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Abstract 12 

Seed-borne fungal diseases of grains are a serious threat to a crops’ yield due to lack of either 13 

resistant crop varieties or dependence on fungicides. Therefore, there is a growing demand to 14 

develop sustainable technologies for crop protection. In the present study, an atmospheric 15 

microwave plasma was employed to eradicate Botrytis from lentil seeds. Argon, air and a 16 

combination of them were applied to create the plasma. There was a 41% reduction in the 17 

percentage of inoculated seeds (with an initial contaminated seed percentage of 95.8%) after 100 18 

s treatment of 2.5 g of lentil seeds with the afterglow of air plasma followed by 24-h holding time. 19 

A 32.3% reduction occurred when a 30% air/70% Argon was applied for 10 s and 60 min of 20 

holding time. The holding time of 24 h increased catalase activity from 0.8 to 1.1 mM H2O2 mg-1 21 

min-1 that was an indicator of early plant immune system fortification. This also changed seeds’ 22 

colour toward redness and yellowness. Conclusively, the afterglow of microwave plasma could 23 

be considered as a part of integrated disease management in lentil crops.  24 

Keywords: Microwave, Atmospheric non-thermal plasma, lentil, seed-borne, Botrytis grey mould 25 
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1 Introduction 26 

Botrytis grey mould is one of the important seed-borne diseases of pulse crops and vegetables. It 27 

can be transmitted from seed to seedling, without any visible symptoms, in many agricultural 28 

products such as lentil (Lindbeck et al., 2009), primula (Barnes & Shaw, 2003) and lettuce (Sowley 29 

et al., 2010). Botrytis grey mould is caused by Botrytis cinerea (B. cinerea) in lentil and it can 30 

reduce the crop yield dramatically, especially in cool and humid seasons. Lentil is one of the 31 

important pulse crops and a valuable source of protein, carbohydrate, and fibre. This is known as 32 

a cool-season crop in Australia and its yield is threatened by fungal diseases, including Botrytis 33 

grey mould, which is primarily controlled by fungicides (Lindbeck et al., 2009). There are still 34 

concerns about the emergence of resistance in pathogen populations of crops as well as the 35 

environmental and health impacts due to the overuse of these chemicals. There have been 36 

attempts to find a proper non-chemical method to be considered as part of an integrated disease 37 

management strategy in pulse crops, including conventional (Burgess, 1997) and microwave 38 

(Taheri et al., 2020; Taheri et al., 2019a) thermal treatment. However, limitations exist with these 39 

thermal treatments including the concern of seed quality damage, long exposure times and high 40 

energy demands. These limitations have been the motivation for developing a fast and non-41 

thermal physical method for seed treatment.  42 

Among the physical methods of seed treatment, non-thermal plasma has gained an increasing 43 

interest in recent years. A considerable amount of literature has been published on the potential 44 

of cold plasma for plant growth enhancement (Randeniya, 2015) and removing pathogenic 45 

bacteria and storage fungi from the seeds of various crops, including rice (Khamsen et al., 2016), 46 

wheat (Thomas-Popo et al., 2019), maize (Zahoranová et al., 2018) and other grains (Selcuk et al., 47 

2008). Although the fungicidal effect of cold plasma has been confirmed for some of the pathogens 48 

related to grains (Filatova et al., 2012; Jo et al., 2014; Pérez Pizá et al., 2018; Zahoranová et al., 49 

2016), there is still a lack of information about its effect on a wide range of seed-borne pathogens 50 

and the quality of legume seeds.  51 

There are different sources and apparatus for creating a cold plasma for seed treatment. 52 

Electromagnetic waves, at a frequency of 2.45 GHz (microwave), is one of the sources, which can 53 

be utilised to create the plasma without the need for an electrode. This source has been used to 54 

produce plasma processed air (PPA) that has been explored for its antimicrobial activity on fresh 55 

produce and seeds (Hertwig et al., 2015; Schnabel et al., 2018) and also to process water, usually 56 

called plasma-activated water (PAW), that has been proven to have decontamination (Schnabel 57 

et al., 2019) and plant growth enhancement (Kang et al., 2019) effects. Radiofrequency plasma 58 

has also been successfully applied to modify wettability and enhance germination of lentil 59 
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(Bormashenko et al., 2012) and bean (Bormashenko et al., 2015) seeds at a power of 20 W and a 60 

pressure of 0.067 Pa.  61 

Therefore, the objective of this study was to explore the potential of microwave downstream 62 

plasma to decontaminate lentil seeds from the seed-borne Botrytis pathogen. For this purpose, 63 

contaminated seeds were exposed directly to plasma with argon gas or remotely utilising air or a 64 

mixture of air and argon as the process gas. Any positive or negative effect of plasma treatments 65 

on the seed quality was also investigated.   66 

2 Materials and Methods 67 

2.1 Lentil seeds preparation  68 

Lentil seeds (type Bolt) were collected from a local farm in Horsham, Victoria, Australia. The 100-69 

seed weight was 4.27±0.09 g, and average diameter and thickness of twenty seeds, measured 70 

using a digital calliper, were 5±0.19 and 2.4±0.14 mm, respectively. The initial moisture content 71 

of the seeds was determined as 10% (wb) by drying the seeds at 130°C for 20 h. Preparation of 72 

Botrytis  culture and the procedure of inoculation of the seeds with the spores was followed from 73 

previously published work from our lab (Taheri et al., 2020; Taheri et al., 2019a). B. cinerea 74 

(isolate: 174/02) isolated from lentil seeds and provided by South Australian Research and 75 

Development Institute (SARDI). The isolate was reproduced by subculturing on potato dextrose 76 

agar (PDA) and incubation for 2 weeks at 22 °C, 12 h/12 h dark/light cycle under fluorescent 77 

