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Abstract

Both biotic and abiotic stress factors have direct and indirect effects on growth, development, and basic
metabolism of plants. Superoxide dismutase has been considered as the principle intracellular antioxidant
defense against free radicals, and it has an important function on plant stress tolerance in different
environmental adversities such as high or low temperature, drought, heavy metal toxicity, flood, macro- and
micro-nutrient deficiency. Benzyl adenine is a cytokinin which plays different roles in plant morphogenesis and
development especially root and shoot formation, and promotes yield, fruiting and flowering in different
plants. Salicylic acid also has notable functions in flower induction, plant growth, uptake of ions, stomatal
movement, and ethylene biosynthesis. Salicylic acid is a type of beta hydroxy acid (BHA) and phenolic acid
with a chemical formula C;H¢O3, and it is a BHA found as a natural component in herbs and plants. Salicylic
acid can also promote the antioxidant activity with significant positive effects on improvement of adaptation
of plants to osmotic and salt stress. The present article aims to investigate the most up-to-date findings and
results regarding the practical utilization of benzyl adenine, salicylic acid and superoxide dismutase in
agricultural and horticultural plants, including researches of successful paradigms for different plants. Also, this
article aims to find their important roles and propose further research in this field in sustainable agricultural
and horticultural production.

Keywords: abiotic stress; aromatic plants; benzyl adenine; biotic stress; drought; salicylic acid;
superoxide dismutase

Introduction

Superoxide dismutase (SOD) is an effectual antioxidant enzyme which has been extensively applied as
therapeutic agent, cosmetic additive, and food supplement (Kono, 2022; Dong et al, 2023; Yang et al, 2023).
SODs enzymes are found in almost all parts of the cell, and they are produced in almost all obligate anacrobes,
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acrobic organisms, and acro-tolerant anacrobes as a result of biological oxidations. As it has a clear function in
antioxidant defense against oxidative stress in the body, supplementation with SOD may trigger the
endogenous antioxidant machinery for the neutralization of free-radical excess which can be used in a variety
of pathological scttings (Rosa ez al, 2021; Li er al, 2023; Zheng et al, 2023; Sun ez al, 2023).

SODs are metal-containing enzymes which catalyze the dismutation of superoxide radicals to hydrogen
peroxide and oxygen (Kim and Kim, 2013). SOD has been proposed to be important for plant stress tolerance,
as the generation of oxygen radicals can be more exacerbated during environmental adversity (Kim ez al, 1995;
Azadmanesh and Borgstahl, 2018; Stephenie et a/, 2020; Sun and Shahrajabian, 2023). Three forms of the
enzyme exist in plants as known by their activate site metal ion: manganese, copper/zing, and iron forms
(Borgstahl and Oberley-Deegan, 2018). These three different types of SOD coexist just found in plants (Bowler
et al, 1994), and several cDNA sequences which encode the various SODs have recently become available
(Bowler eral, 1994).

SOD proteins, which are encoded by nuclear genes are found in different regions of the cell, with
copper/zinc SOD (CSDs) being found in the cytosol, mitochondria, and chloroplast. It is believed that the
generation of superoxide radicals O2-, HO-, and H202 occurs in different cell organelles, which is confirmed
by the localization of the corresponding enzymes. The compartmentalization of ROS production in the plant
cell determines the biological function of ROS in maintaining balance, and local fluctuations in the
concentration of ROS and their accumulation depend on the composition, presence, and activity of
antioxidant systems (Baranova et al, 2024). A meaningful improve in the expression and activity of SOD in
plant under water deficit has been reported in many crops such as sweet potato, transgenic rice, cowpea and
common bean (Deus er al, 2015).

One of the most important hormones which has been extensively applied as plant growth regulators
(PGR) for the root differentiation and induction of cell division in plant tissue culture is benzyl adenine (BA)
(Sardoei, 2014; Mangena er al, 2015; El-Ghamery and Mousa, 2017; Etiosa et al, 2017; Begum et al, 2019).
Its positive effects have been reported in many crops such as soybean, dry bean, chickpeas, and cowpea (Clapa,
2013). Application of benzyl adenine on mature trees can lead to increase return bloom the following year and
larger fruit size (Buban, 2000).

Salicylic acid (SA) is an important signaling molecule with various regulatory functions influencing
plant metabolic activities (Imai ez a/, 2022; Khezri ez al, 2023). It can increase plant defense reactions to abiotic
and biotic stresses via regulating some genes expression which can lead to the accumulation of defense-related
components (Kricheldorf er al, 2009). As it is considered as a phenolic compound, it can trigger the shikimic
acid pathway and the metabolism of other phenolic components to boost the accumulation of phenols,
resveratrol, flavonoids, and different phytochemicals (Sharma ez a/, 2000; Kumar et al, 2023), with important
and primarily role in the activation biosynthesis of secondary metabolites by altering proteins and the key genes
which are active in the corresponding metabolic pathways (Ma ez al, 2017; Ding ez al,, 2023).

