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ABSTRACT 

The latex of Calotropis procera has been previously documented to contain pathogenesis-related 

(PR) proteins, specifically osmotin, chitinase, and protease known for their defensive functions in 

the plant. This study examined the temporal expression profiles of CpOsm, CpChit, and CpProt 

transcripts in C. procera callus under salt stress and signalling inducers, Salicylic acid (SA) and 

Methyl jasmonate (MeJA), aiming to elucidate their roles in physiological aspects in connection 

with plant defence mechanisms. Under salt stress, calli showed reduced water content, growth, and 

fresh weight (FW), with the strongest effects observed at 100 mM NaCl. Catalase (CAT) and 

ascorbate peroxidase (APX) activities were decreased at 80 mM NaCl, while peroxidase (POX) 

was lowest in control and 60 mM NaCl, and superoxide dismutase (SOD) decreased at 100 mM 

NaCl. Proteolytic activity and soluble proteins increased at 80 mM NaCl, and hydrogen peroxide 

activity peaked at 100 mM NaCl. In particular, the levels of chlorophyll a, b, and carotenoid were 

increased at 80 mM NaCl. Confocal microscopy revealed reduced chlorophyll in 100 mM NaCl, 

low phenols in 80 mM NaCl, and high lignin in 100 mM NaCl. DNA integrity was preserved, 

indicating stimulated cellular proliferation under salt stress. SDS-PAGE and Zymogram showed 

increased protein levels at 100 mM NaCl. Transcriptional analysis revealed an upregulation of 

CpOsm, CpChit, and CpProt in response to salt stress, which peaked at different time points, 

indicating their involvement in stress adaptation. The SA treatments 200 and 400 µM reduced the 

water content in the callus, in contrast to the MeJA treatments, which increased the water content. 

SA 400 µM inhibited growth, with 100 µM leading to low dry weight (DW). The MeJA treatments 

did not affect growth, but all treatments reduced DW. SA 400 µM decreased CAT and APX, while 

MeJA 50 µM increased them. POX and SOD levels increased in both 400 µM SA and 50 µM 

MeJA-treated callus compared to the control. The proteolytic activity and the soluble proteins 

decreased with SA 400 µM, while MeJA 50 µM showed remarkably low values. The chlorophyll 

content increased in the SA treatments compared to the calli treated with MeJA. SDS-PAGE and 

zymogram evaluations showed increased protein concentrations in the presence of 400 µM SA and 

200 µM MeJA. Transcriptional analysis revealed the upregulation of CpOsm, CpChit, and CpProt, 

providing insights into the responsiveness of these genes under SA and MeJA treatments. The study 

enhances comprehension of the intricate interaction between salinity and signalling molecules in 

C. procera callus culture. Osmotin, chitinase, and protease genes are highly responsive, indicating 



 

their role in combating both biotic and abiotic stress. Furthermore, their expression is enhanced 

during signalling molecule-mediated responses. 

Keywords: PR-proteins; salt stress; salicylic acid; methyl jasmonate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

RESUMO 

O látex de Calotropis procera foi previamente documentado como contendo proteínas relacionadas 

à patogênese (PR), especificamente osmotina, quitinase e protease conhecidas por suas funções 

defensivas na planta. Este estudo examinou os perfis de expressão temporal dos transcritos CpOsm, 

CpChit e CpProt em calos de C. procera sob estresse salino e indutores de sinalização, ácido 

salicílico (SA) e jasmonato de metila (MeJA), com o objetivo de elucidar seu papel na fisiologia 

vegetal nos mecanismos de defesa de plantas. Sob estresse salino, os calos exibiram redução no 

teor de água, crescimento e peso fresco (PF), com os efeitos mais pronunciados observados em 100 

mM de NaCl. As atividades de catalase (CAT) e ascorbato peroxidase (APX) diminuíram com 

NaCl 80 mM, enquanto a peroxidase (POX) foi mais baixa no controle e NaCl 60 mM, e a 

superóxido dismutase (SOD) diminuiu com NaCl 100 mM. A atividade proteolítica e as proteínas 

solúveis aumentaram com NaCl 80 mM, e a atividade do peróxido de hidrogênio atingiu o pico 

com NaCl 100 mM. Notavelmente, os níveis de clorofila a, b e carotenóides foram elevados em 

NaCl 80 mM. A microscopia confocal revelou clorofila reduzida em NaCl 100 mM, fenóis baixos 

em NaCl 80 mM e lignina elevada em NaCl 100 mM. A integridade do DNA foi preservada, 

sugerindo proliferação celular estimulada sob estresse salino. SDS-PAGE e Zimograma 

demonstraram níveis elevados de proteína em NaCl 100 mM. A análise transcricional mostrou 

regulação positiva de CpOsm, CpChit e CpProt em resposta ao estresse salino, com pico em 

diferentes momentos, indicando seu envolvimento na adaptação ao estresse. Os tratamentos SA 

200 e 400 µM diminuíram o teor de água nos calos, diferentemente dos tratamentos MeJA que 

aumentaram o teor de água. SA 400 µM prejudicou o crescimento, com 100 µM resultando em 

baixo peso seco (PS). Os tratamentos com MeJA não afetaram o crescimento, mas todos os 

tratamentos reduziram a (PS). SA 400 µM diminuiu CAT e APX, enquanto MeJA 50 µM os 

aumentou. Em ambos, os calos tratados com 400 µM SA e 50 µM MeJA, os níveis de POX e SOD 

aumentaram em comparação com o controle. A atividade proteolítica e as proteínas solúveis 

diminuíram com SA 400 µM, enquanto MeJA 50 µM exibiu níveis notavelmente baixos. Os níveis 

de clorofila aumentaram nos tratamentos com SA em comparação com os calos tratados com 

MeJA. Avaliações de SDS-PAGE e zimograma demonstraram aumento dos níveis de proteína na 

presença de 400 µM SA e 200 µM MeJA. A análise transcricional revelou a regulação positiva de 

CpOsm, CpChit e CpProt, fornecendo insights sobre a natureza responsiva desses genes sob 

tratamentos com SA e MeJA. O estudo aumenta a compreensão da intrincada interação entre 



 

salinidade e moléculas sinalizadoras na cultura de calos de C. procera. Os genes de osmotina, 

quitinase e protease são altamente responsivos, indicando o seu papel no combate ao estresse 

biótico e abiótico. Além disso, a sua expressão é aumentada durante respostas mediadas por 

moléculas de sinalização. 

Palavras-chave: PR-proteínas; estresse salino; acido salicílico; metil jasmonato. 
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1. INTRODUCTION 

1.1. Laticiferous plants: characteristics and phylogenetic relationship 

Latex-bearing plants have a long history of benefiting human health and medicinal use in 

many regions and cultures worldwide (JESUS et al., 2021). The laticifers exist irregularly 

throughout the plant kingdom, it has been proposed that the laticifers and latex have independently 

evolved many times (FARRELL et al., 1991). Laticifers were reported in at least 43 families of 

vascular plants. Angiosperm is the major group with 41 families, followed by ferns and 

gymnosperms with one family in each one. The laticifers are present in almost all the groups of 

angiosperms, in the basal clades (ANA-grade), magnoliids, monocots, basal eudicots, rosids and 

asteroids (PRADO and DEMARCO., 2018). Although the occurrence and distribution of laticifers 

in plants are considered by many authors to be diagnostic for several taxonomic groups, few studies 

establish relationships between the laticifer anatomy and ontogeny and the taxa in which they 

occur. It is most likely that different types of laticifers can be found in different species of the same 

family (EVERT., 2006; HAGEL et al., 2008). 

In most angiosperms, laticifers are found externally associated with the phloem, but they 

may also occur in the cambium and xylem. In general, laticifers accompany the vascular bundles 

along the plant organs (EVERT., 2006). Leaf and stem are the organs with the highest number of 

records. On the contrary, floral organs are less recorded. The studies with laticifers especially 

occurring in the vegetative organs of the plant body showed the efficient roles exerted by them in 

sealing wounds by coagulating, blocking microorganism invasions and avoiding herbivory 

(DEMARCO and CASTRO., 2008; DEMARCO et al., 2013). 

An impressive number of laticiferous plant species distributed in diverse taxonomic groups 

share a common and intriguing property. These plants exude a milky fluid when they undergo a 

mechanical injury caused by various biological aggressors (KONNO., 2011). This fluid is 

frequently white and has a coagulation-like effect after release, sealing the injury and then 

becoming sticky. This milky fluid is called latex and is the product of the metabolic activity of 

specialized cells called laticifers (HAGEL et al., 2008). As a large part of laticifer cells are occupied 

by big vacuoles that develop during laticifer formation (CAI et al., 2009), the majority of latex 

secreted is likely to originate in vacuoles. Sometimes the exuded latex may also comprise fluid 

from the cytoplasm of laticifer cells. This is due to the degradation and mixing of the cytoplasm of 
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laticifer cells with vacuoles in the finishing stage of laticifer development (ZHOU and LIU., 2011). 

Latex has been reported to occur in around 900 genera and 12000 species (CHAVAN et al., 2015). 

Like the other plant parts, latex is also rich in many phytochemicals. 

Latex flows more quickly from leaves and petioles (green parts), but can also leak from 

fruits, roots, or stems. Adjacent cells composing the laticifers can have their walls totally or 

partially dissolved. This observation and the branching and anastomosing events serve as the basis 

to classify different types of mature laticifers and to study their evolutionary aspects (HAGEL et 

al., 2008). 

Latex has a plastic nature, showing that its production varies according to the surrounding 

environment. The biotic and abiotic variations, such as drought, light, inter and intra-specific 

competition, pathogens, and herbivory attack, resulting in the final concentration of compounds in 

latex (DICKE and VAN LOON., 2000). In some groups, such as Apocynaceae, the production of 

latex is an ancestral condition, since it is conserved in all species of the family (METCALFE., 

1967). However, latex is usually present in only a few taxa of each family (PRADO and 

DEMARCO., 2018). Latex occurs in the palaeontological record starting in the latest Cretaceous 

and has been commonly reported in ancient members of the plant families Apocynaceae, 

Eucommiaceae, and Moraceae (MCCOY et al., 2022). 

Latex and the related insect adaptations used to circumvent latex and effectively attack 

laticiferous plants are major components of plant-insect interactions in modern ecosystems 

(AGRAWAL and KONNO., 2009). However, little is known about the origin and evolutionary 

development of latex or about the role latex has played in ancient ecosystems. Notably, despite 

being one of the plant chemical defences most preserved in the fossil record (MCCOY et al., 2021; 

MCCOY et al., 2022), little chemical study has been performed on fossil latex, except latex from 

the Geiseltal fossil site. 

 

 

1.2. Calotropis procera (Aiton) R. Br. 

1.2.1. Geographical distribution, morphology, and habitat 
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Plants are the basis of sophisticated traditional medicine approaches that have been used 

for thousands of years and continue to provide mankind with new remedies. Although some of the 

therapeutic properties attributed to plants have been proven to be erroneous, medicinal plant 

therapy is still supported by empirical discoveries (GURIB-FAKIM., 2006). For example, the non-

cultivated shrub Calotropis procera (C. procera) is a reliable source of useful, albeit toxic, 

molecules (KUMAR and ARYA., 2006; AL-QURA., 2009). 

C. procera is distributed in different tropical and subtropical countries of the world. The 

plant is known by different names like Sodom apple, dead sea apple, milkweed, Madar, (English), 

Usher or Oshar (Arabic), Arka, Ak (Hindi), Kharak (Persian), and Spalmai (Pushto) amongst others 

(PATHANIA et al., 2020; AMINI et al., 2021). C. procera is adapted to various ecological 

adversities and is recognized as invasive where it is found (RAMOS et al., 2019). The basis for the 

ecological classification of C. procera as invasive is related to seed size, dispersal mode, and 

germination traits (LEAL et al., 2013). Biometric studies with fruits and seeds of C. procera 

showed that approximately 3503500 seeds are found in a single fruit and that almost all seeds 

germinate until day 10 after sowing. 

The word <Calotropis= is derived from Greek, meaning <beautiful= which refers to its 

flowers; whereas <procera= is a Latin word referring to the cuticular wax present on its leaves and 

stem (HASSAN et al., 2015). C. procera is a stout shrub or small tree of the family Apocynaceae 

and subfamily Asclepiadaceae (the milkweed family). It is an evergreen xerophytic plant which 

can grow up to 6 m in height (AL-ROWAILY et al., 2020). Leaves of the plant are slightly leathery, 

simple, entire, sub-sessile, pubescent when younger but glabrous on both sides upon maturity, with 

broadly ovate or oblong lamina up to 19 cm long and 5−13 cm broad and are oppositely arranged 

on the branches (RATHORE and MEENA., 2010). 

 

https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B49
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KAUR et al., 2021 
 

Figure 1- Calotropis procera: flowering plant (A); phyllotaxy (B); reproductive buds (C); 
inflorescence (D); individual flower (E); and latex oozing out of the wounded stem (F). 

 
 

 

KAUR et al., 2021 
 

Figure 2- Fruit characteristics of Calotropis procera: immature fruits (A); mature 
fruits (B); dehisized fruits (C, D); seeds with pappus (E); seeds without pappus (F). 
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1.2.2. Phytochemistry, pharmacological applications and cytotoxicity 

C. procera is rich in a diverse array of phytochemicals such as cardiac glycosides, 

flavonoids, terpenoids, steroids/ phytosterols, phenolics, tannins, proteins, amino acids, resins, 

enzymes, and fatty acids (MOHAMED et al., 2015; VIANA et al., 2017; ORAIBI and HAMAD., 

2018). Based on previous literature, different phytochemicals like flavonoids (ORAIBI and 

HAMAD., 2018), alkaloids, cardiac glycosides (SWEIDAN and ZARGA., 2015), steroids, 

triterpenoids (ANSARI and ALI., 1999), saponins, protein, proteolytic enzymes (AWORH and 

NAKAI., 1988), carbohydrates, and fatty acids (PHOO et al., 2014) have been isolated and 

identified from different parts and latex of C. procera collected from various countries. 

The latex of C. procera has been reported to comprise chitinases, proteinases and anti-

oxidative enzymes (FREITAS et al., 2007). Further studies have shown that laticifer proteins are 

involved in plant defence against crop pests (RAMOS et al., 2007; RAMOS et al., 2010). Combined 

analyses of electrophoresis and mass spectrometry led to the identification of two osmotins in 

laticifer proteins of C. procera, named CpOsm. Laticifer cells have been described in vegetative 

and reproductive organs of Apocynaceae, including leaves, stems, roots and floral buds, but not in 

seeds and undifferentiated cells (calli) (TEIXEIRA et al., 2011; DGHIM et al., 2015). 

Moreover, the application of C. procera latex proteins to various crop pests reduced their 

growth and survival (RAMOS et al., 2007). In C. procera more than 30 different structurally 

diverse cardenolides have been reported. Although these cardenolides are highly toxic to many 

insects through inhibition of the Na+/K+ATPase pump, C. procera serves as food for at least three 

insect pests (Lepidoptera: Danaus plexippus; Hemiptera: Aphis nerii and Oncopeltus fasciatus) that 

are insensitive to cardenolides (AGRAWAL et al., 2012). These species evolved to overcome the 

toxicity of cardenolides and are capable of ingesting and storing them in their body thus using 

latex-borne cardenolides in their defence against predators (AGRAWAL et al., 2012). However, 

many aspects underlying the structural diversity of cardenolides and the ability of insects to store 

them are unknown. 

The plant is well-documented in Ayurveda, Siddha, and Sudanese traditional medicines, 

and has been used also in Unani and Arabic folk and traditional medicines (PATHANIA et al., 

2020; AMINI et al., 2021). Despite the severe toxicity that can be caused by the latex of C. procera 
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and the possibility of allergic skin reaction in the form of blisters or rash in sensitive individuals 

(PARROTTA., 2001), the tissues of C. procera, especially the root phloem, are widely described 

in the preparation of traditional medicine for treating a wide range of diseases such as dysentery, 

diarrhoea and other gastrointestinal disorders (SADAT-HOSSEINI et al., 2017), skin diseases 

(IDM9HAND et al., 2020), respiratory diseases (YEBOUK et al., 2020), scorpion bites, 

rheumatism, jaundice (KARAR and KUHNERT., 2017), malaria (TRAORE et al., 2013), and 

diabetes (DANTON et al., 2019) amongst others. Oral mucositis, an intense inflammatory reaction 

that can lead to tissue damage and ulceration, was found to be curable using PII-IAA, a 

homogenous cocktail of laticifer proteins of C. procera (RAMOS et al., 2020). Similarly, intestinal 

mucositis is observed to be abolished by latex proteins of C. procera (DE ALENCAR et al., 2017). 

An earlier retrieval of sensorimotor activities, reduced ROS, and increased total antioxidant activity 

(particularly, the enhanced activities of arylesterase and paraoxonase), suggested a positive impact 

of roots of C. procera on functional recovery upon a nerve injury (ZAFAR et al., 2020). 

Considering these properties of C. procera molecules, it would be not only of botanical 

interest but also of biotechnological relevance to establish an in vitro protocol to produce these 

molecules. Therefore, an alternative protocol to obtain active molecules implicated in such 

important activities would be useful as an alternative to save natural resources and avoid extensive 

collection of latex from native specimens. 

 

 

1.2.3. Stress physiology of Calotropis procera 

Calotropis procera has an exceptional ability to adapt and maintain productivity in severe 

arid conditions (RAMADAN et al., 2014). It is a C3 plant that can survive drought, salinity, extreme 

temperatures, high vapour pressure deficit, and high photosynthetic active radiations (RIVAS et 

al., 2020). It can easily thrive in prolonged dry seasons with rainfall >150 mm per year 

(DHILEEPAN., 2014). The plant grows abundantly in xerophytic conditions on a variety of soils, 

without irrigation or application of fertilizers (HASSAN et al., 2015). The plant has a great 

potential to endure stress caused by roadside pollutants and contaminated soils (KHALID et al., 

2018; ULLAH and MUHAMMAD., 2020). 

https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B92
https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B26
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https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B96
https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B96
https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B30
https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B49
https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B58
https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B58
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Plants surviving in the hostile environment of arid/semi-arid regions have advanced 

morpho-physiological adaptations and special defence mechanisms. So is the case of C. procera, 

in which multiple processes contribute to the resistance, resilience, and recovery of individuals 

growing under abiotic stress conditions (RIVAS et al., 2017). The stems and leaves of C. procera 

are characterized by thick cuticles, lactiferous canals, and low specific leaf area (HASSAN et al., 

2015). Leaves are found to be narrower and thicker under optimum moisture conditions, whereas 

they are broader and thinner under dry conditions (POMPELLI et al., 2019). These factors help in 

the conservation of acquired resources and create a water permeability barrier, thereby reducing 

the transpiration rate (POMPELLI et al., 2019). 

Endophytic microbes such as Pseudomonas stutzeri and Virgibacillus koreensis are 

reported to be associated with C. procera under salt-stressed conditions, which may facilitate its 

survival under harsh conditions (AL-QUWAIE., 2020). Similarly, endophytic fungal species, 

Phaeoramularia calotropidis, Guignardia bidwellii, Curvularia hawaiiensis, Cochliobolus 

hawaiiensis, Alternaria alternata, Mucor circinelloides, Aspergillus spp., Penicillium spp., 

Fusarium spp., Chaetomium spp., and Candida spp. are isolated from C. procera, which protects 

the plant from pests, pathogens, and herbivores (NASCIMENTO et al., 2015; RANI et al., 2017). 

 

 

1.3. Biotic and abiotic stress and their effects on plants 

Plants are exposed to a variety of stress factors, either biotic or abiotic during different 

developmental phases and their response to such factors receives increasing scientific attention. 

Numerous research annually is dedicated to this topic, but relatively few deals with the combination 

of stresses (PANDEY et al., 2017) as most researchers focus on a particular stress factor, which is 

not completely relevant to the actual situation in nature (MUKHOPADHYAY et al., 2021). The 

biotic stress factors include bacteria, fungi, and viruses, while drought, salinity, high or low 

temperature, ultraviolet radiations, and hypoxia are the abiotic factors that provoke stress 

conditions in plants (BASHIR et al., 2020). 

Plants can sense and respond to different biotic and abiotic stresses that are complex and 

integrative. Consequently, an array of cascade interactions evolves in the plants (ATKINSON and 

https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B97
https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B49
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https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B87
https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B87
https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B9
https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B81
https://www.frontiersin.org/articles/10.3389/fpls.2021.690806/full#B93
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URWIN., 2012). Biotic stresses activate many intracellular defence signals leading to the 

production of antimicrobials and proteins, particularly the synthesis of pathogenesis-related (PR) 

proteins (VERONESE et al., 2003). PR proteins act as the first line of plant defence and are induced 

in response to not only biotic but also to abiotic stresses (VAN LOON., 1997). They were first 

observed in tobacco infected with tobacco mosaic virus and high levels of PR-5 proteins were 

detected in young leaves when exposed to salt stress (VAN LOON and KAMMEN., 1970). Plants 

defend themselves by initiating different stress response mechanisms, for example, the structural 

response that involves cell wall strengthening and waxy epidermal cuticle development. These 

responses deliver enough strength and rigidity to the plants that enable them to decrease the effects 

of damage caused by biotic and abiotic stresses (BASHIR et al., 2020). 

