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Abstract

One of the technologies used to improve seed germination is the use of cold plasma. To
investigate the effect of atmospheric cold plasma and cadmium stress on the germination and

biochemical indices of different quinoa genotypes, a factorial experiment was conducted in a
completely randomized design with three replications at the University of Mohaghegh Ardabili.

The experimental treatments included cadmium concentrations at three levels (zero (control),
50, and 150 mg/L), cold plasma duration at three levels (0 (control), 10, and 30 seconds), and
quinoa genotypes at three levels (Titicaca, Q26, and Giza). The results showed that as stress
intensity increased, the average germination percentage and rate, as well as the dry weight and
length of quinoa seedlings, decreased. Overall, it appears that among the studied cultivars, the
Q26 cultivar yielded better results compared to the other cultivars. Additionally, 30 seconds of
cold plasma treatment had the most positive effect on the germination and seedling growth of
quinoa cultivars under different levels of cadmium stress, increasing seed and seedling vigor,

and enhancing the activity of antioxidant enzymes.
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Introduction

Heavy metal stress is one of the most critical abiotic factors that has garnered considerable attention over the
last 30 years. Heavy metal is any element that exhibits a high density and exerts its lethal effects even when
present in small amounts. Quinoa is a multipurpose plant that has recently been incorporated into the human
diet as a substitute for animal products, serving as a source of protein. With the increasing world population,
there is a need to provide more food. On the other hand, the role of new technologies in increasing health and
production has a significant contribution. Plasma is often referred to as the fourth state of matter. The energy
level rises from solid to liquid and gas, and finally to the ionized state of plasma. Cold atmospheric pressure
plasma (CAP) has garnered increasing attention in recent years for its applications in biomedical,
environmental, and agricultural fields. A wide range of effects of cold plasma treatment is observed in
agricultural applications, including its impact on seed germination and seedling growth. Considering the
importance of quinoa and the problems in the field of germination and seedling growth (due to the sensitivity
and criticality of these stages), the use of the cold plasma technique in quinoa can be considered one of the
solutions that can directly and indirectly improve germination and seedling establishment under heavy metal
stress conditions. Therefore, this study aimed to investigate the effect of atmospheric cold plasma and
cadmium stress on germination and biochemical indices of different quinoa genotypes.

Materials and Methods

The experimental treatments included cadmium concentrations at three levels (zero (control), 50, and 150
mg/L), cold plasma duration at three levels (zero (control), 10, and 30 seconds), and quinoa genotypes at
three levels (Titicaca, Q26, and Giza). The quinoa seeds used in this study were the varieties T-T Kaka, Q26,
and Giza (with a seed purity of 99%, a germination rate of 95%, and a thousand-seed weight of 2.6 g),
purchased from Pakan Seed Company, Isfahan. Before applying the treatments, the seeds were disinfected
with 2% sodium hypochlorite for one minute and then washed with distilled water. For the atmospheric cold
plasma treatment, the seeds were exposed to cold argon (Ar) plasma for 10 and 30 seconds. Cold plasma
device (DBD): The distance between the dielectrics was 3 mm. Argon was used as a functional gas between
the dielectrics. After cold plasma treatment, the seeds were transferred to Petri dishes for germination testing.
To perform the germination test, 50 quinoa seeds were randomly placed in three replicates in the Petri dishes
using the top of paper method, and based on the desired treatments, cadmium solutions at concentrations of
50 and 150 mg/L were added to the Petri dishes (distilled water was used for the control treatment). The
samples were then transferred to a germination chamber at 20°C and kept in this condition for 10 days.

The method of Chang & Koa (1988) was used to prepare the enzyme extract. The activity of the catalase
enzyme was measured according to the method of Aebi (1984), and the peroxidase enzyme was measured
according to the method of Chanec Maehly & (1955), based on the formation of tetraguaiacol from guaiacol
in the presence of hydrogen peroxide and guaiacol enzyme. The activity of the polyphenol oxidase enzyme
was measured by the method of Kar & Mishra (1955). Statistical analysis of data was done using SAS 9.4
statistical software. The normality of data distribution was evaluated using the Kolmogorov-Smirnov test.
The comparison of means was done using Duncan's multiple range test at the 5% probability level. Excel
software was used to draw graphs.