It has also capability to interact with other important secondary metabolites such as alkaloids and
terpenes (Liao er al, 2021; Kaya er al, 2023; Al-Mayahi, 2023; Tadayon et al, 2023), and has special ability to
regulate numerous plant procedures, such as respiration, photosynthesis, flowering, senescence, growth,
development, and final yield (Yu et a/, 2022; Negi er al, 2023; Thepbandit et a/, 2023). Gharbi er a/ (2018)
found that tomato seedlings primed with 10 uM salicylic acid can increase plant growth, while it has no
significant effect on K+ and Na+ accumulation.

The goal of this literature review is to study the impacts of superoxide dismutase, benzyl adenine, and
salicylic acid on yield, plant growth, aroma, crop quality and nutraceutical parameters of plants, such as
agricultural crops, medicinal and aromatic plants, especially under biotic and abiotic stresses. Furthermore, the
main mechanisms of action of different treatments on plants are briefly illustrated.

The information is gathered from randomized control experiments, review articles, and analytical
studies and observations which were obtained from different literature sources such as Scopus, Google Scholar,
PubMed, and Science Direct. The keywords used were superoxide dismutase, salicylic acid, benzyl adenine,
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medicinal plant, horticultural crops, biotic stress, abiotic stress, drought, and salinity. The electronic databases
Cochrane Library, Google Scholar, Scopus, Web of Science, and MEDLINE/PubMed were searched to review
all the relevant articles published in English up to March 2023. Single word or combinations of “Aromatic
plants”, “Benzyl adenine”, “Abiotic stress”, “Biotic stress”, “Drought”, “Salicylic acid”, and “Superoxide
dismutase” were searched. Titles, abstracts, and keywords were searched in the articles detected in the four
databases between 2000 and 2024 were selected. Duplicate articles were first removed from the records.

Superoxide Dismutase and Mechanisms of Action

Superoxide dismutase (SOD) family is thoroughly conserved enzymes consisted of proteins and metal
cofactors (Mohideen et al, 2022; Costa er al, 2023; Furukawa et al, 2023). This enzyme family transforms
superoxide anion (O) to oxygen and hydrogen peroxide (Bannister et a/, 1991; Campanella er al, 1999;
Annapurna et al, 2003), and they are ancient enzymes in all aspects of life (Frye ez al, 2022). They can protect
cells against abiotic stress consequences caused by cytotoxic Oy by catalyzing its conversion to H,O; and O,
(Kliebenstein er al, 1998; Gill er al, 2015; Sun and Shahrajabian, 2025).

The combination of upstream sequences in the genomic sequence, and the effect of subcellular location
of the enzyme are the main specialization of function among the SODs in plant stressed cells (Alscher et al,
2002). Bors er al. (1991) reported that SOD has unique characteristics of the protein surface besides to the
prosthetic copper site, having probability activity as a general-purpose radical-scavenging protein.

Four groups of superoxide dismutases have evolved in a variation of organisms processing different
catalytic metal ions: manganese superoxide dismutase (Mn-SOD), copper-zinc superoxide dismutase (Cu/Zn-
SODs), nickel superoxide dismutase (Ni-SODs), and iron superoxide dismutase (Fe-SODs) (Lalrinkima et al,
2022). It has been reported that the most notable line of defense against the potential destruction from reactive
oxygen species (ROS) is the metalloenzyme family (Sharma er al, 2023; Qin er al, 2023). Atiya et al. (2023)
reported that the vital enzyme accountable for controlling cellular oxidative stress is superoxide dismutase 1
(SOD1), and its dysregulation is associated to cancer neurodegenerative and pathogenesis disorders.

It has been found that SOD is an important member of group of metalloenzyme which responds to
abiotic stresses and protects plant through countering the reactive-oxygen species (ROS) (Apostolova et al,
2012; Miura er al, 2012). It has been confirmed that the inducible expression of SOD aids plants respond to
biotic and abiotic stresses, such as under cold stress, the ROS content of cold-tolerant tea tree varieties is more
than that of cold-sensitive varieties, which can lead to minimum damage to the leaves (Wang et a/, 2019), and
under salt stress, the SOD activity of salt-tolerant varieties of Brassica napus is more than the one which is
related to salt-sensitive varieties (Jalali-e-Emam ez a/, 2011). Kunos ez al (2022) reported that SOD activity
induced by the Pyrenophora terest. teresinfection will boost with elapsed time of infection.