Plants inherently have complex defence systems against pathogens. Plants can recognize 

phytopathogens, transmit signals, and activate their defence response systems (ZAHID et al., 

2015). The balance between synthesis and degradation of proteins plays an important role in a 

plant9s survival during abiotic adaptation (HINKSON and ELIAS., 2011). Plant9s defence response 

mechanisms involve the stimulation of phenylpropanoid, fatty acids, and specific chemical 

messengers such as salicylic and jasmonic; the reinforcement of the cell walls by the lignification; 

and the productivity of secondary products such as PR proteins, induced enzymes of glucanase and 

chitinase, which possessed the hydrolytic activity against microorganism cells (ZAHID et al., 

2015). Chitinase activity has been considered a verifiable indicator for plant disease-resistant 

induction (HIRANO et al., 2001; SHARMA et al., 2011). The natural polysaccharides of chitin, 

chitosan, and its derivatives are inherent components in the cell membranes of many 

microorganisms but are not present in plants. Therefore, once treated by these substances, plants 

can recognize and activate the defence systems in a mode like being attacked by microbial 

pathogens (YIN et al., 2016). 

The use of suitable crops with improved tolerance to abiotic stresses could be one of the 

suitable options to cope with changing climatic conditions (SCHEBEN et al., 2016). The 

physiological and metabolic adaptations of plant9s responses to abiotic stress vary at the molecular, 

cellular, and organism levels. Understanding these mechanisms requires suitable stress models and 

stress markers (HINOJOSA et al., 2018). A plant's response to synthesizing and accumulating 

specific bioactive compounds is likely to be affected by a combination of different stresses rather 
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than by a single factor (NAMDEO., 2007). Understanding abiotic stress responses and signal 

transduction to control adaptive pathways is a crucial step in determining the plant resistance 

exposed to unfavourable environments (KHAN and HAKEEM., 2014). 

 

 

1.4. Salt stress and the complexities of salinization in plant ecosystem 

Salinity is a major environmental stressor, particularly in arid and semi-arid regions of the 

world, causing substantial crop losses (ZULFIQAR and ASHRAF., 2021; ASHRAF and MUNNS., 

2022). A high percentage of cultivated land worldwide is affected by salt stress, increasing daily 

(PANDOLFI et al., 2012; ZAKARIA et al., 2012). The world loses about ten million hectares of 

arable land annually due to salinization (MUNNS., 2002). According to some reliable estimates, 

more than 6% of the world9s land is considered saline (RENGASAMY., 2016), and of the total 

irrigated lands, 20% are saline, resulting in estimated agricultural losses of US$27.3 billion 

annually (MUNNS et al., 2020a). 

Salt stress affects the physiology of the whole plant and cellular levels from seed 

germination to maturity. During salt stress plants may suffer four types of stress: osmotic 

conductance, specific ion toxicity, ion imbalance, and oxidative stress, involving the production of 

reactive oxygen species (TESTER and DEVENPORT., 2003). Two factors impact plant growth, 

the presence of salt in the soil decreases the capacity of the plant to raise water and leads to reduce 

the plant growth rate, when the amount of salt is in the plant through transpiration flows there that 

will decrease in growth this is called the ion-excess impact of salinity (PANDOLFI et al., 2012; 

AL-ISSA et al., 2020). 

Salt stress occurs in plants due to the cultivation of plants in Na+-enriched soils 

(KANDHOL et al., 2022). Under severe saline conditions, the plant photosynthesis and respiration 

processes are badly impacted and ultimately result in plant death (PASSIOURA and ANGUS., 

2010). Additionally, salinity stress disrupts nutrient uptake, K+/Na+ ratios, membrane integrity, and 

water movement, and damages the photosynthetic activities in plants. Salinity was found to 

decrease the contents of dry matter, chlorophyll, and soluble proteins, but to enhance those of free 

amino acids, such as proline. This free amino acid is one of the potential biochemical indicators of 
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salinity tolerance in plants and is involved in plant protection (ASHRAF and HARRIS., 2004). 

Salinity also alters the phytohormone content (JAVID et al., 2011). Salt stress induces oxidative 

damage and alters the amounts and activities of the enzymes involved in scavenging oxygen 

radicals (HERNANDEZ et al., 1993; BORSANI et al., 2001). 

 

 

 

Figure 3- Overview of salinity stress effects on plants. Salinity-induced ionic, osmotic, 
and oxidative stresses affect numerous metabolic and physiological aspects resulting in plant 

injury (MANSOUR., 2023). 

 

 

The management of salt stress in plants entails a complex phenomenon that elicits notable 

transformations in multiple aspects, including the vegetative parts, physiochemical properties, 

biochemical processes, metabolic pathways, and gene expressions. This intricate response 

underscores the comprehensive nature of plant adaptation and resilience to salt stress (GUPTA et 
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al., 2021). The plants growing in salt-affected soils exhibit two distinct phases- osmotic (water) 

stress and salt stress- of growth inhibition. The water potential in surrounding soils is less than the 

water potential in root cells of plants this osmotic stress inhibits water uptake, which results in a 

water deficit causing many physiological and biochemical abnormalities that adversely affect plant 

growth (HAUSER and HORIE., 2010). The plants maintain a higher cytosolic K+/Na+ ratio via ion 

homeostasis but this ionic equilibrium is disturbed in salinity. The similar radius of Na+ and K+ 

makes transporting channels difficult to distinguish between these two ions. This creates an ionic 

imbalance as K+ transporting channels take up toxic Na+ ions which negatively affect plant growth. 

These elevated Na+ concentrations in the plant inhibit K+ absorption and thus affect important 

metabolic processes such as photosynthesis and protein synthesis by inhibiting the function of key 

enzymes involved in such processes (HAUSER and HORIE., 2010). The salinity affects water and 

air movement, water holding capacity, plant root penetration, seedling emergence and tillage 

operations. 

Salt stress leads to severe osmotic disbalance, causing detrimental changes at physiological 

and molecular levels in cellular components (VINOCUR and ALTMAN., 2005). Plants exposed 

to salt stress adapt all their biological processes to tolerate changes in soil and water. Therefore, 

the plant produces reactive oxygen species known as free radicals, Hydroxyl radicals (OH), and 

Hydrogen Peroxide (H2O2) or Superoxide O2‾ (ROS). These destroy organelles of living cells such 

as mitochondria and chloroplasts by degrading the cytoskeleton. ROS affect plant growth and 

production through damaging cell membranes (MISHRA and CHOUDHARI., 1999) or inhibition 

of Calvin cycle enzymes (FATMA et al., 2014). 

Proteins regulate these processes under normal and salt stress conditions (IQBAL et al., 

2019), which are responsible for regulating cellular metabolism, organic and inorganic solute 

transport, water transport, osmoregulation, redox balance, sensing and signalling, hormonal 

balance, cell division, cell enlargement, and growth and development (ZHANG et al., 2012a). 

Changes in protein expression under salt stress are mainly associated with several biological 

functions and posttranscriptional and post-translational changes (CHICONATO et al., 2021; JHA., 

2022). These proteins are directly involved in determining new phenotypes that can adapt to salt-

stressed environments by contributing to vital metabolic processes. Thus, the contribution of 

specific proteins is more important for salt tolerance mechanisms than protein quantity. 
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Maintenance of ion homeostasis is a key component of salt tolerance, regulated by several 

membrane proteins responsible for ion transport, including K+ and Na+ channels and pumps 

(HUANG et al., 2020), and transport-facilitating cytosolic proteins involved in intra-cellular 

communication, such as CIPK6 (ROY et al., 2013). Such proteins increase when plants are exposed 

to salt stress (QUN et al., 2017; LUO et al., 2018). 

Numerous studies have confirmed the effectiveness of the utilization of in vitro salt stress 

in the mass production of plant secondary metabolites (GUPTA et al., 2016). Accordingly, in vitro, 

salt stress can be considered a powerful approach to improve the biosynthesis of special 

phytoconstituents and pharmaceuticals. 

 

 

1.4.1. Exploring plant’s salt stress defence mechanisms 

The level of reduction in growth and tolerance to the stress condition varies among different 

plant species. On this basis, plants can be categorized as glycophytes and halophytes. Halophytes, 

also called salt-loving plants, are plants that can withstand salinity stress and possess salt-

responsive genes and proteins to counter the adverse effects of salinity (ASKARI et al., 2006), 

whereas glycophytes, also referred to as salinity-sensitive plants, cannot tolerate the high salinity. 

Calotropis procera is a xerophytic perennial shrub or shallow tree that grows in many arid and 

semi-arid countries (LOTTERMOSER., 2011). It is a C3 plant that can survive drought, salinity, 

extreme temperatures, high vapour pressure deficit, and high photosynthetic active radiations 

(FROSI et al., 2013; RIVAS et al., 2020). 

Salinity levels in the growth medium can reduce the levels of endogenous hormones that 

encourage growth in tissues exposed. These are necessary for multiplication, elongation, growth, 

and survival under salt stress (KAYA et al., 2009). The high osmotic pressure, and presence of 

NaCl, in the growing substrate changes some plant tissue's behaviours. This forces the plant to 

direct the greater part of energy in different paths. This energy available for metabolic processes is 

directed towards building an osmotic potential inside the cell to encounter high osmotic pressure 

in the substrate. This occurred at the expense of the building processes necessary to perpetuate 

processes involved in growth cell division and expansion (SMITH et al., 1992). 
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Figure 4- Mechanisms for crop salinity tolerance in response to saline conditions 
(MANSOUR et al., 2021). 

 

 

The culture of plant cells in suspension offers a simplified model system for the study of 

cellular and molecular processes. Its predominant advantage is that a relatively homogenous, 

single-cell population allows a rapid and uniform response to external stimuli, thereby avoiding 

the complications of multicellular types at the whole plant level (MUSTAFA et al., 2011). Based 

on the above advantages, suspension cell cultures have been widely used in investigating the 

physiological and molecular mechanisms involved in plant responses to salt stress. The culture of 

salt-tolerant suspension cells is a useful tool for clarifying biological processes and primary 

transporters associated with Na+ accumulation and compartmentation under salt stress in 

halophytes (VERA-ESTRELLA et al., 1999). 

Many salt-tolerant related candidate genes and gene products involved in salt uptake and 

transport (GUAN et al., 2014), the elimination of reactive oxygen species (SUZUKI et al., 2012; 

PENG et al., 2014), the accumulation of organic compounds (ASHRAF and FOOLAD., 2007), the 

regulation of hormones (OSAKABE et al., 2014), and other processes have been conclusively 
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identified. Unfortunately, however, salt-tolerant crops using some of these genes have not been 

developed due to the complexity of the mechanisms of salt tolerance (WITZEL et al., 2010; 

SHABALA and MUNNS., 2012). 

 

 

1.5. Elicitors: Exploring their nature and key role in plant responses 

Different strategies to improve the production of phytochemicals have been studied 

extensively. One of them is by introducing elicitor, a compound that is known to induce stress in a 

plant that triggers the production of phytochemicals. Methyl jasmonate, salicylic acid, and 

melatonin are elicitors that have been described to be successfully enhancing the production of 

anthocyanin, a secondary metabolite that is beneficial in pharmaceutical industries (AKULA and 

RAVISHANKAR., 2011). The application of elicitors in plant tissue culture mostly focused on 

inducing plant-derived compounds, an important source of active pharmaceuticals. While 

elicitation is one of the most effective biotechnological strategies for augmenting the biosynthesis 

of bioactive compounds in cell or tissue cultures, its corresponding effect on culture biomass is 

rather diverse. During the past decade, various strategies have been formulated for the enhancement 

of major secondary metabolites in plant cell cultures (AKULA and RAVISHANKAR., 2011). 

Both Jasmonic acid (JA) and Salicylic acid (SA) when provided exogenously, trigger 

responses like pathogen exposure or other external stimuli (GIRI and ZAHEER., 2016). They 

initiate signal transduction pathways that lead to the transcription of various genes thereby 

triggering the accumulation of molecules such as polyphenols, alkaloids, terpenoids, and steroids 

involved in the defence and resistance of plants (PIETERSE and VAN LOON., 1999; GIRI and 

ZAHEER., 2016). These phytoconstituents are known to have a range of pharmacological activities 

such as anticancer, antidiabetic, antiasthma, antimalarial, antimicrobial, and antiviral. They have 

been used in medicine either directly or as the starting point for drug discovery (AWUCHI., 2020). 

SA and methyl jasmonate (MeJA) have been reported to have positive or negative effects 

on callus growth depending on the concentrations used in the cultures. It is important to determine 

the optimal concentration of elicitors to prevent hypersensitivity that leads to cell death (NAIK and 

AL-KHAYRI., 2016). Cai et al. (2017) reported that higher concentrations of elicitors including 
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MeJA and SA suppressed cell growth of the cell suspension cultures of Changium smyrnioides. A 

similar decrease in biomass in response to SA elicitation has been reported in the cell cultures of 

S. miltiorrhiza (DONG et al., 2010). Nonetheless, low concentrations of JA and SA have been 

shown to improve the growth of callus in normal or stressful conditions (AL-QATRANI et al., 

2021). 

 

 

1.5.1. Different types of elicitors and their functionalities 

Elicitors can be divided into two types including abiotic and biotic (NAMDEO., 2007; 

NARAYANI and SRIVASTAVA., 2017). Abiotic elicitors with non-biological origin, are grouped 

into chemical, physical and hormonal factors (NARAYANI and SRIVASTAVA., 2017). Among 

abiotic elicitors, chemical elicitors have been widely applied in recent years as an effective 

technique to enhance the production of different plant-derived compounds with valuable 

pharmacological properties (NARAYANI and SRIVASTAVA., 2017). Chemical elicitors are 

grouped into different types as heavy metals and hormones (NARAYANI and SRIVASTAVA., 

2017). 

Abiotic elicitors are a group of major elicitors for the biosynthesis and production of novel 

pharmaceutically active metabolites. So far, there are limited reports available in the field of abiotic 

elicitors, but now abiotic elicitation is one of the emerging and effective approaches to enhance the 

production of bioactive compounds through in vitro culture conditions (KUMARI et al., 2020). 

Biotic elicitors are derived from plants and microorganisms such as fungal, bacterial, and yeast. 

Further, they are either of defined composition such as a combination of yeast extract and 

homogenized fungus, inactivated enzymes, chitosan, curdlan polysaccharides such as Pectin, 

cellulose, and chitin (VASCONSUELO and BOLAND., 2007). Phytohormones and biopolymers, 

such as methyl jasmonate, salicylic acid and chitosan, respectively, are some common and well-

explored biotic elicitors (MAHENDRAN et al., 2022; NARAYANI and SRIVASTAVA., 2017). 

Elicitors regulate plant metabolic processes by stimulating physiological cascades. Elicitors as 

signalling molecules regulate a complex array of oxidative defence machinery in plant cells by 

initially increasing ROS production, elevating ionic currents across the plasma membrane, 
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activation of downstream transcription factors that ultimately leads to activating defence-related 

genes, and the synthesis and accumulation of phytoalexins (ZHAO et al., 2005; WANG and 

WELLER., 2006). However, sometimes and with overstimulation, it led to disruption of ROS 

homeostasis and subsequent explosion of oxidative stress. Elicitation typically involves the 

activation of signalling pathways within the plant that ultimately result in the production of a 

particular compound in a better quantity (EDER and COSIO., 1994). Researchers are interested in 

understanding the mechanisms underlying elicitation to develop new strategies for crop 

sustainability, drug discovery, and other applications. For this purpose, several protocols are being 

used worldwide, and an enormous number of research studies are being conducted on the use of 

elicitation (PATEL and KRISHNAMURTHY., 2013). For this purpose, in vitro, callus cultures 

(CCs) provide a useful tool for studying the production of bioactive compounds in plants and 

developing new strategies for their sustainable and enhanced production. They offer a controlled 

and scalable system for elicitation studies and can be used to explore the potential of various plant 

species to produce metabolic compounds (RUIZ-GARCÍA and GÓMEZ-PLAZA., 2013). 

 

 

Figure 5- Secondary metabolites production by abiotic/biotic elicitors (JEYASRI et al., 2023). 
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1.5.2. Salicylic acid (SA): Exploring its significance in plant vitality and defence 

Salicylic acid (SA), or orthohydroxy benzoic acid, is ubiquitously distributed in the whole 

plant kingdom (RASKIN et al., 1990). Its name is derived from the word Salix, the scientific name 

for the willow tree. Salicin, the glucoside of salicylic alcohol, was first isolated from willow bark 

in 1828, while the synthetic derivate of SA, acetyl SA, which is one of the best-known <antistress 

compounds= used by human beings was registered as <aspirin= in 1899 (RAINSFORD., 1984). SA 

is generally present in plants in quantities of few mg/g fresh weight or less (RASKIN et al., 1990), 

either in a free state or in the form of glycosylated, methylated, glucose-ester, or amino acid 

conjugates (LEE et al., 1995). SA can be detected in the largest quantities in thermogenic flowers 

at flowering or after pathogenic infection (RASKIN., 1992a). 

In plants, SA can be synthesized via two distinct and compartmentalized enzymatic 

pathways, both requiring the primary metabolite chorismate. L-phenylalanine, derived from 

chorismate, can be converted into SA via the precursors free benzoic acid (BA), benzoyl glucose 

or ortho-coumaric acid (ortho-hydroxy-cinnamic acid: oHCA), depending on the plant species, but 

chorismate can also be converted into SA via isochorismate (CATINOT et al., 2008; DEMPSEY 

et al., 2011). 

Although the therapeutic effect of SA in humans has been well studied for about 200 years, 

its role in plants has only been recognized in the last three decades and the full picture is still not 

clear. It was thought for a long time that phenolic compounds were non-essential for all organisms 

and were therefore called <secondary metabolites= (DEKOCK et al., 1974). Since then, several 

studies have focused on the role of both endogenous and exogenous SA in plant growth and 

development and have proved that this hormone regulates processes such as seed germination, 

vegetative growth, uptake and loss of water, nutrient uptake, nitrogen metabolism, photosynthesis, 

respiration, and the activity of the enzymes involved in these processes. Seed production and 

especially seed quality parameters are also affected by SA, which may also induce senescence and 

a type of cell death that is not associated with the hypersensitive response (HAYAT et al., 2010; 

RIVAS-SAN VICENTE and PLASENCIA., 2011). 

SA could contribute to maintaining cellular redox homeostasis, through the regulation of 

antioxidant enzyme activity (SLAYMAKER et al., 2002) and the induction of the alternative 

respiratory pathway (MOORE et al., 2002), and to regulate gene expression by inducing an RNA-
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dependent RNA polymerase, which is important for post-transcriptional gene silencing (XIE et al., 

2001). Interactions between SA and other phytohormones, especially ABA, jasmonic acid and 

ethylene have been much studied, but have not yet been clarified (SINGH et al., 2011). SA 

treatment can influence pigment and protein contents, lignin biosynthesis and photosynthesis 

(JANDA et al., 2012). Both endogenous and exogenous SA have been shown to have various 

effects (RASKIN., 1992b), but these cannot always be generalised, as the studies were carried out 

on various plant species in various systems (from the whole plant to cell suspensions). The analysis 

of plants responding to microbial pathogen infection revealed another function of SA. As a key 

signal, it has an important role in the activation of disease resistance. The role of SA in the signal 

transduction processes of biotic stress tolerance has already been widely studied. SA is involved in 

the development of the hypersensitive reaction (HR): in tobacco leaves infected with tobacco 

mosaic virus, there is an increase in the level of endogenous SA (known as the salicylate burst) 

both in the necrotic lesion and in surrounding tissues (ENYEDI et al., 1992). 

The external application of SA induces the expression of pathogenesis-related (PR) proteins 

in tobacco (MALAMY et al., 1990; YALPANI et al., 1991) and rice (RAKWAL et al., 2001). A 

large body of evidence indicates that SA is also required for the development of systemic acquired 

resistance (SAR). The level of endogenous SA increased in cucumber plants when acquired 

resistance developed (MÉTRAUX et al., 1990). Nevertheless, SA does not appear to be the signal 

molecule transported from the site of infection to more distant tissues, though the accumulation of 

SA in the given tissues is essential if SAR is to develop (VERNOOIJ et al., 1994). There is an 

increasing body of evidence suggesting that SA is involved not only in biotic stress but also in 

abiotic stress, as the endogenous SA content changes during abiotic stresses and the protective 

effect of exogenously applied SA has also been demonstrated (HORVÁTH et al., 2007; HAYAT 

et al., 2010). 

Yang et al. (2004) divided plants into SA-sensitive and SA-insensitive species and 

suggested that in SA-insensitive plants such as rice, although SA may play an important role in 

modulating the redox balance and protecting plants from the oxidative damage caused by various 

biotic and abiotic factors, it is unable to act as an effective secondary signal for the activation of 

defence genes and induced resistance. The role of salicylic acid in various stress signal transduction 

processes is also supported by the fact that various abiotic stress factors induce the accumulation 
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of SA. The SA content increased in several plant species during treatment with various heavy 

metals (YANG et al., 2003; ZAWOZNIK et al., 2007). 

