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ABSTRACT 

Drought is a significant abiotic stressor for plants, leading to oxidative stress, cell death, and reduced 
global crop yields. This study investigates the effects of drought stress on relative water content (RWC), 
photosynthetic pigments, carotenoids, and proline levels to assess the efficacy of nanosilicon (N-Si) in 
alleviating drought stress in two groundnut genotypes: GG-6 (drought susceptible) and GJG-22 (drought 
tolerant). Application of exogenous nanosilicon under drought conditions markedly increased RWC, 
carotenoids, proline, and photosynthetic pigments (chlorophyll a, b, and total chlorophyll) in the GJG-22 
genotype compared to GG-6. The findings suggest that N-Si treatment enhances drought tolerance in 
groundnuts, presenting a cost-effective and environmentally friendly approach to improving crop 
resilience. 
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Introduction 

The world population could increase to 6-9.3 
billion people by 2050, whereas agricultural production 
has been declining significantly due to several 
deleterious environmental stress. Extreme weather 
events are expected to occur more frequently in 
tropical and subtropical regions, according to climate 
change forecasts. Abiotic stresses brought on by 
extreme weather conditions, including water stress, 
temperature stress, radiation stress, and salt stress, have 
significant effects on the production of crops like 
groundnut (Arachis hypogaea L.) (Kalarani et al., 
2023). Drought is one of the most important abiotic 
stresses and occurs for several reasons, including low 
rainfall, salinity, high and low temperatures, and high 
intensity of light, among others. Drought stress is a 
multidimensional stress and causes changes in the 
physiological, morphological, biochemical, and 
molecular traits in plants (Salehi & Bakhshayeshan, 
2016; Seleiman et al., 2021). Drought can negatively 

affect the germination or establishment of seedlings in 
the early stages of crop growth. Drought can limit the 
growing season of certain crops and create conditions 
that encourage the invasion of insects and diseases. 
Drought can also lead to a lack of crop yield, leading to 
rising food prices, shortages, and possibly malnutrition 
in vulnerable populations (Kunene et al., 2022). 
Drought stress is one of the most important factors of 
physiological stress and the major constraint on crop 
productivity which limits plant growth and metabolism 
(Kokkanti et al., 2022). In drought stress, physiological 
indicators such as relative water content (RWC), 
photosynthetic rate, transpiration rate, stomatal 
conductance, a maximum efficiency of photosystem II 
decreased and intercellular carbon dioxide increased 
(Kokkanti et al., 2019). 

Groundnut or peanut (Arachis hypogaea L.) is a 
tropical legume grown as an oilseed or food crop is the 
fourth most important crop in the world (Ajay et al., 
2023). Groundnut (Arachis hypogaea L.) also known 
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as peanut, monkey nut, goober, or earth nut because 
the seed develop underground, is in the division 
Papiolionaceae of the family Leguminosae (Sanders, 
2003). Groundnut is the principal vegetable oil crop in 
India and occupies the top slot in terms of area as well 
as production of total oilseeds in the country. However, 
about 85 percent area under groundnut remains rainfed 
of which nearly 80 percent comes under dryland where 
irrigation facilities do not exist at all (Roy & Shiyani, 
2000).  

Peanuts provide food and nutritional security to 
millions of people across the globe because of its high 
nutritive values. Drought and heat stress alone or in 
combination cause substantial yield losses to peanut 
production. The stress, in addition, adversely impact 
nutritional quality. Peanuts exposed to drought stress at 
reproductive stage are prone to aflatoxin 
contamination, which imposes a restriction on use of 
peanuts as health food and also adversely impact 
peanut trade (Puppala et al., 2023). If the drought 
stress persists for three weeks or more during the early 
vegetative stage, the impact of the length of the dry 
period at different groundnut growth stages on pod 
yield decreases. The impact will be more noticeable in 
the early stages of seed growth, pegging and pod yields 
dropped significantly (Ajay et al., 2023). Under 
drought stress, numerous physiological and 
biochemical systems are negatively impacted that 
reduced not only yield but also product quality 
diminishes. From peg initiation through pod filling, 
drought stress can significantly diminish pod 
development phase and pod output (Nautiyal et al., 
1991; Songsri et al., 2008). Water stress caused a 
significant decrease in number of seed per pod/plant, 
seed weight, pod yield, pod yield per hectare (Nassar et 

al., 2018). The production, quality, and composition of 
pods are known to be negatively impacted by drought 
or moisture deficiency stress (Kandoliya et al., 2015). 

Recently, agricultural scientists have focused a lot 
of attention to nano-particles. Nanoparticles (NPs) as 
exogenous spraying and/or soil application have 
received great interest recently owing to their ability to 
mitigate the deleterious effects of various soil stresses, 
such as salinity and drought, which positively 
influence the morpho-physiological growth traits in 
plants (Tripathi et al., 2015). Drought is a major 
abiotic stress that restricts plant growth and efficiency 
although some nutrients such as silicon improve 
drought tolerance by regulating the biosynthesis and 
accumulating some osmolytes (Hajizadeh et al., 2022). 
Silicon nanoparticles (SiNPs) has been shown to have 
a positive impact on plants through the regulation of 
physiological and biochemical responses and the 

synthesis of specific metabolites (Verma et al., 2022). 
One of the most crucial techniques for reducing 
drought stress in plants is the exogenous application of 
silicon (Si) (Ma et al., 2015; Ning et al., 2020). 

