Plant Prod., 2026, 48(4), 585 — 605

https://plantproduction.scu.ac.ir/ ’

ISSN (P): 2588-543X; ISSN (E): 2588-5979 ‘
Doi: 10.22055/ppd.2025.48974.2253

Received: 08 February 2025 Plant Productions

Accepted: 24 May 2025

[ Research Article ]

Effect of silica and cytokinin on seed yield and some physiological properties
of sesame (Sesamum indicum L.) under water deficit stress conditions

Ali Mohammadi Kharkeshi!, Elyas Rahimi Petroudi?* **, Fazl Shirdel Shahmiri2, Hamid
Reza Mobasser? (2, Ali Reza Daneshmand?

1. Ph.D. Student, Department of Agronomy, Faculty of Agriculture, Qaemshahr Branch, Islamic Azad
University, Qaemshahr, Iran

2. Assistant Professor, Department of Agronomy, Faculty of Agriculture, Qaemshahr Branch, Islamic Azad
University, Qaemshahr, Iran

Citation: Mohammadi Kharkeshi, A., Rahimi Petroudi, E., Shirdel Shahmiri, F., Mobasser, H.R.
Daneshmand, A.R. (2026). Effect of silica and cytokinin on seed yield and some physiological
properties of sesame (Sesamum indicum L.) under water deficit stress conditions. Plant
Productions, 48(4), 585-605.

Abstract

Introduction

Sesame (Sesamum indicum) is an important oilseed crop valued for its high oil content,
antioxidants, and proteins. Drought is one of the most destructive abiotic constraints, adversely
affecting both quantitative and qualitative traits. Silicon has been shown to enhance plant
defense mechanisms by stimulating the synthesis of phytoalexins and phenolic compounds
under abiotic stress conditions. Similarly, cytokinins play a crucial role in regulating plant
growth, maintaining photosynthetic stability, and modulating physiological processes under
drought stress. Therefore, this study examines the effects of silicon and cytokinin application on
seed yield and physiological traits of sesame grown under water deficit stress conditions.

Materials and Methods

The experiment was conducted in a randomized complete block design with a split-factorial
arrangement and three replications during the 2020-2021 and 2021-2022 growing seasons in Sari,
Mazandaran Province, northern Iran (36°48' N, 53°05" E; 8 m a.s.l.). Irrigation regimes were
assigned to the main plots and included irrigation at field capacity (control) and irrigation after 100
mm and 200 mm of evaporation from a Class A pan, representing moderate and severe water deficit
stress, respectively. Subplots consisted of a factorial combination of silica application (no silica
soil application of calcium silicate at 400 kg ha™', and foliar application of nano-silica at 60 mg
L) and cytokinin application (no cytokinin and foliar application of kinetin at 80 mg L™).
Measured traits included chlorophyll and cartenoid content, antioxidant enzyme activities, proline
content, silica concentration, oleic and linoleic acid contents, and seed yield.
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Results and Discussion

Under severe water deficit conditions, leaf chlorophyll a and chlorophyll b contents decreased by
13.1% and 10.8%, respectively, compared with the control treatment. The highest chlorophyll a
content (2.18 and 2.12 mg g ! FW) were recorded following foliar application of nano-silica and
kinetin, as well as the combined application of calcium silicate and kinetin, respectively. Under
severe water deficit stress, the maximum catalase activity in leaves (0.419 mg EU g! SP min™)
was observed in plants treated with foliar-applied nano-silica and kinetin. Similarly, under
moderate water deficit conditions, the highest guaiacol peroxidase activity (0.287 mg EU g SP
min~') was obtained with the same treatments. Across both growing seasons, the maximum proline
content was obtained through foliar application of nano-silica; additionally, in the 2021-2022
season, the highest proline concentration (0.442 mg g' FW) was recorded following kinetin
application.The lowest leaf silica content (1064 mg kg™') was observed under severe water deficit
conditions. Foliar application of nano-silica and kinetin increased leaf silica concentration by
38.6% and 11.3%, respectively, compared with the control treatment. Severe water deficit stress
significantly increased oleic acid content in sesame oil by 1.3%, while causing a significant
reduction in seed yield (32.7%) relative to the control treatment. The highest seed yield (1647 kg
ha™') was obtained from plants receiving foliar nano-silica application. Moreover, foliar application
of kinetin led to a significant increase in seed yield by 6.6% compared with the control treatment
(1454 kg ha™).