Under abiotic stresses, the differential SOD localization induced to the regulatory activity of the vessel
associated cells (VACs) in the transitory sink role of xylem of China rose (Michonneau et al, 2023). SOD has
positive function against abiotic stress in rice (Morita et al, 2011). Iron superoxide dismutase (FeSODs)
showed an important function in maintaining photosystem II (PSII) function by stabilizing PSII complex in
tobacco (Zhang er al, 2011). SODm-123 from manganese oxide and L-aspartic acid improve the development
and growth of tomato seedlings which can be considered as a potential growth-promoting factor for tomato
plants (Liu ez a/, 2020). SOD enhanced salt and drought tolerance, and promoted early flowering phenotypes
of wheat plants (Guo ez al, 2023). The effects and mechanisms of SOD on both quality and quantity of various
plants have shown in Table 1.
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Table 1. The impacts and mechanisms of influence of SOD on yield and yield components of different crops.

Plant

Plant fami Functions of SOD in plants Reference
amily
Apple Rosaceae SOD has a notable function in fruit development, | Abassi er al (1998)
(Malus pumila) as to respond to abiotic and biotic stresses, Lv eral (2020)
alterations in expression and enzyme activity of
SOD genes during apple fruit ripening may
happen.
Barley Poaceae The resistant of varieties to Pyrenophora teres £ Abu-Romman and
(Hordeum vulgareL.) teresinfection cannot be evaluated on the basis of | Shatnawi (2011)
SOD enzyme activity alone, even though many Kunos er al. (2022)
antioxidant enzymes have significant role in fine-
tuning the defense response.
Barrel medic Fabaceae CuZnSOD boosted linearly in leaves. Lopez-Millan er al
(Medicago truncatula (2005)
Gaertn.)
Cabbage Brassicaceae | It has positive effect on yield and it can enhance the | Singh er a/ (2009)
(Brassica oleraceac L.) antioxidants in cabbage head.
Castor bean Euphorbiac | Itis important to increase the production of plant | Neto ez al. (2018)
(Ricinus communisL.) eae in semiarid regions.
Chestnut rose Rosaceae It can positively affect chestnut rose. Hou eral (2019)
(Rosa roxburghii Tratt.)
China rose or miniature | Rosaceae SOD genes such as 2FeSODs, 2 MnSODs, and 3 Rafique er al
rosa Cu/ZnSODs show various responses to salt stress, | (2023)
(Rosa chinensis) and exert their valuable roles in China rose under
abiortic stresses.
Chinese cabbage Brassicaceae | Cu/ZnSOD lead to accumulation of Mg2+, Ca2+, | Tseng eral (2007)
(Brassica campestrisL.) K+, and less Na+ in the leaves, which has caused
the increase of multiple stress protection.
Chocolate vine Lardizabala | Three SODs (AktMSD3, AktMSD2, an Yang er al. (2023)
(Akebia trifoliata ceae AkeMSD1) can regulate fruit development,
(Thunb.) Koidz.) involved in fruit development, and participate in
the stress response.
Common bean Fabaceae Cu/Zn SODs are down-regulated and arsenic- Talukdar and
(Phaseolus vulgarisL.) induced leaf necrosis appeared. Talukdar (2013)
Cowpea Fabaceae Under high levels of salinity, the capability of Cavalcanti et al.
(Vigna unguiculata (L.) cowpea plants to survive is not caused by an (2004)
Walp.) operating antioxidant system involving catalase, Urarte et al (2014)
guaiacol peroxidase, and SOD activities in mature
leaves.
Durum wheat Poaceae The manganese superoxide dismutase increased Huseynova et al.
(Triticum turgidum L. antioxidant enzyme activities such as peroxidases, (2014)
subsp. Durum.) and catalase. Kaouthar er al
(2016)
Maize Poaceae The increase in Cu/Zn-SOD expression may Moharramnejad
(ZeamaysL.) reduce damage caused by water shortage stress in and Valizadeh
maize. (2019)
Potato Solanaceac | SOD has enhanced the activity of catalase and Che er al (2020)

(Solanum tuberosumL.)

peroxidase as well as regulating the antioxidant
enzymes activity to improve tolerance to cold stress.
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Rice Poaceae Manganese superoxide dismutase which is an Wang er al. (2005)
(Oryza sativa) important part of ROS scavenging system in plant

chloroplasts can increase drought tolerance in rice

plants.
Soybean Fabaceae Superoxide dismutase can have positive effects on Celik er al (2009)
(Glycine max (L.) Merr.) soybean roots.
Sugarbeet Amarantha | After transferring the tomato SOD gene into sugar | Tertivanidis ez a/.
(Beta vulgarisL.) ceae beet, the transgenic lines revealed high resistance to | (2004)

oxidative factors and fungus Cercospora beticola.
Sugarcane Poaceae Both ascorbate peroxidase and superoxide Sales eral (2013)
(Saccharum officinarum dismutase increase the recovery of photosynthesis
L) in plants in drought stress condition.
Tall fescue Poaceae CuZnSOD has been used in scavenging ROS and | Lee er al (2007)
(Festuca arundinacea) leads to increase tolerance to abiotic stresses.
Tobacco Solanaceac | SOD can improve tolerance of plants to oxidative Yu and Rengel
(Nicotiana tabacumL.) stresses, freezing, and drought. (1999)