Silica nanoparticles (SiNPs) are one of the well-
studied inorganic nanoparticles for many applications. 
They offer the advantages of tunable size, 
biocompatibility, porous structure, and larger surface 
area (Alhadhrami et al., 2022). Silicon nanoparticles 
are well known to improve plant growth under normal 
and stressful environments. Nanosilicon has been 
reported to enhance plant stress tolerance against 
various environmental stress and is considered a non-
toxic and proficient alternative to control plant diseases 
(Mahawar et al., 2023). SiNPs can increase the net 
photosynthetic rate by increasing total chlorophyll 
contents and regulate the growth of leaves and stems, 
partly by regulating the metabolisms of plant hormones 
and soluble sugar (Li et al., 2023). According to 
Luyckx et al. (2017), silicon improves the water status 
of plants surviving a water deficit by lowering leaf 
transpiration by forming a double layer silica cuticle 
beneath the leaf epidermis. In plants, Si also controls 
the equilibrium of phytohormones and alters 
morphological and physiological processes in response 
to stress (Tripathi et al., 2020). In Plants, silicon 
increased Chl a and Chl b contents in sugarcane and 
energy cane plants under severe water deficit. Si 
supply accentuated the increase in proline content in 
plants under water deficit (Teixeira et al., 2022). 
Moreover, it has been reported that application of 
SiNPs lowered hydrogen peroxidase (H2O2) and lipid 
peroxidation (MDA) content and increased relative 
water content (RWC), antioxidant enzyme activities 
(APOX, CAT, and SOD), chlorophyll content, and 
proline content (Ali et al., 2023; Boora et al., 2023). 
When silicon used externally, particularly during the 
reproductive stage, it effectively mitigated the yield 
loss caused by the prolonged drought and improved in 
antioxidant activity and soluble sugar, and the 
reduction in the content of ROS, increased the leaf 
relative water content (LRWC), chlorophyll content, 
photosynthetic rate (Pn), stomatal conductance (Sc) 
and transpiration rate (Tr) in wheat (Ning et al., 2023). 
SiO2NPs treatment increased net photosynthetic rates, 
stomatal conductance, intercellular CO2 concentration, 
and transpiration, also led to increase in light use 
efficiency, rubisco carboxylation rate, increased 
activities of antioxidant enzymes (superoxide 
dismutase, catase, and peroxidase), concentrations of 
antioxidants (ascorbate and glutathione) and decrease 
in water use efficiency, oxidative damage caused by 
drought stress in Cunninghamia lanceolata seedlings 
(Liu et al., 2023).The beneficial role of Si under water 
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deficit has been previously described in various plant 
species such as groundnut (Patel et al., 2021), pea 
(Sutulienė et al., 2022) , wheat (Raza et al., 2023), 
potato (Seleiman et al., 2023), sorghum (Kaaria et al., 
2023) and barley seedlings (He et al., 2023). 

Groundnut genotypes show significant variation 
in drought tolerance traits such as RWC, chlorophyll 
content, proline content and root architecture. Drought 
leads to a decrease in leaf water potential, stomatal 
closure, relative water content (RWC) and reduced 
photosynthesis. It remarkably increased the content of 
osmolytes (proline, soluble sugar, soluble protein) and 
lipid peroxidation. This hampers nutrient uptake and 
limits biomass production. Pod yield is significantly 
reduced when drought occurs during the pod-filling 
stage. (Ning et al., 2023; Abady et al., 2024). Drought 
stress increases the accumulation of proline, which acts 
as an osmoprotectant, helping to maintain cell turgor 
and reduce water loss. The accumulation of reactive 
oxygen species (ROS) during drought causes oxidative 
damage to chloroplasts and inhibits nitrogen fixation, 
critical for groundnut productivity (Kunday et al., 
2023). The purpose of the current study is to identify 
the mechanisms behind drought tolerance and the 
mitigating effect of N-Si through investigating the 
physiological and biochemical responses of two 
distinct genotypes of groundnuts under 10% 
polyethylene glycol-mediated (PEG) drought stress. 

 

Material and Methods 

Experimental site 
The green house experiment was conducted at 

Food testing Laboratory, Department of 
Biotechnology, Junagadh Agricultural University, 
Junagadh. All physiological and biochemical work was 
carried at the laboratory of Department of 
Biotechnology, College of Agriculture, Junagadh 
Agricultural University, Junagadh.  

Plant Materials and methods  

Groundnut (Arachis hypogaea L.) seeds of 
different genotypes were obtained from Main Pulse 
Research Station, Junagadh Agricultural University, 
Junagadh. Seeds were surface-sterilized by rinsing in 
70% ethanol for 1 min followed by treatment with 
0.1% (w/v) aqueous mercuric chloride for 10 min. 
Wash thoroughly four to six times with sterile-distilled 
water and soak the seeds in sterile water for 4 hrs 
before use. After surface sterilization, the seeds were 
germinated in sterile petri-dishes with filter paper 
moistened with sterile distilled water. After the 
emergence of radicles (~2.5–3 cm length), the 
germinated seedlings of both the genotypes were 

grown for 15 days in glass culture bottles (500 ml 
capacity) containing 350 ml of Hoagland’s nutrient 
medium and the plants were continuously aerated to 
avoid hypoxia. The plants were maintained under a 
controlled environment (photoperiod of 14 h d-1 at 
temperature 25 ± 2 °C, and humidity 21% ±2) for the 
acclimatization. The Hoagland’s nutrient media was 
replaced by every 7 days with freshly prepared nutrient 
media. Thereafter, the seedlings were treated with 
various concentrations of solitary drought (i.e. 10% 
PEG) and combination with nanosilicon (10% PEG + 2 
mM NSi). The control plants were grown in 
Hoagland’s nutrient media without PEG and 
nanosilicon (NSi). After sixth days of treatments, 
leaves samples were taken for various physiological 
and biochemical parameters. 

Relative Water Content (RWC) 

0.5 gm of fresh leaf of groundnut were taken and 
transferred in a petri dish, and 25 ml distilled water 
was added and kept for four hours. Then the leaves 
were taken out, dried by blotting paper and weighed 
(Turgid weight). The leaf was kept in oven at 84oC for 
5 hrs and weighted until constant weight was obtained. 
After this RWC expressed as per cent relative water 
content were calculated according to Weatherley 
(1962). 

