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Abstract: Aeroponic plant cultivation is a novel technology explored for its potential in indoor 

farming. In this study we evaluated the effects of seed treatments with cold plasma on growth, 

physiological processes and biochemical parameters in two lettuce cultivars - green variety ‘Perl 

Gem’ and red variety ‘Cervanek’ cultivated in an aeroponic system for 45 days. Seeds were treated 

with low-pressure air plasma for 3 min (further denoted as LCP3) or atmospheric dielectric barrier 

discharge (DBD plasma) for 3 and 5 min (reffered to as DBD3 and DBD5 groups). We estimated the 

effects of seed treatments on parameters of seedling growth, photosynthetic efficiency, amounts of 

photosynthetic pigments, anthocyanins, total phenolic compounds (TPC), and antioxidant activity in 

leaves. Despite the observed effects on germination and early growth, seed treatments did not affect 

biomass gain or head/root ratio in both lettuce cultivars. Seed treatments increased the 

photosynthetic performance index and amounts of photosynthetic pigments in ‘Pearl Gem’ but not 

‘Cervanek’ leaves. Seed treatments enhanced the content of protective phenolic compounds and 

antioxidant activity in ‘Pearl Gem’, and anthocyanin content in ‘Cervanek’ leaves, indicating 

potential to improve the nutritional value of the edible part of lettuce cultivated in an aeroponic 

system. 

Keywords: aeroponics; anthocyanins; antioxidant activity; cold plasma; Lactuca sativa; 

photosynthesis; photosynthetic pigments; seeds; total phenolic compounds 

 

1. Introduction 

Traditional resource-intensive agricultural practices are focused on maximizing production 

yields through intensive use of chemicals, often with little regard for environmental degradation. In 

contrast, sustainable agriculture technologies seek to balance the needs of food production while 

preserving resources and ecosystems [1,2]. Modern technologies are designed to minimize 

environmental harm by using organic practices, reducing inputs of synthetic chemicals (fertilizers, 

herbicides, pesticides, etc.), and conserving water, soil and biological diversity. Analysis of global 

data on agricultural production and population size has revealed that worldwide production of fruits 

and vegetables is not sufficient to meet global health needs [3]. It was concluded that the global 

nutrition and agricultural communities should explore innovative ways to increase fruit and 

vegetable production and consumption to meet the food and health needs of the population. In this 
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respect, an increase in both plant production and nutritional value is important as large amounts of 

nutrients and bioactive compounds in food serve to overcome malnutrition and chronic diseases [4]. 

Home and urban gardening represent a viable, small-scale yet underestimated component of 

sustainable agrifood systems [5]. In this context, the development of soilless and vertical farming, 

including hydroponic, aeroponic and aquaponic systems, is being explored, since such systems 

provide higher plant yields while using less water (up to 90%) and land (75%) compared to the 

conventional soil-based agriculture [6,7]. Among these technologies, hydroponic cultivation is the 

most widely used and best studied [8], while the potential of aeroponics is still under intensive 

investigation. Aeroponic cultivation is a method of growing plants without soil, where the roots are 

exposed to air and misted with a nutrient-containing aerosol droplets [9]. It resolves several plant 

cultivation constraints occurring during hydroponic cultivation, including improved oxygen 

availability within the root bed, more efficient water use (aeroponics recycles 99% of the water 

utilized [7]), optimized and controllable nutrient delivery promoting faster and uniform crop growth, 

and better isolation from pathogen pressures and plant disease. In addition, aeroponic cultivation 

offers benefits such as cultivation at latitudes incompatible with certain crops, reporposing of disused 

urban buildings, and contributing to price stabilization [10,11]. Aeroponics has been applied to the 

cultivation of more than 50 crop species, including fruits and vegetables [12]. 

Lettuce (Lactuca sativa L.), also known as leaf lettuce, is one of the most frequently consumed 

vegetable crop species globally [13]. The health benefits of lettuce leaves are associated with the 

presence of secondary metabolites and vitamins, such as glycosylated flavonoids, hydroxycinnamic 

acids, sesquiterpene lactones lactucin and lactucopicrin, carotenoids, B vitamins, ascorbic acid, and 

tocopherols [13]. It is valued as a rich source of calcium, iron and potassium, but is low in sodium, 

fat, and calories [14]. Different lettuce varieties are commercially accessible year-round and grown in 

open fields, greenhouses, and various soilless cultivation systems, including aeroponics [12]. A 

notable shift from soil cultivation to soilless systems for lettuce production has been driven by several 

factors: a shortened growth cycle, multiple harvests per year, controllable nutrient solutions to reduce 

nitrate accumulation, the ability to incorporate essential trace elements crucial for human nutrition, 

and the potential to extend shelf-life [15]. Numerous studies on optimizing conditions for aeroponic 

cultivation of lettuce have been published since the first report in 1998 [16], leading to the general 

conclusion that aeroponics is a highly efficient technology for lettuce production [16–25]. 

