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Abstract

Given the problem of water scarcity, investigating the mechanisms of drought stress and
finding ways to mitigate its adverse effects is significant. In this research, the impact of
nano-silicon and salicylic acid on modulating the adverse effects of drought stress on the
photosynthetic and biochemical indices of pinto beans was investigated. The experiment
was conducted as a split-plot arrangement within a randomized complete block design with
three replications. The investigated factors included irrigation at two levels as the main plot
and foliar application of nano-silicon and salicylic acid as sub-plots. The results showed
that foliar application of pinto bean plants with nano-silicon and salicylic acid significantly
increased photosynthetic pigments, antioxidant enzyme activity, and seed yield, while
reducing hydrogen peroxide and malondialdehyde levels. The highest activities of catalase,
peroxidase, and polyphenol oxidase enzymes were 7.47, 40.33, and 10.26 units per
milligram of protein, respectively, observed with the combined foliar application of 3 MM
nano-silicon and 200 mg/L salicylic acid under drought stress conditions. This treatment
combination also led to increases of 51.92% and 84.69% in chlorophyll a, 45.58% and
77.40% in chlorophyll b, 56.82% and 72.09% in total chlorophyll, and 34.95% and 40.64%
in seed yield compared to the control treatment under full irrigation and drought stress
conditions, respectively. Based on the results, the combined foliar application of nano-
silicon and salicylic acid, particularly the integration of 3 mM nano-silicon and 200 mg/L
salicylic acid, can be recommended to farmers as a helpful method for reducing losses due
to water deficit stress and improving physiological indices related to drought tolerance.
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Introduction

Common bean (Phaseolus vulgaris L.) is a vital legume rich in protein, playing a crucial role in global food
security. However, its cultivation is severely threatened by drought stress, which is increasingly prevalent in
semi-arid and even some humid regions due to global warming and climate change. Drought stress can cause
a 10-100% reduction in yield, with seed weight specifically decreasing by up to 25%. This damage occurs
through the impairment of pigments and plastids and the induction of oxidative stress. Under drought
conditions, reactive oxygen species (ROS), such as superoxide ions, hydroxyl radicals, and hydrogen peroxide,
accumulate, leading to lipid peroxidation and membrane damage that disrupt cellular functions. Consequently,
current research focuses on understanding drought mechanisms and finding strategies to mitigate its negative
impacts. One promising approach is the foliar application of protective agents such as silicon and salicylic acid
(SA). Although not essential, silicon, often applied as nano-silicon to improve efficiency, benefits plants by
improving water relations, protecting chloroplasts, and enhancing antioxidant synthesis. Salicylic acid is a key
phytohormone that regulates protective processes, including stomatal closure, chlorophyll production, and the
activation of antioxidant enzyme systems. Therefore, inducing drought tolerance without significantly
compromising yield is a major agricultural challenge. This study investigates the potential of combined foliar
application of nano-silicon and salicylic acid to enhance the drought tolerance of pinto beans by modulating
photosynthetic and biochemical indices, thereby offering a practical strategy for farmers in water-limited
environments.

Material and Methods

The research was conducted using a split-plot design based on a randomized complete blocks design with three
replications at the research farm in the East Azerbaijan province, Sarab, during 2019-2020. The main factor
was irrigation at two levels: full irrigation throughout the growing season and drought stress induced by
withholding irrigation from the 50%flowering stage until physiological maturity. The sub-factor involved
foliar spraying treatments at nine levels, including a control (water spray), two concentrations of nano-silicon
(1 mM and 3 mM), two concentrations of salicylic acid (100 mg/L and 200 mg/L), and their combinations (1
mM nano-silicon + 100 mg/L salicylic acid, 1 mM nano-silicon + 200 mg/L salicylic acid, 3 mM nano-silicon
+ 100 mg/L salicylic acid, and 3 mM nano-silicon + 200 mg/L salicylic acid). The local pinto bean cultivar
“Sarab” (Aqgin) with an indeterminate growth habit was used. Key physiological and biochemical traits
measured included chlorophyll a and b, total carotenoids, antioxidant enzyme activities (such as superoxide
dismutase and catalase), hydrogen peroxide content, malondialdehyde concentration as a marker of lipid
peroxidation, and grain yield. After confirming the data's normality, all statistical analyses and comparisons
of the resulting means were performed using SAS 9.1. The comparison of means was performed using
Duncan's multiple-range test at the 5% significance level, and the figures were generated in Excel.