Park eral (2016)

Tomato Solanaceae | It can lead to increase leaf protein concentration Rahman and
(Lycopersicon under water shortage condition. Mackay (2004)
esculentum Mill.)
Triticale Poaceae SOD has an important impact on triticale Saed-Moucheshi ez
(X Triticosecale production in drought stress condition. al. (2021)
Witemack)
Wheat Poaceae SOD application can increase yield and yield Leonowicz et al.
(Triticum aestivum L.) components of wheat. (2018)
Wild carrot Apiaceae SODs have important function in removing Zameer et al.
(Daucus carota) reactive oxygen species, particularly hydrogen (2022)

peroxide.

Benzyl Adenine and Mechanisms of Action

Benzyl adenine is an important plant growth regulator which has been extensively applied in cultivation
of different horticultural crops because of its low cost and high effectiveness (Muthiah, 1989; Woltermann er
al, 2004; Shahrajabian er al, 2021). It has been proved that benzyl adenine can inhibit loss of membrane
integrity in plant tissues, and lipid peroxidation with notable influence on delaying plant senescence (Siddiqui
et al, 2015). It has been reported as an important choice to delay senescence and ripening in mango fruit by
regulating membrane lipid metabolism and ROS production (Zhang er a, 2022), and an important choice to
prolong the storage life of dahlia (Shimizu-Yumoto er a/, 2020).

In various studies the positive impacts of combined application of salicylic acid and benzyl adenine have
been reported for Ocimum basilicum, and Marjorana hortensis (Gharib, 2006), Plukenetia volubilis (Fu et al,
2014), Narcissus tazatta (Asghari and Asghari, 2014), Digitalis trojana (Cingoz and Gurel, 2016), Achillea
millefolium (Gorni and Pacheco, 2016), Plantago ovata Forssk (Shekofteh er al, 2015), and Cuminum
cyminum (Rahimi ez al, 2013). Biton ez al. (2014) reported that the mixture of benzyle adenine and gibberellin
can act as a modulator of host physiological responses which may cause delay in fruit maturation, and an
appropriate treatment for Alternaria black spot disease, caused by A/ternaria alternata. Treatment of tobacco
and Arabidopsis plants can strongly decrease the number of Tobacco mosaic virus (TMV) lesions on tobacco
and Pscudomonasbacteria on the leaves of tobacco and Arabidopsis(Bozso and Barna, 2021). The impacts and
mechanisms of benzyl adenine on both quality and quantity of different plants have shown in Table 2.
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Table 2. The influences and mechanisms of effects of benzyl adenine on yield and yield components of

different crops

Plant Plant family Functions of benzyl adenine in plants Reference
Apple Rosaceae It can be useful in the development of growth habitin | Jones (1967)
(Malus pumila) apple scions, and an important parameter for Tworkoski and

regulating bud-break with regulating character for Miller (2007)
hormone contents in shoot tips.
Blueberry Ericaceae It is used to increase the number of flower buds, Perez-Leon er al.
(Vaccinium vitamin C, flavonoids, and higher ascorbate peroxidase | (2023)
corymbosumL.) enzymes and catalase activity.
Chinese cabbage Brassicaceae Its application can increase antioxidant content, Zhang er al.
(Brassica inhibits chlorophyll degradation and delay leaf (2023)
campestris L.) senescence, which makes it an appropriate candidate
for preserving Chinese flowering cabbage after harvest.
Common Asparagaceae It could increase shoot height, chlorophyll content and | El-Naggar er ai.
hyacinth fresh weight. (2023)
(Hyacinthus
orfentalisL.)
Common sage Lamiaceae It has positively affected the final yield and chemical Papafotiou et al.
(Salvia officinalis components of plants. (2023)
L.)
Coriander Apiaceae The combined application of salicylic acid (75 or 150 Aminifard et al
(Coriandrum #M), and 250-500 ppm benzyl adenine is the best (2020)
sativum L.) option for the improvement of biochemical indices,
yield and growth parameters.
Florist,s daisy Asteraceae It can significantly increase chlorophyll in leaves, Kaur and Jhanji
(Chrysanthemum relative water content, water absorption, anthocyanins, | (2023)
morifolium) and carotenoids.
Gerbera daisy Asteraceae Application of benzyl adenine can increase the content | Cioc eral (2019)
(Gerbera of chlorophyll a.
Jamesonii Bolus)
Gladiolus Iridaceae It can lead to increase final yield. Khan eral (2013)
(Gladiolus
undulatus)
Maize Poaceae It can positively increase yield and yield componentsas | Zarain et al
(Zea maysL.) well as repair synthesis and early germination. (1987)
Karimzadeh Fard
etal. (2023)
Mezereum Thymelacaceae | Its application increased catalase activity, hydrogen Nowakowska and
(Daphne peroxide, and biomass. Pacholczak (2020)
mezereum L.)
Patchouli Lamiaceae It can positively increase the number of leaves per Mayura et al.
(Pogostemon shoot, the number of total leaves, and the number of (2020)
cablin Benth) shoots per explants.
Potato Solanaceae Application of benzyl adenine and gibberellic acid can | Alexopoulos er a/
(Solanum lead to a slight boost in the concentration of sucrose, as | (2007)
tuberosum L.) well as significant increase in dry matter, fresh weight, | Sasani eral (2010)
and the length of sprouts in seed tubers.
Rose Rosaceae It can significantly influence on metabolite alterations | Ibrahim eral
(Rosa rubiginosa) in various rose tissues. (2018)
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Soybean Fabaceae It has shown an important function on promoting the | Mangena (2020)