SA treatment has been shown to improve callus traits in in vitro cultures (NAZIR et al., 

2021). SA can induce various physiological and biochemical fluctuations in plants, including an 

increased synthesis of phytochemicals and antioxidants, enhanced defence responses, and 

improved tolerance to stresses. Various research studies have shown that the application of SA to 

in vitro callus cultures can lead to an increase in fresh and dry weights and chlorophyll content 

(GOLKAR et al., 2019). SA can also induce the production of molecules that have important 

medicinal and commercial value. In addition, SA can enhance the activity of antioxidant enzymes 

and can improve the stress tolerance and longevity of the callus culture (NECHAEVA et al., 2020). 

SA can also induce changes in gene expression and signal transduction pathways, which can lead 

to the activation of various stress-responsive genes and the synthesis of stress-related proteins. 

These changes can improve the resilience of the callus culture to external stressors, such as salt, 

drought, or pathogen attacks (MICLEA et al., 2020). 

SA has been shown to enhance the activity of phenylalanine ammonia-lyase (PAL), which 

is an enzyme involved in the production of phenolic compounds. SA can also enhance the activity 

of chalcone synthase (CHS), an enzyme involved in the biosynthesis of flavonoids (KHATTAB et 

al., 2022). SA application to barley induced a pre-adaptive response to salt stress, promoted 

protective reactions to the photosynthetic pigments, and maintained membrane integrity, leading 

to improvement of plant growth (EL TAYEB., 2005). The application of SA to tomatoes via root 

drenching protected against NaCl stress and increased photosynthetic rates under salt stress 

(STEVENS et al., 2006; POÓR et al., 2011). 

Coordinated expression of PR gene regulons is thought to be mediated, in part, by the 

accumulation of the small diffusible signalling molecules salicylic acid (SA) and jasmonic acid 

(JA) (ENYEDI et al., 1992; SCHENK et al., 2000). The production of PR proteins is known to be 

induced through two major pathways, including, salicylic acid (SA) dependent, and jasmonic acid 

(JA) and/or ethylene-dependent pathways. However, there may be some common control points 

for the activation of both pathways, resulting in the accumulation of different PR proteins 

(THIBAUD et al., 2004; ALI et al., 2018). Several PR-proteins are involved in plant development 

and may produce signal molecules through their enzymatic processes that could function as 
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endogenous elicitors during morphogenesis (VAN LOON et al., 2006). Chitinases are among the 

most abundant PR-proteins, constitutively present in plants at low concentrations and specifically 

induced on encounters with certain biotic and abiotic elicitors (VAN LOON et al., 2006; 

KUMUDINI et al., 2018). An increase in the transcription levels of chitinases was reported in the 

cell suspension cultures and hypocotyls of beans in response to elicitation with fungal cell wall 

extract and the fungus Colletotrichum lindemuthianum, respectively. The transcripts were found to 

be a maximum of two hours post-treatment (HEDRICK et al., 1988). 

 

 

1.5.3. The impact of methyl jasmonate (MeJA) on plant growth and defence 

Methyl jasmonate (MeJA) with chemical formula C13H20O3 is a colourless liquid that as a 

plant hormone is effective in gene expression and metabolite pathways regulation, defensive 

responses induction and reproduction (SAISAVOEY et al., 2014). It also plays an important role 

in reducing free radicals by enhancing antioxidant enzymes, so that by maintaining high levels of 

antioxidant enzymes such as catalase and superoxide dismutase, prevents free radicals9 effects from 

stress on the membrane (WANG., 1999). MeJA, a volatile methyl ester of jasmonic acid has been 

identified as a major signalling molecule in abiotic and biotic stresses (WANG et al., 2021). MeJA 

is used for plant defence gene expression and is commonly used as an elicitor in the production of 

secondary metabolite because of its ability to boost signal receptors of the plant defence system 

against external stimuli (XU et al., 2015). Methyl jasmonate is widely used in plants as a plant 

growth regulator and causes many reactions in plants (SCHALLER et al., 2004). 

Jasmonic acid and methyl jasmonate belong to the group of jasmonates, these substances 

are directly and indirectly involved in plant reactions to adverse conditions. Internal jasmonates 

are hormonal substances that promote ageing, but external jasmonates act as a stress reliever. 

Methyl jasmonate increases plant resistance to physical and chemical damage (KOSHIOKA et al., 

1998). Jasmonates play a regulatory role in growth and response to environmental stresses. In this 

regard, jasmonic acid is used as a gene encoder of inhibitory proteins such as threonine, smutin, 

hydroxyproline and proline proteins, as well as enzymes involved in flavonoid biosynthesis 

(CHAVAN., 2014). Moreover, studies on the molecular biology of laticifers show that latex 
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abundance may be induced by jasmonic acid, and therefore latex production may be enhanced 

under specific conditions. Since jasmonic acid is a well-known regulator involved in signalling in 

plant defence, this finding strengthens the value of laticifers and latex in facing enemies 

(CASTELBLANQUE et al., 2018). 

Previous studies reported that MeJA stimulates a signal transduction process that regulates 

the defence response in plants and is effective in inducing the production of bioactive 

phytoconstituents (MENDOZA et al., 2018; RESTIANI et al., 2022). The use of methyl jasmonate 

in in vitro cultures has been shown to activate antioxidant enzymes and stimulate the expression of 

defence-related genes and the production of botanical compounds (HO et al., 2020). 

MeJA also elicits beneficial effects on active components in plants. Takahashi and Hara 

(2014) sprayed MeJA on the leaves of several plants and found that MeJA promotes the 

accumulation of starch by up-regulating the expression genes of starch biosynthetic in Arabidopsis 

thaliana. Methyl jasmonate is known to regulate genes associated with pathogenesis, proteinase 

inhibitors, antifungal proteins, antioxidant enzymes, and photosynthesis in plants (YU et al., 2019). 

It has been reported in many plants that the defence mechanism is induced, and phytonutrients 

accumulation increases with the exogenous application of MeJA, which is naturally found in plants 

(TAKAHASHI and HARA., 2014). 

Due to its volatile nature as well as the capacity to permeate via biological membranes, 

MeJA is regarded as a significant phytohormone that can facilitate intra-and inter-communications 

in plants, regulating defence responses, particularly antioxidant systems. Implementation of 

exogenous MeJA to plant in vitro cultures has been recognized as a novel method for the enhanced 

production of phytoconstituents, increased activity of antioxidant enzymes, and the expression of 

genes associated with defence (MURTHY et al., 2014). 

The primitive stage of MeJA signalling includes many metabolic pathways to be activated. 

In general, the biosynthesis of polypeptides or the formation of free radicals indicates the 

introduction of biotic and abiotic stress. The activation of cell receptors, and protein molecules as 

well as over activity of transporters also represent the stressed condition. In response to pathogen 

attack, oligosaccharide signals were found in symplastic and apoplastic pathways, which indicates 

the plant is experiencing a stress reversal pathway. Moreover, the activation of phospholipases 

(PLAs) is essential for MeJA biosynthesis and signalling. PLAs produce linoleic acid from the 
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plasma membrane which serves as a precursor for MeJA. Several mutant and transgenic plants 

have been used to study the PLAs activity (YAN et al., 2013). 

 

 

1.6. In vitro culture of plant tissues for enhanced growth and development 

Plant tissue culture is a basic, fundamental science from the branch of plant biotechnology 

that helps in understanding the growth and development of plants at the cellular level. Tissue 

culture is defined as the growing or culturing of desired cells, tissues, or organs on a designed 

sterile synthetic medium under controlled conditions of temperature, light, and humidity 

(THORPE., 2007). Domestication of plants was one of the earliest developments in ancient 

agriculture (OBEIDAT et al., 2012). However, early breeding was primarily concerned with the 

selection of needed plants, such as a reduction in the shattering of seed heads in cereals. Today, 

crops are bred for traits such as greater resistance to pests and diseases, improved tolerance to 

abiotic stresses, salt stress, heat stress, improved yield, increased nutritional value, and the ability 

to be grown in a wider environmental range (HADDAD et al., 2020). 

Plant tissue culture has been utilized for many years. During this time, many protocols have 

been developed for many plants (OSMAN et al., 2021). The use of plant cell culture techniques 

has several advantages over traditional cultivation, for example, control of production conditions, 

weather independence, and continuous production (SMETANSKA., 2008). Moreover, these 

methods allow amendments for enhanced production of specific bioactive compounds. Therefore, 

plant tissue provides an easy screening of plantlets for studying plant development and growth 

below a controlled atmosphere (HADDAD et al., 2020; SHHAB et al., 2021; SHATNAWI et al., 

2021). In vitro methods seem to be perceived as a significant tool for plant development to increase 

elite collections and to progress appropriate cultivars in the least time (OSMAN et al., 2021; AL 

SHHAB et al., 2021). Tissue culture is used as a means for fast quantity propagation for a diverse 

variety of vegetation, in addition to genetic operation studies and the preservation of plant genetic 

resources to ensure the endurance of endangered plants. 

The different techniques are used to multiply plants rapidly in a short time (HADDAD et 

al., 2020). Micropropagation involves growing plants in sterile, controlled conditions. Plants are 
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usually grown in a medium consisting of various macro and micronutrients, vitamins, amino acids, 

carbon sources, and plant growth regulators (HADDAD et al., 2020; OSMAN et al., 2021). Many 

parameters can affect the tissue culture of plants, particularly the whole plant regeneration. Among 

these variables, genotype, explant origin, culture medium, and plant hormones are the most 

effective (MINAEI CHENAR et al., 2016). By manipulating the growing conditions, it is possible 

to alter the growing responses of the explant. For example, this may involve changing the medium 

composition or altering environmental conditions, such as light and temperature. 

Plant tissue culture system offers rapid propagation of elite plant varieties irrespective of 

climatic conditions and ecological-related factors. It also facilitates the implementation of different 

biotechnological approaches for the enhancement of therapeutically important plant-derived 

chemicals (MURTHY et al., 2014). Cell culture protocols are still very useful tools for the 

production and extraction of pharmacologically relevant compounds (MALIK et al., 2011). Plant 

cell and tissue cultures provide an excellent source of a continuous and uniform supply of raw 

material throughout the year without seasonal or geopolitical interference. Cell culture system is 

one such technique, generally utilized for plant propagation, hairy root culture, induction of 

somaclonal variations and biotransformation. In the present context, cell suspension cultures are 

more extensively used compared to other culture systems in elicitor treatment experiments (GIRI 

and ZAHEER., 2016). 

The main areas in which plant tissue culture has gained major industrial importance are 

genetics, biochemistry, physiology, and pathology (ZHONG., 2001). Elicitation using distinct 

abiotic and biotic elicitors is the most powerful of these platforms (BAENAS et al., 2014). 

 

 

1.6.1. Understanding plant biology using tissue culture methods 

Cultures of Calotropis procera provide a unique system to study the cellular differentiation 

leading to laticifers formation (DHIR et al., 1984; DATTA and DE., 1986) and its regulation by 

growth regulators (SURI and RAMAWAT., 1995). One of the strategies that can be used is by 

adding the elicitor to the culture media. 
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Plant tissue culture can develop suitable conditions to study the stress of many plant species 

(GULZAR et al., 2020). Plant tissue culture has been used for different plant species to increase 

the mass production of plants under controlled environments (KIM et al., 2017). The role of plant 

tissue culture in different studies such as salinity stress is very important (THORPE., 2007). 

In vitro modelling of stress is one of the promising avenues for plant breeding for resistance 

to negative environmental factors (MUNNS and TESTER., 2008; TERLETSKAYA et al., 2013). 

The benefits of in vitro selection include better control of the cultivation conditions and nutrient 

medium composition. The use of selective nutrient media (with increased levels of osmotically 

active substances, salts, herbicides, etc.) allows us to simulate natural stress conditions. This 

ensures the expression of resistance genes and helps us to select variants (individual cells, tissues, 

whole plants) with the desired characteristics (RAI et al., 2011), to preserve and propagate them in 

vitro in the short term. 

The most common abiotic stress factors are known to be drought and salination. In vitro 

culture has been used extensively to study the impact of these factors on plants (KRUGLOVA et 

al., 2018). Increasing concentrations of sodium chloride (NaCl) in the culture medium allows us to 

model both salinity stress and osmotic stress facilitating the selection of salt-tolerant and drought-

resistant forms (RAI et al., 2011). It was shown that salinity produces the greatest negative effect 

on plants (MUNNS and TESTER., 2008; KHUDOLIEIEVA and KUTSOKON., 2018). There have 

been some positive results on the selection of stress-tolerant plants through in vitro selection, but 

mainly for agricultural and fruit crops (KRUGLOVA et al., 2018; DASGUPTA et al., 2008). 

 

 

1.6.2. Improving crops using callus culture techniques 

By using the appropriate combination and concentration of auxin and cytokinin, shoots, 

roots, and embryos are produced from an undifferentiated mass of cells called callus, which was 

demonstrated for the first time in tobacco callus cultures (SKOOG and MILLER., 1957). Among 

all in vitro techniques, callus induction and plant regeneration techniques may enhance the potential 

for achieving this goal. They enable the production of many raw plant materials in small explants 

obtained from a mother seedling in a short time so that there could be alternative ways for the 
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conservation and rapid multiplication of many indigenous rare, threatened, and valuable medicinal 

plants (KARAKAS and TURKER., 2016). 

Studies with halophytes and non-halophytes have shown that the extent of salt stress 

adaptation observed in the whole plant is also exhibited in callus tissue (ARZANI., 2008). In vitro 

cultures provide a feasible approach to studying the response of plants to stress conditions. Among 

in vitro techniques, callus culture, which can regenerate into a whole plant, is undoubtedly the most 

effective tool in the development of salt-tolerant plants. There are numerous reports of 

physiological alterations in calli under salinity (DOGAN., 2020; ZHANG et al., 2019). 

The use of callus cultures to produce botanic drugs offers several advantages over 

traditional methods of plant cultivation, growth, and subsequent extraction of phytoconstituents. 

For example, callus cultures can be maintained in a controlled environment, allowing to production 

of high-quality, consistent plant material regardless of season or geographic location. Additionally, 

the use of callus cultures can reduce the need for wild harvesting of rare or endangered plant species 

alleviating biotic threats for plants to become extinct (HAKKIM et al., 2007). 

In plant tissue culture, the effects of plant growth regulators (PGRs) have been extensively 

studied (KUMAR et al., 2016; ABIRI et al., 2017). Callus initiation and plant regeneration 

influenced by PGRs can swiftly produce a large number of plants (BINTE MOSTAFIZ and 

WAGIRAN., 2018). Using the right combination and concentration of PGRs in the medium can 

form callus with optimal quality. The combination of endogenous hormones with exogenous auxins 

and cytokinins plays an essential part in callus induction (SIL., 2021). The combination of different 

growth regulators generates superior outcomes compared to using either of them alone 

(ANTOGNONI et al., 2012; PARTHIBHAN et al., 2018). 

It is well known that callus formation is a result of cell division and cell enlargement as 

well as auxins increase cell growth, while cytokinins stimulate cell division (GAMBORG and 

SHYLUK., 1982). Cytokinin growth regulators can stimulate callus formation when combined 

with auxin groups (HEMMATI et al., 2020). Auxins and cytokinins can induce callus by 

stimulating cell division and elongation through antagonistic, additive, and synergistic interaction, 

thus promoting cell growth (CASTRO et al., 2016). The process of callus formation begins during 

the swelling of the explant. The first indication of callus appearance is an enlargement of the callus, 

and then the callus forms on the explant9s cut end (SHARMA et al., 2017). According to previous 



43 

reports, the success of callus induction and plantlet regeneration is determined by the types of 

explants, the media constituents, including PGRs, and the nature of the genotype (BENDERRADJI 

et al., 2012). 

Callus is a potent source of phytoconstituents because laticiferous cell differentiation is 

minimal at this stage which is an interfering factor in plant-based extractions. Callus culture can be 

advantageous over various plant tissues for phyto‐constituent extractions. Callus cells have the 

advantage that cells with or without laticiferous tissue can be differentiated in vitro (DATTA and 

DE., 1986). Recently, the hairy root and callus of the plant Calotropis gigantea have been shown 

to produce cardiac glycosides (SUN et al., 2012; TRIPATHI et al., 2013). To save natural resources 

and to maintain a uniform source and quality, an alternative protocol has been developed where in 

vitro explants of the germinating seeds of C. procera were grown in culture, and the callus and 

roots thus formed have been utilized to produce pharmacologically active proteins (TEIXEIRA et 

al., 2011). 

 

 

1.7. Exploring plant pathogenesis-related proteins (PR proteins) 

Plants, being immobile, are often subjected to different environmental stresses that lead to 

a decrease in plant growth and productivity (BHAT et al., 2019; ALI et al., 2018). They are exposed 

to infection by pathogens such as fungi, bacteria and viruses or are attacked by insects and other 

herbivorous along their life cycle (TIFFIN and MOELLER., 2006). However, to combat these 

external threats, plants have developed well-established defence mechanisms. For example, a small 

group of heterogeneous proteins called pathogenesis-related (PR) proteins are produced following 

the attack of disease pathogens, and these proteins play a critical role in inducing plants9 potential 

to resist pathogen attack (MIR et al., 2020; ALI et al., 2017). Many studies have documented the 

accumulation and activation of these proteins under multiple abiotic stresses, and thus they are 

recognized as part of multiple defence systems. Up to now, many families of PR proteins have 

been characterized (MIR et al., 2020). 

Pathogenesis-related (PR) proteins are members of a super large protein family in plants 

related to defence against abiotic and biotic stresses, and the over-expression of these proteins 
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renders plants tolerant to these stresses (KAUR and KUMAR., 2020). PR proteins are low 

molecular weight and are induced by phytopathogens as well as defence-related signalling 

molecules, like salicylic and jasmonic acid. Due to their mode of action in biotic and abiotic stress 

conditions, they are one of the most promising targets for engineering multiple stress-tolerant 

varieties (NAWROT., 2020; ALI et al., 2018). Based on the primary structure, amino acid 

composition, biochemical activities, and serological relationship, PR proteins have been classified 

into 17 families, i.e., β 1,3 glucanases (PR-2), chitinases (PR-3, 4, 8 and 11), thaumatin-like 

proteins (PR-5), ribosome-inactivating proteins (PR-10), defensins (PR-12), thionins (PR-13), and 

lipid transfer proteins (PR-14) (KAUR and KUMAR., 2020). Among these, pathogenesis-related 

protein family 5 (PR-5) in particular, is well-known for its role in osmoregulation, and plant 

development, and for its important antimicrobial activities (MANI et al., 2012). PR-5 members 

share high amino acid sequence similarity with the sweet-tasting protein thaumatin, isolated from 

the fruits of the West African shrub Thaumatococcus daniellii (VAN DER WEL and LOEVE., 

1972). Therefore, members of the PR-5 family are also known as thaumatin-like proteins (TLPs). 

Various PR-proteins are constitutive proteins that have their synthesis augmented in 

response to infection (VAN LOON., 1997). Osmotin and thaumatin-like proteins belong to family 

5 of PR proteins. These proteins have been purified from banana, tomato, grape, barley, wheat, 

tobacco and sorghum, and exhibit remarkable activity against several fungi (PRESSEY., 1997; 

TATTERSALL et al., 1997). Thaumatin was first observed on Thaumatococcus daniellii and 

osmotin was first isolated from salt-adapted tobacco cell culture (CORNELISSEN et al., 1986; 

LAROSA et al., 1985). Osmotin-like proteins (OLPs) are proteins that have primary structures very 

close to osmotin. OLPs have been reported in latex fluids (FREITAS et al., 2011; LOOZE et al., 

2009). Supplementary studies suggested the presence of OLPs in the latex of Cryptostegia 

grandiflora R.Br., Plumeria rubra L. and Himatanthus drasticus (Mart.) Plumel (FREITAS et al., 

2015). Therefore, constitutive OLPs seem to be produced and stored by laticifers of different 

species. However, the involvement of these proteins in plant defence remains to be better clarified. 

In addition to their antifungal activities, OLPs have also been indicated in other developmental and 

physiological functions, including roles in flower formation and fruit ripening (NEALE et al., 1990; 

SALZMAN et al., 1998), protections against osmotic stress (ZHU et al., 1995) and antifreeze 

activities (HON et al., 1995). 
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The osmotin and osmotin-like proteins (OLPs) among PR-5 have been considered most 

important in provoking tolerance to several biotic and abiotic stresses in plants (CHOWDHURY 

et al., 2017; BASHIR et al., 2020). Since the last decade, several studies have been conducted to 

explore the functions of osmotin and OLPs in a diverse range of plants. The over-expression of 

these genes provides tolerance to drought, salinity, cold, high/low temperatures, plant 

development, and tolerance to plant diseases caused by fungi, bacteria, or viruses. Most of the 

research to date has been conducted on the functions and mechanisms of osmotin and OLPs. 