In this study, we aimed to combine aeroponic cultivation of lettuce with another innovative 

agrotechnology, namely, pre-sowing seed treatment with non-thermal plasma or cold plasma (CP). 

CP is a non-equilibrium plasma produced by various types of discharge in gases. It contains a 

complex mixture of charged particles (ions, free electrons), neutral particles (gas molecules, free 

radicals), and photons of ultraviolet and visible light [26,27]. It has previously been demonstrated 

that the interaction of CP with seeds results in multiple effects – seed decontamination, enhanced 

germination, seedling growth stimulation, increased production yields in numerous plant species, 

improved stress resistance and enhanced systemic resistance against pathogens (see reviews [27–30]). 

Pre-sowing seed treatments can result in increased amounts of biologically active compounds in 

medicinal plants [31]. The reported findings on CP-induced changes in leaf antioxidant activity are 

variable, ranging from neutral to negative or positive, depending on the experimental model, 

treatment protocol, plant species, variety, or even genetic line [32–37]. Nevertheless, such findings 

indicate that the potential of CP treatments to improve the nutritional value of plants should be 

further investigated [38]. A few studies have reported slight positive effects of direct seed treatment 

with CP on lettuce germination [39,40], but treatment-induced changes on biochemical composition 

of leaves have not been studied. 

This study aimed to evaluate the effects of seed treatments with CP on growth, physiological 

processes and biochemical parameters in two lettuce cultivars – green variety ‘Pearl Gem’ and red 

variety ‘Cervanek’ – cultivated in an aeroponic system („Baltic Freya“) for 45 days. We hypothesized 

that seed treatment can induce changes in biochemical leaf composition, including the content of 

photosynthetic pigments, anthocianins, total phenolic compounds (TPC) and antioxidant activity, 
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and stimulate photosynthesis and lettuce growth in an aeroponic system. Since aeroponic cultivation 

has been demonstrated to significantly improve lettuce root growth but not shoot growth compared 

to hydroponics [25], we also aimed to test whether CP can increase leaf to root ratio in aeroponically 

grown lettuce. This assumption was based on the observation that seed treatments with CP can 

stimulate above-ground growth in common buckwheat [36] and industrial hemp [41]. We compared 

the effects of seed irradiation using two different CP generation systems: low-pressure cold plasma 

(LCP) and atmospheric dielectric discharge (DBD) plasma. 

2. Materials and Methods 

2.1. Plant Material 

Lettuce (Lactuca sativa) seeds were obtained from the commercial seed source company 

“Agrimatco” (Kaunas, Lithuania). Two cultivars were used in this study: green romaine lettuce 

variety ‘Pearl Gem’ and red green butterhead lettuce variety ‘Cervanek’. Seeds were stored in a 

refrigerator (+12°C) under dry, dark conditions until the experiment. 

2.2. Seed Treatment with Plasma 

Based on the results of the pilot germination experiments, lettuce seeds were treated with low-

pressure air plasma for 3 min or 5 min (further denoted as LCP3 and LCP5) or atmospheric 

dielectric barrier discharge (DBD plasma) for 3 and 5 min (further denoted as DBD3 and DBD5). 

Seed irradiation with LCP was carried out in a hermetic stainless-steel reactor of capacitively coupled 

RF discharge as described earlier [42]. A total of 200 seeds were spread out in a single layer within a 

5 cm diameter glass Petri dish, which was placed in the reactor at a distance of 60 mm from the 

electrode. The chamber was sealed and a vacuum pump and an airflow controller were used to reach 

and maintain a constant 100 Pa pressure inside the chamber. RF voltage with a frequency of 430 MHz 

was applied to the powered electrode (discharge power 50 W). Air was used as the gaseous phase, 

and the airflow was set at 89±5 mL/min. 

Seed irradiation with DBD was carried out using device previously described in detail earlier 

[43]. A single layer of 200 seeds was placed on a glass tray under the electrode, maintaining a 5 mm 

the distance between the electrode and the seed surface. Discharges were generated in the electrode 

air gaps by applying a pulsed voltage of 7 kV (Logy Electric, LHV-09K). The discharge frequency and 

power density were 14.4 kHz and 3.05 W/cm2, respectively. The total power was 4.64 W, and the 

treated area was 1.52 cm2. Seeds were treated with DBD plasma at room temperature, and the relative 

humidity of the air was maintained at 50±5% by an ultrasonic humidifier. 

2.3. Seed Germination Test In Vitro 

Germination was assessed by in vitro test four days after seed irradiation with plasma. 