(Glycine max L. growth in seedlings during explant preparation and

Merrill.) seed germination.

Strawberry Rosaceae It can break the dormancy of axillary buds as well as Kour eral (2017)

(Fragaria x production of runners by boosting the soluble sugar. Liu eral (2019)

ananassa) Li eral (2020)

Wheat Poaceac Combined application of indole acetic acid and benzyl | Fahmy eral

(Triticum adenine played an important function in seedlings (2012)

aestivum L.) regeneration.

Yunnan sage Lamiaceae It has positively influence biomass and improve Grzegorczyk-

(Salvia bulleyana) polyphenol accumulation. Karolak er al
(2023)

Salicylic Acid and Mechanism of Action

Salicylic acid belongs to the group of phenolic acids which has an aromatic ring connected to a hydroxyl
group or its functional derivatives, which is considered safe for the environment and human health (Chen ez
al, 2023; Sun er al, 2024ab). It is an important plant hormone which is best known for mediating host
responses upon pathogen infection. Its function in plant defense activation is well established, but its
biosynthesis in plants is not fully understood. It is widely accepted that plants possess both an isochorismate
synthase (ICS), and phenylalanine ammonia-lyase (PAL) pathway to synthesize it, both starting from
chorismite. However, not all enzymes catalyzing these pathways have been identified in plants. The importance
of these pathways for the biosynthesis of salicylic acid varies in different plant species. Salicylic acid can undergo
different modifications in the plant, and most of them cause salicylic acid to become inactive, and when salicylic
acid is glycosylated, its glucoside can be produced, and this compound can be stored in the vacuole in large
quantities. As a result of glucosylation by Salicyloyl glucose ester (SGE) is another salicylic acid sugar conjugate
that can be formed in plants. Another major modification is amino acid (AA) conjugation, probably involved
in salicylic acid catabolism. Exogenous application of salicylic acid exhibits unique potential in quality control
because of retaining nutrient components, and increasing antioxidant activity, decreasing cell wall degrading
enzyme activity, and keeping cell membrane characteristics, decreasing fruit aroma loss, and increasing fruit
taste, alleviating fruit browning, changing pigment composition and delaying fruit ripening (Wang e a/, 2022).
Both genetic and biochemical findings have been applied to better understanding of biosynthetic pathways of
salicylic acid in plant, and it has been suggested that salicylic acid is synthesized from cinnamate produced by
phenylalanine ammonia lyase (PAL) (Zhong et al, 2021), as cinnamate can changed into salicylic acid via o-
coumarate or benzoate on the basis of occurs of hydroxylation of the aromatic ring after and before the chain-
shortening reactions, and possibly via a B-oxidation procedure analogous to fatty acid p-oxidation (Klambe,
1962; Leon et al, 1995). It has been mentioned, no related enzymes which needed for this conversion process
in PAL pathway has been isolated from plants (Xu er al, 2017). Salicylic acid is connected to various important
components of plant defense via intricate networks, commonly activated different infection by biotrophic
pathogens, which may need living host tissue (Benjamin er a/, 2022). It can act via the non-expressor PR1
protein (NPR1), which is an important ingredient in plant defense signaling (Dong, 2004; Mukhtar er a,
2009; Withers and Dong, 2016). In this process, ethylene-signaling and jasmonic acid pathways are commonly
needed for the activation of plant defense against herbivores, and necrotrophic pathogens (Burger and Chory,
2019; Szepesi et al, 2022). Exogenous usage of salicylic acid can assist in increasing antioxidant effectiveness in
different types of biological schemes, and it has shown high ability in reactive oxygen species (ROS) regulation
such as hydrogen peroxide, and antioxidant enzyme regulation is always boost by salicylic application (Alam er
al, 2023; Covelli er al, 2023). Physiological functions of salicylic acid in plant under heavy metal stress have