Conclusion

In general, the interaction among moisture regime, silica, and kinetin did not have a significant
effect on sesame seed yield and oil quality. However, under severe water deficit conditions, the
concentrations of chlorophyll a, chlorophyll b, silica, and seed yield were significantly reduced
compared with the control treatment, whereas oleic acid content increased. Application of silica
(especially nanosilica) and kinetin enhanced chlorophyll b content, leaf silica content, and seed
yield. Among the treatments, the combined foliar application of nano-silica and kinetin under
moderate and severe water deficit conditions resulted in the highest guaiacol peroxidase and
catalase activities in sesame leaves, respectively. Furthermore, nanosilica led to the highest proline
content. These findings indicate that foliar application of nano-silica and kinetin not only improves
seed yield but also enhances antioxidant defense mechanisms under water deficit conditions,
thereby potentially improving drought tolerance in sesame.
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Table 1. Meteorological data during the sesame growing period

Min. temperature  Max. temperature Mean Total rainfall Total sunshine
temperature
2020- 2021-  2020- 2021- 2020-  2021- 2020- 2021- 2020-  2021-
2021 2022 2021 2022 2021 2022 2021 2022 2021 2022
Months °C mm h
May 14.1 16.2 24.5 24.7 19.3 20.5 20.7 40.6 187.6 150.1
June 19.5 21.3 31.7 30.7 25.6 26.0 1.9 26.4 290.1 219.5
July 22.2 24.6 323 34.0 27.2 29.3 10.7 25.5 66.2 231.5
August 23.1 26.9 31.3 342 27.2 29.6 15.9 27.9 161.1 231.7
September  19.9 23.5 30.7 31.8 253 27.7 20.6 38.7 250.2 143.1
Salo3T 290 > gl 9 (K 3 o9 Y Joo
Table 2. Physical and chemical properties of the experimental soil
Electrical Available  Available Total  Organic  Organic . i
pH conductivity K P N matter carbon Clay Silt  Sand Soil
texture
ds. m! mg. kg'! %
7.09 0.84 233 6.73 0.018 2.46 1.43 22 34 44 Loam
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Figure 1. SEM image of SiO, nanopowder
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Table 3. Combined analysis of variance for physiological and biochemical traits of sesame affected by water deficit, silica, and cytokinin during the 2020-2021 and 2021-
2022 growing seasons

SOV dr Chlorophylla  Chlorophyllb  Carotenoid Catalase Ascorbate Gualaf:ol Proline Silica
.0. . peroxidase  peroxidase

content content content activity .. .. content content

activity activity

Year (y) 1 1.09* 0.04* 0.04* 0.000003ns 41.03™ 3.02™ 0.085"" 182977ns
Replication (y) 4 0.0006 0.0005 0.001 0.003 0.007 0.0001 0.020 64761
Water deficit (a) 2 0.66™ 0.06™ 0.002ns 0.030™ 1.54* 0.03* 0.041* 936837
y xa 2 0.02ns 0.000004ns 0.0001ns 0.108* 1.31* 0.02* 0.021™ 5509ns
Error 8 0.03 0.01 0.001 0.0005 0.01 0.0008 0.006 92709
Silica (b) 2 2.57* 0.15* 0.25* 0.175* 2.71* 0.03* 0.061* 3163883
y xb 2 0.05ms 0.0005ns 0.001ns 0.017* 2.11™ 0.02™ 0.016™ 24028ms
axb 4 0.03ns 0.0002ns 0.0005ms 0.024* 0.24* 0.01™ 0.0004ns 34893ns
yxaxb 4 0.01ns 0.0001ns 0.00004ns 0.030™ 0.23™ 0.01™ 0.0052ns 3196ns
Cytokinin (c) 1 1.65™ 0.11* 0.15™ 0.115™ 2.45™ 0.01™ 0.064" 602530™
yxc 1 0.00007ns 0.0006"s 0.0001ns 0.037* 1.87* 0.004nrs 0.009" 62ns
axc 2 0.001ns 0.000006"s 0.0001ms 0.015™ 0.09" 0.0005ms 0.001ns 14218ms
yxaxc 2 0.003ns 0.000002ns 0.000003ns 0.006ms 0.10" 0.0004nrs 0.0004ns 1380ns
bxc 2 0.14* 0.01ns 0.01* 0.0005ns 0.09" 0.006" 0.002ns 1839ns
yxbxc 2 0.007ns 0.001ns 0.0009ms 0.0004ns 0.10" 0.006™ 0.001ns 4996ns
axbxc 4 0.03ns 0.0001ns 0.001ns 0.007* 0.06" 0.007** 0.001ns 971ns
yxaxbxc 4 0.01ns 0.0001rs 0.00008ns 0.001ns 0.07" 0.007* 0.0008ns 76071s
Error 60 0.02 0.009 0.002 0.002 0.026 0.001 0.002 79813
CV (%) - 8.86 13.46 7.14 19.25 15.76 19.22 11.93 22.79

ns, **, *: respectively, non-significant and significant at 1% and 5% probability levels.
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Table 4. Comparison of mean photosynthetic pigment concentrations in sesame under the main effects of
water deficit, silica, and cytokinin during the 2020-2021 and 2021-2022 growing seasons