Chlorophyll a and Chlorophyll b and Total 

Chlorophyll Content 

The fresh groundnut leaf weighed to 0.1 g and 
was cut into small pieces and crushed into chilled 80 % 
acetone. The whole paste was filtered with whatman 
No. 1 filter paper. Filtrate collected and volume made 
to 10 ml with chilled 80 % acetone. Absorbance was 
measured in spectrophotometer at 645 nm and 663 nm 
for determination of chlorophyll a, b and total 
chlorophyll content were calculated according to 
Arnon (1949).  

Total Carotenoids 

Total Carotenoids content was determined using 
same extract (used for chlorophyll content) and 
absorbance was recorded at 480 nm. Total carotenoids 
content was calculated according to Chamovitz et al. 
(1993). 

Quantification of free proline content  

The free proline content of control and treated 
plants was determined using the method of Bates et al. 
(1973) with some modifications. Approximately 0.1 
gm of leaf tissue were blended with 2 ml of aqueous 
solution of sulfosalicylic acid 3% (w/v) and then the 
homogenate was centrifuged for 20 min at 4000 rpm. 
Then 2 ml gacial acetic acid and 2 ml ninhydrin 
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reagent (1.25 gm ninhydrine + 30 ml glacial acetic acid 
+ 8 ml 6 M phosphoric acid in 12 ml distilled water) 
were added. Then tubes were kept in boiling water bath 
at 100 C for 60 min. After this period, the tubes were 
cooled in running water at room temperature after that 
4 ml of toluene added. The samples were shaken 
vigorously and the chromophore containing toluene 
(upper layer) was transferred to a new test tube. 
Finally, the absorbance was read at 520 nm using a 
spectrophotometer and toluene as a blank. The 
concentration of free proline was calculated using 
proline standard and expressed as µmol g−1 FW. 

Data analyses  

For all the physiological and biochemical 
analysis, 4 replications were taken and analyzed 
statistically using factorial complete randomized 
design (FCRD). Data were subjected to two-way 
analysis of variance (ANOVA) and significant 
differences among means were calculated by Duncan’s 
multiple range test (p ≤ 0.05). Analysis of variance will 
be worked out using standard statistical procedure as 
described by Panse and Sukhatme, (1985).  

Results 

Effect of Nano-silicon on relative water content 

(RWC) under drought stress 

Drought stress significantly reduced the relative 
water content (RWC) in groundnut leaves. When 
compared to the control plant after drought stress 
treatments, RWC decreased by 24% and 44% in the 
drought tolerance (GJG-22) and susceptible genotype 
(GG-6) respectively. Exposure to N-Si after drought 
stress intensities caused a significant increase in RWC 
by14% in drought tolerance and 32% in drought 
susceptible genotypes of groundnut leaves (Fig.1). 

 
Fig. 1: Exogenous N-Si induced changes in the relative 
water content (RWC%) in leaf of two genotypes under 
drought stress. GJG-22: Drought tolerance genotype & 

GG-6: Drought susceptible genotype. 

Impact of Nano-silicon on photosynthesis pigments 

under drought stress 

Chlorophyll a, b, and total chlorophyll Content 

Drought stress caused to reduce photosynthesis 
and PSII efficiency in the photosynthetic pigments 
including Chl a, Chl b, and total Chl in comparison 
with the control conditions, since they are an indicator 
of stress. The results indicated that all treatments under 
control conditions had the highest Chl a compared to 
the drought treatments which were the lowest value in 
both genotypes, although the amount of Chl a in �GJG-
22) was more than that in (GG-6). Chlorophyll a 
significantly decreased 40% in drought tolerance 
(GJG-22) and (47%) in susceptible genotypes (GG-6) 
under drought stress compared to the control. 
However, when compared to a 10% PEG drought 
stress plant, the exogenous administration of N-Si 
considerably increased chlorophyll a content by 25% 
and 32% in the GJG-22 and GG-6 respectively (Fig. 
2A). In general, the application of drought caused a 
significant decrease in Chl b compared to the control 
condition in both genotypes. GJG-22 was more 
resistant to the 10% PEG drought stress as amount of 
chlorophyll b decreased 30% in GJG-22 and 39% in 
GG-6. However, application of N-Si significantly 
enhanced chlorophyll b content by 19% in GJG-22 and 
30% in GG-6 as compared to 10% PEG drought stress 
plant (Fig. 2B). The same results were observed in total 
Chlorophyll as the total Chlorophyll value reduction by 
37% in GJG-22 and 43% in GG-6 under 10% PEG 
drought stress compared to control. while treatment of 
the groundnut leaves N-Si significantly increased total 
chlorophyll content by 24% and 25% in the same 
genotypes under 10% PEG drought stress (Fig. 2C). 

Total carotenoids  

Drought stress led to a decrease in total 
carotenoids by 32% and 42% in drought tolerance and 
susceptible genotype respectively compared to the 
control. Results of treatment with N-Si under 10% 
PEG drought stress significantly increased total 
carotenoids content by 24% in drought tolerance and 
25% in susceptible genotypes (Fig. 2D). 
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Fig. 2: Exogenous N-Si induced changes in photosynthetic pigments in leaf of two genotypes under drought 
stress. (A) Chlorophyll a; (B) Chlorophyll b; (C) Total Chlorophyll a; (D) Total Carotenoids. GJG-22: Drought 
tolerance genotype & GG-6: Drought susceptible genotype. 
 

 

Effect of Nano-silicon on free proline content under 

drought stress 

Based on Fig. 3, the maximum proline content 
was observed in GJG-22, followed by GG-6, under 
10% PEG drought stress. Drought stress treatment 
resulted in accumulation in 4- and 5-fold higher free 
proline content as compared to the control in the 
drought tolerant and susceptible genotype, 
respectively. In contrast, the application of nano-
silicon significantly decreased the free proline 
concentration in drought tolerance and susceptible 
genotypes as compared with 10% PEG drought stress 
(Fig. 3).  