been illustrated as signaling which can lead to gene activation, stimulation of antioxidant apparatus which can
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induce to antioxidant enzyme activities and antioxidant compound levels, stimulation of protective
components such as proline, sugars, polyphenols, and polyamines; interaction with other phytohormones such
as cytokinins, auxins, ethylene, abscisic acid, and brassinosteroids (Janda et a/, 2020; Sharma er a/, 2020; Xu er
al, 2022). Abdi er al. (2022) reported that application of salicylic acid increased the grain protein, and also had
positive influence on moderate and appropriate accumulation of Cu, Fe, Zn, and Mn as well as improving
tolerance to salt stress. It can also mediate morphological alterations like enhanced adventitious rooting, the
reduction of lateral root formation, cell wall lignification, nodulation, and plasmodesmal closure, which can be
shown its importance to facilitate plant growth under various adverse conditions (Bagautdinova er al, 2022).
Sinha er al (2015) reported that usage of 100 mM salicylic acid can mitigate the negative impacts of heavy-
metal stress such as lead, chromium, cadmium, nickel, and cobalt in cauliflower plants through increase in
proline, lipid peroxidation, electrolyte leakage percentage, non-protein thiol, etc. The influence of salicylic acid
on activation of wheat calli growth and its inhibition effect on formation, mycelium growth and fungi spores
germination has been reported (Maksimov er a/, 2014). Dolatabadian et a/ (2019) discovered that salicylic
acid can alleviate the damaging action of salinity on embryo growth of wheat seeds, and increase a restoration
of growth procedures which can boost the rate of seed germination in semi-arid and arid regions. Okuma et a/
(2014) concluded that usage of salicylic acid can increase the expression of acd6 and cpr5 mutant plants, and
by inhibition of light-induced stomatal opening, significantly improve drought tolerance of Arabidopsis.
Salicylic acid can modulate oxidative stress via increasing activities of antioxidant enzymes and decreased the
salt-induced negative effects as well as increasing grain yield of barley (Pirastch-Anoshech and Emam, 2018).
Application at 200 mg L' can be recommended against anthracnose disease caused by Collerotrichum
glocosporioides of cassava (Sangpueak er al, 2023). The combination of ascorbic acid and salicylic acid exerted
the maximum shoot weight, plant height, root weight, and pericarp thickness of chillies (Zahid er a/, 2023).
Cotton seed soaking with potassium silicate and salicylic acid can induce to significant increment in potassium,
phosphorus, nitrogen, chlorophyll and phenol contents in cotton leaves (Gad er a/, 2019). 50 mg/L salicylic
acid enhanced monoterpenes profile compounds in both wine and mature grapes (Yue er al, 2023). Its
application can also promote the accumulation of malvidin-3-O-glucoside and improve the phenylalanine
ammonia-lyase activity in grapes (Oraei et a/, 2019). Its application can significantly alleviate Cd-induced
oxidative damage of rice plants (Guo er al, 2007), and rice Seed priming with salicylic acid caused higher
antioxidant activity compare to control treatment (Pouramir-Dashtmian ez a/, 2014). Foliar application of
salicylic acid 0.50 mM increased hydrogen peroxide, improved ascorbate peroxidase activity, and reduced
ascorbic acid content, and peroxidase activity of sorghum plants (Sihag et a/, 2019). Foliar application of
salicylic acid increases grain yield, one thousand grain weight, proline content, the number of grains per ear,
pollen viability, and vegetative index of wheat plants (Jatana er a/, 2022), and it can induce tolerance to
cadmium toxicity in wheat plants (Moussa and El-Gamal, 2010). The effects and mechanisms of salicylic acid
on both quality and quantity of different plants have shown in Table 3. Different effects of application of
salicylic acid on plants are shown in Figure 1.

Table 3. The influences and mechanisms of effects of salicylic acid on yield and yield components of
different crops