Untreated (control) seeds and seeds exposed to LCP and DBD were evenly distributed on two layers 

of filter paper in 90-mm-diameter plastic Petri dishes (three replicates of 50 seeds each) and watered 

with 5 mL distilled water. Petri dishes with seeds were placed in a climatic chamber (Pol-Eko-

Aparatura KK 750, Poland) with automatically controlled relative humidity (60%). Alternating light 

regimes (16 h light, 8 h dark) and a constant temperature of 25 ± 1 °C were maintained in the chamber. 

Additional water was provided, if necessary, to prevent seed drying. Seeds were imbibed at 8 AM, 

and the number of germinated seeds was monitored the next day until their numbers stopped 

increasing. 

The effect of LCP and DBD on germination was quantitated based on changes in germination 

kinetics parameters, derived using Richards’ function [44] to analyze the germinating seed 

population [45]. The parameters included: Vi (%) – the final germination percentage indicating seed 

viability, Me (h) – the median germination time (t50%) indicating the germination halftime of a seed 

lot or germination rate, and Qu (h) – the quartile deviation indicating the dispersion of germination 
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time in a seed lot (half of the seeds with an average growth time germinate within the range Me ± 

Qu). 

2.4. Cultivation of Seedlings in an Aeroponic System 

For cultivation in an aeroponic system, control seeds and seeds treated with LCP or DBD were 

transferred to the growth container with moistened 20 × 20 mm Grodan rock wool cubes (Roermond, 

The Netherlands) carefully sowing one seed per cube. Growth containers with seeds were placed in 

a climatic chamber (Pol-Eko-Aparatura KK 750, Poland), where stable conditions were maintained as 

described above for the germination test in vitro. Twelve days after emergence, seedlings that have 

developed two true leaves were transferred into an aeroponic system within a walk-in, controlled-

environment chamber designed to replicate typical vertical farming conditions. Eight seedlings from 

each experimental group of both cultivars were cultivated in marked positions of the chamber: 

control, LCP3, and DBD5 group for ‘Pearl Gem’ (24 seedlings in total) and control, DBD3, and DBD5 

group for ‘Cervanek’ (24 seedlings in total) cultivar. 

Environmental parameters were maintained as follows: a 16 h photoperiod with artificial 

lighting from a custom LED panel composed of six Samsung Horticulture L2 LED modules, 

providing a light intensity of 250 µmol m⁻2 s⁻1. Relative humidity was 50 ± 5%, with day and night 

temperatures of 21 °C and 17 °C, respectively. CO2 concentration was maintained at 1000 ppm. 

Intermittent aeroponic irrigation was carried out using a Nebula R1+ rotational nozzle (Freya 

Cultivation Systems, Garliava, Lithuania), programmed to spray for 45 s every 495 s. The nutrient 

solution concentrate, consisting of Plagrons (Ospel, The Netherlands) Hydro A (NPK 3-0-1 with 4.2% 

Ca and 0.4% MgO) and Hydro B (NPK 1-3-6 with 1.4% MgO), was diluted at a 1:400 ratio with 

deionized water. The pH of the nutrient solution was continuously monitored and adjusted using an 

acid (HNO3) or base (KOH) to maintain a target pH of 5.5–6.5, and the solution electrical conductivity 

was held at 1.56 ± 0.1 mS/cm. A photograph of lettuce seedling leaves and roots in aeroponic system 

is shown in Figure 1. Aeroponic cultivation of both ‘Pearl Gem’ and ‘Cervanek’ variety resulted in 

plants with well-developed heads 45 days after sowing. 

 

Figure 1. Leaves (left) and roots (right) of lettuce plants growing in aeroponic system (Freya Cultivation 

Systems). 

2.5. Measurement of Photosynthetic Efficiency 

The function of the photosynthetic system in lettuce leaves was measured on the 45th day after 

sowing using a portable chlorophyll fluorescence measuring device Handy PEA. Prior to 

measurement, the leaves were adapted to the dark for 15 min. Chlorophyll a fluorescence was 

measured after an instantaneous light flash at an intensity of 2000 mol-2 ·S -1 ·photons. The 

effectiveness of the photosystem II (FSII) was determined by the maximum quantum efficiency 

coefficient Fv/Fm ratio, and the photosynthesis performance index PIABS was derived from 

chlorophyll a fluorescence measurement in the leaves. 
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2.6. Morphometric Measurements 

Seedling height, root and shoot length, leaf number, and the fresh weight of seedlings, their 

roots, shoots and leaves were measured in 45-day-old plants (n = 7-8). 