 
Fig. 3: Exogenous supplementation of N-Si induced 
changes osmolyte proline in leaf of two genotypes 
under drought stress. GJG-22: Drought tolerance 
genotype & GG-6: Drought susceptible genotype.  
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Discussion 

Groundnut, a valuable oilseed crop in semi-arid 
and arid areas of developing countries, is particularly 
susceptible to drought stress, resulting reduced yield of 
groundnut but also poor quality of products. Drought 
stress is one of the most important factors of 
physiological stress and the major constraint on crop 
productivity which limits plant growth and metabolism 
and significantly influence of drought stress on the 
physiological and biochemical levels in all the 
groundnut genotypes (Kokkanti et al., 2022). Peanut 
contains many other functional compounds like 
vitamins, proteins, minerals, fibers, polyphenols, 
antioxidants, and which can be added as a functional 
ingredient into many processed foods (Arya et al., 
2016). The present investigation was undertaken to 
generate information on drought tolerance in two 
groundnut varieties, and its effect on various 
characteristics. We evaluated the two varieties (GJG-
22 and GG-6) under three treatments such as control, 
10% PEG and 10% PEG+ 2mM N-Si. The parameters 
we evaluated were the physiological and biochemical, 
of the two varieties. Under physiological and 
biochemical parameters, we have taken relative water 
content (RWC), chlorophyll content (chlorophyll a, b 
and total chlorophyll), carotenoids and free proline 
content. 

Physiological and Biochemical Parameters  

In the present study, revealed that RWC of 
groundnut was strongly affected by nano-silicon 
treatments under drought stress and the silicon applied 
plants still maintain higher water potential and water 
content with compared to those without application of 
silicon under drought, which indicated that application 
of silicon improved the water status of stressed wheat 
plants. Application of silicon increased the relative 
water content, water potential and leaf transpiration 
rate under drought (Gong et al., 2012). Supplementary 
application nSi effectively increased the leaf RWC of 
stressed plants compared to the drought stress (Hassan 
et al., 2022). Si promotes the uptake and transport of 
mineral nutrients, which eventually promote plant 
growth and significantly increasing the relative water 
content (RWC), growth and biomass under drought 
stress in groundnut (Patel et al., 2021). Additionally, 
exogenous application of silicon increased the higher 
retention of relative water content under drought stress 
conditions (El-Beltagi et al., 2024). Our study 
exhibited that the Si application partly enhanced the 
RWC under drought condition in both genotypes. The 
positive effect of Si which significant increases in 
relative water contents could enhanced drought 

tolerance and increased production in drought 
conditions (Sattar et al., 2023). 

In the present investigation drought-induced 
significant reduction in the chlorophyll a, b and total 
Chl content in both the groundnut genotypes. However, 
Si application significantly alleviated this reduction in 
GJG-22 and GG-6 genotype under drought stress. 
Chlorophyll is a green pigment found in special 
cellular organelle called chloroplast present only in 
plant cells. Chlorophyll plays a pivotal role in 
photosynthesis and has a unique capacity to trap light 
energy that utilize in photolysis of water molecules to 
replenish the reducing power of the cells - which is 
needed in carbon assimilation in subsequent steps of 
photosynthesis play a crucial role in adaptation and 
survival of plants in undesired environmental condition 
(Mandal et al., 2020). Drought stress triggers the 
production of reactive oxygen species (ROS), which in 
turn decompose chlorophyll molecules and eventually 
thylakoid structure disappears and substantially 
decreased all photosynthetic pigments (chl a, chl b, and 
carotenoids) were compared to well-watered 
conditions. However, nano-silicon substantially 
mitigated the deleterious effects of drought stress and 
markedly enhanced photosynthetic pigments 
(chlorophyll a, chlorophyll b, and carotenoids) 
compared to untreated stressed control (Abd-El-Aty et 

al., 2024). The applying SiNPs increases 51% 
chlorophyll content as compared to untreated plants, 
thereby enhancing photosynthesis rate (Alsaeedi et al., 

2019). Application 2mM silicon increased the water 
potential, leaf water contents ratio and leaf 
photosynthesis pigments (for example, chlorophyll a, 
chlorophyll b, total chlorophyll, carotenoids), 
maximum quantum efficiency of PSII photochemistry 
(Fv/Fm), actual photochemical quantum efficiency of 
PSII photochemistry (Y) and chloroplast ultrastructure, 
under water deficit stress which indicated that the 
positive effect of Si on photosynthesis was partly 
associated with stomatal and non-stomatal factors. Si 
has been found more effective for alleviating the 
adverse effects of water deficit stress (Ju et al., 2020; 
Bukhari et al., 2021). Sattar et al. (2023) reported that 
exogenously applied Si significantly improved the 
activity of photosynthetic photosynthetic pigments 
(Chl a, Chl b & total Chl) involved in the Si-mediated 
regulation of photosynthesis in wheat under drought 
stress. Moreover, Si application alleviated the negative 
effect of drought by positively affected the growth and 
increased the Chl a, Chl b, total Chl, and decreased the 
oxidative damage by decreased electrolyte leakage and 
hydrogen peroxide, thus enhance drought tolerance 
(Khan et al., 2024). 
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Carotenoids, pigment molecules found in plants, 
play a crucial role in protecting plant cells from 
photooxidative damage by actively scavenging reactive 
oxygen species (ROS) like singlet oxygen, and by 
quenching excited triplet chlorophyll molecules, which 
are primary sources of ROS generation within the 
photosynthetic apparatus (Swapnil et al., 2021). 
Carotenoids play important roles in drought resistance 
in higher plants. Physiological drought can affect 
respiration, growth hormone levels, nutrient 
metabolism, and ultimately photosynthesis and related 
pigments such as chlorophyll and carotenoid content 
(Gaurana et al., 2022). Groundnut plants in drought 
stress induced a significant decrease in carotenoids 
relative to the non-stressed plants (Bakhoum et al., 
2023). This adversely affects the functioning of the 
plant as it hinders the process of photosynthesis (Mibei 
et al., 2016). Therefore, externally administered of 
silicon dioxide nanoparticles increased the content of 
carotenoids and decreased oxidative damage (Ashraf et 

al., 2024; Amini et al., 2024). The amount of total 
carotenoids greatly increased upon root exposure to Si-
based NMs (Xu et al., 2023). Additionally, 
Ghorbanpur et al. (2022) reported that applying Si-NPs 
to barley plants under drought stress significantly 
increased the amount of carotenoid present in the 
leaves.  