Plant Plant family Key points Reference
Apple Rosaceae Its foliar usage can use against black rot Abbasi er al
(Malus domestica) (Botryosphaeria obtusa), and apple scab ( Venturia (2019)
inaequalis).
Barley Poaceae Foliar application can increase grain weight and Pirastch-
(Hordeum vulgareL.) starch contents. Anosheh er al.
(2019)
Bitter orange Rutaceae It can enhance leaf essential oil content and Sarrou et al.
(Citrus aurantium L.) positively influence linalyl acetate, linalool, and (2015)
limonene.
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Cabbage Brassicaceae It can mitigate the negative impacts of drought Kilic (2023)
(Brassica oleraceaeL.) stress by increasing proline content, lipid
peroxidation, antioxidant enzyme activity,
membrane permeability, leaf area, leaf temperature,
stomatal conductance, leaf relative water content,
and chlorophyll content.
Camelina Brassicaceae The activity of enzymes such as catalases and Naderi er al.
(Camelina satival.) peroxidases have increased after application of (2023)
salicylic acid.
Cassava Euphorbiaceae It can decrease Fusarium root rot disease caused by Saengchan er
(Manihot esculenta Fusarium solani. al. (2022)
Crantz)
Chillies Solanaceae Its application can stimulate various plant Zahid eral
(Capsicum annuum physiological parameters such as ions uptake, (2023)
L.) stomatal activity, leave membrane and seed
germination response to growth rate and
electrolytes.
Chinese cabbage Brassicaceae It can significantly increase yield and yield Kim er al
(Brassica rapa) components. (2003)
Common bean Fabaceae Combined application of salicylic acid and silicon Barros er al.
(Phaseolus vulgarisL.) can significantly increase the final yield. (2018)
Cotton Malvaceae It can increase final yield in water deficit condition Barros er al.
(Gossypium hirsutum via increasing water use efficiency, stomatal (2019)
L.) conductance, and photosynthesis.
Grape Vitaceae It can positively impact the berry color, flavor, Khalid er al/
(Vitis vinifera) astringency, and bitterness. (2018)
Gomes er al.
(2021)
Lower concentration of salicylic acid was conductive | Yue ez al
to the accumulation of anthocyanins in ripen (2023)
berries.
Application of 50 mg/L salicylic acid increased the Yue et al.
transcription of VviTer, VviPNLinNer2, VviGT14, | (2023)
and VviPNLinNerl.
A pre-harvest application of it can significantly Damalas and
influence berry quality and reduces berry decay. Koutroubas
(2022)
Guava Myrtaceae It can boost guavas salt tolerance by boosting non- Shamili er al
(Psidium GuajavaL.) enzymatic and enzymatic pathways. (2021)
The enzymatic pathways are superoxide dismutase, | Shamili er a/
and peroxidase, and non-enzymatic pathways are (2021)
DPPH scavenging activity and ferri reducing
antioxidant powder.
Lemongrass Poaceae 10-5 M foliar application of salicylic acid increase Idrees er al.
(Cymbopogon free amino acids, and yield of essential oil. (2010)
fexuosus Steud.
Wats.)
Maize Poaceae It can decrease the accumulation of zinc in seeds. Santos et al.
(Zea mays L.) (2017)
Malabar spinach Basellaceae It can increase root length, dry biomass, net Zewail er al
(Basella alba) photosynthesis, and boost Cr phytoremediation (2020)

potential of seedlings.
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Mango Anacardiaceae It can increase fruit yield, retention and quality. Kumar eral

(Mangifera indica) (2023)

Mint Lamiaceae It can increase essential oil compounds. Afkar eral.

(Mentha piperita) (2023)

Mung bean Fabaceae Application of 1 mM salicylic acid can increase grain | Lotfi er al.

(Vigna radiataL.) yield, grain weight and reduce the grain filling (2018)
duration.

Qat Poaceae Salicylic acid can stimulate drought responses in oat | Canales er al.

(Avena sativaL.) by regulating biosynthesis and polyamine content. (2019)

Okra Malvaceae It can act as a signaling molecule and decrease the Silva et al

(Abelmoschus impacts of salt stress. (2023)

esculentus)

Onion Amaryllidaceae It can increase seedlings resistance against Abo-Elyousr

(Allium cepa) Stemphylium vesicarium. eral (2009)

Pea Fabaceae It can enhance chlorophylls, carotenoinds, protein Singh et al

(Pisum sativum L.) as well as antioxidant enzymes. (2016)

Peanut Fabaceae Foliar application of salicylic acid at 1 mM can Chitra et al.

(Arachis hypogacaL.) increase the pod yield and reduce leaf blight disease | (2008)
intensity caused by A/ternaria alternata.

Pearl] millet Poaceae Its exogenous application can significantly decrease | Ngom ez al

(Pennisetum glaucum) the number of larvae of millet headminer (2018)
(Heliochelius albipuctella de Joannis).

Pistachio Anacardiaceae The application has caused increased effect on total | Ghamari er al

(Pistacia veraL.) protein content and important oxidant enzymes (2020)
activity.

Potato Solanaceae It has positive effect on yield components of potato. | Diaz-Diaz er

(Solanum tuberosum al. (2023)

L.)

Rice Poaceae It can positively influence final seed yield of rice. Shi et al.

(Oryza satival.) (2024)
It has important role in pathogen defense responses | Tamaoki er a/
in rice. (2013)
The utilization of salicylic acid induced resistance El-Kazzaz et
against 7illetia barclayanawhich can cause rice al (2015)
kernel smut disease.

