, A. Antimicrobial efficacy of two surface barrier discharges with air
plasma against in vitro biofilms. PLoS ONE 2013, 8, 70462.

Bormashenko, E.; Grynyov, R.; Bormashenko, Y.; Driori, E. Cold radiofrequency plasma treatment
modifies wettability and germination speed of plant seeds. Sci. Rep. 2012, 2, 741.

Sivachandiran, L.; Khacef, A. Enhanced seed germination and plant growth by atmospheric
pressure cold air plasma: Combined effect of seed and water treatment. RSC Adv. 2017, 7, 1822—
1832.

s

V.; Haimi, P.; TamosSiune, I.; Baniulis, D. Treatment of Common Sunflower (Helianthus annus L.)
Seeds with radio-frequency electromagnetic field and cold plasma induces changes in seed

https://encyclopedia.pub/entry/21583 12/14



Treatment of Chrysanthemum Synthetic Seeds by SDBD Plasma | Encyclopedia.pub

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

phytohormone balance, seedling development and leaf protein expression. Sci. Rep. 2019, 9,
6437.

Zahoranova, A.; Henselova, M.; Hudecov4, D.; Kalindkov4, B.; Kovacik, D.; Medvecka, V.;
Cernék, M. Effect of cold atmospheric pressure plasma on the wheat seedlings vigor and on the
inactivation of microorganisms on the seeds surface. Plasma Chem. Plasma Process. 2016, 36,
398-414.

Waskow, A.; Betschart, J.; Butscher, D.; Oberbossel, G.; Klo6ti, D.; Buttner-Mainik, A.; Adamcik, J.;
von Rohr, P.R.; Schuppler, M. Characterization of efficiency and mechanisms of cold atmospheric
pressure plasma decontamination of seeds for sprout sroduction. Front. Microbiol. 2018, 9, 3164.

Liu, B.; Honnorat, B.; Yang, H.; Arancibia, J.; Rajjou, L.; Rousseau, A. Non-thermal DBD plasma
array on seed germination of different plant species. J. Phys. D Appl. Phys. 2019, 52, 025401.

Chen, H.H.; Chang, H.C.; Chen, Y.K.; Hung, C.L.; Lin, S.Y.; Chen, Y.S. An improved process for
high nutrition of germinated brown rice production: Low-pressure plasma. Food Chem. 2016, 191,
120-127.

Brandenburg, R. Dielectric barrier discharges: Progress on plasma. Plasma Sources Sci. Technol.
2017, 26, 053001.

Winter, J.; Brandenburg, R.; Weltmann, K.D. Atmospheric pressure plasma jets: An overview of
devices and new directions. Plasma Sources Sci. Technol. 2015, 24, 064001.

Bruggeman, P.; Brandenburg, R. Atmospheric pressure discharge filaments and microplasmas:
Physics, chemistry and diagnostics. J. Phys. D Appl. Phys. 2013, 46, 464001.

Jani¢ Hajnal, E.; Vuki¢, M.; Pezo, L.; Or&i¢, D.; Puac, N.; Skoro, N.; Milidrag, A.; Soronja Simovic,
D. Effect of atmospheric cold plasma treatments on reduction of alternaria toxins content in wheat
flour. Toxins 2019, 11, 704.

Sakiyama, Y.; Graves, D.B.; Chang, H.-W.; Shimizu, T.; Morfill, G.E. Plasma chemistry model of
surface microdischarge in humid air and dynamics of reactive neutral species. J. Phys. D Appl.
Phys. 2012, 45, 425201.

Tang, Q.; Jiang, W.; Cheng, Y.; Lin, S.; Lim, T.M.; Xiong, J. Generation of Reactive Species by
Gas-Phase Dielectric Barrier Discharges. Ind. Eng. Chem. Res. 2011, 50, 9839-9846.

Kozlov, K.V.; Brandenburg, R.; Wagner, H.-E.; Morozov, A.M.; Michel, P. Investigation of the
filamentary and diffuse mode of barrier discharges in N2/0O2 mixtures at atmospheric pressure by
cross-correlation spectroscopy. J. Phys. D Appl. Phys. 2005, 38, 518-529.

Shang, K.; Wang, M.; Peng, B.; Li, J.; Lu, N.; Jiang, N.; Wu, Y. Characterization of a novel
volume-surface DBD reactor: Discharge characteristics, ozone production and benzene
degradation. J. Phys. D Appl. Phys. 2020, 53, 065201.

https://encyclopedia.pub/entry/21583 13/14



Treatment of Chrysanthemum Synthetic Seeds by SDBD Plasma | Encyclopedia.pub

62. Jiang, N.; Guo, L.; Qiu, C.; Zhang, Y.; Shang, K.; Lu, N.; Li, J.; Wu, Y. Reactive species
distribution characteristics and toluene destruction in the three-electrode DBD reactor energized
by different pulsed modes. Chem. Eng. J. 2018, 350, 12-19.

63. Liberatore, C.M.; Rodolfi Beghéa, D.; Fabbri, A.; Ganino, T.; Chianconea, B. Adventitious shoot
organogenesis and encapsulation technology in hop (Humulus lupulus L.). Sci. Hortic. 2020, 270,
109416.

64. Benelli, C. Encapsulation of shoot tips and nodal segments for in vitro storage of “kober 5BB”
grapevine rootstock. Horticulturae 2016, 10, 185.

65. Hung, C.D.; Trueman, S.J. Encapsulation technology for short term preservation and germplasm
distribution of the African mahogany Khaya senegalensis. Plant Cell Tissue Organ. Cult. 2011,
107, 397-405.

66. Hung, C.D.; Trueman, S.J. Alginate encapsulation of shoot tips and nodal segments for short term
storage and distribution of the eucalypt Corymbia torelliana x C. citriodora. Acta Physiol. Plant.
2012, 34, 117-128.

67. Dobrynin, D.; Fridman, G.; Friedman, G.; Fridman, A. Physical and biological mechanisms of
direct plasma interaction with living tissue. New J. Phys. 2009, 11, 115020.

Retrieved from https://encyclopedia.pub/entry/history/show/51800

https://encyclopedia.pub/entry/21583 14/14