Results and Discussion

The results showed that as stress intensity increased, the average germination percentage and rate, as well as
the dry weight and length of quinoa seedlings, decreased. In non-stressed conditions, the germination
percentage and rate, and dry weight of seedlings obtained from seeds pretreated with cold plasma in the Q26
cultivar were significantly higher than those of the control seeds. Additionally, the duration of cold plasma
treatment increased the traits of germination percentage, germination rate, average germination percentage,
seedling length, and dry weight, as well as catalase, peroxidase, and polyphenol oxidase enzyme activities,
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saponin, and proline content. However, it decreased the average germination duration and time to 90%
germination. Treatment of seeds with cold plasma for 30 seconds increased the seedling length by 53.79%
compared to the control treatment. In all the traits studied, the Q26 cultivar was superior to the Titicaca and
Giza cultivars.

Conclusion

Overall, it appears that among the studied cultivars, the Q26 cultivar yielded better results compared to the
other cultivars. Additionally, 30 seconds of cold plasma treatment had the most positive effect on the
germination and seedling growth of quinoa cultivars under different levels of cadmium stress, increasing
seed and seedling vigor, and enhancing the activity of antioxidant enzymes.
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Table 1- Analysis variance of cold plasma effects and Cadmium stress on seed germination and growth of quinoa seedlings

Mean
oy o M v Ti
SOV af Germination Germination germination ear'l da.l y Time to 99 pefcentage Seedling dry weight Seedling length
percentage rate time germination germination
Plasma cold 2 3980.79%*  437.49%* 0.27%* 20.26** 2.62%* 0.00003457** 44.54%*
Varitey 2 649.23%* 79.94%* 0.28** 3.31%* 5.45%* 0.00000496** 1.29%
Cadmium stress 2 1629.67** 153.65** 0.10%** 8.31%* 1.76%* 0.00000516** 2.33%*
Plasma cold x Varitey 4 229.01%** 21.34%* 0.11%* 1.169%* 3.84%* 0.00000151** 1.63%*
Plasma cold x Cadmium stress 4 112.79%* 17.91%* 0.05%* 0.57** 0.63%* 0.00000102** 0.61m
ICadmium stress < Varitey 4 14.56* 1.23m 0.05%* 0.07* 1.89%* 0.00000042" L11*
Plasma cold x Variteyx Cadmium stress 8 118.01** 11.09%* 0.20%** 0.60** 2.81%* 0.00000048" 0.61ms
Error 54 5.18 1.11 0.0002 0.01 0.01 0.00000025 0.32
CV % 2.95 3.55 0.89 2.95 2.69 24.72 14.85

Mpaiiu.x.p);@dwa-lcb)bdw,)b@xé;,;J:4;.**3 sms
ns, * and ** are non-significant and significant at the five percent, one percent probability level, respectively
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Figure 1- Effect of cold plasma treatment duration on germination percentage of quinoa cultivars under cadmium stress. The values
are the mean values of three repetitions + standard deviation and the same letters indicate the existence of a significant difference at

the 1% probability level using Duncan's test.
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Figure 2- Effect of cold plasma treatment duration on the germination rate of quinoa cultivars under cadmium stress. The values are
the mean values of three repetitions + standard deviation and the same letters indicate the existence of a significant difference at the

1% probability level using Duncan's test.
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Figure 3- Effect of cold plasma treatment duration on the average germination time of quinoa cultivars under cadmium stress. The
values are the mean values of three repetitions + standard deviation and the same letters indicate the existence of a significant

difference at the 1% probability level using Duncan's test.
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Figure 4- Effect of cold plasma treatment duration on the average daily germination percentage of quinoa cultivars under cadmium
stress. The values are the mean values of three repetitions + standard deviation and the same letters indicate the existence of a

