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Introduction 
 

The host when recognized by the pathogen-

derived elicitors, a series of alarm signals are 

send out to host cell proteins and to nuclear 

genes which causes them to become activated, 

to produce substances inhibitory to the 

pathogen. Elicitors are signal molecules 

which when bound with binding sites in 

plasma membrane, three kinds of signals are 

produced for activation of defense genes: 

Intracellular signals, short-distance 

intercellular signals and systemic signals. 

Systemic signal transduction, which leads to 

systemic acquired resistance, is thought to be 

carried out by salicylic acid (SA), 

oligogalacturonides released from plant cell 

walls, jasmonic acid, systemin, fatty acids, 

ethylene and others. Some natural or synthetic 

chemicals, such as salicylic acid and the 

synthetic dichloroisonicotinic acid, also 

activate the signaling pathway that leads to 
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The plant hormone salicylic acid (SA) plays an essential role in the 

regulation of diverse biological processes throughout the entire lifespan of 

the plant. SA first emerged as an endogenous signal capable of inducing 

plant defence responses both at the site of infection and in the systemic 

tissue of the plant. For more than 200 years, the plant hormone salicylic 

acid (SA) has been studied for its medicinal use in humans. In contrast, 

evident during the past 20 years has shown its extensive signaling role in 

plants particularly in defense against pathogens. The activation of Systemic 

Acquired Resistance (SAR) is associated with the discriminating level of 

expression of the pathogenesis-related proteins, which possess 

antimicrobial activity. We discuss the progress made in understanding SA 

biosynthesis and signaling, its relationship with other mechanisms in plant 

defense and the practical utility in targeting this defense mechanism for 

enhancing disease resistance in cotton. 
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systemic acquired resistance against several 

diverse types of plant pathogenic viruses, 

bacteria and fungi. 

 

Host recognition of pathogen elicitors initiates 

early signaling events such as protein 

phosphorylation/ dephosphorylation, ion 

fluxes and oxidative burst. Subsequent 

transcriptional and/or posttranslational 

activation of transcription factors leads to 

induction of plant defense genes and 

biosynthesis of endogenous secondary signals 

such as SA. In addition, the activated NADPH 

oxidase complex generates reactive oxygen 

species (ROS) such as O2 
-
and H2O2 that alter 

the redox status of plant cells and affect 

defense signaling. SA, ROS, as well as 

defense genes, all contribute to the 

development of Hypersensitive Reaction and 

SAR during plant-pathogen interactions.  

 

Salicylic acid (SA) plays an important role in 

plant defense. Its role in plant disease 

resistance is well documented for 

dicotyledonous plants, where it is required for 

basal resistance against pathogens as well as 

for the inducible defense mechanism, 

systemic acquired resistance (SAR), which 

confers resistance against a broad-spectrum of 

pathogens. Salicylic acid (SA) is an important 

plant hormone that regulates many aspects of 

plant growth and development, as well as 

resistance to (a)biotic stress. Studies in the 

model plant Arabidopsis thaliana has 

provided important insights into the 

mechanism of SA signaling in plant defense. 

The NPR1 protein is an important component 

of SA signaling in Arabidopsis. NPR1 is also 

required for plant defense mechanisms that do 

not require SA. Hence, NPR1 provides an 

important link between different defense 

mechanisms. Similarly, cross talk between SA 

and other defense signaling pathways results 

in the fine-tuning of plant defense response. 

This review depicts how discovery of SA 

occurs and its role in plants as signal 

molecules which induces both local disease 

resistance mechanisms, including host cell 

death and defense gene expression and 

systemic acquired resistance (SAR). 

 

Discovery of salicylic acid 

 