(OSRAM TLD/18W) and Ultraviolet (UV) lights (PHILIPS BLB/18W). The spore solution for 78 

inoculation of the seeds was prepared by flooding the plates with sterile distilled water 79 

(containing 0.01% tween 20) and gently rubbing the surface of the culture by a glass rod followed 80 

by passing through two layers of sterilized cheesecloth. The spore solution was diluted to obtain 81 

a concentration of 104-105 spore ml-1 and 25 ml of this solution was used for inoculation of 100 g 82 

of lentil seeds.  83 

2.2 Plasma system 84 

The plasma system consists of a 3-kW magnetron and three-stub auto-tuner to minimize 85 

reflection of the microwave energy. Plasma is created in the downstream plasma source with TE10 86 

mode developed by Sairem Co. (WR340 3 XX, Neyron, France). The system works at atmospheric 87 

pressure and can be fed by gases of argon and air. The plasma in the quartz tube is cooled down 88 

by the water and airflow. A mass flow controller (EL-Flow Prestige, Bronkhorst®, Netherlands) 89 

was used to control the gas flow rate and mix the gas flows at an accurate ratio where needed. 90 

Forward and reflected microwave powers were monitored using the Auto-tuner (S-Team – 91 
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HOMER Automatic Impedance Analyzer and Matching System, Bratislava, Slovak Republic) with 92 

HomSoft software (Version 5.0.0.2). The whole schematic of the system is shown in Figure 3.1.  93 

2.2.1 Simulation of electric field and temperature of the treated seeds 94 

A simulation of the system was performed using the commercial software XFdtd® 7.5.0 95 

(Remcom, Inc., State College, PA) with argon gas at atmospheric pressure as the solid sensor 96 

inside the quartz tube. The temperature of the lentil seeds after treatments was measured using 97 

an infrared thermal camera (FLIR C2 Education kit) by considering lentils’ emissivity as 0.95 98 

(Taheri et al., 2019b).  99 

2.3 Design of the experiment   100 

2.3.1 Direct plasma  101 

In a preliminary experiment, the effect of process parameters including microwave power (300 102 

and 500 W), gas flow (15 and 40 ln min-1 , normal litre per minutes), exposure time (15 and 45 s) 103 

and seed moisture content (10% and 16%) on the infected seed percentage (IS%) reduction and 104 

seed viability were investigated using direct exposure to argon plasma (2 cm below the end of 105 

quartz tube). The plasma treatments were carried out in triplicates and all the quality tests were 106 

done at least twice for each treatment replicate. The process parameters were chosen in order 107 

not to exceed the temperature of 50°C in the lentil seeds. For direct argon plasma treatments, 2.5 108 

g of contaminated lentil seeds were placed inside a ceramic dish and the seeds were exposed to 109 

plasma at a distance of 2 cm below the quartz tube, which is about 20 cm below the entrance of 110 

microwave into the plasma source. The container was shaken continuously to make sure all sides 111 

of the seeds were treated equally.  112 

2.3.2 Remote plasma treatment (exposure to afterglow) or plasma processed air (PPA) 113 

To investigate the effect of exposure to the plasma afterglow on the infected seeds, the gas flow 114 

of 20 ln min-1 containing air/argon (30/70 v/v) and 100% air were utilised to create plasma. 115 

Plasma was ignited with 1.5 kW of microwave power being injected into the plasma source and 116 

then the power was reduced to 800 W and the treatments were carried out using the plasma 117 

operated with 800 W. For each treatment, 2.5 g of contaminated lentil seeds were placed inside a 118 

500-ml Schott Duran bottle and the bottleneck was adjusted just below the quartz tube from the 119 

plasma source. Seed temperature did not exceed room temperature during the exposure times in 120 

any of the treatments. After each treatment with specified treatment time (10 and 100 s, as well 121 

as 150, 200, 300 and 400 s), the bottle’s lid was immediately closed and sealed using aluminium 122 

tape to trap the processed gas. This was followed by holding the seeds inside the closed bottle for 123 

a specified holding time (0, 5, 15, 30, 60 min and 24 h) at room temperature. After the holding 124 
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times, the bottle was opened to let the PPA out and then after shaking the seeds into a beaker to 125 

make sure there was no trapped process gas in them, they were transferred into the polyethylene 126 

Ziplock bags until further examinations. The seeds were shaken two or three times during the 127 

holding times to expose both sides of the seeds to the reactive gas species.  128 

2.4 Evaluation of the fungicidal effect of plasma 129 

Botrytis grey mould selective media (BSM) was prepared with the following ingredients (g/l): 130 

glucose 2; PDA 5; Agar 10; tannic acid 5; Ridomil 0.02; Pentachloronitrobenzene (PCNB) solution 131 

with concentration of 0.5% in ethanol 4; Zineb 0.00091; streptomycin sulphate 0.1 (Taheri et al., 132 

2020). A mixture of glucose, PDA and agar was autoclaved and cooled to below 50 °C before 133 

adding other ingredients. Direct and remote treatments of the seeds were performed three times 134 

and after each treatment by the downstream plasma, 24 lentil seeds per replicate (total of 72 135 

seeds per treatment) were subcultured on BSM and the plates were incubated at 23°C with 12 136 

h/12 h dark/light cycle under fluorescent (OSRAM TLD/18W) and near-ultraviolet (UV) lights 137 