significant difference at the 1% probability level using Duncan's test.
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Figure 5 - Effect of cold plasma treatment duration on the average time to 90% germination of quinoa cultivars under cadmium
stress. The values are the mean values of three repetitions + standard deviation and the same letters indicate the existence of a
significant difference at the 1% probability level using Duncan's test.
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Figure 6- Effect of cold plasma treatment duration on the average dry weight of quinoa seed seedlings. The values are the mean
values of three repetitions + standard deviation and the same letters indicate the existence of a significant difference at the 1%
probability level using Duncan's test.
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Figure 7- Effect of cold plasma treatment duration on the average dry weight of quinoa seedlings under cadmium stress. The values
are the mean values of three repetitions + standard deviation and the same letters indicate the existence of a significant difference at
the 1% probability level using Duncan's test.
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Figure 8- Effect of cold plasma treatment duration on the average seedling length of quinoa seed cultivars. The values are the mean
values of three repetitions + standard deviation and the same letters indicate the existence of a significant difference at the 1%

probability level using Duncan's test.
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Figure 9- The effect of cadmium stress on the average seedling length of quinoa seed cultivars. The values are the mean values of
three repetitions + standard deviation and the same letters indicate the existence of a significant difference at the 1% probability level

using Duncan's test.
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Table 3- Analysis of variance of the effects of cold plasma treatment duration and cadmium stress on biochemical activity and

saponin content of quinoa cultivar seedlings

Catalase Peroxidase P(Z)linZ]}:;f;Ol
S.0.V df enzyme enzyme e;{ e Proline Saponin content
activity activity Zyn
activity
Plasma cold 2 3354.07*%*%  1023.38**  1040.76%* 0.48** 1.68%*
Varitey 2 393.04%** 95.003** 103.52** 0.03** 164.83**
Cadmium stress 2 121.01** 53.02%%* 25.09%* 0.01* 12.88 "
(Plasma cold x Varitey 4 135.59%+* 27.08%* 12.57%* 0.05%* 0.037 1
Plasma cold x Cadmium stress 4 8.61* 2.79ms 0.52m 0.01"s 0.02 s
Cadmium stress x Varitey 4 4.70m 1.02ms 0.89ns 0.003 s 1.051s
Plasma cold x Variteyx Cadmium stress 8 6.87%* 2.14r 1.44rs 0.002 ™ 0.06 "
Error 54 2.600 2.05 1.94 0.004 1.20
CV % 3.61 3.83 8.53 11.73 16.72

M)>éﬁ_cwjacgdu;:ﬂch.u)b)b&#))b&nré 5 4w g %d1S

ns, * and ** are non-significant and significant at the five percent, one percent probability level, respectively
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Figure 10- Effect of cold plasma treatment duration on catalase enzyme activity of quinoa cultivar seedlings under cadmium stress.
The values are the mean values of three repetitions + standard deviation the same letters indicate the existence of a significant
difference at the 1% probability level using Duncan's test.
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Figure 11- Effect of cold plasma treatment duration on peroxidase enzyme activity of quinoa cultivar seedlings. The values are the
mean values of three repetitions + standard deviation and the same letters indicate the existence of a significant difference at the 1%
probability level using Duncan's test.
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Figure 12 - Effect of cold plasma treatment duration on polyphenol peroxidase enzyme activity of quinoa cultivar seedlings. The
values are the mean values of three repetitions + standard deviation and the same letters indicate the existence of a significant

difference at the 1% probability level using Duncan's test.
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Figure 13- Effect of cold plasma treatment duration on proline content of quinoa cultivar seedlings. The values are the mean values
of three repetitions + standard deviation and the same letters indicate the existence of a significant difference at the 1% probability
level using Duncan's test.

b a

8 1 a
= a
z b - 77 b
o0 77 = 8
> c &
B 6 1 7
= an
15 5 - E 6
=) +~
S 4 8 5
g = c
= o 4 4
2 3 A g
n 5 3

_ a,

2 ) 2

1 A 1 A

0 - 0 -

0 10 30 Titicaca Q26 Giza
Cold plasma treatment time (s) Quinoa Cultivar

o 5 A e Ol 2SS a5 ke prslhe e slgme (D) 1587 2651 5 (@) 30 (slowdly Hlad iy Se 3B VF S
s o 0L 1y 8013 0 gaT 5l eslial bt 3 & Jlaz! pelaw )3 lsline 5Bl pute GLSS

Figure 14 - Effect of cold plasma treatment duration (a) and quinoa cultivars (b) on saponin content. The values are the mean values
of three repetitions + standard deviation and the same letters indicate the existence of a significant difference at the 1% probability
level using Duncan's test.
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