Salicylic acid (SA) is a molecule which 

produces signal naturally found in plants and 

shown to be involved in the plant defense-

related actions against infection by various 

pathogens. SA biology has a long history, 

dating back to the ancient time, very much 

prior to application of SA for combating the 

plant diseases. Plant crude extracts which 

contains phenolics such as SA, saligenin and 

its glucoside salicin have been used as sorts of 

medicinal agents against humans. Over 

centuries until 18
th

 century, the name of SA 

and related compounds originally came from 

the Salix helix (willow) tree, since they were 

discovered as the major components in the 

extracts from willow tree bark or poplar tree 

bark that had been used as natural anti-

inflammatory drugs (Weissman, 1991). In 

1897, Bayer company produced 

acetylsalicylic acid which is widely known as 

aspirin as anti-inflammatory agent by 

mimicking the action of the ancient medicine 

from the willow tree. This is the world first 

synthetic drug to be known (Weissman, 

1991). Studies relating salicyclates with plant 

disease resistance was initiated in early 

1970’s since the application of aspirin against 

a plant virus in growing leaves was shown to 

be effective (White, 1979). Antoniw and 

White, 1980 were the first plant biologists 

whom they paid attention to salicyclates as 

disease resistance-inducing chemicals. They 

both demonstrated that injection of aspirin 

into tobacco leaves enhanced the resistance to 

subsequent infection by Tobacco Mosaic 

Virus (TMV). Subsequent studies have shown 

that aspirin and SA induce the accumulation 

of pathogenesis-related (PR) proteins 

(Kessman and Ryals, 1993).  
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Plants rich in SA and its derivatives, 

collectively termed salicylates, have been 

used for medicinal purposes for millennia. In 

the fourth century BC, willow leaves/bark 

extracts were prescribed by Hippocrates to 

relieve fever and the pain of childbirth (Vlot 

et al., 2009). Salicylate-rich plants were also 

used by other ancient cultures, including the 

Babylonians, Assyrians and Chinese, as well 

as the indigenous inhabitants of the New 

World (Kahn et al., 2015). In the mid-1700s 

by the Reverend Edward Stone, effects were 

first studied clinically for willow bark was a 

well-known folk remedy (Weissman, 1991). 

In 1828, Johann Buchner purified the active 

ingredient in willow bark and named it 

salicin. Raffaele Piria subsequently 

demonstrated that salicin could be split into a 

sugar and an aromatic compound he named 

SA, in reference to Salix alba, the Latin name 

for white willow (Klessing et al., 2016). 

Around this time, high levels of salicylates 

were detected in other medicinal plants, such 

as meadowsweet, which contains both salicin 

and MeS- then called oil of wintergreen 

(Weissman, 1991; Klessing et al., 2016). 

These “prodrugs” are converted to SA after 

digestion in humans/ animals. Increased 

demand for SA in the mid-1800s led to the 

commercial production of synthetic SA in 

1874. As SA’s price fell and its availability 

increased, its clinical use expanded. However, 

SA’s negative side effects, particularly 

stomach irritation, precluded long-term, high-

dosage use. Research by Felix Hoffmann 

revealed that acetylation improved SA’s 

tolerability without affecting its medicinal 

properties (Weissman, 1991). Bayer 

Company began synthesizing acetyl SA 

(ASA) in 1897 under the trade name aspirin, 

which was generated by combining the “a” 

from acetyl and “spirin” from the Latin name 

for meadowsweet (Spiraea ulmaria). Today, 

aspirin is one of the most widely used drugs 

in the world. In addition to treating fever, 

swelling, pain, and inflammation, aspirin is 

used prophylactically to reduce the risk of 

stroke, heart attack, and certain cancers 

(Weissman, 1991; Cuzick et al., 2015). 

 

Salicylic acid as a key immune hormone in 

plants 

 

Salicylic acid (SA) is an important secondary 

phenolic metabolite in a wide range of 

prokaryotic and eukaryotic organisms, 

including plants. It is well established that SA 

plays crucial roles in diverse biological 

processes, such as plant cell growth, seed 

germination and development, 

thermotolerance, respiration, stomatal 

aperture, fruit yield, nodulation in legumes 

and leaf senescence (Fig. 1). More 

importantly, it serves as a key signalling and 

regulatory molecule in plant defence 

responses and has thus come to be regarded as 

the key plant immune hormone. Upon 

recognition of a pathogen, the cellular 

concentrations of SA and pathogenesis- 

related (PR) proteins become elevated. In 

addition to the localized immune responses at 

the site of infection, SA is capable of inducing 

a heightened state of resistance in distal 

tissue. This state of increased preparedness 

for a potential infection throughout the plant 

is known as systemic acquired resistance 

(SAR) (Liu et al., 2015). 

 

 
Figure.1 Biological functions of salicylic acid 

in plants (Derived from Liu et al., 2015). 
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Salicylic acid (SA) regulates a multitude of 

developmental processes and stress responses 

in plants. Along with the well-established 

functions of SA in plant immune responses, 

plant cell growth, seed germination, 

thermotolerance, respiration, stomatal 

aperture, fruit yield, nodulation and leaf 

senescence, novel functions are coming to 

light, such as roles in ER stress, DNA damage 

repair and transgenerational memory, among 

others. 