2.7. Analysis of Leaf Biochemical Parameters 

The leaves were collected from 45-day-old plants, frozen in liquid nitrogen, ground into powder 

using a batch mill with a disposable grinding chamber (Tube-Mill control, IKA, Staufen, Germany), 

and stored at -80° C. The effects of seed treatments on the amount of photosynthetic pigments, 

anthocyanins, total phenolic content (TPC), and antioxidant activity in seedling leaves were 

estimated spectrophotometrically (UV-1900i spectrophotometer) in the prepared extracts. To 

determine of antiradical activity and total phenolic compound (TPC) content, leaf powder was mixed 

with 85% methanol in a ratio of 1:5 (w/v) and extracted using ultrasound for 15 min at 4 °C. The 

mixture was centrifuged at 16,000 × g for 10 min, and the supernatant was collected and stored at –

20 °C until analysis. 4-6 samples were taken from each experimental group. 

Antioxidant activity was measured by the scavenging of the stable 2,2-diphenyl-1-

picrylhydrazyl free radical (DPPH), as described previously [46]. Accordingly, 50 µL of lettuce leaf 

extract was added to 1950 µL of a DPPH solution (25 µg/L, prepared in acetonitrile–methanol–

sodium acetate buffer (100 mM, pH 5.5) (1:1:2)). After 15 min of incubation in the dark at room 

temperature, absorbance was measured at 515 nm. Rutin was used as a standard, and antioxidant 

activity was expressed as mg of rutin equivalent (RUE) mg g−1 of FW. 

TPC content was determined using the modified Folin–Ciocalteu method [46]. A total of 0.2 mL 

of lettuce leaf extract was mixed with 1 mL of 0.2 N Folin–Ciocalteu reagent and 0.8 mL of 7.5% 

sodium carbonate solution. After 60 min of incubation in the dark at room temperature, absorbance 

was measured at 760 nm. Gallic acid was used as a standard, and the results were expressed as mg 

of gallic acid equivalent (GAE) per mg g−1 of fresh weight (FW). 

Total anthocyanin content was determined in fresh lettuce samples frozen in liquid nitrogen, 

using the modified method of Perez-Lopez et. al. [47]. Anthocyanins were extracted from the lettuce 

sample with 3M HCl/100% methanol (4:16 v/v) using a sample/extractant ratio of 1:5 (w/v). For 

extraction, the sample/extractant mixture was incubated in an ultrasonic bath for 10 min at room 

temperature. The extracts were centrifuged at 16000 g for 10 min at room temperature. The 

absorbance of the extracts was measured at 524 nm and 653 nm. The anthocyanin content was 

calculated in cyanidin-3-glucoside equivalents by applying a molar extinction coefficient at 524 nm 

of 0.033 µM-1cm-1 and subtracting the interference due to pheophytin (A524-0.24A653)/0.033). 

The amounts of chlorophylls a and b and carotenoids were determined in ethanolic extract of 

lettuce leaves. Prepared frozen lettuce leaf powder was mixed with 96% ethanol at a ratio of 1:5 (w/v) 

and extracted using ultrasound for 10 min at 4 °C. The mixture was centrifuged at 16,000 × g for 10 

min, and the supernatant was collected. The extraction procedure was repeated. The supernatant was 

collected in the same tube and stored at –20 °C until analysis. 4-6 samples were prepared for each 

treatment group. The absorption of the extract was measured at wavelengths of 665 nm (chlorophyll 

a, Chl a), 649 nm (chlorophyll b, Chl b) and 470 nm (carotenoids). The amounts of Chl a, Chl b and 

total carotenoids was calculated using the formulas described by Lichtenthaler and Buschmann [48]. 

2.8. Statistical Analysis 

Statistical analysis of the results was performed using Statistica 7 software (issued by IBM 

Lietuva, Vilnius, Lithuania to Vytautas Magnus University). One-way analysis of variance (ANOVA) 

and Fishers least significant difference (LSD) test were used to compare the means of control versus 

treated groups of lettuce plants cultivated in aeroponics. Statistical significance of treatment effects 

was considered to be statistically significant at p < 0.05. All measurements of the various parameters 

in control and pre-sowing treatment groups were expressed as mean ± SEM. Differences in the same 
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parameters between ‘Cervanek’ and ‘Perl Gem’ cultivars were estimated using Students t-tests for 

unpaired samples. Difference was considered statistically significant at p < 0.05. 

3. Results 

In vitro germination curves of ‘Cervanek’ and ‘Pearl Gem’ seeds are presented in Figure 2, and 

the calculated parameters of germination kinetics are shown in Table 1. 

Seeds of both cultivars germinated very rapidly. The first radicles emerged at the 17th hour after 

imbibition and maximum germination was achieved within 5 hours. Therefore germinated seeds 

were counted every 30 min. Despite the steep slope of the germination curves, it can be observed 

(Figure 2) that LCP-treated seeds germinated faster compared to DBD-treated and control seeds. 

 

Figure 2. Seed germination dynamics of two lettuce varieties – (a) ‘Pearl Gem’, (b) ‘Cervanek’. The average 

values of three replicates ± standard error are presented (n = 3). The number of seeds in each replicate was 50. 

