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Abstract

This study examined the effects of sequential treatment using cold atmospheric plasma (CAP) and
gamma irradiation on phenotypic variability in melon (Cucumis melo L.). Gamma irradiation was delivered from
a Co-60 source at 200 Gy, while CAP was generated by a gliding arc plasma system (15 W, air, 4 L/min, 2 min).
Treatments included single exposures and two sequences: plasma followed by gamma (PG) and gamma
followed by plasma (GP). Seed germination was monitored using continuous X-ray imaging for 38 h, and
morphological and physiological traits were evaluated at 7 13 and 16 days after planting. Spectroscopic
characterization of the plasma confirmed the generation of reactive oxygen and nitrogen species (RONS) in
the gas phase, which were associated with oxidative processes and cellular responses in plant seeds. X-ray
imaging during germination for 38 h, along with assessments of seedling morphology and physiology, showed
that single treatments (P and G) and gamma irradiation followed by plasma (GP) generally promoted plant

growth. Conversely, sequential treatments, particularly plasma followed by gamma irradiation (PG), resulted in
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the greatest phenotypic variability. Increased data variability was observed in plant height, stem diameter, leaf
length, and leaf width across these treatments, while physiological parameters remained unaffected. These
results suggest that plasma-generated reactive oxygen and nitrogen species may enhance oxidative and
cellular responses before gamma irradiation, leading to synergistic genetic damage mechanisms between
the two methods. The sequential combined treatment, particularly plasma treatment followed by gamma
irradiation (PG), is therefore a promising approach for increasing variability in plant height and stem diameter,
thereby enhancing the opportunity to obtain diverse traits for plant breeding. In contrast, single treatments or
gamma irradiation followed by plasma treatment (GP) were more suitable for promoting plant growth during
the early seedling stage.

Keywords: Sequential treatment, cold atmospheric plasma, gamma irradiation, phenotypic variability
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(a)

Figure 1(a) X-ray images of melon seeds used for pre-selection. Circled seeds were excluded due to internal

defects, including low-density tissue (upper) and internal cracking (lower). (b) false-color X-ray images

highlighting density variations, enabling clear visualization of internal structural abnormalities not

detectable externally
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Figure 2 (a) X-ray images of melon seeds (b) false-color X-ray images clearly illustrating differences in area,

followed by image area analysis for quantitative evaluation
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Figure 3 (a) Day 0, seeds after 38 h of imbibition and germination monitoring; (b) Day 7", seedlings at the

first true leaf stage; (c) Day 13" and (d) Day 16" after transplanting, showing progressive vegetative

development and variation in growth
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Figure 4 Schematic diagram of the gliding arc plasma system used for seed treatment, illustrating the

plasma generation region, and the formation of reactive oxygen and nitrogen species (RONS)

interacting with the seed coat
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Figure 5 The plasma section (a) the optical emission spectrum of the plasma produced inside the reactor of
the flow-through plasma activated water generator; (b) FTIR absorption spectrum of gaseous
species generated in the plasma system, showing characteristic absorption bands of NO, O, and

OH measured using a gas cell configuration
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nitrogen fixation) %qﬁﬂﬂ@jm?ﬁ@ﬁwmimmm et al., 2022; Biruntha et al., 2025; Mukherjee et al.,

(NO,) wazlulass (NO,) UuNuRaNAALAZUNTY 2025)
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Table 1 Seed emergence speed based on X-ray image analysis under different irradiation treatments (C =

Control; P = Plasma; G = Gamma irradiation; PG = Plasma followed by Gamma; GP = Gamma

followed by Plasma)

Treatments Emerging speed (Pixel/hours)
Control (C) 38.70 £ 20.18b
Plasma (P) 36.66 = 19.04b

Gamma irradiation
Plasma followed by Gamma (PG)

Gamma followed by Plasma (GP)

50.53 + 12.59a
19.77 £ 11.46¢
35.15£14.78b

F-test
CV(%)

*

44.20

Remarks: The symbols used in the table are defined as follows: (C = Control; P = Plasma; G = Gamma irradiation; PG =

Plasma followed by Gamma; GP = Gamma followed by Plasma)

ns = not significantly different

* = significantly different at the 95% confidence level (p < 0.05)

Mean values followed by the same letter within the same column are not significantly different according to Duncan’s

Multiple Range Test (DMRT) at the 95% confidence level
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higher median values in G and the lowest in PG
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Table 2 Mean values of growth, morphological, and physiological parameters of plants under different

irradiation treatments at each growth stage (C = Control; P = Plasma; G = Gamma irradiation; PG =

Plasma followed by Gamma; GP = Gamma followed by Plasma)

Height (cm) Bush Diameter (cm) Leaf Length (cm) Leaf Width (cm)
Day 7 13 16 7 13 16 7 13 16 7 13 16

C 518 = 575+ 645+ 675+ 746+ 819+ 237+ 431+ 532+ 260x 507z 6.19 =
1.89ab 1.96ab  1.96a 1.44 1.17 1.02 0.39 0.82  0.88ab 0.54 0.83a  1.23ab

P 581+ 641+ 736+ 674+ 768+ 808+ 223+ 402+ 554+ 236+ 438+ 6.04+
1.21a 1.21a 1.23a 1.26 0.93 0.95 0.35 0.77  0.59ab 0.42  0.80ab 0.70ab