Result and Discussion

The results indicated that foliar application of pinto bean plants with nano-silicon and salicylic acid
significantly increased photosynthetic pigments, antioxidant enzyme activity, and grain yield, while reducing
hydrogen peroxide and malondialdehyde levels. The highest enzyme activities of catalase (7.47 U/mg protein),
peroxidase (40.33 U/mg protein), and polyphenol oxidase (10.26 U/mg protein) were observed with the
combined application of 3 mM nano-silicon and 200 mg/L salicylic acid under drought stress conditions. This
treatment combination also increased chlorophyll a by 51.92% and 84.69%, chlorophyll b by 45.58% and
77.40%, total chlorophyll by 56.82% and 72.09%, and grain yield by 34.95% and 40.64% compared to the
non-application treatment of nano-silicon and salicylic acid under full irrigation and drought stress conditions,
respectively. Drought stress reduces chlorophyll by increasing reactive oxygen species (ROS), leading to
membrane damage indicated by malondialdehyde (MDA) (Sharifa & Muriefah, 2015; Yekti et al., 2018).
Plants respond by elevating antioxidant enzymes (CAT, POD, SOD) (Raziq et al., 2022; Farooq et al., 2021).
Silicon mitigates damage by enhancing leaf strength and chlorophyll content (Liu et al., 2019) and boosting
antioxidant defence to scavenge ROS (Shen et al., 2010; Teimoori et al., 2024). Similarly, salicylic acid (SA)
directly increases antioxidant enzyme activity, protecting membranes and chlorophyll (Hayat et al., 2010;
Miura & Tada, 2014). This study found a synergistic effect between silicon and SA. Their combined
application was more effective than either alone in increasing antioxidant activity and reducing oxidative stress
(H202, MDA) under drought, corroborating the findings of Maghsoudi et al. (2019). This enhanced
physiological resilience ultimately improved seed yield, consistent with findings in other crops.
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Conclusion

The results indicated that the combined application of 3 mM nano-silicon and 200 mg/L salicylic acid,
especially under drought stress, had a positive and significant effect on antioxidant enzyme activity, increased
photosynthetic pigment content, and reduced lipid peroxidation, thereby improving seed yield. Based on the
results, the combined foliar application of nano-silicon and salicylic acid, particularly the integration of 3 mM
nano-silicon and 200 mg/L salicylic acid, can be recommended to farmers as a useful method for reducing
losses due to water deficit stress and improving physiological indices related to drought tolerance.
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Table 1- Physical and chemical characteristics of the farm soil at the depth of 0-30 cm

. Silt Clay K P Organic EC
Soil Texture Sand (%) %) %) (ppm) (opm)  carbon (%) pH (ds m)
= 36 42 22 202.5 11.83 2.67 7.8 0.85
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Table 2- Atmospheric characteristics during the growth period of beans in the crop year 2019

Climatic parameters
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€ € € ) o) mim
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September 20.51 8.00 26.76 310.5 54.15 7.93
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Table 3- Analysis of variance the effects of irrigation, Nano-Silicon and salicylic acid treatments on the photosynthetic pigment
content of pinto bean leaves

Mean of squares

SOV f Cholorophylla  Cholorophyll b chol-gcr)(t;:hyll Carotenoid
Block 2 0.002m 0.001"s 0.004m™ 1.820"
Irrigation (1) 1 1.096™ 0.039" 1.55™ 2.737"
Error a 2 0.001 0.003 0.001 0.064
Nano-Silicon (Nano-Si) 2 0.288"™ 0.017™ 0.444™ 0.446™
salicylic acid (SA) 2 0.113™ 0.008" 0.165™ 1.352™
I x Nano-Si 2 0.027™ 0.015™ 0.041™ 0.126™
I x SA 2 0.003™ 0.001"s 0.001" 0.100"
Nano-Si x SA 4 0.006™ 0.003™ 0.005™ 0.031™
IxNano-Si x SA 4 0.025™ 0.007™ 0.041™ 0.014"
Error b 32 0.000028 0.00 0.00 0.019
CV (%) 1.98 9.51 1.80 3.26
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ns * and ** indicate non-significance and significance at the 5% and 1% probability levels, respectively
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Figure 1- The effects of irrigation and salicylic acid treatment on chlorophyll a, chlorophyll b, total chlorophyll and carotenoid of
pinto bean leaves. Means with similar letters in each column are not significantly different at 5% level of probability
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Table 4- Analysis of variance the effects of irrigation, Nano-Silicon and salicylic acid treatments on antioxidant enzyme activity of

pinto bean leaves
Mean of squares

SYOAY) df Catalase enzyme Peroxidase enzyme Polyphenol oxidase enzyme
activity activity activity
Block 2 0.03" 0.471™ 0.02"
Irrigation (1) 1 70.81" 2183.26™ 60.23"
Error a 2 0.02 1.73 0.02
Nano-Silicon (Nano-Si) 2 17.27™ 1356.47" 11.50™
Salicylic acid (SA) 2 34.64™ 1331.2" 21.32"
I x Nano-Si 2 1.88™ 12877 0377
I x SA 2 0.40™ 29.76™ 0.33"
Nano-Si x SA 4 0.61™ 114.44™ 0.65™
IxNano -Si x SA 4 3.07™ 99.9" 1.38"
Error b 32 0.01 0.40 0.01
CV (%) 2.07 3.01 3.01