Qantitative parameters of germination kinetics (Table 1) calculated from individual germination 

curves indicate that the maximum germination (Vi) of control seeds was close (‘Pearl Gem’) or equal 

(‘Cervanek’) to 100%; therefore seed treatments did not enhance final germination percentage. 

Table 1. Indices of lettuce germination kinetics of control and treated seeds in vitro. 

Cultivar Indice Control LCP3 LCP5 DBD3 DBD5 

‘Pearl Gem’ 

Vi, % 99.3±0.7 99.3±0.7 100.0±0.0 100.0±0.0 100.0±1.0 

Me, h 19.6±0.2a 19.2±0.1b 19.3±0.1b 19.6±0.1a 19.7±0.1a 

Qu, h 0.6±0.0a 0.6±0.1a 0.6±0.0a 0.5±0.0a 0.6±0.0a 

‘Cervanek’ 

Vi, % 100.0±0.0a 100.0±0.0a 100.0±0.0a 100.0±0.1a 100.0±0.1a 

Me, h 19.0±0.1a,b, 18.9±0.0b 18.7±0.1c 19.0±0.0a 19.1±0.0a 

Qu, h 0.5±0.0a 0.5±0.0a 0.5±0.0a 0.5±0.0a 0.5±0.1a 

Vi − the final germination percentage, Me − the median germination time, Qu − the quartile deviation. Different 

lowercase letters indicate significant differences (Fisher’s least significant difference (LSD) test, p < 0.05), # − 

statistically significant difference between ‘Cervanek’ and ‘Perl Gem’ cultivars (Student’s t-test, p < 0.05), (n = 7-

8). 

A slight stimulation of germination (a 2% decrease in Me) was observed in the LCP3 and CP5-

treated ‘Pearl Gem’ groups, as well as in the LCP5 group of the ‘Cervanek’ cultivar. Seed treatments 

did not affect the uniformity of germination (Qu). DBD treatments had no effect on germination 

kinetics in either cultivar. 

The growth of seedlings germinated in Petri dishes was estimated 10 days after sowing and the 

results are presented in Table 2. The parameters of seedling length in the control ‘Pearl Gem’ group 

exceeded those of the ‘Cervanek’ cultivar by 10-30%. Despite that, seedling weight was similar in 

both cultivars (Table 2). Seed treatment with LCP3, LCP5 and DBD5 increased the length of ‘Pearl 
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Gem’ roots (up to 18%) and seedling length (up to 12%); seedling weight was enhanced (10%) in LCP3 

and DBD5 groups. However, DBD3 treatment slightly reduced the length of ‘Pearl Gem’ seedlings 

and their roots (4-7%). The effects of treatments on ‘Cervanek’ seedlings differed from those observed 

in ‘Pearl Gem’. LCP3 and LCP5 treatments decreased shoot length by 7%, while LCP5 increased root 

length by 15%. 

Table 2. Morphometric parameters of lettuce seedlings 10 days after sowing in vitro. 

Cultivar Parameter Control LCP3 LCP5 DBD3 DBD5 

‘Pearl 

Gem’ 

Seedling length, 

mm 
93.3.±1.7b 105.0±1.7a 101.0±1.7a 89.9±1.6c 102.8±1.3a 

Root length, mm 62.6±1.5b 73.7±1.5a 70.7±1.5a 58.5±1.4c 72.2±1.8a 

Shoot length, mm 31.4±0.5a 31.3±0.5a 30.1±0.4a 31.5±0.3a 30.6±1.0a 

Seedling weight, 

mg 
17.6±0.4b 19.4±0.2a 18.8±0.6a,b 18.4±0.4a,b 19.2±0.2a 

‘Cervanek’ 

Seedling length, 

mm 
78.0±1.9a# 78.8±1.7a 82.2±1.9a 80.2±3.2a 80.0±1.2a 

Root length, mm 56.6±1.9b# 58.9±1.9a,b 65.3±1.8a 56.8±3.2b 56.8±1.3b 

Shoot length, mm 21.5±0.3b# 19.8±0.3c 19.9±0.2c 23.4±0.3a 23.2±0.4a 

Seedling weight, 

mg 
19.2±0.4b 19.1±0.3b 19.2±0.7b 19.9±0.2a 20.7±0.3a 

Different lowercase letters indicate significant differences (p < 0.05, Fisher’s least significant difference (LSD) 

test),  − statistically difference between ‘Cervanek’ and ‘Perl Gem’ cultivars (Student’s t-test, p < 0.05), (n = 50). 

In ‘Cervanek’ seedlings, shoot length and seedling weight increased by 7-8% in DBD3 and 

DBD5-treated groups, while other morphometric parameters did not differ from the control. 