G 564+ 624+ 678+ 683+ 779 829+ 217+ 428+ 567+ 242+ 501z 6.59 =
1.62a 1.29a 1.02a 1.63 1.53 1.37 0.42 0.74 0.78a 0.51 0.93a 1.01a

PG 399+ 455+ 517+ 597+ 693+ 731+ 197+ 351+ 488+ 233+ 373+ 499+
1.62b 1.76b  2.08b 1.83 1.80 1.84 0.95 1.06 1.38ab 0.59 1.31b 1.38¢c

GP 522+ 6.08+ 697+ 657+ 739+ 762+ 198+ 356+ 476+ 200+ 394+ 549+
1.19ab  1.06a 1.01a 1.28 0.89 0.90 0.26 1.13 1.03b 0.44 1.31b  1.32bc

F-test * * * ns ns ns ns ns * ns * *

CV (%) 29.80 2564 2299 2291 17.71 16.01 19.78 2317 18.28  20.94  23.88 19.63
Remarks: The symbols used in the table are defined as follows: (C = Control; P = Plasma; G = Gamma irradiation; PG =

Plasma followed by Gamma; GP = Gamma followed by Plasma)

ns = not significantly different

*

= significantly different at the 95% confidence level (p < 0.05)

Mean values followed by the same letter within the same column are not significantly different according to Duncan’s

Multiple Range Test (DMRT) at the 95% confidence level
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Table 3 Leaf color values (L* a* b*) and SPAD under different irradiation treatments (C = Control; P = Plasma;

G = Gamma irradiation; PG = Plasma followed by Gamma; GP = Gamma followed by Plasma)

L* a* b* SPAD
Treatments Day Day Day Day Day Day Day Day Day Day Day Day
7 13 16 7 13 16 7 13 16 7 13 16
C 34.63 35.48 3588+ -519+ 554+ 548+ 21.50 24.80 £ 23.48 28.16 26.78 27.03 £
+ 3.81 +2.39 2.63ab 0.82 0.73 0.66 +5.67 2.39ab +2.60 +2.05 +2.37 2.23
P 35.14 36.53 34.52 + -4.94 + -5.15+ 551+ 19.11 23.74 £ 23.95 28.54 27.31 25.64 +
+3.29 +1.57 4.35b 0.56 0.95 0.52 +2.98 3.41b +1.59 +1.99 +2.22 2.40
G 34.83 35.96 36.51 + -4.73 + -5.63 + -5.46 + 20.27 23.84 £ 22.81 29.88 28.51 2791 +
+3.12 +3.13 2.07ab 0.72 0.46 0.36 +3.35 2.37b +1.78 +2.27 +2.88 3.05
PG 35.10 36.87 3715+ 505+ 577+ -563% 20.80 26.52 £ 23.90 30.95 27.32 27.36 £
+2.83 +1.96 2.43a 0.07 0.71 0.57 +1.84 3.49a +2.26 +0.64 +3.25 3.30
GP 33.39 36.60 3648+ -465+ -532+ 564+ 20.99 25.36 £ 22.99 29.16 27.20 27.03 £
+2.89 +3.39 1.22ab 0.99 0.52 0.29 +3.74 2.63ab +1.93 +1.98 +1.58 2.77
F-test ns ns * ns ns ns ns * ns ns ns ns
CV (%) 9.49 7.42 7.28 15.94 12.21 8.75 19.60 11.43 8.76 7.13 9.06 10.32
Remarks: The symbols used in the table are defined as follows: (C = Control; P = Plasma; G = Gamma irradiation; PG =

Plasma followed by Gamma; GP = Gamma followed by Plasma)

ns = not significantly different

* = significantly different at the 95% confidence level (p < 0.05)

Mean values followed by the same letter within the same column are not significantly different according to Duncan’s

Multiple Range Test (DMRT) at the 95% confidence level
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Table 4 Statistical analysis of variance in growth and morphological parameters under different irradiation

treatments

Treatments Height (cm)  Bush Diameter  Leaf Length Leaf Width L* a* b* SPAD
(cm) (cm) (cm)
C 1.94a 1.21bc 0.70 0.87 2.94 0.74 3.55 2.21
1.22b 1.05¢c 0.57 0.64 3.07 0.67 2.66 2.20
G 1.31b 1.51b 0.65 0.82 2.77 0.51 2.50 2.73
PG 1.82a 1.82a 1.13 1.10 2.40 0.45 2.53 2.39
GP 1.09b 1.02c 0.81 1.02 2.50 0.60 2.76 2.1
F-test * * ns ns ns ns ns ns
CV (%) 11.94 12.87 38.08 41.38 34.25 43.80 40.61 32.77

Remarks: The symbols used in the table are defined as follows: (C = Control; P = Plasma; G = Gamma irradiation; PG = Plasma

followed by Gamma; GP = Gamma followed by Plasma)

ns = not significantly different

* = significantly different at the 95% confidence level (p < 0.05)

Mean values followed by the same letter within the same column are not significantly different according to Duncan’s

Multiple Range Test (DMRT) at the 95% confidence level
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Figure 7 Boxplot representation of morphological and physiological parameters measured at 7 13 and 16

days after transplanting under different treatments (C P G PG and GP). Morphological traits

include plant height, bush diameter, leaf length, and leaf width. Physiological parameters include

leaf color values (L* a* b*) and chlorophyll content (SPAD). The plots illustrate the distribution,

median, and variability of each parameter over time, highlighting differences in growth response

and data dispersion among treatments
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