 

Salicylic acid as a plant hormones/ signal 

molecule 

 

The first confirmation that SA is a plant 

hormone came from studies of voodoo lily 

(Sauromatum guttatum Schott) (Raskin, 

1992). During blooming, the voodoo lily 

inflorescence exhibits two episodes of 

thermogenesis (heat production). These two 

events increase the surface temperature of the 

inflorescence by 12 and 10 °C and are thought 

to volatilize compounds that attract/stimulate 

insect pollinators. Internal SA levels 

increased ~100-fold prior to each episode 

(Raskin, 1992). Externally supplied SA and 

two closely related analogs also induced 

thermogenesis, whereas 31 other SA analogs 

did not induce. SA induces thermogenesis 

primarily by stimulating the mitochondrial 

alternative respiratory pathway (Rhoads et al., 

1992). This pathway, unlike the cytochrome 

respiratory pathway, generates ATP at just 

one step and releases the remaining energy 

from electron flow as heat. Interestingly, SA 

treatment also induces the expression of 

alternative oxidase and/or the alternative 

respiratory pathway in non-thermogenic plant 

species (Norman et al., 2004; Clifton et al., 

2005). The year after SA’s function in 

thermogenesis was elucidated, its role as a 

defense signaling hormone was documented. 

SA also has long been proposed as a signal 

for flowering. Interestingly, several proteins 

that regulate both flowering and resistance 

signaling have been identified (Jin et al., 

2008; Li et al., 2012; Fortuna et al., 2015; 

Wang et al., 2011; Liu et al., 2014; Lee et al., 

2006; Tsuchiya et al., 2010 and Singh et al., 

2013). While this finding suggests an 

interconnection between flowering and 

disease resistance (Banday et al., 2015), it is 

clearly complex: some of these proteins 

regulate both resistance and flowering in an 

SA-dependent manner, whereas several others 

regulate resistance via an SA-dependent 

pathway but positively or negatively regulate 

flowering via an SA-independent mechanism. 

 

In view of the fact that the late 1970s, it was 

known that applying SA to tobacco plants 

induces defense gene expression and 

enhances resistance to viral infection (White 

et al., 1979). However, SA’s role as an 

internal signal for disease resistance was not 

demonstrated until 1990, when rises in SA 

levels were detected prior to the development 

of local and/or systemic disease resistance in 

tobacco and cucumber (Malamy et al., 1990; 

Metraux et al., 1990). Analyses of tobacco 

and Arabidopsis unable to accumulate SA 

(due to various mutations or expression of 

SA-degrading enzymes) confirmed that SA is 

required for PTI, ETI, and SAR (Vlot et al., 

2009). Grafting studies using SA-deficient or 

wild-type (wt) tobacco further indicated that 

while SA accumulation is required in the 

uninfected leaves for SAR development, SA 

is not the mobile SAR-inducing signal that 

travels from the inoculated to systemic leaves 

(Vernooij et al., 1994; Pallas et al., 1996). 

SA’s role as a defense signal has been 

extended to many plant species. However, 

there are conflicting reports regarding its role 

in some monocots (Vlot et al., 1990) as well 

as in plants that constitutively accumulate 

high levels of SA (such as potato and rice); its 

role in some plant species also appears to vary 

depending on the pathogen (Brading et al., 

2000; Sánchez et al., 2010). It should be 

noted that SA is one of several plant 
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hormones involved in signaling defenses 

against microbial pathogens (Robert-

Seilaniantz et al., 2011). The SA-mediated 

defense signaling pathway is activated 

following infection by biotrophic pathogens, 

which require living host tissue. By contrast, 

attack by necrotrophic pathogens, which feed 

on dead tissue, induces a distinct defense 

pathway that is regulated by the plant 

hormones jasmonic acid (JA) and ethylene. 

The SA- and JA/ethylene-mediated defense 

pathways undergo extensive cross-talk; their 

interactions are generally antagonistic (De 

Vleesschauwer et al., 2014). 