 

 

1.7.1. Implications of Osmotins in plant defence and stress 

Osmotins are plant proteins classified in family 5 of pathogenesis-related proteins (PR-5), 

involved in the response to biotic and abiotic stresses (BASHIR et al., 2020). Osmotin protein was 

first discovered in tobacco (Nicotiana tabacum var. Wisconsin 38) cells adapted to a low osmotic 

potential environment that exhibited salt stress tolerance (SINGH et al., 1987). Thus, it was named 

<osmotin= due to its function in lowering osmotic potential under stress (VIKTOROVA et al., 

2012). Later, some homolog proteins were also identified throughout the plant kingdom involving 

various monocot and dicot plants (VIKTOROVA et al., 2019). 

Many studies have demonstrated that the expression of OLPs can be activated by microbial 

infections and by a variety of abiotic stress factors (VELAZHAHAN et al., 1999). Although the 

biological functions of OLPs have not yet been fully established, some have been shown to act as 

antifungal proteins in vitro. For example, tobacco osmotin was reported to cause spore lyses and 

growth inhibition of Phytophthora infestans (ABAD et al., 1996). Grape osmotin exhibited 

inhibition of the hyphal growth of Botrytis cinerea (SALZMAN et al., 1998). Moreover, studies 

have demonstrated that over-expression of PR-5 proteins in transgenic plants conferred enhanced 

resistance to pathogens (VELAZHAHAN and MUTHUKRISHNAN., 2003). However, the 

molecular mechanism that accounts for the antifungal activity of PR-5 proteins is still not clear. A 

mechanism involving membrane permeabilization was proposed by Abad et al. (1996). Another 

study conducted by Yun et al. (1998) demonstrated that osmotin could subvert the target cell signal 

transduction pathway to increase its cytotoxic efficacy. A more recent study showed that tobacco 
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osmotin-induced apoptosis in Saccharomyces cerevisiae, was correlated with intracellular 

accumulation of reactive oxygen species and was mediated via the RAS2/cAMP pathway 

(NARASIMHAN et al., 2001). 

Osmotin expression is modulated by salt and by other environmental factors such as 

drought and cold, and transgenic plants that overexpress osmotin genes are tolerant to these abiotic 

stresses (ZHU et al., 1996; GUO et al., 2004). For example, transgenic potato plants expressing the 

tobacco osmotin delayed the development of disease symptoms after inoculation with spore 

suspensions of Phytophthora infestans, which causes late blight disease in potatoes (LIU et al., 

1994). Thus, osmotin genes have the potential to be exploited for the improvement of crops, 

providing higher tolerance or resistance to stresses that reduce crop viability and productivity. 

CpOsm is a 22-kDa osmotin-like protein purified from the latex of the Sodom apple, 

Calotropis procera (Apocynaceae) that has antifungal activity against Fusarium solani, 

Neurospora sp. and Colletotrichum gloeosporioides (DE FREITAS et al., 2011a). The protein is 

relatively thermostable and retains its antifungal activity over a wide pH range (DE FREITAS et 

al., 2011b). CpOsm induces membrane permeabilization of spores and hyphae of F. solani, and 

although its mechanism of action is not yet fully understood, the antifungal activity of CpOsm is 

likely the result of its binding to the cell wall and/or a cell membrane receptor, as previously 

suggested (ABAD et al., 1996; YUN et al., 1997a). Based on these features, CpOsm may be useful 

in the development of new antifungal drugs or transgenic crops with enhanced resistance to 

phytopathogenic fungi. However, a better understanding of its mode of action is needed. Latex 

protein extracts containing CpOsm were shown to enhance an anti-inflammatory effect in a model 

of oral mucositis and to ameliorate infection-derived inflammatory processes (NASCIMENTO et 

al., 2016, RAMOS et al., 2020). 

Osmotin (OsOSM1) gene over-expression in rice (O. sativa var. Xudao 3) increased 

resistance to sheath blight, the most destructive rice disease caused by Rhizoctonia solani. The 

study demonstrated the induction of jasmonic acid-responsive marker genes in response to the 

upregulation of jasmonic acid in transgenic rice plants. It suggests that the jasmonic acid signalling 

pathway activation may account for the increased resistance in transgenic lines (XUE et al., 2016). 

Overexpression of osmotin enhanced the tolerance to cold in tomatoes growing at higher altitudes 

(SARAD et al., 2004). 
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In the literature, there are only a few works that describe the purification, characterization, 

and biological activities of latex osmotins (FREITAS et al., 2011; LOOZE et al., 2009). Looking 

for the responsiveness of the latex osmotin gene, in salt-stressed cultured callus of C. procera, it 

was observed that increased content of mRNA corresponding to osmotin. However, the protein 

was not detected (SOUZA et al., 2017). It is thought that specific requirements for osmotin 

synthesis such as post-translational modifications and post-transcriptional events are not available 

on callus. Whether they are only found in laticifers remains undefined. When plants encounter high 

salinity levels, they activate various stress-responsive genes, including osmotin. Osmotin is 

involved in osmotic stress adaptation and contributes to the plant9s ability to cope with challenging 

environmental conditions. Additionally, osmotin can also be stimulated by elicitors. Elicitors are 

molecules that trigger defence responses in plants. When elicitors bind to specific receptors on 

plant cell surfaces, they activate defence-related genes, including osmotin. Osmotin plays a 

multifaceted role in both salt stress responses and defence mechanisms triggered by elicitors. 

 

 

1.7.2. The role of chitinase enzymes in plant stress responses 

Chitinases are enzymes responsible for hydrolyzing β-1,4-glycosidic bonds of chitin, acting 

as defensive proteins against pathogenic fungi and insects. After proteases, the chitinases are the 

proteins most studied in latex fluids. In general, they present several isoforms that exhibit 

insecticidal and antifungal activities (FREITAS et al., 2016). Chitinases are ubiquitous in nature 

and are found in living organisms across different kingdoms of life (XU et al., 2016). The proteins 

are categorized into two glycosyl hydrolases (GH) families, GH18 & GH19, based on the presence 

of specific catalytic domains (CAO and TAN., 2019). Individual families are further classified into 

several classes, in which classes I, II, and IV correspond to GH19, and classes III and V correspond 

to GH18 (NEUHAUS et al., 1996). Most plant species express different classes of chitinases as 

part of tolerance mechanisms against various types of biotic or abiotic stress (KASPRZEWSKA., 

2003; BRUNNER et al., 1998). A lack of chitin in the plant cell wall and other tissue parts makes 

chitinase an important component of the plant defence system (WANG et al., 2015). 
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Chitinase is an enzyme system that employs chitin as a substrate and hydrolyzes it to N-

acetyl oligosaccharide and glucose. As a subgroup of pathogenesis-related (PR) proteins, chitinase 

is widely present in various organs of higher plants and can be rapidly produced and accumulated 

when plants are subjected to pathogen infection or abiotic stress sources, such as heavy metals and 

drought (BRAVO et al., 2003; WANG et al., 2015; LI et al., 2018). Backiyarani et al. (2015) 

identified 14 chitinase genes with complete open reading frame sequences in the Musa genome 

hub and analysed their gene structure and conserved domains, as well as their intron and exon 

regions, and their expression patterns. 

Chitinase activity in plants is very low under normal circumstances, but when plants are 

affected by exogenous factors such as fungi, bacteria, viruses and other signalling factors such as 

elicitors, growth regulators (e.g. ethylene), chemicals (e.g. salicylic acid), heavy metals, or 

wounding (DING et al., 2002; YU et al., 2001), the level of chitinase activity increases markedly; 

in some cases, there is also a concomitant increase in β-1,3-glucanase activity, to significantly 

inhibit the growth of fungi (SELA-BUURLAGE et al., 1993). Studies have shown that plant 

chitinase genes play an important role in not only disease and insect pest resistance but also in plant 

development, symbiotic nitrogen fixation and freezing tolerance (STRESSMANN et al., 2004). 

Chitinases identified from C. procera affected larval survival and weight, mean 

developmental time and emergence of adult insects (RAMOS et al., 2010). Marchant et al reported 

that expression of the chitinase transgene reduced the severity of black spot development by 

13−43% in rose (MARCHANT et al., 1998). The mechanism of chitinase9s action on insects is not 

well established. It is postulated that it may involve the hydrolysis of chitin present in their 

peritrophic membranes, which are responsible for protection against mechanical damage and 

invasion by microorganisms or parasites. 

Chitinases, proteolytic enzymes and proteins involved in cellular anti-oxidative machinery 

were detected in the latex of C. procera. In additional studies, the proteins of the latex were shown 

to be deleterious to insects (RAMOS et al., 2007; RAMOS et al., 2010). Of the pathogenesis-related 

(PR) proteins, involved in the response mechanisms in plants, dedicated to battle pathogen attacks, 

plant chitinases (EC 3.2.1.14) were expressed as a common defence response to herbivores, fungal 

pathogens, and were also shown to be induced by abiotic stress (GROVER., 2012). 
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Chitinases are induced by various stress factors, i.e. drought, salinity, wounding, heavy 

metals in their environment, endogenous and exogenous elicitor treatment, and plant growth 

regulators (YU et al., 2001; XIE et al., 1999). Kumar et al. (2016) developed a transgenic tomato 

showing enhanced tolerance to salt and drought stress by the expression of Osmotin-like protein 

and chi11 genes (KUMAR et al., 2016). During the pathogenic attack, the pathogenesis response 

proteins are released by plant chitinase as a self-defence whereas some of them are expressed after 

environmental stress such as increased salt concentration cold and drought (LILIANE et al., 1997; 

SEIDL et al., 2005; YAMAMOTO et al., 2000). Expression of Ltchi7 gene encoding a class III 

endochitinase was also seen to be induced by drought stress, salt stress, hydrogen peroxide, and 

abscisic acid in the roots of Lotus tenuis and Lotus japonicus (TAPIA et al., 2011). Overexpression 

of LcCHI2 gene that encodes a class II chitinase from Leymus chinensis (false wheatgrass) 

increased chitinase activity in transgenic tobacco and maize, and enhanced pathogen resistance as 

well as salt stress tolerance (LIU et al., 2020). 

 

 

1.7.3. Understanding how plants use proteases to respond to stress 

Plant proteases are proteolytic enzymes that hydrolyse peptide bonds in proteins and are 

found in various plant tissues and organs (VAN DER HOORN., 2008; SHARMA and GAYEN., 

2021). Their activities are tightly regulated through the transcriptional control of protease 

transcripts, post-translational modifications of their proenzymes, actions of endogenous protease 

inhibitors, and/or compartmentalization into organelles and cellular compartments to avoid random 

acts of protein degradation (VIERSTRA., 1996; DIAZ-MENDOZA et al., 2016). For instance, 

plant proteases are located in the cytosol, chloroplasts, vacuoles, nuclei, endoplasmic reticulum, 

proteasome, mitochondria, and cell walls (KIDRIC et al., 2014; DIAZ-MENDOZA et al., 2016), 

and also secreted into the extracellular matrix (NGCALA et al., 2020; GODSON and VAN DER 

HOORN., 2021). Each of these cellular compartments may possess specialised proteolytic 

pathways. For example, in the cytosol, protein degradation is mainly carried out by the highly 

selective ubiquitin-proteasome system (UPS), which consists of ubiquitin, the proteasome and 

associated components (HOPKINS and WILLIAM., 2008; XU and XUE., 2019). 
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Proteases are structurally and functionally diverse and are classified based on their catalytic 

activity, such as aspartic, cysteine, serine and threonine peptidases (CALLIS., 1995; SCHALLER., 

2004). Alternatively, proteolytic enzymes are grouped into endo and exo-peptidases depending on 

the site of cleavage on the peptide chain (PALMA et al., 2002; SCHALLER., 2004). 

Abiotic stresses such as drought and extreme temperatures, including biotic stress factors 

like phytopathogenic microorganisms trigger the production of extracellular and intracellular 

protease enzymes. Several studies have indicated that endogenous and exogenous secretion of 

protease enzymes in plant cell9s cytoplasm is associated with their exposure to biotic and abiotic 

stress (ALI and BAEK., 2020; VAN DER HOORN and KLEMENCIC., 2021). 

Proteases also play a key regulatory role in plant metabolism by maintaining effective 

protein quality controls, and eliminating nonfunctional proteins, and are used in systemic defence 

responses. Among these important biological roles, the biochemical degradation of cell proteins 

through hydrolysis of peptide bonds serves as the main primary function of proteolytic enzymes 

(MORRELL and SADANANDOM., 2019). However, these enzymes were also found to be 

associated with the occurrence of cell death (necrosis, excessive chlorosis, and programmed cell 

death) during senescence of tissues and organs, cell differentiation (SANTOS and FIGUEREDO., 

2021), and additionally acting as critical regulators during embryogenesis, cuticle formation, 

chloroplast biogenesis and stomatal development (VAN DER HOORN and KLEMENCIC., 2021). 

According to D9ippolito et al. (2021), plant proteases were also found to be involved in signal 

transductions among phytohormones and the adjustment of stomatal apertures during the exposure 

of plants to drought stress. 

Nevertheless, protease enzymes also induce the formation of reactive oxygen species 

(ROS) detected during plant exposure and response to abiotic stresses, especially water deficit 

stress (ALI and BAEK., 2020). Low and feverish temperatures were also reported to induce 

proteases that diminish plant productivity by causing a rapid burst of ROS in the chloroplasts (LUO 

and KIM., 2021). The dynamic changes in environmental conditions involving pathogen invasion 

also caused the expression of distinct digestive enzymes produced either by host plants or invading 

pathogen and herbivorous insect pests. Al-Ani et al. (2022) demonstrated a trypsin-serine-like 

protease activity of fungi and nematodes during plant parasitism and antibiosis. Most fungal and 

nematode species inject secretions into plant cells with trypsin-like or serine proteinase activity. 
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For instance, two serine protease enzymes were demonstrated in soybean cyst nematode 

(Heterodera spp. and Globodera spp.), and saprophytic fungi used to digest plant tissue proteins 

to favour the invading pathogenic metabolism and spreading of the infections (SILVA et al., 2018; 

RODRÍGUEZ-SIFUENTES et al., 2020). 

When combined with environmental stress, proteolytic enzymes could be very debilitating 

to crops and plant life in general. Recombinant protease inhibitors have been expressed in various 

crop species to specifically confer resistance and protection against such various types of stress 

factors. Both proteases and their inhibitors may be harmful to pests, despite being essential for the 

maintenance and survival of plants during their acclimation to stressful habitat conditions, causing 

phenotypic and cellular disruptions when present in the cells in higher concentrations (SHARMA 

and GAYEN., 2021). 

 

 

2. HYPOTHESIS 

Osmotins, chitinases and peptidases are PR-proteins constitutively found in the latex of 

Calotropis procera. Previous studies indicated these proteins are involved in plant defence against 

predators and invaders. However, there is no evidence or consolidated data on whether these 

proteins are responsive to stress or plant elicitors. This question was approached in this study by 

treating cultured cells of Calotropis procera with Sodium chloride as an abiotic stressor agent and 

both, plant elicitors, Salicylic acid, and Methyl Jasmonate. The hypothesis evaluated proposes that 

these proteins are responsive to salt stress and can be increased in concentration when stimulated 

by both cited elicitors. 

 

 

3. JUSTIFICATION 

The current study introduces procedures for exploring numerous aspects of in vitro 

cultivation approaches and the biological functions performed by calluses produced from 

Calotropis procera. This strategy is utilized to estimate in what way salinity, salicylic acid, and 
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methyl jasmonate, influence the expression of osmotins, chitinases, and proteases. As was formerly 

documented, these proteins are considered pathogenesis-related (PR) proteins and are correlated to 

biological processes that comprise plant defence against biotic and abiotic stress. These proteins 

are intricately linked to the plant9s defence processes against insect herbivores and microbial 

pathogens. This study engaged in three extremely significant areas. The primary objective was to 

develop controlled settings that would allow for an evaluation of the effects of salinity, salicylic 

acid, and methyl jasmonate at the cellular level. Subsequently, the investigation's second goal was 

to define the pathways triggered by salt stress and the signalling molecules. Lastly, the inquiry 

centred around the hypothesis that drove the investigation was that the expression levels of PR 

proteins would increase in response to salinity-induced stress and the presence of elicitors. The 

conclusion of this study aims to shed light on the responses of the callus proteins of the laticifer 

plant <C. procera= under study to salt stress, salicylic acid, and methyl jasmonate. Additionally, it 

seeks to develop strategies for overcoming these challenges by enhancing our understanding of 

how plant cells respond to saline stress and elicitation. Investigating the relationship between 

osmotin, chitinase, and protease as well as adaptive mechanisms sensitive to stressful conditions 

and signalling molecules is an additional critical factor to consider. This assessment builds the 

possibility of a connection between them and reducing the adverse effects of salt stress and 

elicitors. In this way, this work contributed to the understanding of the physiological role of the 

callus proteins in plant defence. 

 

 

4. OBJECTIVES 

4.1. General objective 

● Evaluating the effects of salt stress, salicylic acid, and methyl jasmonate on in vitro callus 

cultures of Calotropis procera and analysing the expression of pathogenesis-related 

proteins (osmotin, chitinase, and protease) in response to salinity and signalling inducers. 
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4.2. Specific objectives 

● Investigate the progression of in vitro callus cultures derived from the hypocotyls of C. 

procera, cultivated under varying NaCl concentrations (0, 40, 60, 80, and 100 mM), 

salicylic acid (0, 100, 200, and 400 µM), and methyl jasmonate (0, 50, 100, and 200 µM) 

aiming to understand their developmental responses. 

● Examine the photosynthetic pigments level in the cultured Calotropis procers callus 

exposed to salt stress and elicitors. 

● Utilize a zymogram and measure the proteolytic activity in cultured Calotropis procera 

callus exposed to salt stress and elicitors. 

● Utilize electrophoresis to determine the expression of soluble proteins in the callus of C. 

procera cultivated under salt stress and signalling inducers. 

● Assess the performance of enzymes (ascorbate peroxidase, catalase, guaiacol peroxidase, 

and superoxide dismutase) responsible for reactive oxygen species detoxification, in 

Calotropis procera callus grown under conditions of saline stress and elicitors. 

● Examine the expression levels of osmotin, chitinase, and protease transcripts in the callus 

of Calotropis procera cultivated under different levels of salt stress and elicitors. 

● Employ confocal microscopy to assess chlorophyll, lignin, and phenolic compounds in the 

callus of C. procera subjected to varied degrees of salt stress and elicitors. 

● Utilize the TUNEL assay to assess DNA integrity and quantify cell numbers in C. procera 

callus subjected to diverse concentrations of salt stress and signalling molecules. 
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5. MATERIALS AND METHODS 

5.1. Biological material 

Mature fruits of C. procera (Ait) R. Br. were collected from plants found growing on the 

campus of the Federal University of Ceara, Brazil, situated at the geographical coordinates 

3º752293S, 38º572383W. The fruits were carefully stored at the temperature range of 24327 ºC until 

the seeds were removed. The seed's fibre was removed mechanically, and the seeds were visually 

examined for physical integrity. Only the healthy and undamaged seeds were used for the 

treatments. In a laminar flow cabinet, the seeds (n = 192) were disinfected with 1% (active chlorine) 

NaOCl solution for 3 min and rinsed five times with sterile distilled water for 2 min. Subsequently, 

the seeds were placed in Petri dishes lined with sterile filter paper. The seeds utilized in all 

experimental procedures were sourced from fruits gathered within a time frame of 1 to 5 days 

before their application. 

 

 

5.2. Methods 

5.2.1. Seed germination 

Following the disinfestation process, a total of 192 seeds were introduced into sterile tubes 

containing 15 mL of ½ MS medium (as described by Murashige and Skoog., 1962), which had 

been previously autoclaved at 121 ºC for 15 minutes. The medium was supplemented with 100 

mg/L myo-inositol, 2% (w/v) sucrose (pH 5.8) and solidified with 0.7% (w/v) agar (Sigma 

Chemical Co.) according to methods described by Teixeira et al. (2011). To initiate seed 

germination, the tubes holding the seeds were placed in a controlled environment with a 

temperature of 25 ± 2 °C and subjected to a photoperiod of 16 hours of light followed by 8 hours 

of darkness. The light source was provided by white, fluorescent light-emitting diodes (LED) with 

an intensity of 10‒15 ¼mol/m2/s. 
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5.2.2. Callus induction 

After four weeks of sowing, the seedlings of the species under study were used as the 

primary source for callus induction. These seedlings had a size of approximately 4 cm. To generate 

the callus cultures, the hypocotyl segments were aseptically detached and subsequently 

longitudinally sliced into segments measuring 10 mm in length, all under aseptic conditions. For 

callus induction, five hypocotyl explants (n = 325) were inoculated in Petri dishes containing 25 

mL of the same nutritive medium previously used for seed germination but supplemented with 3 

µM 1- naphthyl acetic acid (NAA) and 4.6 µM kinetin (KIN). This procedure was similar to that 

described by Suri and Ramawat (1995) proposal with modifications. The cultivation of callus was 

conducted following a methodology like that of seed germination. After 28 days, calli were 

successfully generated and served as the biological materials for subsequent assays. 

 

 

5.2.3. Effects of salt-induced stress in callus of Calotropis procera 

Following the acquisition of C. procera callus, a fresh medium, resembling the one 

employed for callus growth, was prepared. Various concentrations of NaCl (0, 40, 60, 80, and 100 

mM) were added to this medium, and 25 mL of each mixture was distributed onto Petri dishes. 