#® NS
¢

o)) S5 g gy Jleinl pdaw )0 b Gixe g )5 e i ¥ g
" * and ** indicate non-significance and significance at the 5% and 1% probability levels, respectively
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Figure 2- The effects of irrigation and salicylic acid treatment on catalase enzyme activity, peroxidase and polyphenol oxidase of pinto
bean leaves. Means with similar letters in each column are not significantly different at 5% level of probability
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Table 5- Analysis of variance the effects of irrigation, Nano-Silicon and salicylic acid treatments on H202, MDA and Grain yield of

pinto bean
Mean of squares
S0V af H202 MDA Grain yield
Block 2 0.0000011" 0.36" 147692*
Irrigation (1) 1 0.0025™ 24,74 988166**
Error a 2 0.0000012 0.05 8537
Nano-Silicon (Nano-Si) 2 0.00069™ 6.95" 132402**
Salicylic acid (SA) 2 0.0011™ 13.39™ 393287**
I x Nano-Si 2 0.000052** 0.006™ 3113**
I x SA 2 0.000078™ 0.12™ 17600**
Nano-Si x SA 4 0.000018™ 0.13™ 2048*
IxNano -Si x SA 4 0.000039™ 0.31™ 6529**
Error b 32 0.00000012 0.01 638
CV (%) 4.06 5.81 1.76
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ns * and ** indicate non-significance and significance at the 5% and 1% probability levels, respectively
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Figure 3- The effects of irrigation and salicylic acid treatment on H202 and MDA of pinto bean leaves. Means with similar letters in
each column are not significantly different at 5% level of probability
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Figure 4- The effects of irrigation and salicylic acid treatment on Grain yield of pinto bean leaves. Means with similar letters in each

column are not significantly different at 5% level of probability
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b S A5 Ca s IS el et ) sbe
RIB el Sy el L ROS g
WS g s b eSS, Gl 4 sl
sl Y sams 51 S (Sharifa & Muriefah, 2015)
(MDA) 1 lfTss0 gl ¢ glie st O senlitonST
T Ol LSO 610 ST oL Ol ot 7
[(Yekti et al., 2018) 5,8 o 5 5 eslizul 540 lalzi

ST ISty do 1 i M5 b ablis ol OlalS
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et ) 5b 4315 50 gas 3 AenST| s g 5 5T GV
W1l oS ) 53 el ply S e S o
ok ke 05, SIROS 3385 5 A 5 2alST b O S 5
L eSehadlodanl 5 A8 0 5K 1y 55lanST 25
Ul (LOlSI AT s (LSl ot Ly 58
SS1ae 4 1y ediledl gl ROS (3lu s (gl ol
osba ) J8u S Glso (e Jalw ol Al
bl oo Bl a1y slie Canl o3 S Laim (6 5 5 5a
oS iy 5 g el sl s e mle colg o

Sle g @l (S 15 Ll s

5 0SGks Sl eslimel ol tash o

£ ps 0gr Sl 5T 51 (5 Slab Sl
5 O3skadenSy e 5 sl R, oalS)
sl jmals Sies i Cow ol s 1) daddT g0 Il
5 05k (25len S5 Lsls O s copl 2 0sdke
3 e S T Gl 5T by Sl
Sy 88 O ot Sladlodenl L O S Sl 31
AU 556, % 0 Kaass sy ol sl L sli
I a1 55 1y EShladanl 5 O S 56 ot
oj,,@w\ﬁdwﬂgcgtw\éTduﬁﬂ
Maghsoudi et al., ) &1 05,8 5,18 aadlT g0l 5
435y Ok a5 O alS L Sis 252019
Sl 038 ey g G5 rags 3l s
3l g S S S b TS 5 5T
seio 3 Ses Gl galS Lag 4l s She
o= iags L sles (Farokhinia et al., 2011)
Ok b (Bl F1 5o a5 Shes 213!

Sl Law s 1, (Camelina sativa L.) Ll asalS
111> ROS =l 28" 5 Sl 5T lag 5T Clled
(Teimoori et al., 2024; Desoky et al., 2025) Lz
Sl Sl L 0SS o8 S e T el !
Sl Glgmee GV 5 5lunsT, Al Lgiuf_ﬂ
a5 3 g esls Al 1 ST GdKsl, 5 054
.(Shenetal., 2010) S o (5,5 g ALS slad s

& Olyea (SA) Shadlodnl (K3 s
Sl 1y olE (ol el Olesply IS
Renhua et) uS" o Wl GluenS'| ST glag 3T Sl
Ly Sl il e 5T Cdles il 530 001, 2008
Sapakhova et ) .S’ s Wl Joho slalie S5 LS
5 eSdlodnl O K gt 5 ulul (@l 2022
S 35 olS 55 o5 pleslT S WL s K
Sl 03 edms &K Olgew 035 Jae b Ko
Clleb o3 o ge IS 5 SYBT e o lag 5T
ks il (Hayat etal., 2010) 555 g b 5T o
» Shdlodenl b Cod DS ST slag 5T
ol s il b Sl odd sdalie 5 paS
¢Sl il .(Kolupaev et al., 2018) 3,15 Sl ssen
23T A 03 S| BT g6 e Sy 58 b g
G (00515 5 5558 5T 8 i s
3shc sldanS canT Ll s b IS Cliblows
.(Miura & Tada, 2014; Emrahi et al., 2021)
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