Due to the limited space in the aeroponic system, two experimental groups were selected for 

aeroponic cultivation of ‘Pearl Gem’ and ‘Cervanek’ seedlings, based on the effects of seed treatments 

in germination kinetics and early seedling growth (Tables 1 and 2). LCP3 and DBD were chosen for 

the ‘Pearl Gem’ cultivar due to a combination of positive effects on germination and seedling weight. 

The increased seedling weight and length provided rationale for selecting DBD3 and DBD5 

treatments for further experiments with the ‘Cervanek’ cultivar. Control and treated seeds 

germinated in moistened Grodan rock wool cubes. The developed seedlings (12 days after sowing) 

were transferred to an aeroponic cultivation system and harvested for morphometric and 

biochemical analysis after head formation (45 days after sowing). Before sampling, the efficiency of 

the photosynthetic system in leaves was estmated. The morphometric parameters are shown in Table 

3. 

Table 3. Morphometric parameters of lettuce plants cultivated in aeroponics 45 days after sowing. 

Cultivar             ‘Pearl Gem’           ‘Cervanek’ 

Parameter Control LCP3 DBD5 Control DBD3 DBD5 

Plant length,cm 52.1±2.3 47.3±2.7 51.4±2.6 49.8±1.6 52.8±1.4 49.5±0.4 

Root length, cm 37.3±2.8 34.1±2.7 37.8±2.5 37.8±1.8 40.6±1.4 37.6±0.8 

Head length, cm 13.3±1.2 13.1±0.5 13.1±0.4 11.1±0.7 10.6±1.4 11.9±0.5 

Head width, cm 26.5±1.7 24.7±1.0 26.5±1.7 23.6±1.0 25.7±0.9 24.4±0.7 

Plant weight, g 40.3±4.6 36.2±5.3 36.3±3.6 29.0±3.7# 29.1±2.3 28.3±2.8 

Root weight, g 6.6±0.7 6.1±0.7 6.1±0.5 4.4±0.5# 4.2±0.4 4.4±0.5 

Head weight, g 33.8±4.0 30.1±4.7 30.3±3.2 24.7±3.3# 24.9±2.0 23.9±2.4 

Leaf number 9.5±0.7 9.7±0.6 9.6±0.3 16.3±0.7# 15.8±0.4 15.8±0.8 

# - statistically difference between ‘Cervanek’ and ‘Perl Gem’ cultivars (Student’s t-test, p < 0.05; n = 7-8). 
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The obtained results showed that biomass gain in an aeroponic system was higher in ‘Pearl Gem’ 

seedlings compared to ‘Cervanek’ (plant weight, root weight and leaf weight were 28%, 35% and 27% 

larger, respectively), although plant length did not differ. The number of leaves in ‘Cervanek’ plants 

was 72% larger compared to ‘Perl Gem’. However, seed treatments did not have an effect on 

morphometric plant parameters in either cultivar. 

A comparison of photosynthetic efficiency indices in the leaves of seedlings cultivated in an 

aeroponic system is presented in Table 4. 

Table 4. The indices of photosynthetic efficiency in lettuce leaves 45 days after sowing. 

Cultivar ‘Pearl Gem’ ‘Cervanek’ 

Indice Control LCP3 DBD3 Control DBD3 DBD5 

Fv/Fm 0.86±0.01a 0.85±0.01a 0.86± 0.00a 0.84± 0.01a,# 0.85± 0.00a 0.84± 0.00a 

PIABS 2.38±0.17b 3.04±0.33a 3.26 ± 0.28a 1.21±0.16b# 1.90 ± 0.16a 1.76 ± 0.09a 

Fv/Fm – maximum quantum efficiency coefficient of PSII, PIABS – photosynthetic performance index. The means 

± standard errors are presented (n = 7-8). Different lowercase letters indicate significant differences (p < 0.05, 

Fisher’s least significant difference (LSD) test); # – statistically significant difference between ‘Cervanek’ and 

‘Perl Gem’ cultivars (Student’s t-test, p < 0.05);. 

The indices of photosynthetic efficiency were cultivar-dependent. The photosynthetic 

performance index PIABS in the leaves of the control ‘Pearl Gem’ plants was by 49% higher, while the 

Fv/Fm ratio was 2.3% higher in comparison to ‘Cervanek’. In both cultivars, seed treatments did not 

affect the Fv/Fm ratio. In ‘Pearl Gem’ plants growing from LCP3 and DBD3-treated seeds, the PIABS 

index was substantially increased, compared to the control (by 28 and 36%, respectively). In 

‘Cervanek’ plants, the DBD treatments resulted in a strong PIABS increase (the increase in DBD3 and 

DBD5 groups was 57 and 46%, respectively). 

The effects of seed treatments on the content of photosynthetic pigments in lettuce leaves are 

shown in Figure 3. 