(PHILIPS BLB/18W). After four days mycelium growth and the colour change of the BSM to 138 

golden brown was examined. Seeds with fungal growth were considered infected and the 139 

percentage of infected seeds (IS%-4d) was calculated by dividing the number of infected seeds 140 

by the total number of sub-cultured seeds. IS% of the treated seeds was compared with that of 141 

the untreated control samples any reduction in percentage was calculated as the difference 142 

between the IS% of the control and IS% of the treated sample divided by the IS% of the control 143 

sample. The same evaluation was carried out after 7 d of incubation (IS%-7d). Infection degree 144 

after 4 d of incubation (ID%-4d) was also calculated based on the degree of fungi growth on the 145 

seeds. The degree of growth was considered as 1 (low growth of mycelium on the seeds) and 2 146 

(high growth of the mycelium on and around the seeds on the media) and then ID% was 147 

calculated as equation (2):  148 

IS%-nd =  𝑛𝑛𝑛𝑛.  𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎 𝑑𝑑𝑑𝑑𝑑𝑑 𝑛𝑛
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑛𝑛𝑛𝑛.𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 × 100  (1) 

ID% =  ( 𝑛𝑛𝑛𝑛.  𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 1×1+𝑛𝑛𝑛𝑛.  𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 2×2)
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑛𝑛𝑛𝑛.  𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠×2   

 × 100  (2) 

2.5 Lentil’s quality assessment  149 

2.5.1 Seed viability  150 

The seeds were examined for their viability using the standard germination test by placing 10 151 

healthy-looking (symptomless, without discolouration) seeds per replicate (three replicates)  in 152 

a 90-cm plate containing No.1 Whatman filter paper and 4 ml of sterilized distilled water. 153 

Germinated seeds were counted after 4 d of incubation at room temperature. To evaluate seed 154 
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vigour, seedling fresh weight was determined after 4 d using a four-digit scale and vigour index 155 

was calculated as below: 156 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =  
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 × 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺%

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (3) 

 157 

2.5.2 Antioxidant enzymes activity of the seedling (POX, CAT, SOD, H2O2) 158 

Ten of the four-day-old lentil seedlings were accurately weighed using a 4-digit scale. The 159 

weighed seedlings were mashed using a pre-chilled pestle and mortar in an ice bath and the 160 

enzymes were extracted in 50 mM potassium phosphate buffer with a pH of 6.8 for peroxidase 161 

(POX) and catalase (CAT) activities and 100 mM potassium phosphate buffer (pH 7.6) for 162 

superoxide dismutase (SOD) followed by centrifugation of the homogenised mixture with 11000g 163 

at 4°C for 10 min. The supernatants were then collected in the centrifuged tubes and kept in an 164 

ice bath for a maximum of 12 h. The CAT activity of the enzyme extract was measured based on 165 

the breakdown of H2O2 in the presence of the enzyme at 240 nm using a UV/visible 166 

spectrophotometer (Maehly, 1954). POX activity of the extract was assayed according to the 167 

method described by Maehly (1954). H2O2 content was measured based on the peroxide mediated 168 

oxidation of Fe+2 and then the reaction of Fe+3 with xylenol orange with an extinction coefficient 169 

of 220 mM-1cm-1 (Bellincampi, 2000). SOD activity was defined according to the method described 170 

by Dhindsa et al. (1981), which is based on the ability of the enzyme for inhibition of the 171 

photochemical reduction of Nitro Blue Tetrazolium (NBT) by 50%. Protein contents of the 172 

enzyme extracts were determined according to Bradford (1976) using Bradford reagent for 1-173 

1400 μg/ml protein (Sigma-Aldrich, NSW, Australia) by mixing 20 μl of the enzyme extract and 174 

200 𝜇𝜇𝜇𝜇 of the reagent in microplate wells followed by measuring their absorbance at 595 nm after 175 

resting for 5 min at room temperature against a blank containing phosphate buffer and the 176 

reagent. The protein concentrations were decided using the standard curve of Bovine Serum 177 

Albumin (BSA) at concentrations of 0.1-1 mg/l.  178 

2.5.3 Lentil seeds’ colour assessment 179 

Lentil seed’s colour was assessed by a NixTM Pro colour sensor. Seven seeds were arranged in a 180 

circle on a black surface, and their colours were scanned, followed by extraction of the CIELAB 181 

colour space data (L*: lightness, a*: red/green value, b*: blue/yellow value), using the NixTM Pro 182 

mobile application (v 2.6.4). The overall change in the colours, compared to control samples, was 183 

determined by calculation of  ∆𝐸𝐸∗ as below (Mokrzycki & Tatol, 2011): 184 

∆𝐸𝐸∗ =  �(𝐿𝐿∗ − 𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∗ )2 + (𝑎𝑎∗ − 𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∗ )2 + (𝑏𝑏∗ − 𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∗ )2 (4) 
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According to Mokrzycki and Tatol (2011), clear differences in the colours could be observed by 185 

human eyes for ∆𝐸𝐸∗> 3.5. 186 

2.5.4 Apparent contact angle measurement 187 

The effect of plasma treatments on the wettability of the lentil seed’s coat was evaluated by 188 

measuring apparent water droplet contact angle using Attension Theta Optical Tensiometer 189 

(Biolin Scientific, Frolunda, Sweden) with an accuracy of ±0.1 degrees. A 2.5 μl  RO (Reverse 190 

osmosis) water was put on each seed and simultaneously the video was captured. The apparent 191 

contact angles of right and left sides of the droplet on the seeds were calculated by the method of 192 

curve fitting to Young-Laplace equation and recorded with the OneAttension software every 0.03 193 

s up to 10 s. The final picture of the water droplet on the seeds as well as the mean value of the 194 

right and left apparent contact angle at the time 0 and 10 s were extracted from the software. The 195 

apparent contact angles are an average of three measurements for each treatment.  196 