Calli that were 28 days old and viable were then carefully transplanted into the newly prepared 

saline media. A total of 125 calluses were allocated across five conditions (125/5 = 25). These 25 

calluses were then distributed among five petri dishes (five replicates), each with five calluses 

present in each petri dish for every concentration, including the control. The Petri dishes were 

subsequently kept under the same experimental conditions as previously established for callus 

induction, with an additional duration of 28 days for maintenance. At the end of the salt stress 

treatment, the calli were removed and subjected to analysis of physiological parameters (fresh 

weight, dry weight, growth rate, water content, protein content, hydrogen peroxide, proteolytic 

activity, photosynthetic pigments, and the activity of anti-oxidative enzymes). These measurements 

were conducted with the primary objective of verifying the successful induction of salt stress before 

proceeding with the analysis of protease, chitinase, and osmotin transcript profiles. 
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5.2.4. Growth rate and water content of salt-induced stress callus of Calotropis procera 

A total of five calluses from each petri dish (n = 5 plates) from every concentration, 

including control, were weighed using an analytical balance on the initial day of salt treatment (28 

days old), and the average weight was recorded. The same calli were weighed again 28 days later, 

at the end of the salt treatment. These measurements were used to calculate the growth rate, and 

the second weight measurement served as the initial measurement for water content. Following the 

second weighing, the calli were freeze-dried and weighed again for the final water content 

estimation. The growth rate (GR) was calculated by taking the initial weight of the callus at the 

time of transference to the medium containing NaCl (Wi), and the weight after 28 days of treatment 

with NaCl (Wa). The mean was calculated by: [(Wa-Wi)/Wi] ×100. The percent of tissue water 

content (TWC %) was calculated with the weight values obtained from fresh (FW) and dry (DW) 

callus, applying the following equation: TWC (%) = [(FW-DW)/FW] ×100. 

 

 

5.2.5. Effects of signalling inducers in callus of Calotropis procera 

Following the acquisition of C. procera callus, a fresh medium, resembling the one 

employed for callus growth, was prepared. Various concentrations of salicylic acid (0, 100, 200, 

and 400 µM), and methyl jasmonate (0, 50, 100, and 200 µM) were added to this medium, and 25 

mL of each mixture was distributed onto petri dishes. Viable calli aged 28 days were transplanted 

into the newly prepared media with varying concentrations of salicylic acid and methyl jasmonate. 

A total of 200 calluses were evenly distributed across treatment groups for both compounds. Each 

treatment group contained 100 calluses, divided into four conditions, resulting in 25 calluses per 

condition. These 25 calluses were then allocated among five petri dishes, each representing a 

replicate, with five calluses per dish for every concentration, including the control, in both salicylic 

acid and methyl jasmonate treatments. The Petri dishes were subsequently kept under the same 

experimental conditions as previously established for callus induction, with an additional duration 

of one week for salicylic acid and methyl jasmonate treatment. At the end of treatment, the calli 

were removed and subjected to analysis of physiological parameters (fresh weight, dry weight, 

growth rate, water content, protein content, proteolytic activity, photosynthetic pigments, and the 
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activity of anti-oxidative enzymes). These measurements were carried out with the main objective 

of verifying the effect of salicylic acid and methyl jasmonate induction on callus growth before 

proceeding with the analysis of the transcript profiles of protease, chitinase, and osmotin. 

 

 

5.2.6. Growth rate and water content of signalling inducers in callus of Calotropis procera 

A total of five calluses from each petri dish (n = 5 plates) from every concentration, 

including control, were weighed using an analytical balance on the initial day of salicylic acid and 

methyl jasmonate treatment (aged 28 days), and the average weight was recorded. The same calli 

were weighed again after one week of the treatment. These measurements were used to calculate 

the growth rate, and the second weight measurement served as the initial measurement for water 

content. Following the second weighing, the calli were freeze-dried and weighed again for the final 

water content estimation. The growth rate (GR) was calculated by taking the initial weight of the 

callus at the time of transference to the medium containing salicylic acid, and methyl jasmonate 

(Wi), and the weight after one week of treatment with salicylic acid, and methyl jasmonate (Wa). 

The mean was calculated by: [(Wa-Wi)/Wi] ×100. The percent of tissue water content (TWC %) 

was calculated with the weight values obtained from fresh (FW) and dry (DW) callus, applying the 

following equation: TWC (%) = [(FW-DW)/FW] ×100. 

 

 

5.2.7. Protein extraction 

After the treatment of salt (28 days), salicylic acid and methyl jasmonate (one week) the 

calli from the control MS medium and the salt treatments at 40, 60, 80, and 100 mM NaCl 

concentrations, salicylic acid at 100, 200, and 400 µM concentrations, and methyl jasmonate at 50, 

100, and 200 µM concentrations were collected and subjected to lyophilization. Following the 

lyophilization process, the calli of C. procera were thoroughly macerated in a mortar using liquid 

nitrogen for further analysis. A protein extract was obtained from 500 mg of both the control group 

and the calli subjected to salt, salicylic acid, and methyl jasmonate treatments. After that, 2 mL of 
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100 mM potassium phosphate buffer, pH 7.0, containing 0.15 M NaCl, 3% PEG, 1 mM PMSF, 2 

mM EDTA and 1% PVPP was added. The mixture was macerated for 10 min in a mortar under an 

ice bath. The homogenate was centrifuged (10,000×g, 4 ºC, 10 min). The soluble phase was 

carefully retrieved and subsequently dialyzed against the extraction buffer over 24 hours at a 

temperature of 4 ºC. The total soluble protein concentration was quantified using the Bradford 

method (BRADFORD., 1976). These protein extracts served as the foundation for exploring 

various enzymatic activities. Notably, all enzymatic assays were conducted upon completion of the 

24-hour dialysis period. The protein extract for carrying out electrophoresis and zymogram was 

obtained using the same methodology mentioned above. 

 

 

5.2.8. Enzymatic activities in Calotropis procera callus under salt-induced stress and 

signalling inducers 

The dialyzed extracts obtained from Calotropis procera hypocotyl callus, were exposed to 

NaCl concentrations (0, 40, 60, 80, and 100 mM) for 28 days, as well as salicylic acid (0, 100, 200, 

and 400 µM) and methyl jasmonate (0, 50, 100, and 200 µM) for one week, were utilized to 

evaluate enzymatic activities. 

The activity of guaiacol peroxidase enzymes (POX, EC 1.11.1.7) was determined followed 

by the method described by Urbanek et al. (1991). Guaiacol and H2O2 were used as substrates. 

Aliquots of 0.8 mL of 50 mM sodium acetate buffer (pH 5.2) were added to 0.5 mL of 60 mM 

H2O2 and 0.5 mL of 20 mM guaiacol. This reaction mixture was left in a water bath at 30 °C for 

10 min. The addition of 0.2 mL of dialyzed extract started the reaction and the formation of a 

coloured compound was measured every 20 s, at 480 nm in a spectrophotometer (Novaspec III 

Pharmacia). One activity unit (AU) was established as the change in absorbance per minute and 

expressed as AU/mg of protein (AU/mgP). 

The catalase (CAT, EC. 1.11.1.6) activity was measured as described by Havir and McHale 

(1987) and Peixoto et al. (1999). In a 0.8 mL aliquot of 75 mM potassium phosphate buffer, pH 

7.0, 0.1 mL of the dialyzed extract was added, and this reaction mixture was left in a water bath at 

30 °C for 10 min. After that, 0.1 mL of H2O2 112.5 mM was added to the reaction mixture and the 
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enzyme activity was measured at 240 nm based on the decrease in absorbance at 20 s intervals. 

The AU was established as the change in absorbance per minute and expressed as AU/mgP. 

The ascorbate peroxidase (APX, EC 1.11.1.11) activity was determined according to 

Koshiba (1993) and Peixoto et al. (1999), with modification. Initially, 0.1 mL of dialyzed extract 

was added to 0.8 mL of 50 mM potassium phosphate buffer (pH 6.0) containing 0.5 mM ascorbate. 

The mixture was left in a water bath at 30 °C for 10 min. APX activity was initiated by the addition 

of 2 mM H2O2. The measurement was performed with a spectrophotometer at 290 nm, at 30 s 

intervals. The activity unit (AU) was established as the change in absorbance per minute and 

expressed as AU/mgP. 

The superoxide dismutase (SOD, EC 1.15.1.1) was evaluated by the ability of the enzyme 

to inhibit the photoreduction of nitro blue tetrazolium (NBT) in a reaction medium containing 

0.05M potassium phosphate (pH 7.8), 19.5 mM methionine, EDTA 0.1 mM, NBT 750 µM and 

riboflavin 10 µM (BEYER and FRIDOVICH., 1987). The tubes with the reaction medium and the 

samples were illuminated for 15 min under two 20-W fluorescent tubes at 25 ºC. As a control, the 

same reaction medium without the sample was illuminated under the same conditions, while the 

blank solution was kept in the dark. Readings were taken at 560 nm in a spectrophotometer, where 

one unit of SOD was considered as the amount of enzyme able to inhibit by 50% the photoreduction 

of NBT under the experimental conditions. The SOD activity was expressed in AU/mgP. 

These assessments were conducted in triplicate for each of the three independent treatments 

to ensure accuracy and reliability. Mean values were calculated independently for each treatment 

group. 

 

 

5.2.9. Proteolytic activity 

The total proteolytic activity was tested through the colorimetric reaction, which uses 

azocasein as a non-specific substrate. This protein, upon undergoing degradation by proteases, 

releases a compound called azo that functions as a chromophore, being detected at a wavelength 

of 420 nm. To carry out this test, an aliquot of 100 ¼L of the sample of protein extracts from the 

callus of C. procera which was subjected to 28 days of treatment in the presence of different 
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concentrations of NaCl (0, 40, 60, 80, and 100 mM), and one-week treatment of salicylic acid (0, 

100, 200, and 400 µM), and methyl jasmonate (0, 50, 100, and 200 µM). These samples were added 

to the reaction with 200 ¼L of 1% azocasein and the volume was adjusted to 500 ¼L with 50 mM 

sodium acetate buffer, pH 5.0. After 60 minutes at 37 ºC, the reaction was stopped with the addition 

of 300 ¼L of 10% trichloroacetic acid (TCA). The tubes were centrifuged at 5,000 x g, for 10 

minutes, at 25 °C and 400 ¼L of the supernatant was mixed with 400 ¼L of sodium hydroxide 

(NaOH) 2 M. Colour development was measured by spectrophotometer at 420 nm. One unit of 

activity was defined as the amount of protein capable of increasing absorbance by 0.01 in one hour 

(XAVIER-FILHO et al., 1989). The results were presented in AU ¼g-1 of protein. At least three 

independent measurements were performed for each treatment. 

 

 

5.2.10. Content of photosynthetic pigments 

The photosynthetic pigments, chlorophylls a and b as well as total carotenoids x + c, were 

extracted with 80% acetone and then centrifuged at 15,000×g for 30 min, using the redetermined 

extinction coefficients and equations established by Lichtenthaler (1987). The samples were treated 

with NaCl (0, 40, 60, 80, and 100 mM) for 28 days, and one week with salicylic acid (0, 100, 200, 

and 400 µM), and methyl jasmonate (0, 50, 100, and 200 µM) were stored in a light-protected 

environment to prevent light exposure and were later subjected to absorbance readings at 665, 649 

and 480 nm. Pigment contents were determined using the equations: Chlorophyll a =12.47 (A665) 

3 3.62 (A649); Chlorophyll b = 25.06 (A649) 3 6.50 (A665); Chlorophyll (a + b) =7.15 (A665) 318.71 

(A649); Carotenoids = [1000 (A480) 3 1.29 (chlorophyll a) 3 53.78 (chlorophyll b)]/220. 

 

 

5.2.11. Analysis of H2O2 content in Calotropis procera callus under salt-induced stress 

The assessment of H2O2 content was carried out immediately after subjecting Calotropis 

procera calluses to various concentrations of NaCl treatment (0, 40, 60, 80, and 100 mM) for 28 

days. The H2O2 was extracted and quantified according to Gay et al. (1999). The calluses were 
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macerated in the presence of borax-borate 50 mM buffer (pH 8.4) in a 1: 5 (w/v) ratio. The 

homogenate was centrifuged (12,000×g, 4 °C, 20 min) and the supernatant was collected. In the 

assay, 0.2 mL of the supernatant was added to 1 mL of xylenol orange solution, and the mixture 

was incubated for 30 min (25 °C) in the dark. The xylenol orange solution was formed by 0.1 mL 

of solution A (iron sulfate 25 mM, ammonium sulfate 25 mM, sulfuric acid 2.5 M and ultrapure 

water) with 10 mL of solution B (xylenol orange 125 ¼M, sorbitol 100 mM and ultrapure water). 

The samples were subjected to absorbance measurements at 560 nm in triplicate. The H2O2 content 

was quantified and expressed as nmol H2O2 per gram of fresh weight (nmol H2O2/gfw). The 

reported results represent the mean of three separate measurements. 

 

 

5.2.12. Protein profile analysis by SDS-PAGE 

Electrophoresis of proteins was performed to visualise the proteins from C. procera callus 

treated with NaCl (0, 40, 60, 80, and 100 mM) for 28 days, and with salicylic acid (0, 100, 200, 

and 400 µM) and methyl jasmonate (0, 50, 100, and 200 µM) for one week. 

Electrophoresis was proceeded according to Laemmli (1970). Stacking gels of 5% 

polyacrylamide were used with 15% polyacrylamide resolving gels. To estimate molecular mass, 

the following markers were used: phosphorylase β (97.0 kDa), bovine serum albumin (66.0 kDa), 

ovalbumin (45.0 kDa), carbonic anhydrase (30.0 kDa), trypsin inhibitor (20.1 kDa) and α-

lactalbumin (14.4 kDa). 

The runs were executed in a constant current of 30 mA per gel and tension of 110 V per 

gel, in an average duration of 2 hours at 25 ºC. In each lane, 30 ¼L of each sample diluted to 1 

mg/mL in distilled water was applied. Protein bands were visualized after colouring with 

Coomassie Brilliant Blue R-250 in a solution of methanol, acetic acid, and water (4:1:5; v:v:v). 

The revealing was done using the same solution without the Coomassie dye. 
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5.2.13. Gelatin-based zymography 

The proteolytic activity of the C. procera callus treated with NaCl (0, 40, 60, 80, and 100 

mM) for 28 days, and with salicylic acid (0, 100, 200, and 400 µM) and methyl jasmonate (0, 50, 

100, and 200 µM) for one week was also evaluated by zymography containing 0.1% gelatin as 

substrate according to Toth and Fridman (2001). The fractions were separated by electrophoresis 

in 15% SDS-PAGE, as described before, containing 0.1% gelatin at 25 ºC. Afterwards, the gel was 

incubated in a renaturing solution containing 2.5% Triton X-100, and gently shaken for 30 minutes 

to remove SDS and allow protein rearrangement. The gels were then washed with distilled water 

and incubated in 50 mM PBS (pH 7.0) containing 3 mM DTT for 24 h at 37 ºC before being stained 

with 0.2% Coomassie Brilliant Blue R-350. Enzymatic activity was detected as clear bands in a 

dark background. Bovine serum albumin was used as a negative control for proteolytic activity. 

 

 

5.2.14. Analysis of chlorophyll, lignin, and phenol compounds in Calotropis procera callus 

under salt-induced stress using confocal microscopy 

To analyse the chlorophyll, lignin, and phenol compounds, fresh calluses of Calotropis 

procera treated with various concentrations of NaCl (0, 40, 60, 80, and 100 mM) were collected 

after 28 days of treatment. These calluses were delicately sectioned into thin slices and then 

immersed in a solution of 90% glycerine in PBS for 15 minutes according to Baldacci-cresp et al. 

(2020) and Hutzler et al. (1998). Subsequently, the sections were carefully mounted onto slides, 

ensuring complete coverage to eliminate any gaps between the slides. The prepared slides were 

then examined under an Ar laser (» = 488 nm) by confocal microscopy. Excitation signals were 

collected between 500 and 580 nm. 

Fluorescent images were captured using a Carl Zeiss laser scanning microscope (LSM 710) 

with a 20x magnification objective lens (Carl Zeiss, Jena, Germany). For each treatment group, a 

minimum of five independent analyses were conducted. 
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5.2.15. TUNEL assay analysis of Calotropis procera callus under salt-induced stress 

To assess DNA damage, fresh calluses of C. procera treated with various concentrations of 

NaCl (0, 40, 60, 80, and 100 mM) were collected after 28 days of treatment. The TUNEL 

fluorometric assay (TdT-mediated dUTP Nick-End Labeling) was conducted following the 

manufacturer's instructions. After treatment the calluses were collected, sectioned into thin slices, 

and fixed in 4% formaldehyde in PBS for 15 minutes according to Shamsi et al. (2008). Excess 

formaldehyde was removed through washing, and the TUNEL protocol was subsequently 

executed. 

The prepared sections were mounted on slides and examined using confocal microscopy. 

Cells with damaged DNA were identified by the incorporation of fluorescein-12-dUTP, emitting 

at 520 nm. Moreover, the 647 nm wavelength was employed to visualize propidium iodide, 

highlighting individual cells. Fluorescent images were captured using a Carl Zeiss laser scanning 

microscope (LSM 710) equipped with a 20x magnification objective lens (Carl Zeiss, Jena, 

Germany). A minimum of five independent analyses were performed for each treatment group. 

 

 

5.2.16. Cell count analysis in Calotropis procera callus under salt-induced stress 

Fresh calluses of Calotropis procera subjected to different NaCl concentrations (0, 40, 60, 

80, and 100 mM) were collected after 28 days of treatment. Cell counts from callus sections on 

slides were obtained according to Klais et al. (2003) with modifications, utilizing confocal 

microscopy software in both manual and automated modes. The defined area was marked using a 

drawing tool by confocal microscope software and the cells were manually counted by observing 

DNA-stained nuclei with propidium iodide in the TUNEL assay within the bounded area. Results 

were based on cell density and presented as the number of cells/mm2. 

 

 

5.2.17. Total RNA extraction and transcriptomic analyses 
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Callus tissues obtained from hypocotyls of C. procera were used for RNA extraction. These 

calluses were subjected to saline stress (MS added with 80 mM NaCl), salicylic acid treatment (MS 

added with 400 µM of salicylic acid), methyl jasmonate treatment (MS added with 200 µM of 

methyl jasmonate), and control conditions (MS medium). For the salt treatment, different collection 

times were 0, 2, 12, 24 and 48 hours and 4, 7, 14 and 28 days of contact with the culture medium 

while for the salicylic acid and methyl jasmonate treatment, different collection times were 0, 2, 

12, 24, and 48 hours and 4 and 7 days of contact with the culture medium. 

For the extraction procedure, 100 mg of callus was used. This material was obtained 

through a sample composed of callus from different replications. The calluses were macerated in 

liquid nitrogen, using a mortar and pestle. From the plant material macerated, total RNA was 

extracted using the RNeasy Plant Mini Kit (Qiagen) according to the manufacturer9s instructions. 

In microtubes, 700 ¼L of RLT buffer and 10 ¼L of β-mercaptoethanol to the macerated 

callus samples, and the mixture was homogenized using vortex, and the obtained solution was 

transferred by pipetting to a mini-column from the kit (QIAshedder spin column), coupled to a 2 

mL collection tube and centrifuged at 12,000 x g, at 25 °C for 2 minutes. The supernatant was 

recovered and transferred to a new microtube, where 400 ¼L of 95% ethanol was added and the 

solution obtained was mixed by inversion. 

The previously obtained solution was transferred to a new column in the kit. (RNeasy mini 

spin column), also attached to a 2 mL collection tube and centrifuged at 25 °C for 15 seconds at 

8,000 x g. The eluate was discarded and 400 ¼L of RW1 buffer was added to the column, 

centrifuging at 8000 x g, temperature environment for 15 seconds. After washing with RW1, the 

column was transferred to a new collection tube and 500 ¼L of RPE buffer was added to the 

column, which was subjected to new centrifugation at 8000 x g, at 25 °C for 1 minute. The eluate 

was discarded and another 500 ¼L of RPE buffer was added to the column. The sample was 

subjected to a new centrifugation at 8000 x g, at 25 °C for 2 minutes, to eliminate any ethanol 

residue that could interfere with subsequent reactions. 

The eluate and collection tubes were discarded, and the column was transferred to a new 

1.5 mL collection tube. Then, 30 ¼L of RNase-free water was added directly to the column and 

kept for 3 minutes at 25 °C and then subjected to the new centrifugation to 8000 x g, for 1 minute 

to RNA elution. Then again 20 ¼L of RNase-free water was added directly to the column, 
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subjecting the new centrifugation to 8000 x g, for 1 minute to RNA elution. The eluted RNA was 

stored at -20 °C for later quantification, electrophoretic analyses, reverse transcription (RT) 

reactions and RT-PCR assays. 