 

Figure 3. The amounts of chlorophylls a and b in leaves of two lettuce cultivars grown in an aeroponic system – 

(a) ‘Pearl Gem’, (b) ‘Cervanek’. The average values of three replicates ± standard error are presented (n = 3-4). 

Different lowercase letters indicate significant differences (p < 0.05, Fisher’s least significant difference (LSD) 

test), # - statistically significant difference between ‘Cervanek’ and ‘Perl Gem’ cultivars (Student’s t-test, p < 0.05). 

Significantly higher levels of photosynthetic pigments were detected in the leaves of ‘Cervanek’ 

plants; the amounts of Chl a, Chl b, and total carotenoids were significantly higher (by 39%, 27%, and 

53%, respectively) compared to ‘Pearl Gem’ plants. However, the pigment levels in ‘Cervanek’ plants 

grown from treated seeds were the same as in the control plants, except for a 10% increase in total 

carotenoids in the DBD3 group. In contrast, seed treatments led to a significant increase in chlorophyll 

and carotenoid content in ‘Pearl Gem’ plants. In the LCP3-treated group, the amounts of Chl a, Chl b 

and Chl (a+b) were higher by 16%, 21%, and 17%, respectively, while in the DBD5 group the 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 May 2025 doi:10.20944/preprints202505.0433.v1

https://doi.org/10.20944/preprints202505.0433.v1


 9 

 

respective increases were 22%, 29%, 23%, compared to the control. In addition, DBD5 treatment 

resulted in a 20% increase in carotenoid content. 

The total content of anthocyanins in ‘Pearl Gem’ leaves was below the detection level; therefore, 

Figure 4 presents anthocyanin levels only in ‘Cervanek’ plants. The anthocyanin content in plants 

from the DBD3 group was unaffected, while in the DBD5 group it increased by 18% compared to the 

control. 

 

Figure 4. The total amount of anthocyanins in leaves of ‘Cervanek’ plants grown in an aeroponic system. The 

average values of three replicates ± standard error are presented (n = 4-6). Different lowercase letters indicate 

significant differences (p < 0.05, Fisher’s least significant difference (LSD) test). 

The content of total phenolic compounds (TPC) and antioxidant activity was also higher in 

control plants of ‘Cervanek’ cultivar, by 31% and 2.2 times, respectively, compared to those of ‘Pearl 

Gem’ (Figure 5, a and b). 

 

Figure 5. The total phenolic content (TPC) and antioxidant activity in leaves of two lettuce varieties grown in an 

aeroponic system – (a) ‘Pearl Gem’, (b) ‘Cervanek’. The average values of three replicates ± standard error are 

presented (n = 4-6). Different lowercase letters indicate statistically significant differences (p < 0.05, Fisher’s least 

significant difference (LSD) test); # – statistically significant difference between ‘Cervanek’ and ‘Perl Gem’ 

cultivars (Student’s t-test, p < 0.05); GAE – gallic acid equivalent; RE – rutin equivalent. 

‘Pearl Gem’ seed treatment with LCP3 induced a strong increase in TPC content (54%) ant 

antioxidant activity (3.4-fold), in contrast to DBD5, which did not affect TPC and reduced antioxidant 

activity by 34%. A similar pattern of DBD treatment effects was observed in ‘Cervanek’ plants, where 

antioxidant activity was reduced in the DBD3 and DBD5 groups by 30 and 14%, respectively. DBD5 

treatment also reduced TPC content by 15%. 

4. Discussion 
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The effects of pre-sowing seed treatments with CP on plant performance depend on a large 

variety of factors, such as the mode of seed treatment, crop species, cultivar, seed dormancy type and 

status, cultivation conditions and methods, and the presence of biotic or abiotic stress (see reviews 

[27–30]). Several studies on the combination of CP technologies with soilless farming methods have 

been conducted; however, they were mostly limited to the use of plasma-treated nutrient solutions 

in hydroponic cultivation systems [49–51]. Significant improvement of growth, increased levels of 

chlorophyll and soluble proteins, and upregulated expression of salinity tolerance genes were 

observed in hydroponically cultivated Brassica rapa subsp. Chinensis plants using air DBD-treated 

Hoagland nutrient solution [49]. Plasma-activated water (PAW), produced by spark discharge, has 

been applied to maize seeds during germination and to seedlings in the third day of cultivation in 

paper rolls, followed by 10 days of cultivation in hydroponics [50]. PAW pretreatment improved 

early seedling growth and increased chlorophyll content in leaves after subsequent treatments 

combined with arsenic. Green oak lettuce has been grown in a hydroponic system using (1) Hoagland 

solution without nitrates, (2) the same solution supplemented by a commercial N fertilizer, and (3) a 

solution in which the same concentration of nitrate was generated by the pinhole plasma jet technique 

[51]. Plant growth was reduced in the first solution, but equally enhanced in the other two solutions. 