Saffron Iridaceae It can boost secondary metabolites and antioxidant | Babaei er al.

(Crocus sativusL.) activity, but it did not increase plant growth under (2021)
salinity stress.

Sea lavender Plumbaginaceae | It can stimulate the main genes active in gibberellic | Liu eral

(Limonium bicolor acid biosynthesis and promote yield. (2019)

Kunte.)

Sorghum Poaceae It can significantly decrease the adverse effects of Sihag et al

(Sorghum bicolorL.) heavy metals. (2019)

Strawberry Rosaceae The plants which are treated with 1 mM salicylic Jamali and

(Fragaria X ananassa) acid showed higher tolerance to salt stress. Eshghi (2015)

Summer savory Lamiaceae Its application at 50 uL can increase oil yield, growth | Pirbalouti er

(Satureja hortensisL.) and chemical components such as carvacrol and al. (2014)
monoterpene hydrocarbons.

Sunflower Asteraceae It can increase the tolerance of sunflower to abiotic | Damalas and

(Helianthus annuus stresses. Koutroubas

L) (2022)
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and leaf length.

Switch grass Poaceae It did not meaningfully increase Pb concentration of | Greipsson ez
(Panicum virgatumL.) foliage. al. (2022)
Tomato Solanaceae It can increase yield and yield components of Kusajima et al
(Lycopersicon tomato plants. (2017)
esculentum)

It can increase membrane stability index, Hayat ez al.

photosynthetic parameters, carbonic anhydrase, and | (2008)

improve final yield. Singh eral

(2017)

Turnip Brassicaceae It can lead to biosynthesis of indole glucosinolates Smetanska er
(Brassica rapa subsp. and aromatic in plants. al (2007)
rapa)
Water hyssop Scrophulariaceae | It can increase the resistance of plants to water Jahan eral
(Bacopa monnieriL.) shortage via triggering the antioxidant mechanism. | (2023)

Salicylic acid can significantly influence Bacoside-A | Jahan eral

content in water deficit. (2023)
Wheat Poaceae Application of salicylic acid induced to increase in Ilyas er al.
(Triticum aestivam L.) water potential as well as the significant (2017)

enhancement in soluble sugar and proline which are

main reasons of increase the wheat yield and

performance under drought.

Seeds soaked in 100 ppm salicylic acid and water for | Hamid eral

6 hours can increase root and leaf dry weight, root (2010)

*Reduced photosynthesis
*ROS generation
*Protein denaturation

*Ca++ imbalance

Secondary metabolites

o

3 ' Plant defensive protein

Plant defensive enzymes

Nitrogen fixation

Plant growth promotion

> ; Qg

Growth promotion hormone and

volatile organic compounds

Figure 1. Various effects of application of salicylic acid on plants

Conclusions and Future Remarks

Environmental stresses adversely limit plant growth, development and crop yield. Phytohormones have

important role in promoting the change from vegetative to reproductive development with important
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functions in flower development and fertilization. Salicylic acid has been used extensively to improve seedling
growth, germination rate, and consequently yield. It plays a significant function in the growth and development
of plants by improving cell elongation, cell division, the development of pollen, growth of fruit, growth of the
pollen tube, germination and development of seeds. Phytohormones can decrease Cu toxicity in fibrous jute
seedlings by increasing biomass, plant growth, photosynthetic pigments, and gaseous exchange attributes as well
as positive role in reducing reactive oxygen species (ROS) generation in the plant cells/tissues and increased
phytoextraction of Cu in various plant parts. Foliar application of phytohormone treatments caused the
significant increase of organic acids, phenolic compounds, vitamin C, and agro-morphological characteristics
of many medicinal ant aromatic plants. Superoxide dismutase (SOD) is an important antioxidant enzyme
which has been widely used as cosmetic additive, therapeutic agent, and food supplement. The inducible
expression of SOD helps plants respond to abiotic and biotic stresses, such as under cold stress, the ROS
content of cold-tolerant tea tree varieties, which can lead to minimum damage to the leaves. In many plants the
application of benzyl adenine can increase concentration of sucrose. The application of benzyl adenine can
increase cell proliferation, reduced fruit cuticle Cracking, and delayed chlorophyll degradation in fruits. Salicylic
acid is an important regulator of plant growth, in the modulation of biochemical and physiological
characteristics under abiotic stress. The hormone can decrease the stress by boosting antioxidants, proline,
secondary metabolites, heat shock proteins, and sugars responses. Salicylic acid can also favor plant tolerance
mechanisms against physical stresses such as UV radiation, heat, cold, drought, heavy metals and salt. More
researches are needed to investigate the impacts of different salicylic acid, benzyl adenine and superoxide
dismutase on yield and yield components of plants, especially medicinal and aromatic plants under various
stress conditions.
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