Proline is a very important amino acid and 
considered as osmoregulators, playing an essential role 
in osmoregulation to mitigate the injurious impact of 
stresses such as drought (Abdelaal et al., 2020). Proline 
accumulation generally improves osmotic stress 
tolerance whereas proline metabolism can have 
varying effects from ATP generation to the formation 
of reactive oxygen species, besides acting as an 
excellent osmolyte, proline plays three major roles 
during stress, i.e., as a metal chelator, an antioxidative 
defense molecule and a signaling molecule (Hayat et 

al., 2012; Furlan et al., 2020). Like our result, under 
drought stress, the concentration of proline was found 
to be significantly higher in the drought tolerant variety 
compared to drought susceptible variety (Solanki et al., 
2014). However, N-Si application, affect the proline 
content under drought condition in both the genotypes. 
Si application significantly decreased proline content 
under drought stress in winter wheat (Ning et al., 
2023). Exogenous nSi at drought resulted in that 
proline decreased at irrigation regimes under drought 
also improved yield and fruit weight and reduced fruit 
drop percentage in olive leaf (Hassan et al., 2022). On 
the contrary, the decrease in the proline content in 
response of applied nano-silica treatment under 
drought stress reported in barley and improving the 
nutrient status in plants (Hellala et al., 2020). Proline, 

accumulates in response to stress conditions and 
accumulation of proline is an indicator of drought 
stress and it proves to be a better marker for selective 
improvement of drought tolerance (Gavhare et al., 
2020). 

Conclusions 

The current study clearly indicates that plants 
react to drought stress through decreasing their relative 
water content, photosynthetic pigments (such as 
chlorophyll a, b, and total chlorophyll content), 
carotenoids, and increasing the proline content in both 
groundnut genotypes. The adverse effects of drought 
stress are mitigated by the external application of N-Si. 
In both groundnut genotypes, the exogenous 
application of N-Si increased the relative water content 
under drought stress. Additionally, the drought stress 
with N-Si supplementation improved photosynthetic 
pigments and carotenoids. Under drought stress, plants 
treated with N-Si showed reduced proline levels in 
both genotypes. The present investigation indicates that 
GJG-22 more tolerant than GG-6 genotype under 
drought conditions in the presence of N-Si which 
enhanced RWC, photosynthetic pigment content, 
carotenoid, and proline content in the leaf tissue of 
GJG-22 compared to GG-6 genotype. As a result, in 
areas characterized by semi-arid and arid climates, the 
application of N-Si can play a vital role in promoting 
the development and productivity of groundnut crops. 
These results briefly highlight that the N-Si may 
provide greater tolerance to drought stress in 
groundnut. 

References 

Abady, S., Shimelis, H., Janila, P., Wankhade, A., & Chimote, 
V. P. (2024). Genome-wide association analysis for 
drought tolerance and component traits in groundnut gene 
pool. Euphytica, 220, 76.  

Abdelaal, K. A. A., Attia, K. A., Alamery, S. F., El-Afry, M. 
M., Ghazy, A. I., Tantawy, D. S., Al-Doss, A. A., El-
Shawy, E.-S. E., Abu-Elsaoud, A. M., & Hafez, Y. M. 
(2020). Exogenous application of proline and salicylic 
acid can mitigate the injurious impacts of drought stress 
on barley plants associated with physiological and 
histological characters. Sustainability. 12(5),1736.  

Abd-El-Aty, M.S., Kamara, M.M., Elgamal, W.H., Mesbah, 
M.I., Abomarzoka, E.A., Alwutayd, K.M., Mansour, E., 
Ben Abdelmalek, I., Behiry, S.I., Almoshadak, A.S. & 
Abdelaal, K. (2024). Exogenous application of nano-
silicon, potassium sulfate, or proline enhances 
physiological parameters, antioxidant enzyme activities, 
and agronomic traits of diverse rice genotypes under water 
deficit conditions. Heliyon, 10(5),e26077.  

Ajay, B.C., Kumar, N., Kona, P., Gangadhar, K., Rani, K., 
Rajanna, G.A., & Bera, S.K. (2023). Integrating data from 
asymmetric multi-models can identify drought-resistant 
groundnut genotypes for drought hot-spot locations. Sci. 

Rep., 13(1),12705.  



 
1526 Biochemical changes induced by nanosilicon in mitigating drought stress in groundnuts (Arachis hypogaea L.) 

Alhadhrami, A., Gehad, G. M., Ahmed, H. S., Sameh, H. I., 
Ebnalwaled, A. A., & Abdulraheem, S. A. A. (2022). 
Behavior of silica nanoparticles synthesized from rice 
husk ash by the sol–gel method as a photocatalytic and 
antibacterial agent. Materials, 15(22),8211. 

Ali, H., Ahmad, M., Alvi, M.H., Ali, M.F., Mahmood, I., 
Ahmad, S. & Sameen, A. (2023). Foliar application of 
silicon to boost biochemical and physiological response in 
oat under water stress. Silicon, 15,5317–5329.  

Alsaeedi, A., El-Ramady, H., Alshaal, T., El-Garawany, M., 
Elhawat, N., & Al-Otaibi, A. (2019). Silica nanoparticles 
boost growth and productivity of cucumber under water 
deficit and salinity stresses by balancing nutrients uptake. 
Plant Physiol. Biochem., 139,1–10.  

Amini, M., Haghighi, M., Mozafarian, M. (2024). The effect of 
bio and nano silicon sources on sweet pepper growth in 
greenhouses under LED light conditions. Sci. Hortic., 37, 
113476.  