The RNA concentration was estimated based on the absorbance readings of the samples at 

a wavelength of 260 nm, using a GeneQuant spectrophotometer (Pharmacia). The degree of purity 

of this RNA was also evaluated in this equipment using the ratio of absorbances 260/280 nm and 

the ratio of 260/230 nm. The samples were quantified in triplicate and then an average was taken 

from the reading of the absorbance. 

The integrity of total RNA and verification of contamination with genomic DNA was 

examined using 0.5 ¼g of total RNA. For this, electrophoresis was carried out in 1% agarose gel. 

Agarose gels for electrophoretic migration were prepared according to the protocol described by 

Sambrook (1989). To produce the gel, agarose was melted in TAE buffer, pH 8.0 (0.04 M Tris-

acetate and 0.001 M EDTA) containing 0.5 ¼g of ethidium bromide. Soon after, this mixture was 

placed in a horizontal vat suitable for inserting combs, enabling the formation of wells. 

After polymerization of the gel, a volume of 5 ¼L containing the RNA samples. To prepare 

these, 500 ng of total RNA was used (with varied volumes), 1.5 ¼L of sample buffer (phenol 

bromine blue) and deionized water autoclaved to complete the final volume of 5 ¼L. 

Electrophoretic runs were carried out in a horizontal tank filled with TAE buffer (pH 8). 

The parameters used were a constant amperage of 35 mA and a voltage of 70 V. The duration of 

the race was approximately 30 minutes and was carried out at 25 ºC. Ribosomal RNA bands (18S 

and 28S) in the agarose gel were visualized by exposure to UV light, on a Vilber Lourmat 

transilluminator (Marne-la-Vallée, France), and the image was captured by a photo documentation 

system coupled to the equipment. 

After quantifying the RNA samples, a run was performed electrophoretic analysis to 

identify whether the RNA samples were truly homogeneous and complete. Once the homogeneity 

of the RNA samples was confirmed, the reverse transcription was performed. 

Total RNA was used for the synthesis of complementary DNA (cDNA), using the 

IMpromIITM Reverse Transcriptase Kit (Promega, United States), according to the manufacturer's 

instructions. 
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For the reaction to occur, 1¼g of the RNA sample was incubated with 500 ng of Oligo 

(dT)18 initiator, for 5 minutes, at a temperature of 70 °C and then at 4 °C, for another 5 minutes. 

Soon after, a reaction mixture was added containing: 4 ¼L of buffer reverse transcription 5 times 

concentrate, 2.4 ¼L of 0.025 M MgCl2, 1 ¼L of 0.01 M dNTP and 1 ¼L of reverse transcriptase 

enzyme at 1 AU/ ¼L. The complementary strand synthesis reaction occurred at 25 °C for 5 minutes, 

42 °C for 1 hour, followed by 75 °C for 15 minutes (inactivation of the enzyme). The cDNA 

obtained was stored at -20 °C for subsequent PCR reactions. 

To carry out the RT-PCR, four oligonucleotide primers were used degenerates (Primers): 

EF1α, CpOsm, CpChit, and CpProt. The degenerate CpOsm oligonucleotides were designed by 

Souza. (2015) and produced based on the N-terminal sequence obtained from osmotin from C. 

procera. 

Other oligonucleotides used were EF1α (synthesis elongation factor protein in eukaryotes), 

this being a gene with constitutive expression. The objective of its use was to normalize the data 

obtained through its stable expression. These oligonucleotides were described by some researchers 

(COSTA et al., 2010; GONDIM et al., 2012). Oligonucleotides were designed from the 3' 

untranslated region (39UTR). The nucleotide sequences of the primer oligonucleotides employed 

in the experiment are as follows: 

Sequence of oligonucleotides used. 

 

 

Table 1- Primers utilized for transcriptome-level assessment of target protein-encoding genes. 



67 

To verify the most appropriate temperature for the annealing of the EF1α, CpOsm, CpChit, 

and CpProt primer oligonucleotides, a gradient of temperature. For this, a pool of cDNA samples 

was collected. This procedure was carried out in a Mastercycler realplex 4S thermocycler 

(Eppendorf®). The temperatures used were (50.8; 52; 53; 54; 55; 56; 57.1; and 59.6 °C). 

This step was carried out to verify the best number of cycles to amplify the gene product of 

the EF1α, CpOsm, CpChit, and CpProt primers. For this, a pool of C. procera cDNA samples and 

tested with 24 cycles, 27 cycles, 30 cycles, 33 cycles, 35 cycles, 37 cycles, and 39 amplification 

cycles. Next, the best number of cycles to occur was determined in polymerase chain reaction. The 

reaction was carried out in a Mastercycler thermocycler, realplex 4S (Eppendorf®), with an 

annealing temperature of 57 °C. 

After standardizing the temperatures and number of cycles of the EF1α, CpOsm, CpChit, 

and CpProt RT-PCR was performed to evaluate the expression level of osmotin, chitinase, protease 

and the gene EF1α in C. procera calli subjected to saline stress, salicylic acid, and methyl 

jasmonate at different exposure times. 

The products of the RT reactions (single-stranded cDNA) were subjected to PCR reactions 

using degenerate primers for the osmotin gene (CpOsmF and CpOsmR), for chitinase (CpChitF 

and CpChitR), for protease (CpProtF and CpProtR) and the EF1α elongation factor gene (EF1αF 

and EF1αR). The number of cycles used for the different genes was different: 33 cycles were used 

for osmotin, 30 cycles for chitinase, 37 cycles for protease and 24 cycles for EF1α. The procedure 

used for obtaining the PCR reaction was as indicated by the supplier. The kit for performing the 

PCR was GoTaq® DNA Polymerase from Promega. 

For the reaction, 1 ¼L of cDNA obtained by reverse transcription was pipetted into 0.2 mL 

microtubes. This sample was incubated in a reaction mixture consisting of 0.1 ¼L (0.5 U) GoTaq 

DNA Polymerase 5 U/¼L, 5 ¼L 5x colourless reaction buffer, 1 ¼L of a 0.001 M dNTP mixture, 1 

¼L of each primer oligonucleotide in concentration of 5 ¼M (sense and antisense) and sterile 

deionized water. In addition to samples tested in the PCR reaction, a negative control containing 

all components of the reaction except DNA was always used. The reaction cycles consisted of an 

initial stage of denaturation at 95 °C for 3 min and a series of 33 cycles (for osmotin primers), 30 

cycles (for chitinase primers), 37 cycles (for protease primers) and 24 cycles (for EF1α primers) at 

the following temperatures: 94 °C (denaturation step), 57.5 °C (primer annealing step) and 72 °C 
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(strand extension), and all these steps had lasted 1 minute. After these cycles, there was a 

finalization stage, which consisted of 4 minutes at 72 °C. This reaction was carried out in the 

Mastercycler realplex 4S thermocycler (Eppendorf®). 

The products of the PCR reactions were stored at -20 °C until further use. To analyse the 

reaction products, an 8 ¼L aliquot was subjected to gel electrophoresis of 1% agarose. 

 

 

5.2.18. Statistical analysis 

The average obtained from the calli cultivated in the MS media with different 

concentrations of salt 40, 60, 80, and 100 mM, salicylic acid 100, 200, and 400 µM, and methyl 

jasmonate 50, 100, and 200 µM were compared between them. Statistical analysis was performed 

using the R-software. Data normality was tested. For data from a normal distribution, ANOVA was 

considered and subsequently, the Tukey test, otherwise the non-parametric tests, Kruskal-Wallis 

and Wilcoxon were considered. A significance level of 5% was considered. 

 

 

6. RESULTS AND DISCUSSION 

6.1. Salt-induced stress in C. procera callus 

6.1.1. Cultivation of C. procera calluses 

In the initial phase of the experiment, protocols were employed to cultivate calluses from 

C. procera. These calluses were developed as a model to explore the physiological and biochemical 

responses in these species under saline stress. 

The substrate utilized for seed germination successfully facilitated the growth of C. 

procera. Twenty-eight days after sowing, viable seedlings, measuring approximately 4 cm in size, 

were obtained, serving as explants for callus generation. Hypocotyl segments from these seedlings 

were selected as the primary source of explants for callus formation. 
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The calluses that emerged from the hypocotyls displayed a greenish colouration. Callus 

formation began about two weeks after the explants were introduced to the nutrient medium. By 

the fourth week, the calluses had significantly developed. Notably, better callus formation, 

averaging 1 gram per callus, was observed in the hypocotyl tissues. These calluses were 

subsequently utilized to progress the experiment, as indicated in (Figure 6). 

Healthy and viable calli, with an average weight of 1 gram and free from contamination, 

were transplanted to a fresh MS culture medium. This new medium contained increasing 

concentrations of NaCl, aimed at inducing salt stress. The calli were subjected to the salt medium 

for 28 days. After this period, specific criteria were assessed to understand their development and 

response mechanisms to salt-induced stress. 
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Figure 6- Seeds of C. procera were grown in 1/2 MS media for 28 days (2). Calluses were 
produced from the hypocotyl segments in the same nutritive medium used for seed germination but 
supplemented with 3 ¼M 1-naphthylacetic acid (NAA) and 4.6 ¼M kinetin (KIN) (3). After 28 days 
the calluses were transferred into the newly prepared saline media (0, 40, 60, 80 and 100 mM) for 
a further 28 days (4). 

 

 

6.1.2. Salinity impact on callus physiology 

The saline environment induces various detrimental effects on plant cells, resulting in a 

significant reduction in water content, growth, productivity, and both fresh and dry weight as a 

final physiological response. To evaluate the impact of heightened salinity on the culture medium, 

we analysed the relative growth rate (RGR) of calli exposed to a 28-day cultivation period in a 

NaCl-infused medium. In this study, the RGR, derived from the total fresh mass of callus before 

and after exposure to stress, exhibited susceptibility to high NaCl concentrations. 
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Our findings revealed a progressive reduction in the growth rate of calli as the NaCl 

concentration in the medium increased. The lowest relative growth rate was observed in 80 and 

100 mM of salt-treated calluses. Consequently, the water content percentage decreased in calluses 

treated with higher levels of NaCl compared to the control. Water content is the same for 

concentrations of 0, 40 and 80 mM. However, a statistically significant reduction was confirmed 

only in calli treated with 100 mM NaCl (Figure 7). 
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Figure 7- Performance of callus of C. procera in terms of water content (A), relative growth rate 
(B), fresh weight (C), and dry weight (D) when cultivated in increasing concentrations of NaCl. 
Data are mean ± SMD of five independent measurements. Columns labelled with different letters 
are significantly different at P < 0.05 based on one-way ANOVA with Tukey multiple range test 
using R-software. Kruskal-Wallis was used for Relative growth rate (B), and Dry weight (D). 

 

 

The observed decline in growth under saline stress conditions aligns with findings from 

various studies involving callus from diverse species, including rice, sugarcane, wheat, and niger 

(REDDY and VAIDYANATH., 1986; BARAKAT and ABDEL-LATIF., 1996; PATADE et al., 

2008; GHANE et al., 2014). Reddy and Vaidyanath (1986) attribute this reduction in callus growth 

A B 

C D 
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to osmotic and ionic stress induced by the high salt concentration in the culture medium. 

Additionally, cells cultured under stress exhibit reduced growth compared to those in a non-

stressful medium, as energy resources are diverted towards pathways that confer resistance, to 

stress, thereby inhibiting normal growth (CROUGHAN et al., 1981; CUSHMAN et al., 1990). 

Patade et al. (2008) proposed an alternative explanation for the observed decline in callus 

growth in a culture medium containing NaCl. According to their findings, the presence of Na+ and 

Cl− ions introduce a nutritional imbalance by competing with essential nutrients crucial for the 

metabolic processes essential to callus growth within the culture medium. 

In this study, the observed decrease in callus growth in the species under study is likely 

attributed to two potential factors: the presence of toxic levels of ions and/or a nutritional imbalance 

induced by high NaCl concentrations. This hypothesis gains support from the identification of ion 

accumulation in calluses subjected to stress. Additionally, cells cultivated in a saline medium incur 

higher metabolic expenditures, raising the production of compatible solutes and consequently 

slowing down their growth. 

After 28 days of exposure to a culture medium containing NaCl, the calli exposed to high 

NaCl specifically 100 mM showed lower water content compared to the control (Figure 7), aligning 

with values observed in calluses of halophyte species exposed to similar stress conditions 

(SHARMA and RAMAWAT., 2014). Consequently, the water content percentage decreased in 

calluses treated with higher levels of NaCl compared to the control. The sensitivity observed in the 

calluses of C. procera was similar to that recorded in the niger callus under NaCl-induced stress 

(GHANE et al., 2014). 

 

 

6.1.3. Salt-induced changes in callus proteolysis and biochemical parameters 

In our investigation to understand the impact of various salt stress concentrations in 

comparison to control conditions, we assessed the proteolytic activity in our selected plant species. 

Our findings revealed a notable increase in proteolytic activity at higher concentrations of NaCl, 

specifically at 80 and 100 mM, when compared to the control conditions. This observation 
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underscores a concentration-dependent response in proteolytic activity under salt stress, providing 

valuable insights into the plant9s adaptive mechanisms in challenging environmental conditions 

(Figure 8). Athar et al. (2022) and Ahmad et al. (2016) have also reported similar findings in their 

studies on salt stress proteins in plants. Athar et al. (2022) provided an overview of salt-stress 

proteins in plants and their role in regulating growth and development under salt stress. Ahmad et 

al. (2016) demonstrated that nitric oxide mitigates salt stress by regulating levels of osmolytes and 

antioxidant enzymes in chickpeas. These studies provide additional support for our findings and 

suggest that proteolytic activity is an important mechanism for plants to adapt to salt stress. 

To assess the impact of salinity, we conducted a comprehensive examination of hydrogen 

peroxide (H2O2) activity in the calluses of C. procera under both control and saline conditions. Our 

observations disclosed a concentration-dependent effect, indicating that hydrogen peroxide activity 

increased proportionally with higher salt concentrations. Particularly noteworthy were the highest 

levels of hydrogen peroxide activity observed in samples subjected to 100 mM NaCl. This observed 

indication establishes a clear correlation between salt concentration and heightened hydrogen 

peroxide activity, offering a quantitative foundation for understanding the oxidative stress response 

in the context of salinity (Figure 8). This finding is consistent with the work of Wang et al. (2013), 

who conducted a study on the callus of Malus domestica L. Their results similarly showed an 

elevation in the level of H2O2 corresponding to an increase in NaCl concentration. The consistency 

between our study and the work of Wang et al. reinforces the conception that the modulation of 

hydrogen peroxide is a shared response across different plant species, providing additional support 

for the proposed quantitative relationship between salt concentration and hydrogen peroxide 

activity. This collective evidence contributes to a more comprehensive understanding of the 

oxidative stress dynamics in plants exposed to salinity-induced conditions. 

In our analysis to determine the soluble protein content in our studied species and evaluate 

the impact of varying NaCl concentrations on protein levels compared to control conditions, we 

utilized a robust methodology. Our findings demonstrated a notable increase in soluble protein 

content at high NaCl concentrations, particularly at 80 and 100 mM of NaCl, in contrast to the 

control conditions (Figure 8). Athar et al. (2022) reported similar trends in protein content 

modulation under saline conditions in a related species. 
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In our investigation aimed at elucidating the impact of salinity on photosynthetic pigments 

relative to control conditions in the calluses of our selected plant species, we conducted a 

photosynthetic pigments assay. The results revealed distinct patterns in the levels of chlorophyll a, 

b, and carotenoids under different salinity concentrations. Specifically, chlorophyll a exhibited 

elevated levels in the presence of 80 and 100 mM NaCl. Conversely, chlorophyll b levels were 

notably higher at 80 mM NaCl compared to the control, while carotenoid levels exhibited a similar 

increase at 80 mM NaCl (Figure 8). For instance, a study on Salvinia auriculata found that higher 

chlorophyll a content was observed in plants treated with 50 mmol L-1 NaCl, decreasing in higher 

NaCl concentrations, while chlorophyll b content decreased with increasing NaCl concentrations 

(GOMES et al., 2017). This is somewhat consistent with our observation of elevated chlorophyll a 

level at 80 and 100 mM NaCl and chlorophyll b levels at 80 mM NaCl. In terms of carotenoid 

levels, a decrease in carotenoid levels in plants under salinity stress has been reported in many 

species (UARROTA et al., 2018). However, another study found that excessive salinity resulted in 

a higher overall content of pigments (chlorophyll, carotenoids) but also a higher variation of 

concentration of these compounds during cultivation (VENCKUS et al., 2021). This explains the 

increase in carotenoid levels we observed at 80 mM NaCl. It is important to note that the response 

of photosynthetic pigments to salinity can vary significantly among different plant species and even 

among different varieties of the same species (UARROTA et al., 2018). Therefore, the patterns we 

observed in our selected plant species might not be generalizable to all plants. 
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Figure 8- Performance of callus of C. procera in terms of Proteolytic activity, Hydrogen Peroxide, 
Soluble protein, and Photosynthetic pigments, when cultivated in increasing concentrations of 
NaCl. Data are mean ± SMD of five independent measurements. Columns labelled with different 
letters are significantly different at P < 0.05 based on one-way ANOVA with Tukey multiple range 
test using R-software. 
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6.1.4. Protein profiling in salt-stressed callus 

The SDS-PAGE allowed us to separate proteins based on their molecular weights, 

providing a visual representation of the protein composition. In parallel, the zymogram was 

employed to assess the enzymatic activity of proteins, specifically highlighting enzymes involved 

in digesting substrates incorporated into the gel. Upon analysis, our observations revealed 

distinctive patterns. In the SDS-PAGE, certain polypeptides exhibited intensified staining, 

suggesting alterations in protein abundance or modifications in response to varying salt 

concentrations. Additionally, novel polypeptides were detected, appearing more heavily stained 

and prominent, particularly in the 100 mM salt-tolerant calli. Interestingly, under control 

conditions, these polypeptides were visibly lighter. These findings indicate that the proteomic 

profile of C. procera calli responds dynamically to salt stress, leading to changes in protein 

abundance and enzymatic activity. Further analysis of these identified proteins can provide insights 

into the molecular mechanisms governing salt tolerance in C. procera calli (Figure 9). Yen et al. 

(1997) reported similar results in their SDS-PAGE analysis. Their study on the callus of 

Mesembryanthemum crystallinum revealed that elevated salt levels correlated with increased 

protein content. This parallel observation across studies underscores the consistency of the 

relationship between high salt concentrations and enhanced protein abundance in plant callus 

systems. The convergence of outcomes further strengthens the credibility of the association 

between salinity and protein content, as established through SDS-PAGE analyses in distinct plant 

species. In a parallel study by Tyburski and Mucha (2023), consistent results were observed on the 

Zymogram, demonstrating heightened enzymatic activity in response to high NaCl concentrations 

in the callus of Red Beet (Beta vulgaris). The consistent results from both studies highlight the 

robustness of the association between elevated salt levels and heightened enzymatic activity, 

demonstrating its uniformity across diverse plant species. 
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Figure 9- SDS-PAGE and zymogram of soluble proteins. In comparison to control callus, in gels 
of salt tolerant calli (40, 60, 80 and 100 mM of salt). Some polypeptides appeared heavily stained, 
and some new polypeptides were also detected, which appeared heavier stained in 100 mM of salt-
tolerant calli. An equal amount of proteins were loaded on the gels. In SDS-PAGE molecular 
markers (MM) loaded in the 1st row, C in the 2nd while increasing concentrations of salt loaded in 
the rest of the rows. In the zymogram, Papain loaded in the 1st row, BSA in the 2nd, and C in the 
3rd while increasing concentrations of salt loaded in the remaining rows. MM: molecular markers; 
97.0 kDa: phosphorylase β; 66.0 kDa: albumin; 45.0 kDa: ovalbumin; 30.0 kDa: carbonic 
anhydrase; 20.1 kDa: trypsin inhibitor and ɑ- lactalbumin 14.4 kDa. 
 

 

6.1.5. Exploring enzyme responses in salt-treated callus 

Salt stress induces intricate mechanisms involving both increased and decreased enzymatic 

activity. To assess the dynamics of oxidative stress enzymes, we quantified the activity levels of 

catalase (CAT), ascorbate peroxidase (APX), peroxidase (POX), and superoxide dismutase (SOD). 

To investigate catalase (CAT) enzyme levels in the callus of C. procera by examining their 

responses to different salt concentrations. The findings revealed clear patterns in catalase (CAT) 

enzyme activity, providing insights into how this important antioxidant responds to salt-induced 

stress. Our findings demonstrated that the highest levels of CAT enzymes were observed in the 

control group and at 40 mM NaCl, indicative of optimal enzymatic activity under normal and low 

salinity conditions. This suggests that CAT plays a pivotal role in mitigating oxidative stress under 
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baseline and mildly stressful conditions. The observed elevation in CAT activity at 40 mM NaCl 

aligns with its adaptive response to cope with the initial impact of salt stress. In contrast, CAT 

enzyme levels were lowest with 80 mM NaCl, hinting at a possible slowdown in catalase activity 

at this salt level (Figure 10). This suggests that excessive salt might hinder the enzyme's function, 

possibly due to complex changes in the cell environment, such as shifts in available substances or 

alterations in the enzyme's shape. In a related study, Lokhande et al. (2010) investigated CAT 

activity in callus cultures of Sesuvium portulacastrum L. and reported low catalase activity in 

response to a high concentration of NaCl (400 mM). The parallel findings between our study and 

Lokhande et al.9s research underscore the conserved nature of CAT activity modulation in response 

to high salt concentrations across different plant species. This collective knowledge enhances our 

comprehension of the versatile and species-specific responses of catalase to salt-induced stress, 

contributing to the broader understanding of plant stress physiology. 