2.6 Statistical analysis 197 

General factorial regression or general linear model (GLM) was used to fit the results followed by 198 

the evaluation of the significant effects of the factors and their interactions by ANOVA (analysis 199 

of variance). The responses were compared and grouped using Fisher LSD (least significant 200 

differences) method with 95% confidence level. All the statistical analysis was performed in 201 

Minitab version 18.1 (Minitab Inc., Pennsylvania, USA).   202 

3 Results  203 

3.1 Electric filed distribution and microwave power  204 

Electric field distribution in the downstream plasma reactor, for microwave power of 800 W, is 205 

shown in Figure 4.1. By applying this input power, the maximum electric field was estimated as 206 

56,816 V/m. Forward power, for the set power of 800 W, fluctuated between 400 W and 1200 W. 207 

Average forward and reflected microwave power, after the plasma ignition, was calculated to be 208 

660 W and 10.68 W respectively for the 800 W set power, which shows that there is less than 2% 209 

of the microwave reflection in the downstream plasma system.  210 

3.2 Direct exposure to argon plasma, fungicidal effect, and seed viability 211 

According to the result of the general factorial regression on the results from the preliminary 212 

experiment, gas flow rate (p-value=0.01 and F-value=7.27) was the most effective factor in 213 

reducing the IS%. Based on these results (results in supplementary data), microwave power 214 

(300-500 W) did not affect the results, and since it was challenging to reach a stable plasma with 215 



8 
 
 

a power of 300 W, microwave power of 400 W was applied in the next step with three levels of 216 

argon gas flow (20, 30 and 40 ln min-1 ) and 25-125 s exposure. The results are illustrated in Figure 217 

4.2 (a-d).  218 

As can be seen in Figure 4.2 (c), IS% (after 4 d of incubation) decreased from 70% to 66%, 56% 219 

and 51% after 100 s of exposure and 45%, 37% and 12% after 125 s exposure for gas flow rates 220 

of 20, 30 and 40 ln min-1 respectively. Germination and vigour index (Figure 4.2 (a & b)) were not 221 

significantly affected up to 100 s, while there was a dramatic reduction in germination from 222 

87.5% to 66.6%, 15% and 0%, at 125 s for gas flow rates of 20, 30 and 40 ln min-1 respectively. 223 

The seeds’ temperature increased to more than 80°C after 125 s (Figure 4.2 (d)). 224 

3.3 Remote treatment of the seeds with afterglow flow of plasma, fungicidal 225 

effect, and seed viability 226 

Analysis of IS% using general factorial regression with three factors of treatment time (A), 227 

holding time (B) and air% (C) revealed that the three-way interaction (A.B.C) was significant (p-228 

value = 0.041). Therefore, the two-way ANOVA was applied to compare the obtained results for 229 

each air% (30% and 100%) separately. Figure 4.3 (a-f) represents the results of lentil seeds 230 

treated remotely, which can be called the afterglow of the plasma, using a mixture of 30% air/ 231 

70% argon plasma. Although there were slight increases in the germination and vigour index of 232 

healthy seeds (symptomless seeds) after some of the treatments, such as treatment time of 100 s 233 

and holding time of 15 and 60 min (an increase from 92.5% to 100% in germination and from 0.1 234 

to 0.12 in vigour index) (Figure 4.3 (a and b)), no statistically significant differences were found 235 

among them. IS% after 4 d of incubation (c), ID% after 4 d of incubation (d), and IS% after 7 d of 236 

incubation (f) were significantly affected by treatment (p-value of 0.000) and holding times 237 

(corresponding p-values of 0.026, 0.015, 0.004). However, increasing the treatment time from 10 238 

s to 100 s was not beneficial in decreasing the IS% or ID%. The best process parameters at this 239 

stage were treatment time (t) – holding time (H) of t10s-H60min and t100s-H15min, which 240 

reduced the IS%-4d from 88.5% to 40.3% and 36.1% respectively and IS%-7d from 94.4% to 241 

63.9% and 73.6% respectively. Germination of infected seeds on the selective media (Figure 4.3 242 

(e)) increased significantly at t10s-H15min (from 38.9% to 68%) and decreased at t100s-H24h 243 

(from 38.9% to 19.4%). Although holding time significantly affected IS% reduction, no significant 244 

change was observed by increasing it from 60 min to 24 h.   245 

The results of lentil seed treatments using 100% air plasma are shown in Figure 4.4 (a-f). Here 246 

again, no significant changes were observed in germination and vigour index of the healthy-247 

looking seeds, but treatment time and holding time significantly affected IS%-4d, IS%-7d and 248 
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ID%-4d. A treatment time of 100 s with the holding time of 5 min reduced IS%-4d from 88.5% to 249 

33.3%, ID%-4d from 67.2% to 19.4% and IS%-7d from 95.8% to 72%. Although no more 250 

reduction in IS%-4d and ID%-4d occurred for 100 s treatment by increasing holding time from 5 251 

min to 24 h, a further reduction in IS%-7d to 56.9% was achieved after 24 h of holding time. The 252 

results for 10 s treatment time were quite different from those for 30% air plasma. With 10 s 253 

treatment time, the results for IS%-4d and ID%-4d were significantly affected by a holding time 254 

after 60 min and 24 h (44.8% and 26.4% respectively), while IS%-7d was just significantly 255 

reduced after 24 h of holding time (from 95.8% to 73.6%), compared with the control samples. 256 

Germination of infected seeds on the selective media (Figure 4.4 (e)) increased significantly with 257 

a treatment time of 100 s and holding time of 15 min.  258 

Considering that the treatment time was the most effective factor in the reduction of IS%, 259 

treatment time was increased up to 400 s to treat the seeds with 100% air plasma followed by a 260 

holding time of 5 min. The results (Figure 4.5 (a-d)) indicated that increasing treatment time from 261 