Moreover, plants accumulated more nitrates when grown in the chemically fertilized solution 

compared to the plasma-treated one. These studies demonstrated the distinct benefits of combining 

CP with hydroponic cultivation. However, only a few studies have reported plasma applications for 

aeroponic plant cultivation. Gao et al. [52] developed a large-area uniform plasma device used to 

interact with high-flux micron-sized mist droplets to produce plasma-activated mist containing high 

concentrations of fixed nitrogen compounds. Such mist was successfully used for mung bean 

cultivation in an aeroponic system. Finally, the only available study on combination of the pre-sowing 

seed treatment with aeroponic cultivation of stevia plants has recently been published [42]. The 

authors compared the effects of seed treatment with LCP and DBD plasma on growth and steviol 

glycoside content in stevia cultivated in soil and aeroponics. Plants cultivated in aeroponics produced 

more biomass and contained 2-fold higher amounts of steviol glycosides and 3-fold higher amounts 

of TPC compared to plants cultivated in soil. 

In this study, we examined the effects of pre-sowing seed treatment with CP on the growth, 

morphometric, physiological and biochemical traits of two lettuce cultivars (‘Pearl Gem’and 

‘Cervanek’) cultivated in an aeroponic system. Despite the observed effects on germination in vitro 

(Figure 1, Table 1) and early seedling growth (Table 2), seed treatments did not affect biomass gain 

or the head/root ratio in either lettuce cultivar grown in an aeroponic system (Table 3). This finding 

supports the notion that CP-induced effects on seed germination and early seedling growth have 

limited predictive value for plant responses to seed treatments during longer vegetation periods [30]. 

However, seed treatments induced notable cultivar-dependent changes in physiological and 

biochemical plant parameters. The photosynthetic efficiency in ‘Cervanek’ plants was lower 

compared to the faster-growing ‘Pearl Gem’ (Table 4), despite higher content of chlorophylls in 

‘Cervanek’ leaves (Figure 3). The effects of treatments on PIABS in ‘Pearl Gem’ might be associated 

with a strong treatment-induced increase in photosynthetic pigment levels. However, DBD 

treatments did not induce changes in pigment content but strongly enhanced PIABS in ‘Cervanek’. 

Instead inducing changes in chlorophyll content, DBD5 treatment increased anthocyanin levels in 

‘Cervanek’ leaves (Figure 4). Anthocyanins are hydrophilic flavonoid pigments that exert health 

benefits, including strong antioxidant and anti-inflammatory properties as well as potential 

therapeutic applications in preventing urinary tract infections, diabetes, cardiovascular issues, and 

cancer [53]. 

The finding that DBD5 treatment can increase anthocyanin content in ‘Cervanek’ red lettuce 

leaves, together with the LCP3-induced increase in the amounts of protective TPC and antioxidant 

activity in ‘Pearl Gem’ green lettuce leaves (Figure 5) indicates potential to improve the nutritional 

value of the edible part of lettuce plants cultivated in an aeroponic system. We did not cultivate 

‘Cervanek’ from LCP treated seeds in an aeroponic system, therefore the question whether LCP 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 May 2025 doi:10.20944/preprints202505.0433.v1

https://doi.org/10.20944/preprints202505.0433.v1


 11 

 

treatments are more effective compared to DBD increasing TPC and radical scavenging activity in 

aeroponically cultivated lettuce leaves remains to be further investigated. On the other hand, our 

results confirm earlier findings in stevia [42], demonstrating that despite having a neutral effect on 

aeroponically cultivated plant biomass, CP treatments can enhance the quality of plant production in 

terms of antioxidant or other bioactive compound content. 

From this perspective, further investigations are needed to optimize CP treatment the protocols 

for lettuce and other plant species under aeroponic cultivation conditions. For example, it remains 

unclear how LCP treatments affect antioxidant activity and anthocyanin content in the leaves of red 

lettuce cultivars. Pre-sowing seed treatments did not stimulate plant growth in either aeroponically 

cultivated stevia [42] or lettuce (this study), possibly due to the exceptionally favorable growth 

conditions provided by an aeroponic system. Nevertheless, research involving a wider range of plant 

species is required to support the general conclusion regarding the neutral effects of seed treatments 

on biomass gain under aeroponic cultivation. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

CP Cold plasma 

Chl a Chlorophyll a 

Chl b Chlorophyll b 

C-3-GE Cyanidin-3-glucoside equivalent 

DBD Dielectric plasma discharge  

DPPH 2,2-diphenyl-1-picrylhydrazyl free radical 

GAE Galic acid equivalent 

FW Fresh weight 

LCP Low-pressure cold plasma    

LSD Fisher’s least significant difference 

Me Median germination time 

PAW Plasma-activated water 

Qu Quartile deviation 

RUE Rutin equivalent 

TPC Total phenolic content 

Vi Final germination percentage 
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