Chlorophyll a Chlorophyll b Carotenoid
Treatments content content content
mg. g! FW

2020-2021 1.81b 0.718b 0.667b
Crop year 2021-2022 2.0la 0.760a 0.708a
LSD0.05 0.065 0.038 0.019

Control 2.03a 0.777a -

Moderate WD 1.94b 0.746a -
Water deficit Severe WD 1.76¢ 0.693b -
LSD0.05 0.080 0.047 -

Control 1.60b 0.663b 0.603¢

Calcium silicate 2.03a 0.766a 0.690b
Silica Nano-silica 2.10a 0.787a 0.770a
LSD0.05 0.080 0.047 0.023

Control 1.79b 0.707b 0.650b
Cytokinin Kinetin 2.03a 0.771a 0.726a
LSDO0.05 0.065 0.038 0.019

o 53 ey Jlaz | pelas 53 (LSD) Lls gme sl o 1S 03057 ulil y Ogim n 5385 2tia O S5 il (61,13 (sla SiLee
RN Y-S N EV R, E2

Means with at least one common letter in each column do not show significant differences based on the least
significant difference (LSD) test at the 5% probability level. WD: water deficit
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Figure 2. Mean comparison of chlorophyll a concentration in sesame under the silica x cytokinin interaction.
Each bar represents the mean of three replicates, with error bars indicating the standard error.
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Figure 3. Mean comparison of carotenoid concentration in sesame under the silica x cytokinin interaction. Each
bar represents the mean of three replicates, with error bars indicating the standard error.
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Table 5. Comparison of mean antioxidant enzyme activities in sesame under the interactive effects of

growing seasons, water deficit, and silica

Ascorbate Guaiacol
- . Cat.al.ase peroxidase peroxidase
Crop year  Water deficit Silica activity activity activity
mg EU g! SP min!

Control 0.207g-j 0.351g 0.009h

Calcium silicate 0.173j 0.380g 0.015h

Control Nano-silica 0.172ij 0.396¢ 0.020h

Control 0195h-j 0.370g 0.018h

2020-2021 Calcium silicate 0.278d-f 0.414g 0.019h
Moderate WD Nano-silica 0.317cd 0.446¢ 0.029h

Control 0.220g-1 0.389g 0.022h

Calcium silicate 0.383b 0.449¢ 0.028h

Severe WD Nano-silica 0.452a 0.469¢g 0.034h

Control 0.237f-h 0.814f 0.259¢g

Calcium silicate 0.189h-j 1.54cd 0.327de
Control Nano-silica 0.450a 1.41d 0.377¢

Control 0.163j 1.10e 0.297ef

2021-2022 Calcium silicate 0.297c-e 2.57a 0.453b
Moderate WD Nano-silica 0.343bc 2.47a 0.517a
Control 0.174jj 1.22¢ 0.367¢

Calcium silicate 0.250e-g 1.71c 0.262fg

Severe WD Nano-silica 0.298c-e 1.94b 0.345cd

LSD0.05 0.052 0.186 0.037

cw);@Ju:,‘ck.u)a(LSD) Ssiine S3ls o 2aS 0 5n5T plel O st 2 5565 e 3 S5 Bl (sl (sl ol

..l;)‘u\} 6)‘)@.’.& ;_})t}‘

Means with at least one common letter in each column do not show significant differences based on the least

significant difference (LSD) test at the 5% probability level. WD: water deficit

oS g § yudoas ¢ 2T AT 0 9 ot A 0 Sl BT g 3T Cdlad aSileo duglin -5 9o

Table 6. Mean comparison for antioxidant enzyme activities in sesame under the interactive effects of

water deficit, silica, and cytokinin

Catalase Ascorbate Guaiacol
Water deficit  Silica Cytokinin _ activity peroxidase activity  peroxidase activity
mg EU g! SP min!
Control 0.229f 0.3871 0.118fg
Control Kinetin 0.215f 0.778f-h 0.150ef
Control 0.156gh 0.714gh 0.170e
Calcium silicate  Kinetin 0.206fg 1.20cd 0.172e¢
Control 0.297c-¢ 0.730gh 0.180e
Control Nano-silica Kinetin 0.325b-d 1.07de 0.217cd
Control 0.152h 0.655h 0.154¢
Control Kinetin 0.206fg 0.814f-h 0.161e
Control 0.253ef 1.36bc 0.238bc
Calcium silicate ~ Kinetin 0.322c¢cd 1.63a 0.235bc
Control 0.284de 1.37bc 0.259ab
Moderate WD Nano-silica Kinetin 0.376ab 1.54ab 0.287a
Control 0.111h 0.802f-h 0.230bc
Control Kinetin 0.283de 0.804f-h 0.160e
Control 0.291c-e 0.890e-g 0.104¢g
Calcium silicate  Kinetin 0.342bc 1.27¢ 0.186de
Control 0.331b-d 0.950ef 0.160e
Severe WD Nano-silica Kinetin 0.419a 1.46ab 0.220cd
LSDO0.05 0.052 0.186 0.037

s il o 53 (LSD) Ll sime S35 o 208" 03051 bl y e 58 3 &5 2n O & Jolt shls sla Kl
LI (ol gan LoD e 3