 

Biosynthesis of salicylic acid in plants 
 

The two major SA biosynthetic pathways in 

plants were identified as: the isochorismate 

(IC) and the phenyl alanine ammonia-lyase 

(PAL) pathways. Both pathways commonly 

utilize chorismate, the end product of the 

shikimate pathway, to produce SA (Dempsey 

et al., 2011). IC synthase (ICS) and PAL are 

critical enzymes for these pathways, 

respectively. Homologs of ICS and PAL 

genes are present throughout the plant 

kingdom, including Arabidopsis, tobacco, 

tomato, populus, sunflower and pepper 

(Wildermuth et al., 2001; Cochrane et al., 

2004; Uppalapati et al., 2007; Catinot et al., 

2008; Yuan et al., 2009; Sadeghi et al., 2013; 

Kim and Hwang, 2014), suggesting the 

importance of these SA biosynthesis 

pathways to survive during the course of 

evolution. In Arabidopsis, mutations in ICS1 

lead to an almost complete loss of pathogen-

induced SA accumulation (Wildermuth et al., 

2001). However, Arabidopsis quadruple PAL 

mutants, in which PAL activity is reduced to 

10%, also show lower SA accumulation 

(50%) compared to the wild type upon 

pathogen infection (Huang et al., 2010). Thus, 

while contribution of the PAL pathway is 

evident, the IC pathway is the major route for 

SA biosynthesis during plant immunity. In 

chloroplasts, ICS catalyzes the conversion of 

chorismate into IC (Wildermuth et al., 2001; 

Strawn et al., 2007; Garcion et al., 2008), 

which is further converted to SA (Dempsey et 

al., 2011). In some bacteria, conversion of IC 

to SA is catalyzed by IC pyruvate lyases 

(IPLs; Dempsey et al., 2011). However, plant 

genomes encode no homologous genes to 

bacterial IPLs. Expression of bacterial 

enzymes catalyzing this conversion together 

with ICS in chloroplasts leads to constitutive 

accumulation of SA (Verberne et al., 2000; 

Mauch et al., 2001). Salicylic acid 

biosynthesis is tightly regulated since 

constitutive SA accumulation has negative 

impacts on plant fitness (Pajerowska-Mukhtar 

et al., 2012; Chandran et al., 2014). 

Accumulating evidence show that 

transcriptional control of ICS1 by calcium 

signaling is key for the initiation of SA 

biosynthesis. Li et al., 2018 studied SA in 

Populus tomentosa infected by the plant 

pathogen Botryosphaeria dothidea 

 

Resistance of plants to pathogen infection 
 

Eventhough plants lack the circulating 

immune cells found in vertebrates, they do 

possess an innate immune system that detects 

and limits pathogen colonization (Thomma et 

al., 2011; Spoel and Dong, 2012 and Asai et 

al., 2015). One branch of this system uses 

pattern recognition receptors (PRRs) on the 

plant cell surface to survey for molecules 

containing characteristic patterns that are 

unique to and broadly conserved in microbes. 

Detection of these pathogen-/ microbe-

associated molecular patterns (PAMPs/ 

MAMPs) leads to activation of pattern-

triggered immunity (PTI). In many cases, PTI 

prevents further pathogen colonization. 

However, some pathogens have evolved 

effector proteins that suppress PTI. These 

pathogens are combatted via effector-

triggered immunity (ETI), which comprises 

the other branch of the innate immune system. 

ETI is activated when plant-encoded 

resistance (R) proteins, which are generally 
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located within the plant cell, directly or 

indirectly recognize their cognate pathogen 

encoded effectors. Both PTI and ETI are 

associated with the activation of defenses in 

the inoculated tissue, including the generation 

of reactive oxygen species (ROS), increases 

in intracellular Ca
2+

 concentrations, activation 

of mitogen activated protein kinases 

(MAPKs), increased expression of various 

defense-associated genes, synthesis of 

antimicrobial compounds and accumulation 

of SA (Seyfferth et al., 2014; Stael et al., 

2015). Generally, ETI induces these defenses 

more rapidly and intensely than PTI. ETI also 

is usually associated with necrotic lesion 

formation, which may help restrict pathogen 

movement from the infection site. Subsequent 

to these events, ETI and PTI can induce 

immune responses in the uninoculated 

(systemic) portions of the plant, including a 

long-lasting, broad-spectrum resistance called 

systemic acquired resistance (SAR) 

(Dempsey and Klessig, 2017).  

 

Systemic acquired resistance (SAR) 

 

Systemic resistance is induced by pathogens 

and confers protection against a broad range 

of pathogens. Studies have indicated that 

salicylic acid (SA) derivative methyl 

salicylate (MeSA) serves as a long-distance 

phloem-mobile systemic resistance signal in 

tobacco, Arabidopsis, and potato. However, 

other experiments indicate that jasmonic acid 

(JA) is a critical mobile signal. Evidence 

suggesting both MeSA and methyl jasmonate 

(MeJA) are essential for systemic resistance 

against Tobacco mosaic virus (TMV), 

possibly acting as the initiating signals for 

systemic resistance (Zhu et al., 2014). Foliar 

application of JA followed by SA triggered 

the strongest systemic resistance against 

TMV.  