Our study noted an elevation in ascorbate peroxidase (APX) activity in the calluses 

subjected to NaCl treatment. This observation suggests a responsive modulation of APX enzymatic 

activity under both normal and salt-stress conditions, highlighting the adaptive nature of the 

enzyme in the cellular environment. This finding contributes to a deeper understanding of the 

regulation process governing APX activity and its potential implications in stress response 

pathways (Figure 10). These outcomes align with related research findings. For instance, Yasar et 

al. (2008) reported a similar phenomenon, noting an elevation in APX activity in response to salt 

stress in the leaves of the halophyte Suaeda salsa. This consistency across studies reinforces the 

idea that the modulation of APX activity is a conserved response mechanism across different plant 

species facing salt-induced stress, contributing to the broader understanding of the enzyme9s role 

in stress adaptation. 

Likewise, peroxidase (POX) activity exhibited variations across different salt 

concentrations. Specifically, higher levels of POX activity were observed in the presence of 40 and 

80 mM NaCl, whereas lower activity levels were noted at 60 mM NaCl. This nuanced response 

underscores the sensitivity of POX activity to varying salt conditions and provides valuable insights 

into the regulatory dynamics of this enzyme in the context of salt-induced stress (Figure 10). Our 

findings align with research conducted by Kumar et al. (2008), who reported enhanced POX 

activity in callus cultures of Jatropha curcas under high concentrations of NaCl. This consistent 
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trend in POX activity across different plant species and experimental conditions suggests a 

conserved response mechanism. The observed elevation in POX activity in the presence of higher 

salt concentrations may be associated with the enzyme9s role in mitigating oxidative stress, acting 

as a crucial component of the plant9s defence system. Moreover, the lower POX activity observed 

at 60 mM NaCl in our study prompts interesting inquiries about the threshold impact of salt 

concentrations on POX regulation. This may reflect a complex interplay of signalling pathways 

and cellular responses under moderate salt stress. Exploring these nuances contributes to a more 

comprehensive understanding of POX dynamics and its role in coordinating adaptive responses to 

salt-induced stress. 

The investigation into superoxide dismutase (SOD) activity in the callus of C. procera 

revealed distinctive trends among different salt treatments. The highest SOD activity was observed 

in the calluses exposed to 60 mM NaCl, indicating a notable response to moderate salt stress. 

Conversely, the lowest SOD activity levels were recorded in calluses treated with 100 mM NaCl, 

suggesting a potential inhibitory effect on SOD activity at higher salt concentrations. This 

observation contributes valuable insights into the nuanced modulation of SOD activity under 

varying salt stress conditions, emphasizing the importance of considering specific salt 

concentrations in understanding enzymatic responses. The inhibition of SOD activity under high 

salt stress conditions could be attributed to complex cellular responses, including potential 

feedback mechanisms or alterations in the cellular redox status (Figure 10). The insights gained 

from our study emphasize the significance of considering specific salt concentrations when 

interpreting enzymatic responses. The nuanced modulation of SOD activity at different salt levels 

highlights the complexities of plant stress responses, requiring a careful examination of the 

concentration-dependent effects on enzyme activities. This observed phenomenon is consistent 

with the work of Cherian et al. (2003), who reported low SOD activity in callus cultures of Suaeda 

nudiflora Moq under high concentrations of NaCl. The parallel findings between our study and 

Cherian et al.9s research across different plant species further strengthen the notion that SOD 

activity is intricately regulated in response to varying salt stress conditions. This collective 

knowledge contributes to a more comprehensive understanding of the adaptive strategies employed 

by plants in coping with salinity-induced oxidative stress. 
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Figure 10- Performance of callus of C. procera in terms of CAT, APX, POX, and SOD when 
cultivated in increasing concentrations of NaCl. Data are mean ± SMD of five independent 
measurements. Columns labelled with different letters are significantly different at P < 0.05 based 
on one-way ANOVA with Tukey multiple range test using R-software. Kruskal-Wallis was used 
for APX. 

 

 

Plants employ a range of antioxidant enzymes as a protective mechanism to detoxify 

reactive oxygen species (ROS), as highlighted by Mittler (2002). Under salinity conditions, the 
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activity of these enzymes is commonly influenced, exhibiting an overall increasing trend. This 

observation underscores the adaptive response of antioxidant enzymes in plants to mitigate the 

impact of salinity-induced oxidative stress, emphasizing the significance of these enzymatic 

processes in plant defence mechanisms. 

 

 

6.1.6. Chlorophyll, phenols, and lignin under salt stress: Confocal analysis 

To evaluate the impact of various NaCl concentrations on chlorophyll content in C. procera 

calli in contrast to control conditions, confocal microscopy analyses were conducted. The results 

exposed distinct variations in chlorophyll percentages across different salt treatments. Specifically, 

the highest chlorophyll percentage was observed in calli treated with 40 mM NaCl, showing an 

increase in chlorophyll content compared to the control conditions. On the other hand, the lowest 

chlorophyll percentage was identified in calli subjected to a high NaCl concentration of 100 mM. 

This concentration-dependent response indicates a potential inhibitory effect on chlorophyll 

synthesis or stability under high salt stress conditions. The observed variation suggests a complex 

interplay between salt stress and chlorophyll metabolism, which can have significant implications 

for the plant9s photosynthetic capacity and overall physiological responses (Figure 11). In the study 

conducted by Yasar et al. (2008), a reduced level of chlorophyll content was also documented in 

response to high concentrations of NaCl. 
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Figure 11- Performance of callus of C. procera in terms of chlorophyll % (A), and chlorophyll 
fluorescence detected by confocal microscopy (» = 488 nm) (B) when cultivated in increasing 
concentrations of NaCl. Data are mean ± SMD of five independent measurements. Columns 
labelled with different letters are significantly different at P < 0.05 based on one-way ANOVA 
with Tukey multiple range test using R-software. 
 

 

To measure the impact of varying NaCl concentrations compared to the control group on 

phenol content in C. procera callus, confocal microscopy analyses were conducted. The results 

revealed distinct variations in phenol percentages across different levels of salt treatments. In 
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comparison to the NaCl treatment samples, the control group exhibited a higher percentage of 

phenols. Among the NaCl treatment samples, the highest phenol percentage was observed in the 

100 mM NaCl treatment, while the lowest quantity was recorded in the 80 mM NaCl treatment 

(Figure 12). These findings suggest a concentration-dependent response of phenol accumulation in 

C. procera callus under salt stress conditions. Notably, the observed increase in phenol content at 

higher NaCl concentrations aligns with the findings of Valifard et al. (2014), who reported an 

elevation in total phenolic content in Salvia mirzayanii under increased NaCl concentrations. The 

intricate variation in phenol content observed in C. procera callus under different NaCl 

concentrations points out the dynamic nature of phytochemical production in response to salt stress. 

Conducting further investigations focused on identifying specific phenolic compounds and 

understanding their potential roles in salt adaptation mechanisms will contribute to a more 

comprehensive understanding of the plant9s responses to stress. 

 

 

 

 

 

 

 

 

 



85 

 

 

Figure 12- Performance of callus of C. procera in terms of phenols % (A), and phenols 
fluorescence detected by confocal microscopy (» = 488 nm) (B) when cultivated in increasing 
concentrations of NaCl. Data are mean ± SMD of five independent measurements. Columns 
labelled with different letters are significantly different at P < 0.05 based on one-way ANOVA 
with Tukey multiple range test using R-software. 

 

 

The investigation into lignin content in C. procera callus, under varying NaCl 

concentrations compared to control conditions, revealed distinctive patterns. Notably, the lignin 

percentage exhibited an increase at 100 mM NaCl, reaching a higher level compared to the control 

conditions. On the contrary, the minimum lignin content was observed at 40 mM NaCl treatment 

(Figure 13). This concentration-dependent response in lignin biosynthesis under salt stress 
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conditions suggests a regulatory mechanism influenced by NaCl levels. The observed elevation in 

lignin content lines up with the findings of Kelij et al. (2015), who reported increased lignin 

biosynthesis in Aeluropus littoralis under high concentrations of NaCl treatment. The significant 

correlation between NaCl concentration and lignin accumulation in C. procera callus provides 

valuable insights into the plant9s response to salt stress at the cellular level. Lignin, as a key 

component of the plant cell wall, plays a crucial role in structural integrity and defence 

mechanisms. The findings highlight the adaptability of lignin biosynthesis in response to 

environmental stressors, contributing to the plant9s flexibility under hard environments. Further 

exploration of the specific lignin subunits involved, and the underlying molecular mechanisms 

would enhance our understanding of lignin biosynthesis in C. procera under salt stress, 

contributing to broader insights into plant adaptation strategies. 
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Figure 13- Performance of callus of C. procera in terms of lignin % (A), and lignin fluorescence 
detected by confocal microscopy (» = 488 nm) (B) when cultivated in increasing concentrations of 
NaCl. Data are mean ± SMD of five independent measurements. Columns labelled with different 
letters are significantly different at P < 0.05 based on one-way ANOVA with Tukey multiple range 
test using R-software. 
 

 

6.1.7. Analysing DNA integrity in salt-treated callus 

The investigation into DNA integrity in C. procera calli, under both control conditions and 

various NaCl treatments, employed the TUNEL fluorometric assay (TdT-mediated dUTP Nick-

End Labeling). This assay is a sensitive method for detecting DNA fragmentation, providing 

insights into the impact of different concentrations of NaCl compared to control conditions. Calli 
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were sectioned, and the control and NaCl treatment groups were separately examined under 

confocal microscopy. The assessment involved the incorporation of fluorescein-12-dUTP with 

emission at 520 nm, to identify damaged cells. The results were visualized through fluorescein 

staining (Figure 14b). Notably, the quantified green fluorescence was observed to be high in the 

calli treated with 100 mM of NaCl in comparison to the control samples. This observation implies 

that, under the conditions of this experiment, the treatment with 100 mM NaCl did not induce 

significant DNA damage or fragmentation in the calli. The TUNEL assay, coupled with confocal 

microscopy and fluorescein staining, provided a detailed and quantitative assessment of DNA 

integrity in response to different NaCl concentrations. These findings contribute to our 

understanding of the molecular responses of C. procera calli to salt stress and emphasize the 

importance of preserving DNA integrity, a fundamental aspect of cellular function and viability 

under challenging environmental conditions. 
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Figure 14- Analysis of DNA integrity by TUNEL assay in the calli of C. procera in terms of 
fluorescein intensity % (A), Tissue section visualized by fluorescein fluorescence detected by 
confocal microscopy (scale bars: 50 µm) (B) when cultivated in increasing concentrations of NaCl. 
Data are mean ± SMD of five independent measurements. Columns labelled with different letters 
are significantly different at P < 0.05 based on one-way ANOVA with Tukey multiple range test 
using R-software. 

 

 

To further explore the DNA integrity, confocal microscopy utilized the emission of 647 nm 

to detect propidium iodide, which stained individual cells in the TUNEL assay. This allowed for 

the evaluation of cell quantity in both control and NaCl treatment calli. The total number of cells 

A 



90 

within a defined area (0.03 mm²) was determined in each section by counting DNA stained with 

propidium iodide. The images presented in (Figure 15b) reveal that the estimated cell count in calli 

treated with 40 and 60 mM of NaCl was statistically higher than in the control group. This suggests 

that an optimal level of NaCl exposure likely stimulated faster cell multiplication, acting as a 

mitogen-like inducer under the experimental conditions. On the contrary, high NaCl exposure 

appeared to have a suppressive effect on cell multiplication, resulting in a reduced cell count in the 

calli. These findings underscore the intricate relationship between NaCl concentration and cell 

proliferation in C. procera calli. The observed increase in cell count at moderate NaCl levels 

suggests a potential positive impact on cell multiplication, while excessive NaCl levels may induce 

adverse effects, leading to a decline in cell numbers. These detailed observations emphasize the 

importance of fine-tuning NaCl concentrations for optimal plant growth and cellular processes. 

The application of propidium iodide as a DNA stain, in combination with confocal microscopy, 

offered a quantitative approach to evaluate cell numbers and, indirectly, cell proliferation. These 

insights contribute to our understanding of the dynamic cellular responses to different NaCl 

concentrations and shed light on the delicate balance between stimulatory and inhibitory effects on 

cell multiplication under salt stress conditions. 
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Figure 15- Analysis of cell count by confocal software on nuclear DNA stained in slides of C. 

procera calli in terms of Total cell count (A), Selected area of the calli of C. procera (scale bars: 
50 µm) (B) when cultivated in increasing concentrations of NaCl. White arrows indicate stained 
nuclear DNA. Data are mean ± SMD of five independent measurements. Columns labelled with 
different letters are significantly different at P < 0.05 based on one-way ANOVA with Tukey 
multiple range test using R-software. 
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6.1.8. RNA quality in salt-treated callus 

To evaluate the impact of NaCl (80 mM) compared to the control condition NaCl (0 mM) 

on gene expression in the callus of C. procera, comprehensive transcriptomic analyses were 

conducted. The process of RNA extraction was initiated to make sure we have good-quality 

material for further analysis. The quality of the extracted RNA was thoroughly evaluated to ensure 

its integrity and absence of contamination with carbohydrates and proteins. Spectrophotometric 

readings were employed to assess RNA quality. Both the control condition NaCl (0 mM) and salt-

treated NaCl (80 mM) samples demonstrated non-degraded RNA, with a 260/280 ratio exceeding 

2. This suggests the effective removal of proteins during the extraction process. The 260/230 ratio, 

which varied from 1.07 to 2.3 among treatments, indicated slight variability possibly attributed to 

the presence of secondary compounds and other composites in the callus. Although some samples 

had a less-than-ideal 260/230 ratio, the successful gene amplification in PCR analyses provides 

evidence of the generally high-quality RNA suitable for gene expression studies in the callus of C. 

procera (Table 2). 

 

 

 

Table 2- Average concentration values and absorbance ratios of RNAs extracted from the callus 
of C. procera cultivated for 4 weeks in MS medium under control and NaCl (80 mM) of 

treatment. 
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The high-quality RNA is evident through the clear visualization of distinct rRNA bands 

(28s and 18s) in agarose gel electrophoresis. The integrity of total RNA is indicated by the 

intactness of the rRNA bands and the intensity ratio of 28s to 18s rRNA. The gel electrophoresis 

exposed distinctive bands corresponding to 28s and 18s rRNA, and notably, the intensity of the 28s 

band was approximately double that of the 18s band. This difference implies that there is minimal 

degradation of RNA. Furthermore, the absence of DNA bands alongside the presence of well-

defined 18s and 28s bands confirms the lack of DNA contamination. The 18s and 28s bands 

represent distinct components of the ribosome, a cellular organelle crucial for protein synthesis. 

Given that rRNA constitutes 80% of total cellular RNA, its appearance and integrity serve as 

reliable indicators for overall RNA quality. Since mRNA, which constitutes only 5% of total RNA, 

is not visible in the gel, the integrity of rRNA serves as an alternate measure, suggesting that if 

rRNA is of good quality, mRNA is likely of good quality as well (Figure 16). 

 

 

 

Figure 16- Agarose gel electrophoresis (1%), showing the 18s and 28s ribosomal RNA bands. 
RNA samples were extracted from the calli of C. procera at different time points and exposure 

duration to control MS medium (bands 1−9) and MS medium with 80 mM NaCl (bands 10−17). 

 

 

6.1.9. RT-PCR optimization for stress-responsive genes in salt-stressed callus 

To standardize the Reverse Transcription Polymerase Chain Reaction (RT-PCR) 

procedure, optimal annealing temperatures were determined by conducting a temperature gradient 
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RT-PCR. The selected annealing temperatures were 57.1 °C for Osmotin, 59.6 °C for Chitinase, 

50.8 °C for Protease, and 57.1 °C for EF1α. 

The chosen number of cycles for each primer pair varied: 33 cycles for Osmotin, 30 cycles 

for Chitinase, 37 cycles for Protease, and 24 cycles for the EF1α coding sequence. These 

standardized conditions ensure robust and specific amplification for each target gene during RT-

PCR analysis. 

To assess the integrity, quality, and homogeneity of synthesized cDNAs, an initial 

amplification step was conducted using degenerate primers targeting the elongation factor EF1α 

gene. This amplification was performed across all cDNA samples to ensure a uniform expression 

pattern. EF1α was chosen as a constitutive control due to its high expression across diverse plant 

tissues, classifying it as a "Housekeeping" gene. The band corresponding to the EF1α gene 

amplicon, utilized in the reactions, was consistently observed in the various samples analysed. This 

observation indicates the good quality and homogeneity of the produced cDNA samples, validating 

their suitability for downstream analyses (SARAIVA., 2013). 

To elucidate the impact of salt stress on the transcriptional regulation of osmotin, chitinase, 

and protease in C. procera calli, transcriptional analysis was conducted. The results revealed that 

exposure to the MS culture medium induced the expression of osmotin, chitinase, and protease 

genes; however, this induction was more prominent and sustained when the calli were subjected to 

an MS medium supplemented with NaCl (Figure 17). 

For osmotin, transcripts with lower intensity bands were clear at 24 hours of exposure to 

80 mM NaCl, followed by higher intensity bands at 48 hours. Transcript accumulation continued 

until the 7th day under salt stress. In the control MS medium, a lower intensity band appeared at 24 

hours and on the 14th day. 

Chitinase transcripts were observed from 12 hours to the 14th day under 80 mM NaCl 

exposure. In the control MS medium, transcripts started at 0 hours, with a very low-intensity band 

at 2 hours, reaching higher intensity bands at 12 hours until the 28th day. This suggests a more 

sustained and robust response to both control and salt stress in chitinase expression. 

Protease transcripts, like chitinase, show an early response to salt stress, characterized by 

lower intensity bands at 2 hours and higher intensity bands from 24 hours to the 7th day under 80 
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mM NaCl stress. In the control, a very low-intensity band emerged at 12 hours, followed by higher 

intensity bands on days 4 and 7, concluding with a decreased intensity band on the 14th and 28th 

day. This varied pattern suggests a complex regulatory mechanism for protease under salt stress, 

possibly involving feedback loops or post-transcriptional modifications. 

Similarly, Subramanyam et al. (2011) demonstrated an increase in salt tolerance in 

transgenic chilli pepper (Capsicum annum L.) by overexpressing the osmotin gene. Wan et al. 

(2017) also highlighted the pivotal role of osmotin and osmotin-like proteins in enhancing plant 

salt tolerance, aligning with our findings. The studies by Zhou et al. (2020), Liu et al. (2020), and 

Zheng et al. (2018) further contribute to our understanding of stress response mechanisms. Zhou 

et al. (2020) observed the overexpression of chitinase genes in Zizania latifolia in response to 

abiotic stress, while Liu et al. (2020) demonstrated improved pathogen resistance and saline-alkali 

stress tolerance in transgenic tobacco and maize through the chitinase gene. Zheng et al. (2018) 

reported that overexpression of the cysteine protease gene from Salix matsudana enhances salt 

tolerance in transgenic Arabidopsis. 

Additionally, Leandro et al. (2021) documented the essential role of protease in salt stress 

tolerance in the plant growth-promoting bacterium Gluconacetobacter diazotrophicus PAL5. 

These collective studies provide intense support to our results, emphasizing a consistent theme, the 

crucial involvement of osmotin, chitinase, and protease-related mechanisms in plant's responses to 

salt stress. The convergence of findings across diverse plant species and experimental setups 

strengthens the credibility of our observations and aligns with the broader understanding of stress 

adaptation mechanisms in plants. 

The transcriptional analysis of osmotin, chitinase, and protease in C. procera calli under 

salt stress provides valuable insights into the molecular responses of these genes to environmental 

challenges. The induction of osmotin, chitinase, and protease expression in response to the MS 

culture medium suggests a baseline activation of these genes under normal conditions. However, 

this induction becomes more pronounced and sustained when the calli were exposed to MS medium 

supplemented with NaCl, showing an intensified response to salt stress. Overall, these results 

underscore the specificity and sensitivity of osmotin, chitinase, and protease genes in responding 

to salt stress. Further investigations into the precise molecular pathways and functional 
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implications of these genes under salt stress will provide a more comprehensive understanding of 

their roles in plant stress responses. 