100 s to 400 s did not reduce IS%-4d to lower than 33%. However, IS%-7d decreased to 58% 262 

after 200 s treatment compared to 72% for 100 s treatment time. There was also no more change 263 

in the germination of infected seeds on BSM and ID%-4d by increasing the treatment time from 264 

100 s to 400 s (data not shown).  265 

CAT, POX, SOD activities, as well as H2O2 content of lentil seedlings for effective treatments from 266 

the direct and remote mode of exposures, are presented in Table 4.1. There were no significant 267 

changes in POX and SOD activities after any of the treatments. However, CAT activity increased 268 

slightly through all the treatments and this increase was statistically significant in the seeds 269 

treated with 30% air for 10 s and a holding time of 24 h, which increased CAT from 0.8 to 1.1 mM 270 

H2O2 mg-1 min-1. Correspondingly, H2O2 content significantly decreased at the treatment time of 271 

10 s and holding time of 24 h for both remote treatments with 30% (from 0.88 to 0.62 𝜇𝜇mole g-1) 272 

and 100% air (from 0.88 to 0.67 𝜇𝜇mole g-1) plasma.  273 

Table 4.1 Antioxidant enzymes activities of lentil seedlings before and after the treatments with direct and 274 
remote plasma1;  275 

Mode of 
treatment  

Air 
/Argon% 

Treatment 
time (s) 

Holding 
time 

CAT (mM H2O2 mg-1 

min-1) 
POX (mM guaiacol 

mg-1 min-1) 
SOD (Unit mg -1) H2O2 (𝜇𝜇mole g-1) 

Remote  100/0 100 5 min 1.019 ±0.101 ab 7.888 ±0.624 a 57.82 ±3.26 a 0.784 ±0.019 ab 
  400 5 min 0.938 ±0.084 abc 9.148 ±0.669 a 55.35 ±6.29 a 0.790 ±0.023 a 
  10 24 h 0.995 ±0.064 abc 8.091 ±0.564 a 58.32 ±3.72 a 0.672 ±0.075 bc 
            
 30/70 100 15 min 0.947 ±0.074 abc 8.964 ±0.698 a 54.50 ±10.4 a 0.901 ±0.022 a 
  10 24 h 1.106 ±0.060 a 7.876 ±0.763 a 51.15 ±2.10 a 0.627 ±0.020 c 
            
Direct 0/100 100 - 0.996 ±0.060 abc 9.355 ±0.609 a 65.69 ±7.00 a 0.832 ±0.050 a 
            
Control - - - 0.807 ±0.040 bc 8.46 ±0.489 a 56.69 ±7.01 a 0.883 ±0.041 a 
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1 data are ±SE with n=6; numbers in each column which do not share a letter are significantly different according to Fisher’s LSD method 
with p<0.05. 

3.4 Effect of the treatments on the lentil seed colour 276 

The results of the CIE Lab and the overall colour change compared to the untreated control 277 

samples (∆𝐸𝐸∗) are represented in Table 4.2. Remote treatment of the seeds with 30% air plasma 278 

for 10 and 100 s and holding time of 24 h reduced lightness from 51.4 to 48.02 and 43.4 but 279 

increased a* from 13.87 to 16.23 and 16.7 and b* from 21.43 to 24.27 and 26.15 respectively. 280 

Correspondingly, for 100% air plasma, a holding time of 24 h and treatment times of 10 and 100 281 

s caused a reduction in the L* from 51.4 to 48.02 and 43.42, an increase in a* from 13.87 to 15.08 282 

and 15.67 and an increase in b* from 21.43 to 23.45 and 24.87. Likewise,  ∆𝐸𝐸∗dramatically 283 

increased to over 4 for 24 h holding time at both treatment times and air percentages. Figure 4.7 284 

illustrates the results of CIE Lab for longer treatment times and 5 min holding time for 100% air 285 

plasma. This shows that the same change in colour as 24 h holding time could happen at 400 s 286 

treatment time with a reduction in lightness and an increase in redness (a*) and yellowness (b*). 287 

Colour change of the lentil seeds treated with 30% air can be observed in Figure 4.8 for the 288 

treatment time of 100 s and holding times of 0, 30 min and 24 h.  289 

Table 4.2 CIE L* a* b* data for untreated and treated lentil seeds with direct and remote plasma at different 290 
holding times1;  291 

Mode of 
treatment  

Air 
/Argon% 

Treatment 
time (s) 

Holding 
time 

L* a* b* ∆𝐸𝐸∗ 

Remote  100/0 100 0 min 51.15±0.65 ab 13.35±0.64 e 21.28±0.54 efgh 0.596 
  100 5 min 50.30±0.91 ab 14.63±0.45 bcde 22.08±0.43 defg 1.487 
  100 24 h 43.42±2.14 *d 15.67±0.61 abc 24.87±1.66 *abc 8.874 
  10 24 h 48.02±0.94 bc 15.08±0.75 abcd 23.45±1.00 bcde 4.119 
           
 30/70 100 0 min 50.92±0.89 ab 12.98±0.46 e 19.83±0.48 gh 1.893 
  100 15 min 48.58±0.58 b 14.13±0.62 cde 22.87±0.48 cdef 3.177 
  100 24 h 44.53±1.42 *d 16.70±0.60 *a 26.15±0.99 *a 8.803 
  10 24 h 45.02±0.73 *cd 16.23±0.63 *ab 24.27±0.43 *abcd 7.372 
           
Direct 0/100 100 - 51.37±1.24 ab 13.06±0.66 e 19.32±0.90 h 2.260 
           
Control - - - 51.40±0.64 a 13.87±0.29 de 21.43±0.40 fg  
1 data are ±SE with n=6; numbers in each column which do not share a letter are significantly different according to Fisher’s LSD 
method with 95% confidence level; numbers with * are significantly different from control according to Dunnett method with 
p<0.05.  
 