 

Systemic acquired resistance (SAR) is a 

mechanism of induced defense which confers 

long-lasting protection against a broad 

spectrum of microorganisms. SAR requires 

the signal molecule salicylic acid (SA) and 

that is associated with accumulation of 

pathogenesis-related proteins (PR), which are 

thought to contribute to resistance. Much 

progress has been made recently in 

elucidating the mechanism of SAR. Using the 

model plant Arabidopsis, it was discovered 

that the isochorismate pathway is the major 

source of SA during SAR. In response to SA, 

the positive regulator protein NPR1 moves to 

the nucleus where it interacts with TGA 

transcription factors to induce defense gene 

expression, thus activating SAR (Chaturvedi 

and Shah, 2007). Durrant and Dong, 2004 

discussed in detail the molecular and genetic 

data which have contributed to the 

understanding of SAR and present a model 

describing the sequence of events leading 

from initial infection to the induction of 

defense genes. SA accumulation is essential 

for expression of multiple modes of plant 

disease resistance. In higher plants, salicylic 

acid (SA) plays important roles in inducing 

resistance to biotic and abiotic stresses. 

Tomato yellow leaf curl virus (TYLCV) 

causes a highly devastating viral disease in 

plants, particularly in tomato (Li et al., 

2019b). The activation of SAR provides a 

broad-spectrum resistance against a wide 

range of related or unrelated pathogens. There 

has been considerable progress in the 

biochemical and molecular understanding of 

SAR activation in various plants (Tripathi et 

al., 2019). 

 

Systemic acquired resistance (SAR) is a 

secondary immune response in the distal parts 

of plants activated by local defense responses 

(Fig. 2). SAR is long-lasting and effective 

against a broad spectrum of pathogens, 

including fungi, bacteria, and viruses. 

Traditionally, SAR is induced by 

incompatible pathogens that cause localized 

cell death. Tissue necrosis at inoculation sites 
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is not required for SAR activation, however. 

Salicylic acid (SA) is a phytohormone that 

plays a central role in defense signaling (Vlot 

et al., 2009). It is required for both basal 

defense and SAR. Early studies showed that 

pathogen infections lead to increased SA 

levels in both local and distal parts of plants 

(Malamy et al., 1990; Metraux et al., 1990). 

Whereas application of exogenous SA or SA 

analogs induces resistance to pathogens, 

degradation of SA by transforming plants 

with the bacterial salicylate hydroxylase gene 

NahG blocks SA accumulation and SAR 

(Gaffney, 2013).  

 

 
Fig.2 Role of Salicylic Acid and Jasmonic 

Acid as systemic signals  

(Derived from Zhu et al., 2014) 

 

SA research benefitting agriculture 

 

Synthetic pesticides have allowed growers to 

dramatically increase crop yield and quality. 

However, these compounds are often toxic 

and their overuse has led to development of 

resistance in pathogen (Schreinemachers and 

Tipraqsa, 2012; Lucas et al., 2015). An 

environmentally friendly strategy for reducing 

crop loss involves regulating SAR (da Rocha 

and Hammerschmidt, 2005). SA is an 

effective SAR inducer, but its phytotoxicity 

precludes widespread use (Conrath et al., 

2015). Several synthetic compounds, 

including 2,6- dichloroisonicotinic acid 

(INA), benzo(1,2,3)thiadiazole-7-carbothioic 

acid S-methyl ester (also termed 

benzothiadiazole; BTH or acibenzolar- S-

methyl), and probenazole (PBZ) and its active 

metabolite 1,2-benzisothiazol-3(2H)-one 1,1-

dioxide (BIT), induce defense gene 

expression and SAR to a similar range of 

pathogens as SA (Gozzo and Faoro, 2013; 

Walters et al., 2013). PBZ and BIT activate 

SAR by triggering the SA signaling pathway 

upstream of SA (Yoshioka et al., 2001) 

whereas INA and BTH are SA functional 

analogs (Vallad and Goodman, 2004). While 

treating plants or suspension cells with high 

concentrations of SA or its functional analogs 

directly induces defenses, low concentrations 

elicit little to no response. Following 

subsequent infection, however, defenses are 

activated more rapidly and/or strongly 

(Conrath et al., 2006). This phenomenon, 

termed priming, also occurs in systemic 

leaves of plants exhibiting SAR. Although not 

fully elucidated, the molecular mechanisms of 

priming likely involve the accumulation of 

transcripts and/or inactive forms of MAPKs, 

elevated levels of PRRs, and chromatin 

remodeling. This latter mechanism may also 

promote the inheritance of defense priming. 