Means with at least one common letter in each column do not show significant differences based on the least

significant difference (LSD) test at the 5% probability level. WD: water deficit
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Figure 4. Mean comparison of proline content in sesame under the year x water deficit interaction. Each bar
represents the mean of three replicates, with error bars indicating the standard error.
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Figure 5. Mean comparison of proline content in sesame under the year x silica interaction. Each bar represents
the mean of three replicates, with error bars indicating the standard error.
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Figure 6. Mean comparison of proline content in sesame under the year X cytokinin interaction. Each bar
represents the mean of three replicates, with error bars indicating the standard error.
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Table 7. Mean comparison for silica content in sesame under the main effects of water deficit,
silica, and cytokinin during the 2020-2021 and 2021-2022 growing season
Silica content

Treatments mg. kg'!
2020-2021 -
Crop year 2021-2022 -
LSD0.05 -
Control 1382a
Moderate WD 1271a
Water deficit Severe WD 1064b
LSD0.05 133.2
Control 908¢c
Calcium silicate 1331b
Silica Nano-silica 1479a
LSD0.05 133.2
Control 1165b
Cytokinin Kinetin 1314a
LSD0.05 108.76

@JL..}!CIQ.»J;(LSD) oiime S35 o 208 O g0 3T el O g 2 5365 2k (0 S5 il (51l gla o Kile
R R Y-S L VR, L PR E

Means with at least one common letter in each column do not show significant differences based on the
least significant difference (LSD) test at the 5% probability level. WD: water deficit
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Table 8. Combined analysis of variance for unsaturated fatty acids and seed yield in sesame affected by
water deficit, silica, and cytokinin during the 2020-2021 and 2021-2022 growing season

S.0.V df Oleic acid Linoleic acid Seed yield
Year (y) 1 3.17ms 0.001ns 949218*
Replication (y) 4 1.54 4.27 9737
Water deficit (a) 2 16.08* 2.62ns 3126611*
y Xa 2 1.76m 0.001ns 156770
Error 8 0.62 1.86 56899
Silica (b) 2 0.48ns 3.37ns 846694
yxb 2 0.05ns 4.80nms 1713ns
axb 4 0.04nrs 0.49rs 13087ns
yxaxb 4 0.004ns 0.06ms 6198ns
Cytokinin (c) 1 5.55ns 0.14ns 286752™
y Xc 1 0.002ns 0.01ns 555nms
axc 2 0.12ns 0.05ns 627508
yxaxc 2 0.36m 0.53ns 1557ns
bxc 2 0.12ns 3.55ms 170670
yxbxc 2 0.03ns 0.34ns 2857ns
axbxc 4 0.01ns 0.12ns 4645ns
yxaxbxc 4 0.02ns 0.02ns 4823ns
Error 60 2.29 2.03 17725

CV (%) - 3.55 3.31 8.84

*

..w)mi”@c@);)u@”\_;;m)u@“@uh;y&i.\5\5:**, ns

ns, *¥*, *: respectively, non-significant and significant at 1% and 5% probability levels.
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Table 9. Comparison of mean oleic acid and seed yield in sesame under the main effects of water deficit,
silica, and cytokinin during the 2020-2021 and 2021-2022 growing season

Oleic acid Seed yield
Treatments v ke, hal
2020-2021 - 1412b
Crop year 2021-2022 - 1599a
LSD0.05 - 51.3
Control 42.0b 1751a
Moderate WD 42.4b 1588b
Water deficit Severe WD 43.3a 1179¢
LSD0.05 0.714 62.8
Control - 1342¢
Calcium silicate - 1528b
Silica Nano-silica - 1647a
LSD0.05 - 62.8
Control - 1454b
Cytokinin Kinetin - 1557a
LSDO0.05 - 51.3

‘M)A@JLQ:}\CEM):(LSD) )b@.uc;)\.&:Jj:afo}aﬂwblﬁ‘o}uﬁ):dfﬁhgfdf\LJél»‘_;l)b(_;Laﬁ\:ﬁ
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Means with at least one common letter in each column do not show significant differences based on the least
significant difference (LSD) test at the 5% probability level. WD: water deficit
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