3.5 Apparent contact angle 292 

Figure 4.9 shows the water droplet apparent contact angles on the control and treated lentil 293 

seeds. The mean apparent contact angle at the beginning was 117±1° in the control samples and 294 

95±13° in the samples treated with 30% air with a treatment time of 10 s and holding time of 24 295 

h (30%Air-t10s-H24h). This was 101±3.6° and 96.6±23° for the seeds treated with 100% air for 296 

100 s and holding times of 5 min and 24 h respectively. After 10 s of capturing, all these values 297 

reduced, and it was lowest for 30%Air-t10s-H24h with 73.3±15° compared to 101.6±4.4° for the 298 
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control samples. The change in the apparent contact angle in the 10 s treatment was the most for 299 

30%Air-t10s-H24h (22° compare to 15° for the rest of the treatments).  300 

4 Discussion 301 

In the direct argon plasma treatments, less IS% was observed by increasing gas flow and exposure 302 

time. However, the temperature of the seeds increased to more than 60°C after 75 s of exposure 303 

time. Therefore, any reduction of the pathogen from the seeds after this point could be the result 304 

of the synergistic effect of the heat and plasma. Interestingly, the IS%-4d slightly increased 305 

(although with no statistical significance) after treating the seeds with an argon gas flow of 20 ln 306 

min-1 and treatment times of 25, 50 and 75 s. It shows that the effect of plasma on growth 307 

enhancement of fungi and seeds should be the same, although the dosage and the treatment time 308 

might be different. Šimončicová et al. (2018) showed that plasma treatment could induce 309 

antioxidant enzyme activities of Aspergillus flavus as a result of the hyphae reacting to the stress. 310 

Similar effects might have been evident in the Botrytis pathogen, which led to their recovery and 311 

even more growth later when enough food was provided through media. However, longer 312 

treatment times or higher gas flow rates caused enough damage to them to decrease their growth 313 

after 4 d of incubation.  314 

The best result of this stage was achieved by treating the lentil seeds utilising a gas flow of 40 ln 315 

min-1 for 100 s. This raised the temperature to 64°C (Figure 4.2, (d)) and reduced IS% (4d of 316 

incubation) from 70% to 50% (Figure 4.2, (c)) without any deteriorative effect on seed viability 317 

(Figure 4.2, (a) and (b)). This reduction in IS% might be due to the contribution of heat, UV and 318 

reactive species (mostly excited argon atoms) of the plasma. To avoid the contribution of the heat, 319 

the seeds were treated in a pulse mode to keep the temperature below 60°C. In pulse mode 320 

treatment, a time of 150 s was provided using 2 cycles of 75 s, 3 cycles of 50 s or 6 cycles of 25 s. 321 

Similarly, a time of 250 s was provided using 10 cycles of 25 s with interval cooling to below 45°C 322 

(the results in the supplementary data). There was no significant difference among the 323 

treatments according to one-way ANOVA with 95% confidence level, but there was a significant 324 

reduction in IS% (4d of incubation) from 70% in the control to 52% in the seeds treated with 10 325 

or 6 cycles of 25 s. The results indicated that an increasing number of cycles from 6 to 10, did not 326 

have a beneficial effect on the reduction of IS%, though it affected seed viability. Treatment of the 327 

seeds with 6 cycles of 25 s slightly increased their germination. In conclusion, pulse mode 328 

treatment in direct argon plasma did not have an added value to the continuous treatment with 329 

100 s exposure time regarding the reduction of IS%. However, it was beneficial in keeping the 330 

seeds at a lower temperature and protected them from the deteriorative effect of high 331 



12 
 
 

temperature on the seed viability and possibly other quality attributes. Therefore, a reduction of 332 

20% in IS%-4d was achieved, but there was no difference between IS% of the treated and non-333 

treated seeds after 7 d of incubation, which suggests that pathogen recovered after a longer time 334 

of incubation. 335 

In the treatment of the seeds with the afterglow of the plasma (remote treatment), the reactive 336 

species from the air (ROS and RNS) are involved in the reduction of the Botrytis pathogen, while 337 

in the direct plasma treatments, the reactive species are mainly excited argon atoms. The reactive 338 

species in the afterglow of air plasma are mainly atomic oxygen (O), atomic nitrogen (N), singlet 339 

oxygen (𝑂𝑂2(𝑎𝑎1∆𝑔𝑔)), exited metastable species of nitrogen (N2(A) and N2(a’)) (M Moisan et al., 340 

2014) and the species produced from their reactions such as NO as well as the energy released in 341 

the form of UV. In the present study, the air was used as the working plasma gas, which is a 342 

combination of about 21% oxygen and 78% of nitrogen. However, Michel Moisan et al. (2013) 343 

showed that a combination of N2-O2 with 0.5% of oxygen provided the most UV intensity, which 344 

was the result of having the most NO𝛾𝛾 molecular systems in the afterglow of the microwave 345 

plasma. Takamatsu et al. (2014) also indicated that the most NO radical production occurred 346 

when a 1:1 ratio of N2: O2 was used. Therefore, the proportions of the reactive species could vary 347 

when 100% or 30% with argon was used as the plasma working gas. This could be the reason for 348 

the difference in their efficiency in the reduction of IS% at the same treatment or holding times.  349 