 

 

 

Figure 17- Agarose gel electrophoresis (1%) showing time-course transcript analysis of EF1α, 
Osmotin (CpOsm), Chitinase (CpChit), and Protease (CpProt) genes in the calli of C. procera 

under control and Salt stress (80 mM). 
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6.2. Signalling inducers impact on C. procera callus 

6.2.1. Calluses development in C. procera 

Calluses were induced from hypocotyl segments of C. procera plants following established 

protocols to investigate physiological and biochemical responses under signalling molecules, 

specifically Salicylic acid (SA) and Methyl jasmonate (MeJA). Upon achieving healthy greenish 

calli growth after four weeks, approximately 1 gram of viable and uncontaminated calli were 

selected for further experimentation with SA and MeJA. The calli were then transferred to a fresh 

MS culture medium with increasing concentrations of SA and MeJA, to induce the effects of these 

signalling molecules. The calli were exposed to this medium for one week (7 days). Following this 

period, specific criteria were evaluated to comprehend their development and response mechanisms 

to SA and MeJA (Figure 18). 
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Figure 18- Seeds of C. procera were grown in 1/2 MS media for 28 days (2). Calluses were 
produced from the hypocotyl segments in the same nutritive medium used for seed germination but 
supplemented with 3 µM 1-naphthylacetic acid (NAA) and 4.6 µM kinetin (KIN) (3). After 28 
days the calluses were transferred into the newly prepared MS media with increasing 
concentrations of SA and MeJA for a further 7 days (4). 

 

 

6.2.2. Impact of signalling inducers on callus physiology 

In this study, we aimed to assess the impact of increasing concentrations of Salicylic acid 

(SA) and Methyl jasmonate (MeJA) on the physiological responses of C. procera calli. Our study 

focused on water content percentage and relative growth rate percentage (RGR) after subjecting 

the calli to a 7-day cultivation period in a medium designed to induce signalling pathways. The 

RGR is calculated by evaluating the total fresh mass both before and after exposure to the signalling 

inducers. Remarkably, our results revealed no obvious progressive alterations in water content (%) 
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and relative growth rate (%) in the calli as the concentrations of SA and MeJA increased within the 

medium (Figure 19). 

The absence of a clear dose-dependent relationship between SA and MeJA concentrations 

and the physiological parameters of interest suggests that there might be an optimal range for 

inducing measurable changes. 
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Figure 19- Performance of callus of C. procera in increasing concentrations of SA (A) and (B); 
MeJA (C) and (D) in terms of water content and relative growth rate. Data are mean ± SMD of five 
independent measurements. Columns labelled with different letters are significantly different at P 
< 0.05 based on one-way ANOVA with Tukey multiple range test using R-software. Kruskal-
Wallis was used for the Relative growth rate (D) in MeJA treatment. 
 

 

The fresh weight (FW) of calli showed no significant difference with increasing SA 

concentration. However, in terms of dry weight (DW), 100 µM of SA resulted in a decrease 
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compared to the control. In MeJA treatment, FW increased with higher concentrations, but DW 

decreased as MeJA concentration rose (Figure 20). 

The observed trends in fresh and dry weights highlight the differential effects of SA and 

MeJA on C. procera callus growth. The decrease in dry weight at 100 µM SA suggests a potential 

inhibitory effect on biomass accumulation. Conversely, MeJA appears to enhance fresh weight at 

higher concentrations but may adversely impact dry weight, indicative of altered biomass 

allocation or metabolic shifts. 
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Figure 20- Performance of callus of C. procera in increasing concentrations of SA (A) and (B); 
MeJA (C) and (D) in terms of fresh weight (FW) and dry weight (DW). Data are mean ± SMD of 
five independent measurements. Columns labelled with different letters are significantly different 
at P < 0.05 based on one-way ANOVA with Tukey multiple range test using R-software. 
 

 

6.2.3. Impact of signalling inducers on callus proteolysis and biochemical parameters 

To evaluate the proteolytic activity and soluble protein content in SA and MeJA-treated 

calli compared to control conditions, our observations reveal distinctive patterns. The high SA 

concentration (400 µM) exhibited lower proteolytic activity than control conditions, while the 

highest soluble protein content was noted in calli treated with 200 µM SA compared to control. In 

contrast, the MeJA treatment group displayed extremely low proteolytic activity in the 50 µM 

A B 

C 
D 



103 

MeJA-treated calli compared to the control, and the soluble protein content was also significantly 

lower in the 50 µM MeJA-treated calli compared to control conditions (Figure 21). These results 

align with the findings of Baghizadeh et al. (2014), who reported increased protein content in 

response to high SA concentration in Brassica napus L. (Canola). However, the specific responses 

may vary between plant species due to their distinct physiological characteristics. The decrease in 

proteolytic activity at a high concentration of SA (400 µM) may be linked to the regulatory role of 

SA in inhibiting proteolytic enzymes. SA is known to modulate various defence responses in plants, 

and its higher concentration might suppress protease activity as part of a stress response strategy. 

The observed variations in proteolytic activity and soluble protein content suggest distinct 

responses of C. procera calli to SA and MeJA treatments, emphasizing the intricate regulatory 

mechanisms involved in these signalling pathways. 
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Figure 21- Performance of callus of C. procera in increasing concentrations of SA (A) and (B); 
MeJA (C) and (D) in terms of proteolytic activity and soluble protein. Data are mean ± SMD of 
five independent measurements. Columns labelled with different letters are significantly different 
at P < 0.05 based on one-way ANOVA with Tukey multiple range test using R-software. 
 

 

In our investigation aimed at interpreting the influence of salicylic acid (SA) and methyl 

jasmonate (MeJA) on photosynthetic pigments in C. procera calli relative to control conditions, 

we conducted a comprehensive photosynthetic pigments assay. The outcomes unveiled distinctive 

patterns in the concentrations of chlorophyll a, b, and carotenoids under increasing concentrations 

of SA and MeJA. In the SA treatment group, 400 µM of SA exhibited the highest levels of 
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chlorophyll a, b, compared to the control, with a contemporary elevation in carotenoid content 

noted in calli treated with 200 µM of SA. Contrarily, in the MeJA treatment group, chlorophyll a 

content was reduced at 50 and 200 µM MeJA compared to the control, while chlorophyll b 

remained consistent across all treatment groups and control conditions. Notably, carotenoid levels 

were heightened only in the 50 µM MeJA treatment group compared to the others (Figure 22). 

Zahraa and Faiq (2019) reported elevated content of chlorophyll a, b, and carotene in Petunia sp. 

in the presence of SA. In contrast, a study by Kalariya et al. (2023) demonstrated a decrease in 

chlorophyll a, b, and carotenoid content in Andrographis paniculata with increasing MeJA 

concentrations compared to the control. 

The notable elevation in chlorophyll a, b, levels at 400 µM SA implies a positive regulatory 

impact on photosynthetic pigments. SA, recognized for its involvement in defence mechanisms, 

likely contributes to heightened chlorophyll synthesis, indicative of its multifaceted roles in plant 

physiology while the heightened carotenoid levels at 200 µM SA suggest a potential role of SA in 

reinforcing photoprotection. The increased carotenoids play a vital role in photoprotection and 

antioxidative defence, indicating a responsive mechanism. 

In the MeJA the drop in chlorophyll a at 50 and 200 µM suggests that MeJA might slow 

down chlorophyll production. MeJA, connected to defence, could be shifting resources from 

photosynthesis to defence mechanisms, causing this decline. The stable chlorophyll b levels in both 

MeJA-treated groups and the control condition imply that MeJA might specifically influence 

chlorophyll a biosynthesis without notably affecting chlorophyll b. The MeJA may selectively 

affect the production of chlorophyll a over chlorophyll b due to specific plant processes it 

influences. MeJA can modify gene activity and plant chemistry, and its impact on the pathways for 

making chlorophyll may vary between the genes linked to chlorophyll a, b. Also, since chlorophyll 

a, b, serve different roles in photosynthesis, they might respond differently to external factors like 

MeJA. This response is likely due to the complex molecular processes governing chlorophyll 

production and the plant9s ability to adapt to MeJA. The specific increase in carotenoid content at 

50 µM MeJA may be attributed to the optimal concentration triggering the plant9s response 

mechanisms. Different concentrations of MeJA can elicit varied responses, and at 50 µM, the 

conditions might have favoured carotenoid accumulation. 
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Figure 22- Performance of callus of C. procera in increasing concentrations of SA (A), (B) and 
(C); MeJA (D), (E), and (F) in terms of Photosynthetic pigments. Data are mean ± SMD of five 
independent measurements. Columns labelled with different letters are significantly different at P 
< 0.05 based on one-way ANOVA with Tukey multiple range test using R-software. 
 

 

6.2.4. The impact of signalling inducers on callus protein profiles 

To investigate the impact of varying concentrations of salicylic acid (SA) and methyl 

jasmonate (MeJA) on proteins in C. procera calli, particularly under control conditions, and to 

assess the enzymatic activity of these proteins, two complementary techniques were employed: 

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and zymogram. Upon 

analysis, distinctive patterns emerged. In the SA treatment, SDS-PAGE revealed novel 

polypeptides more heavily stained and prominent at 400 µM compared to the control, a pattern 

consistent with the zymogram at 400 µM. In MeJA treatment, the 200 µM concentration exhibited 
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heavy bands in both SDS-PAGE and its corresponding zymogram compared to the control 

conditions (Figure 23). 

The enhanced detection of novel polypeptides in SDS-PAGE and their increased 

prominence at 400 µM SA compared to the control suggests that higher concentrations of salicylic 

acid may induce the synthesis or activation of specific proteins in C. procera calli. This could be 

attributed to the signalling role of SA in plant defence responses, leading to the production of 

proteins involved in stress-related pathways. Similarly, the heavy bands observed at 200 µM MeJA 

in both SDS-PAGE and the corresponding zymogram indicate that methyl jasmonate at this 

concentration might trigger the expression or activation of specific proteins associated with MeJA 

signalling pathways. These findings align with the established roles of SA and MeJA as signalling 

molecules in plant stress responses, influencing the proteomic profile of the calli. Prachi et al. 

(2002) demonstrated salicylic acid-induced insensitivity to Fusarium oxysporum f.sp. zingiberi 

culture filtrate in Zingiber officinale Roscoe calli. Additionally, Sabater-jara et al. (2014) reported 

the induction of extracellular defence-related proteins in suspension-cultured cells of Daucus 

carota elicited with cyclodextrins and methyl jasmonate in a similar study. 
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Figure 23- Analysis of soluble proteins through SDS-PAGE and zymogram of C. procera calli 
treated with varying concentrations of SA (A) and MeJA (B) in comparison to control. Some 
polypeptides appeared heavily stained, and some new polypeptides were also detected, which 
appeared heavier stained in 400 µM of SA and 200 µM of MeJA-treated calli. An equal amount of 
proteins were loaded on the gels. In SDS-PAGE molecular markers (MM) loaded in the 1st row, C 
in the 2nd while increasing concentrations of SA and MeJA loaded in the rest of the rows. In the 
zymogram, Papain loaded in the 1st row, BSA in the 2nd, and C in the 3rd while increasing 
concentrations of SA and MeJA loaded in the remaining rows. MM: molecular markers; 97.0 kDa: 
phosphorylase β; 66.0 kDa: albumin; 45.0 kDa: ovalbumin; 30.0 kDa: carbonic anhydrase; 20.1 
kDa: trypsin inhibitor and ɑ- lactalbumin 14.4 kDa. 
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6.2.5. Signalling inducers impact on enzyme responses in callus 

The impact of salicylic acid (SA) and methyl jasmonate (MeJA) on enzymatic activity 

reveals complex interactions, with both enhancing and inhibitory effects. The activities of catalase 

(CAT), ascorbate peroxidase (APX), peroxidase (POX), and superoxide dismutase (SOD) were 

quantified to elucidate these dynamics. 

At 400 µM of SA, CAT activity exhibited a concentration-dependent decrease compared to 

the control, paralleled by a similar trend in APX activity, which also showed lower levels compared 

to the control. In MeJA the CAT and APX activities were observed to be lower in the control 

conditions in comparison to the MeJA treatment group (Figure 24). The reduction in CAT activity 

at 400 µM of SA compared to the control group may be indicative of a concentration-dependent 

response. While lower concentrations of SA might serve as signalling molecules triggering stress 

responses, higher concentrations could potentially act in a regulatory manner, leading to a 

downregulation of CAT activity. The simultaneous decrease in APX activity with increasing SA 

concentrations suggests a coordinated response. SA is known to influence the redox status of cells 

and regulate antioxidant enzyme activities. The lower CAT and APX activities observed in the 

control conditions compared to the MeJA-treated group suggest a potential priming effect of MeJA 

on antioxidant enzyme activities. In a study conducted by Asghari et al. (2015), it was observed 

that the activity of the catalase enzyme decreased after treatment with methyl jasmonate. However, 

the inhibitory effect of methyl jasmonate on catalase activity was reduced by the presence of 

salicylic acid. The observed differences in CAT and APX activities between SA and MeJA 

treatments indicate the complex interplay between signalling molecules. SA and MeJA may 

activate different signalling pathways, leading to varied responses in antioxidant enzyme activities. 
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Figure 24- Performance of callus of C. procera in increasing concentrations of SA (A) and (B); 
MeJA (C) and (D) in terms of CAT and APX. Data are mean ± SMD of five independent 
measurements. Columns labelled with different letters are significantly different at P < 0.05 based 
on one-way ANOVA with Tukey multiple range test using R-software. 
 

 

In our investigation of the impact of increasing concentrations of salicylic acid (SA) and 

methyl jasmonate (MeJA) on the enzymatic activity of peroxidase (POX) and superoxide dismutase 

(SOD) in C. procera calli, we observed elevated POX activity in the high SA treatment group (400 

µM) compared to the control, and a similar trend was observed for SOD activity. In the MeJA 
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treatment group, the highest POX activity was noted at 50 µM of MeJA compared to the control, 

and a similar pattern was observed for SOD activity (Figure 25). 

The results align with findings by Rao et al. (1997), who reported increased POX and SOD 

activity in response to high SA treatment compared to the control. Similarly, Abdelgawad et al. 

(2014) observed elevated POX and SOD activity in the MeJA treatment group compared to the 

control conditions. 

The enhanced POX and SOD activities in response to higher concentrations of SA and 

MeJA suggest a potential involvement of these signalling molecules in triggering antioxidant 

defence mechanisms. POX plays a crucial role in scavenging reactive oxygen species (ROS), while 

SOD is involved in detoxifying superoxide radicals. 
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Figure 25- Performance of callus of C. procera in increasing concentrations of SA (A) and (B); 
MeJA (C) and (D) in terms of POX and SOD. Data are mean ± SMD of five independent 
measurements. Columns labelled with different letters are significantly different at P < 0.05 based 
on one-way ANOVA with Tukey multiple range test using R-software. 
 

 

6.2.6. RNA quality in signalling inducer-treated callus 

In assessing the impact of SA (400 µM) and MeJA (200 µM) in comparison to control 

conditions on gene expression in C. procera callus, comprehensive transcriptomic analyses were 

executed. The RNA extraction process was thoroughly initiated to ensure the acquisition of high-

quality material for subsequent analysis. Comprehensive assessments were carried out to confirm 

the integrity of the extracted RNA and ensure it was free from contamination with carbohydrates 

and proteins. Spectrophotometric readings were employed for a thorough assessment of RNA 
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quality. The control, SA-treated (400 µM), and MeJA-treated (200 µM) samples exhibited non-

degraded RNA, with a 260/280 ratio exceeding 2, indicating effective protein removal during 

extraction. The 260/230 ratio, varying from 1.07 to 2.3 among treatments, revealed some variability 

in MeJA-treated calli at 12 and 24 hours, presenting lower 260/230 ratios (0.62 and 0.53, 

respectively). This suggests the presence of residual polysaccharides and slight variability, possibly 

attributed to secondary compounds and other composites in the callus. However, successful gene 

amplification in PCR analyses provides evidence of generally high-quality RNA suitable for gene 

expression studies in C. procera callus (Table 3). 

 

 

 

Table 3- Average concentration values and absorbance ratios of RNAs extracted from the callus 
of C. procera cultivated for 1 week in MS medium under control, SA (400 µM), and MeJA (200 

µM) of treatment. 
 

 

6.2.7. Optimizing RT-PCR for stress-responsive genes in signalling-induced callus 

To ensure reliable and specific amplification during RT-PCR, optimal annealing 

temperatures and cycle numbers were determined for each target gene. The chosen temperatures 

(57.1 °C for Osmotin, 59.6 °C for Chitinase, 50.8 °C for Protease, and 57.1 °C for EF1α) and cycles 
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(33 for Osmotin, 30 for Chitinase, 37 for Protease, and 24 for EF1α) establish a foundation for 

robust and consistent gene amplification. This standardization guarantees the accuracy of 

subsequent analyses. 

An initial amplification step using degenerate primers targeting the EF1α gene ensured the 

integrity and homogeneity of synthesized cDNAs. EF1α, chosen as a <Housekeeping= gene, 

exhibited consistent expression across samples, confirming the quality of cDNA. The uniformity 

in EF1α expression validated the suitability of the synthesized cDNAs for downstream analyses. 

Transcriptional analysis revealed differential expression of osmotin, chitinase, and protease 

genes in C. procera calli under SA (400 µM) and MeJA (200 µM) treatments compared to the 

control. Exposure to MS culture medium induced gene expression, but this induction was more 

pronounced and sustained with SA and MeJA supplementation (Figure 26). 

For Osmotin, transcripts exhibited elevated intensity bands at 12 hours of exposure to 400 

µM SA, and this accumulation persisted until the 7th day under SA treatment. In MeJA 200 µM 

treatment, higher intensity bands emerged at 24 hours and persisted until the 7th day, while in the 

control MS medium, a considerably lower intensity band appeared at 24 hours. 

Chitinase transcripts were detected from 2 hours until the 7th day of SA 400 µM treatment. 

In MeJA treatment, clear bands were observed throughout the entire period (from 2 hours to the 7th 

day). In the control MS medium, transcripts initiated at 0 hours with a very low-intensity band at 

2 hours, reaching higher intensity bands at 12 hours and continuing until the 7th day. 

Protease transcripts revealed a faint band at 24 and 48 hours, concluding with a prominent 

high-intensity band on day 4 in the SA treatment. In MeJA treatment, bands were visible 

throughout the entire period from 2 hours to the 7th day. In the control, bands were only observed 

on days 4 and 7. 

The findings in our study align with related research, providing a broader context for 

understanding the transcriptional dynamics observed in C. procera calli under SA and MeJA 

treatments. Kim et al. (2002) demonstrated that osmotin transcript levels increased in response to 

octadecanoid pathway intermediates, aspirin, and salicylic acid. Their results highlighted the 

developmental regulation of osmotin, emphasizing its involvement in wound stress signal 

transduction. Similarly, Zhu et al. (1995) observed a moderate increase in osmotin-like protein 
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genes in potatoes in response to SA, indicating a role in osmotic stress and fungal infection. The 

regulatory influence of SA and MeJA on chitinase gene expression is consistent with studies on 

pine by Davis et al. (2002). This suggests a shared regulatory mechanism across plant species in 

response to these signalling molecules. Kovács et al. (2016) reported SA-induced cysteine protease 

activity during programmed cell death in tomato plants, supporting our observation of protease 

transcript dynamics under SA treatment. Interestingly, Zinovieva et al. (2021) noted a significant 

decrease in nematode invasion after SA or JA (jasmonic acid) treatment, emphasizing the potential 

role of the studied proteinase inhibitors in resistance induced by signalling molecules. Pluskota et 

al. (2019) highlighted the involvement of JA and ethylene in the accumulation of osmotin in 

germinating tomato seeds, adding another layer to the interconnected regulatory network. The dual 

involvement of the chitinase gene in both the SA and jasmonate/ethylene signalling pathways, as 

reported by Zhang et al. (2012), reinforces the intricate crosstalk between these pathways, 

confirming the complex dynamics we observed in our study. Finally, Farmer et al. (1992) 

elucidated the regulation of proteinase inhibitor genes by MeJA and JA, aligning with our findings 

on the role of MeJA in the expression of protease transcripts in C. procera calli. These findings 

align with the broader literature, reinforcing the role of SA and MeJA in regulating gene expression 

associated with stress responses and plant defence mechanisms. The observed gene expression 

patterns provide valuable insights into the complex interplay of signalling molecules in C. procera 

calli. 
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Figure 26- Agarose gel electrophoresis (1%) showing time-course transcript analysis of EF1α, 
Osmotin (CpOsm), Chitinase (CpChit), and Protease (CpProt) genes in the calli of C. procera 

under control, SA (400 µM), and MeJA (200 µM) of treatment. 
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7. CONCLUSION 

In the context of C. procera calli, the exposure to salinity and signalling inducers resulted 

in distinct physiological and biochemical responses compared to control conditions. Notably, the 

expression of osmotin, chitinase, and protease genes was heightened under salt stress and signalling 

inducer treatments. This upregulation indicates a defensive role for these genes in response to 

unfavourable conditions, signifying their potential importance in stress adaptation. DNA integrity 

remained intact in calli subjected to salt stress, suggesting a preservation of cellular stability. 

Preliminary evidence suggests that salt stress may trigger cellular metabolic activation, potentially 

influencing cellular proliferation. Osmotin, chitinase, and protease, identified as highly responsive 

genes, hold promise for gene cloning research, presenting opportunities for genetic modifications 

in agriculturally significant plant species. This research provides valuable insights into the 

biological effects of salinity and signalling molecules in C. procera callus culture. Such 

understanding not only contributes to plant defence strategies but also opens avenues for novel 

applications in agriculture, fostering advancements in technology and market prospects. 
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