Arnon, D.I. (1949). Copper enzymes in isolated chloroplasts 
polyphenoxidase in Beta vulgaris. Plant Physiol., 24,1-15. 

Arya, S. S., Salve, A. R., & Chauhan, S. (2016). Peanuts as 
functional food, a review. J. Food Sci. Technol., 53(1), 
31–41.  

Ashraf, H., Ghouri, F., Liang, J., Xia, W., Zheng, Z., Shahid, 
M. Q., & Fu, X. (2024). Silicon dioxide nanoparticles-
based amelioration of Cd toxicity by regulating 
antioxidant activity and photosynthetic parameters in a 
line developed from wild Rice. Plants (Basel, 

Switzerland), 13(12), 1715.  
Bakhoum, G. S., Sadak, M. S. & Thabet, M. S. (2023). 

Induction of tolerance in groundnut plants against drought 
stress and Cercospora leaf spot disease with exogenous 
application of arginine and sodium nitroprusside under 
field conditions. J. Soil Sci. Plant Nutr., 23, 6612–6631.  

Bates, L.S., Waldren, R. P., & Teare, I. D. (1973). Rapid 
determination of free proline for water stress studies. Pl. 

Soil, 39(1),205-207. 
Boora, R., Sheoran, P., Rani, N., Kumari, S., Thakur, R., & 

Grewal, S. (2023). Biosynthesized silica nanoparticles 
(SiNPs) helps in mitigating drought stress in wheat 
through physiological changes and upregulation of stress 
genes. Silicon, 15,5565 - 5577.  

Bukhari, M. A., Sharif, M. S., Ahmad, Z., Barutcular, C., Afzal, 
M., Hossain, A., & Sabagh, A. E. L. (2021). Silicon 
mitigates the adverse effect of drought in canola (Brassica 

napus l.) through promoting the physiological and 
antioxidants activity. Silicon, 13,3817–3826.  

Chamovitz, D., Sandmann, G., & Hirschberg, J. (1993). 
Molecular and biochemical characterization of herbicide-
resistant mutants of cyanobacteria reveals that phytoene 
desaturation is a rate limiting step in carotenoid 
biosynthesis. J. Biol. Chem., 268,17348–17353. 

El-Beltagi, H. S., Alwutayd, K. M., Rasheed, U., Sattar, A., Ali, 
Q., Alharbi, B. M., Al-Hawas, G. H., Abbas, Z. K., 
Darwish, D. B. E., Mahmoud, S. F., Al-Shaqhaa, M. A., 
El-Yazied, A. A., & Hamada, M. M. A. (2024). Sole and 
combined foliar application of silicon and putrescine 
alleviates the negative effects of drought stress in maize 
by modulating the morpho-physiological and antioxidant 
defence mechanisms. Plant Soil and Environment, 70(1), 
26–39.  

Furlan, A. L., Bianucci, E., Giordano, W., Castro, S., & Becker, 

D. F. (2020). Proline metabolic dynamics and 
implications in drought tolerance of peanut plants. Plant 

Physiol. Biochem., 151,566–578.  
Gaurana, M. L. (2022). Physiological and biochemical 

responses of rain fed lowland rice genotypes at vegetative 
stage to drought stress. AGBIR., 38(1), 235- 242 

Gavhare, S., Chaudhari, B., Magar, J. G., & Patil, S. (2020). 
Proline content in some cultivars of groundnut (Arachis 

Hypogea L.). Bioinfolet-A Quarterly J. Life Sci., 17 (1b), 
156-156. 

Ghorbanpour, M., Mohammadi, H., Kariman, K. (2020). 
Nanosilicon-based recovery of barley (Hordeum vulgare) 
plants subjected to drought stress. Environ. Sci. Nano., 7, 
443–461. doi, 10.1039/C9EN00973F 

Gong, H., & Chen, K. (2012). The regulatory role of silicon on 
water relations, photosynthetic gas exchange, and 
carboxylation activities of wheat leaves in field drought 
conditions. Acta Physiol. Plant, 34,1589–1594 . 

Hajizadeh, H. S., Azizi, S., Rasouli, F., & Okatan, V. (2022). 
Modulation of physiological and biochemical traits of two 
genotypes of Rosa damascena Mill. by SiO2NPs under in 
vitro drought stress. BMC Plant Biol., 22(1),538.  

Hassan, I. F., Ajaj, R., Gaballah, M. S., Ogbaga, C. C., Kalaji, 
H. M., Hatterman-Valenti, H. M., & Alam-Eldein, S. M. 
(2022). Foliar application of nano-silicon improves the 
physiological and biochemical characteristics of 'kalamata' 
olive subjected to deficit irrigation in a semi-arid climate. 
Plants (Basel, Switzerland), 11(12),1561.  

Hayat, S., Hayat, Q., Alyemeni, M. N., Wani, A. S., Pichtel, J., 
& Ahmad, A. (2012). Role of proline under changing 
environments, a review. Plant Signaling Behav.,  7(11), 
1456–1466.  

He, S., Lian, X., Zhang, B., Liu, X., Yu, J., Gao, Y., Zhang, Q., 
& Sun, H. (2023). Nano silicon dioxide reduces cadmium 
uptake, regulates nutritional homeostasis and antioxidative 
enzyme system in barley seedlings (Hordeum vulgare L.) 
under cadmium stress. Environ. Sci. Pollut. Res., 

30(25),67552 – 67564.  
Hellala, F., Amerb, A. K., El-Sayeda, S., & El-Azabb, K. 

(2020). Mitigating the negative effect of water stress on 
barley by nano silica application. Plant Arch., 20(1), 
3224-3231. 

Ju, S., Wang, L. & Chen, J. (2020). Effects of silicon on the 
growth, photosynthesis and chloroplast ultrastructure of 
Oryza sativa L. seedlings under acid rain stress. Silicon, 
12,655–664.  