Any reduction in IS% during treatment of the seeds with the afterglow of plasma (remote 350 

treatments) and without any retention time could be the results of bombardment with the afore-351 

mentioned reactive species from argon and air. However, the pathogen elimination during the 352 

holding times (from 5 min to 24 h) could stem from exposure to the long-lived species (such as 353 

singlet oxygen (𝑎𝑎1∆𝑔𝑔)) as well as the result of their reactions. Here, the damage to the pathogen 354 

might be due to the exposure to singlet oxygen which led to structural or permanent damage to 355 

the spores due to oxidation. The other explanation of pathogen damage during the holding time 356 

could be penetration of atomic oxygen and nitrogen into the stack of surface spores, molecular 357 

collisions and production of UV radiation and finally damage of the pathogen (M Moisan et al., 358 

2014).  359 

As suggested before, the damage to the spores of the pathogen, caused by the reactive species and 360 

their interactions, could be structural or to DNA material. An in-vitro (on water agar) 361 

investigation of the effect of surface dielectric barrier discharge on the conidia of B. cinerea by 362 

Ambrico et al. (2020) showed that the plasma caused the erosion of the conidia’s cell wall at first 363 

and after three minutes of exposure the damage was irreversible. By increasing the exposure 364 
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time, they proved that the conidia were destroyed completely after 5 minutes. If the damage is 365 

structural due to erosion of the spores’ cell wall, they might be able to recover, which could be the 366 

reason for the difference between the reduction of IS% after 4 and 7 d of incubation. For example, 367 

treatment of the seeds by the afterglow of 30% air for 100 s with 15 min holding time caused a 368 

52.4% reduction in IS%-4d (88.5% to 36.1%), while this reduction after 7 d of incubation was 369 

about 21% (94.4% to 73.6%). In a previous study, the results of the microwave thermal treatment 370 

of the lentil seeds, which were contaminated with Botrytis (Taheri et al., 2020), indicated that the 371 

proportion of the IS% reduction remained almost the same after 4 and 7 d of incubation, 372 

suggesting permanent damage to the pathogen. However, plasma afterglow treatments caused 373 

non-permanent damage to some of the seed pathogen spores, which led to their recovery and 374 

regrowth later in their incubation time.  375 

No significant reduction in the IS% was observed by increasing treatment time to longer than 200 376 

s or for a holding time over one hour using 100% air as working gas. This could be due to the deep 377 

penetration of the Botrytis pathogen in the seed coats. The reactive species from the plasma, as 378 

well as UV, cannot penetrate deeply into the seed, which made them a very good surface sterilizer. 379 

Therefore, apart from the melanin present in the BC’s cell wall (Fillinger & Elad, 2016), which 380 

makes them resistant to UV radiation, pathogen location in the seeds could also be a limitation to 381 

achieve complete eradication. The reason why there was no more decontamination after one hour 382 

holding time could also stem from the limited lifetime of the reactive species created by air flow. 383 

Schnabel et al. (2015) analysed the reactive species in the plasma processed air using mass 384 

spectrometry and indicated that the species, which were mostly NO- and NO-
2, were stable for 60 385 

min.  386 

 The increase in the germination of the seeds on the media (Germination% on BSM), in Figure 4.3 387 

(e) and Figure 4.4 (e), stems from cleaning them from the pathogen and might not necessarily be 388 

the result of the stimulating effect of plasma, which has been mentioned in the literature, as an 389 

attractive application of the cold plasma. The reason for this conclusion is that we did not find the 390 

same growth enhancement in the symptomless seeds (Figure 4.3 (a and b) and Figure 4.4 (a and 391 

b)).   392 

As the results of antioxidant enzyme activities showed, the remote plasma treatment and holding 393 

time could trigger CAT activity for scavenging hydrogen peroxide which could lead to fortifying 394 

the defence system of lentil plants and make them more immune towards contaminations later 395 

in the plants’ developmental stages. It has been reported that direct or indirect treatment with 396 

plasma could decrease antioxidant enzymes activities such as CAT and SOD in wheat (Kučerová 397 
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et al., 2019) and soybean (DBD, atmospheric pressure) (Pérez Pizá et al., 2018), while an increase 398 

in these enzyme activities was observed in sweet basil seeds (RF, vacuum) (Singh et al., 2019), 399 

wheat (RF, vacuum air)  (Saberi et al., 2018), artichoke (RF, vacuum N2)  (Hosseini et al., 2018), 400 

soybean (DBD, atmospheric pressure argon) (Zhang et al., 2017) and mung bean (microplasma, 401 

atmospheric air) (Zhou et al., 2016). The difference among the results could stem from different 402 

plasma devices with different gases and working pressure or different stages of plant growth used 403 

to measure the enzyme activity. Surowsky et al. (2016) explained that carbonylation as a result 404 

of an oxidative attack in plasma treatments could be the reason for enzyme reduction such as 405 

catalase. Carbonylation is an irreversible reaction of producing free carbonyl groups in some 406 

amino acids such as arginine, histidine, lysine, proline, threonine, and tryptophan. They also 407 

mentioned that Ozone or UV alone could result in enzyme inactivation. However, no enzyme 408 

inactivation was observed in the present study, which might be because the seeds temperature 409 

did not increase, or the seeds did not go under an oxidative stress due to overdosage of plasma 410 

species.   411 

The results of lentil seeds colour measurement proved that prolonged exposure of the seeds to 412 

the afterglow of the plasma or a longer holding time could cause a reduction of the lightness (L*) 413 

and a shift toward redness (a*) and yellowness (b*). However, treatment of the seeds for 200 s 414 

did not cause any change in L* and a*, while it led to an increase in b*. Values of the overall change 415 

in colours, ∆𝐸𝐸∗, also indicated large changes (more than 4) as a result of prolonged holding time 416 