Kaaria, K., Gweyi-Onyango, J., & Muui, C. (2023). Silicon 
amendment–influence on sorghum growth, yield, and 
nutrient uptake under water stress. J. Plant Nutr., 

46(18),4357-4376.  
Kalarani, M. K., Senthil, A., Punitha, S., Sowmyapriya, S., 

Umapathi, M., & Geethalakshmi, V. (2023). Abiotic stress 
responses in groundnut (Arachis hypogaea L.), 
mechanisms and adaptations. Legumes, Physiol. Mol. 

Biol. Abiotic Stress Tolerance. Springer, Singapore.  
Kandoliya, U. K., Marviya, G. V., Patel, N. J., Vakharia, D. N., 

& Golakiya, B. A. (2015). Effect of drought at different 
growth stage on carbohydrates and lipids composition of 
groundnut (Arachis hypogaea L.) pod. Int. J. Curr. Res. 

Aca. Rev., 3(10),281-287 
Khan, I., Awan, S. A., Rizwan, M., Khan, A., Brestic, M., 

Wang, H., Ulhassan, Z., & Xie, W. (2024). Silicon-
induced modulation of photosynthetic pigments, 



 

 

1527 Devendra Kumar and H.P. Gajera 

osmolytes, and phytohormonal regulation boosted the 
drought tolerance in Elymus sibiricus L. J. Plant Growth 

Regul., 43,998–1011.  
Kokkanti, R. R., Prathima, D., Hindu, V., Latha, P., & 

Rayalacheruvu, U. (2019). Morphophysiological and 
anatomical responses of groundnut (Arachis hypogaea L.) 
to drought stress. Int. J. Recent Sci. Res., 12(A),36241-
36247. 

Kokkanti, R. R., Vemuri, H., Gaddameedi, A., & 
Rayalacheruvu, U. (2022). Variability in drought stress-
induced physiological, biochemical responses and 
expression of DREB2A, NAC4 and HSP70 genes in 
groundnut (Arachis hypogaea L.). S. Afric. J. Bot., 
144,448–457.  

Kundy, A.C., Mayes, S., Msanya, B., Ndakidemi, P., Massawe, 
F. (2023). Building resilient crop production systems for 
drought-prone areas-A case for bambara groundnut (Vigna 

subterranea L. Verdc) and groundnut (Arachis hypogaea 
L.). Agronomy, 13, 383.  

Kunene, S., Odindo, A. O., Gerrano, A. S., & Mandizvo, T. 
(2022). Screening bambara groundnut (Vigna subterranea 
L. Verdc) genotypes for drought tolerance at the 
germination stage under simulated drought conditions. 
Plants. (Basel,Switzerland), 11(24),3562. 

Li, Y., Xi, K., Liu, X., Han, S., Han, X., Li, G., Yang, L., Ma, 
D., Fang, Z., Gong, S., Yin, J., & Zhu, Y. (2023). Silica 
nanoparticles promote wheat growth by mediating 
hormones and sugar metabolism. J. Nanobiotechnol., 

21(1),2. 
Liu, C., Sun, H., Xu, Y., & Wu, C. (2023). Effects of SiO2 

nanoparticles on root structures, gas exchange, and 
antioxidant activities of Cunninghamia lanceolata 
seedlings under drought stress. J. Plant Nutr., 46,16, 
3771-3793.  

 Luyckx, M., Hausman, J. F., Lutts, S., & Guerriero, G. (2017). 
Silicon and plants, current knowledge and technological 
perspectives. Front. Plant Sci., 8,1–8. 

Ma, D., Sun, D., Wang, C., & Qin, H. (2015). Silicon 
application alleviates drought stress in wheat through 
transcriptional regulation of multiple antioxidant defense 
pathways. J. Plant Growth Regul., 35,1–10. 

Mahawar, L., Ramasamy, K. P., Suhel, M., Prasad, S. M., 
Živčák, M., Brestic, M., Rastogi, A., & Skalický, M. 
(2023). Silicon nanoparticles, comprehensive review on 
biogenic synthesis and applications in agriculture. 
Environ. Res., 232,116292.  

Mandal, R., Dutta, G. (2020). From photosynthesis to 
biosensing, Chlorophyll proves to be a versatile molecule. 
Sens. Int., 1,100058.  

Mibei, E. K., Ambuko, J., Giovannoni, J. J., Onyango, A. N., & 
Owino, W. O. (2016). Carotenoid profiling of the leaves 
of selected African eggplant accessions subjected to 
drought stress. Food Sci. Nutr., 5(1),113–122.  

Nassar, S. M., Al-Kady, A. A., & EL-Saka, Z. I. (2018). Effect 
of drought stress on yield and yield components of 20 
Peanut genotypes grown under newly reclaimed soil. 
Egypt. J. Agron., 40,45-58. 

Nautiyal, P. C., Ravendra, V., Vasantha, S., & Joshi, J. C. 
(1991). Moisture stress and subsequent seed viability. 
Oleagineux, 4,153-158. 

Ning, D., Qin, A., Liu, Z., Duan, A., Xiao, J., & Zhang, J. 
(2020). Silicon-mediated physiological and agronomic 

responses of maize to drought stress imposed at the 
vegetative and reproductive stages. Agron., 10,1136.  

Ning, D., Zhang, Y., Li, X., Qin, A., Huang, C., Fu, Y., Gao, 
Y., & Duan, A. (2023). The effects of foliar 
supplementation of silicon on physiological and 
biochemical responses of winter wheat to drought stress 
during different growth stages. Plants, 12(12),2386. 
https,//doi.org/10.3390/plants12122386  

Panse, V.G., & Sukhatme, P.V. (1985). Statistical methods for 
agricultural workers. Indian Council of Agricultural 

Research Publication, 87-89. 
Patel, M., Fatnani, D., & Parida, A. K. (2021). Silicon-induced 

mitigation of drought stress in peanut genotypes (Arachis 

hypogaea L.) through ion homeostasis, modulations of 
antioxidative defense system, and metabolic regulations. 
Plant Physiol. Biochem., 166, 290–313. 

Puppala, N., Nayak, S. N., Sanz-Saez, A., Chen, C., Devi, M. J., 
Nivedita, N., Bao, Y., He, G., Traore, S. M., Wright, D. 
A., Pandey, M. K., & Sharma, V. (2023). Sustaining yield 
and nutritional quality of peanuts in harsh environments, 
Physiological and molecular basis of drought and heat 
stress tolerance. Front. Genet., 8(14),1121462. doi, 
10.3389/fgene.2023.1121462. 

Raza, M. A. S., Zulfiqar, B., Iqbal, R., Muzamil, M. N., Aslam, 
M. U., Muhammad, F., Amin, J., Aslam, H. M. U., 
Ibrahim, M. A., Uzair, M., & Habib-ur-Rahman, M. 
(2023). Morpho-physiological and biochemical response 
of wheat to various treatments of silicon nano-particles 
under drought stress conditions. Sci. Rep., 13,2700.  

Roy, B. C., & Shiyani, R. L. (2000). Rain-fed groundnut in 
india, prioritizing production constraints and implication 
for future research. Bangladesh J. Agric. Econs., 23(1-
2),1-16.  

Salehi-Lisar, S. Y., & Bakhshayeshan-Agdam, H. (2016). 
Drought stress in plants, causes, consequences, and 
tolerance, Drought stress tolerance in plants. Physiol. 

Biochem., Springer,1.  
Sanders, T. H. (2003). Groundnut oil. Encyclopedia Food Sci. 

Nutr., (second edition), 2967-2974.  
Sattar, A., Sher, A., Ijaz, M., Ul-Allah, S., Hussain, S., 

Rasheed, U., Hussain, J., Al-Qahtani, S. M., Al-Harbi, 
N.A., Mahmoud, S.F., & Ibrahim, M. F. M. (2023). 
Modulation of antioxidant defense mechanisms and 
morpho-physiological attributes of wheat through 
exogenous application of silicon and melatonin under 
water deficit conditions. Sustainability, 15,7426.  

Seleiman, M. F., Al-Selwey, W. A., Ibrahim, A. A., Shady, M., 
& Alsadon, A. A. (2023). Foliar applications of ZnO and 
SiO2 nanoparticles mitigate water deficit and enhance 
potato yield and quality traits. Agron., 13(2),466.  

Seleiman, M. F., Al-Suhaibani, N., Ali, N., Akmal, M., 
Alotaibi, M., Refay, Y., Dindaroglu, T., Abdul-Wajid, H. 
H., & Battaglia, M. L. (2021). Drought Stress Impacts on 
Plants and Different Approaches to Alleviate Its Adverse 
Effects. Plants (Basel, Switzerland), 10(2),259.  

Solanki, J., K. & Sarangi, S., K. (2014). Effect of drought stress 
on proline accumulation in peanut genotypes. Int. J. Adv. 

Res., 2 (10),301-309. 
Songsri, P., Jogloy, S., Kesmala, T., Vorasoot, N., Akkasaeng, 

C., Patanothai, A., & Holbrook, C. C. (2008). Response of 
reproductive characters of drought resistant peanut 
genotypes to drought. Asian J. Plant Sci., 7,427-439. 



 
1528 Biochemical changes induced by nanosilicon in mitigating drought stress in groundnuts (Arachis hypogaea L.) 

Sutulienė, R., Ragelienė, L., Samuolienė, G., Brazaitytė, A., 
Urbutis, M., & Miliauskienė, J. (2022). The response of 
antioxidant system of drought-stressed green pea (Pisum 

sativum L.) affected by watering and foliar spray with 
silica nanoparticles. Horticulturae, 8(1),35.  

Swapnil, P., Meena, M., Singh, S. K., Dhuldhaj, U. P., Harish, 
Marwal, A. (2021). Vital roles of carotenoids in plants and 
humans to deteriorate stress with its structure, 
biosynthesis, metabolic engineering and functional 
aspects. Curr. Plant Biol., 26, 100203.  

Teixeira, G. C. M., de Prado, R. M., Rocha, A. M. S., de 
Oliveira, F. A. S. B., da Sousa, Jr. G. S., & Gratão, P. L. 
(2022). Action of silicon on the activity of antioxidant 
enzymes and on physiological mechanisms mitigates 
water deficit in sugarcane and energy cane plants. Sci. 

Rep., 12(1),17487.  
Tripathi, D. K., Singh, V. P., Prasad, S. M., Chauhan, D. K., & 

Dubey, N. K. (2015). Silicon nanoparticles (SiNPs) 

alleviate chromium (VI) phytotoxicity in Pisum sativum 
(L.) seedlings. Plant Physiol. Biochem., 96,189–198. 

Tripathi, D. K., Vishwakarma, K., Singh, V. P., Prakash, V., 
Sharma, S., Muneer, S., Nikolic, M., Deshmukh, R., 
Vaculík, M., & Corpas, F. J. (2020). Silicon crosstalk with 
reactive oxygen species, phytohormones and other 
signaling molecules. J. Hazard Mater., 408,124820. 

Verma, K. K., Song, X. P., Singh, M., Huang, H. R., Bhatt, R., 
Xu, L., Kumar, V., & Li, Y. R. (2022). Influence of 
nanosilicon on drought tolerance in plants, An overview. 
Front. Plant Sci., 13,1014816.  

Weatherley, P. E. (1962). A re-examination of the relative 
turgidity technique for estimating water deficits in leaves. 
Australian J. Biol. Sci., 15(3), 413-442.  

Xu, X., Guo, Y., Hao, Y., Cai, Z., Cao, Y., Fang, W, Zhao, B., 
Haynes, C. L., White, J. C., Ma, C. (2023). Nano-silicon 
fertiliser increases the yield and quality of cherry radish. 
Mod. Agric., 2023; 1(2), 152–65.   

  