(24 h). This colour change, which mostly occurred during the holding time, could be the result of 417 

photodegradation of the lentil seed coat (reaction with polyphenols, fibres or lipids) by the UV 418 

produced as a result of the collision of atomic oxygen and nitrogen, as stated before. It could also 419 

be the result of oxidation of the seed coat with singlet oxygen (Wypych, 2018) and could be mostly 420 

lipid oxidation, which led the seed coat to be more hydrophilic as confirmed by a reduction in the 421 

apparent contact angle. An increase in the seed wettability after cold plasma treatments was also 422 

reported by other researchers for wheat (Velichko et al., 2019), rice (Khamsen et al., 2016) and 423 

soybean (Pérez Pizá et al., 2018). Ji et al. (2018) applied FTIR spectroscopy on the spinach seed 424 

coats and showed that lipid molecules of the coat were altered after plasma treatment leading to 425 

more surface hydrophilicity. This phenomenon could be one of the reasons for more water uptake 426 

and increased germination of the seeds as a result of plasma treatment. Overall, plasma processed 427 

air has a good potential to permanently remove the seed-borne pathogen of lentil seeds as far as 428 

the seed colour is not of concern. As the seeds in this study are aimed to be used for sowing 429 

purpose, the colour change might not be considered as a detrimental effect on their marketability. 430 
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5 Conclusion 431 

Treatment of lentil seeds by a combination of the afterglow of atmospheric microwave plasma 432 

and holding them in the trapped processed gas from 5 min to 24 h could significantly reduce the 433 

Botrytis infected seeds and consequently increase their germination. A holding time after each 434 

treatment times was necessary for the plasma treatments to significantly reduce the infected 435 

seeds. The prolonged retention time of 24 h increased redness and yellowness of the lentil seeds 436 

but positively triggered the CAT activity and reduced water droplet apparent contact angle on the 437 

seed surface. Applying a mixture of 30% air/70% argon or 100% air as the plasma working gas 438 

significantly affected the results. At the same holding times, the differences between the results 439 

of IS% for short (10 s) and long (100 s) treatment times were significant with 100% air, but they 440 

were not significant for the mixture of air/argon, which suggested a difference between the 441 

effective reactive species. The results suggest that afterglow of microwave plasma is a promising 442 

tool to be implemented in pulse seeds’ integrated disease management as a sustainable and 443 

environmentally friendly process.  444 
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Figures 583 

 584 

 Figure 3.1 Downstream cold plasma system 585 

Figure 4.1 (a) Electric field distribution in the downstream plasma reactor with sliding short 586 

distance of 12 cm and microwave power of 800 W, the red arrow shows the direction of 587 

microwave entry; Images of the thermal camera for (b) indirect, air and  (c) direct, argon plasma 588 

treatments of lentil seeds. 589 

Figure 4.2 Results of the treatments with 100% argon plasma at a microwave power of 400 W, 590 

seed moisture content of 10%, different gas flow rates and exposure times; (a) Germination rate, 591 

(b) Vigour index, (c) Infected seed percentage (IS%), (d) Seed temperature after treatments; bars 592 

are standard errors of means for n=3. 593 

Figure 4.3 (a) Germination% of the healthy seeds, (b) Vigour index, (c) Infected seeds% after 4 d 594 

of incubation, (d) Infected degree% after 4 d of incubation, (e) Germination% of the contaminated 595 

seeds on BSM and (f) infected seed% after 7 d of incubation for the lentil seeds exposed to 30% 596 

air plasma remotely at different treatment and holding times; error bars are ±SE with n=3; bars 597 

which do not share a letter are significantly different according to Fisher’s LSD method with 598 

p<0.05. 599 

Figure 4.4 (a) Germination% of the healthy seeds, (b) Vigour index, (c) Infected seeds% after 4 d 600 

of incubation, (d) Infected degree% after 4 d of incubation, (e) Germination% of the contaminated 601 

seeds on BSM and (f) infected seed% after 7 d of incubation for the lentil seeds exposed to 100% 602 

air plasma remotely at different treatment and holding times; error bars are ±SE with n=3; bars 603 

which do not share a letter are significantly different according to Fisher’s LSD method with 604 

p<0.05. 605 

Figure 4.5 (a) Infected seeds% after 4 d of incubation, (b) infected seed% after 7 d of incubation, 606 

(c) Germination% of the healthy seeds and  (d) Vigour index of the lentil seeds exposed to remote 607 

plasma with 100% air as working gas and holding time of 5 min at different treatment times. error 608 

bars are ±SE with n=3. 609 

Figure 4.6 Growth of BGM of lentil seeds on Botrytis selective media (BSM), non-treated and 610 

treated with remote air plasma for 100 and 200 s and holding time of 5 min. 611 

Figure 4.7 L* a* b* data of the lentil seeds exposed to remote plasma with 100% air as working 612 

gas at different treatment and holding times;  ∆E^* for 200s and 400 are 2.6 and 5.4 respectively; 613 
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error bars are ±SE with n=6; data with * are significantly different from control according to 614 

Fisher’s LSD method with p<0.05. 615 

Figure 4.8 Colour change of lentil seeds treated by remote plasma with 30% air for 100s at 616 

different holding times. 617 

Figure 4.9 (a) Mean Apparent Contact Angle (ACA) of the water droplet (at time 0 and 10 s) and 618 

their difference (delta mean ACA) on the control and treated seeds with 100% air, treatment time 619 

of 100 s and holding time of 5 min (100% Air-t100s-H5min) and holding time of 24 h (100% Air-620 

t100s-H24h), and with 30% air, treatment time of 10 s and holding time of 24 h (30% Air-t10s-621 

H24h), error bars are standard deviations with n=3, and the bars with * are significantly different 622 

from control according to the Fisher LSD method with p<0.05; the image of contact angle 623 

measurement of (b) control and (c) sample treated with 30% air, treatment time of 10 s and 624 

holding time of 24 h. 625 
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