In addition to SA, its functional analogs and 

PBZ/BIT, other resistance-activating 

compounds that work at least in part by 

inducing/priming SAR, have been identified 

(Choi and Hwang, 2001). In the field, 

resistance triggered by SAR inducers/primers 

can be broad-spectrum and long-lasting, but it 

is rarely complete; disease reduction ranges 

from 20–85%. Other drawbacks growers must 

currently consider include i) the potential for 

reduced plant fitness, which may be 

minimized by stimulating priming versus 

direct induction (van Hulten et al., 2006) ii) 

variable efficacy, depending on plant cultivar 

and dosage, and iii) the possibility that SAR 

inducers will increase susceptibility to 

necrotrophic pathogens, due to suppression of 
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the JA signaling pathway (Gozzo and Faoro, 

2013; Walters et al., 2013; Guo et al., 2019).  

 

Developing better defensive plants via 

deciphering crosstalk 

 

Plant defense responses against 

environmental pathogens seems to be energy 

consuming one. Ideally, plants employ a 

specific pathway upon recognizing of distinct 

pathogens. Extensive crosstalk between 

different signaling pathways provides the 

potential for efficient energy allocation. For 

instance, the SA and ET/JA mediated defense 

signaling pathways act in both synergistically 

and antagonistically. Treatment with low 

concentrations of SA and JA has been 

reported to result in synergistic expression of 

both the SA target gene PR1 and the JA 

marker gene PDF1.2, whereas higher 

concentrations of SA and JA produce the 

antagonistic expression of these genes (Mur et 

al., 2006). So far, the metabolism and 

signaling transduction of SA, ET and JA have 

been well elucidated. But, do we fully 

understand the signaling crosstalk between 

those hormones? Probably not. In nature, 

defense hormones work together to manage 

invading pathogens in an ecological context. 

Due to the high level of complexity, the 

mechanism that underlies the crosstalk is 

poorly understood and requires further study. 

Here envision that the newly emerged large-

scale OMIC tools and high throughput 

bioinformatic analysis will be used to seek a 

better understanding of the crosstalk between 

these defense hormones, which will 

ultimately lead to the development of 

pathogen-resilient crop plants with important 

agronomical perspectives.  

 

For instance, if the crosstalk between SA and 

ET/JA-signaling pathways is disconnected, 

plants will be able to defend against 

simultaneously colonized biotrophic and 

necrotrophic pathogens without tradeoffs. 

Under such conditions, both SA- and ET/JA-

signaling pathways are fully armed to fight 

against corresponding enemies. As the 

connection node that mediates the crosstalk is 

still unknown, the gene-piling CRISPR/cas 

technology serves no purpose. It would be 

fascinating if, by genetic engineering, the SA-

mediated signaling pathway could be rewired 

to control the ET/JA-signaling pathway. Early 

biotroph infection will prime the plants for 

potential necrotrophs in the environment. 

Interestingly, the SA receptor NPR3/4 has 

been shown to activate the JA-signaling 

pathway by promoting the degradation of the 

JA transcriptional repressor JAZs (Liu et al., 

2016).  

 

Both positive and negative regulatory factors 

of the signaling pathways are probable targets 

to modulate defense hormonal crosstalk. It is 

a particularly exciting area of study to address 

the signaling crosstalk between those defense 

hormones, which bears the promise of 

developing better plants. The ET/JA-mediated 

response contributes to the defense against 

necrotrophic pathogens, such as Botrytis 

cinerea, which invade and kill hosts to extract 

their nutrients. Increasing evidence indicates 

that the SA- and ET/JA-mediated defense 

response pathways are mutually antagonistic. 

 

Salicylic acid-related cotton (Gossypium 

arboreum) ribosomal protein GaRPL18 

contributes to resistance to Verticillium 

dahliae 

 

Verticillium dahliae is a phytopathogenic 

fungal pathogen that causes vascular wilt 

diseases responsible for considerable 

decreases in cotton yield. Gong et al., 2017 

cloned the ribosomal protein L18 (GaRPL18) 

gene, which mediates resistance to 

Verticillium wilt, from a wilt-resistant cotton 

species (Gossypium arboreum). They 

characterized the function of this gene in 

cotton and Arabidopsis thaliana plants. 
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GaRPL18 encodes a 60S ribosomal protein 

subunit important for intracellular protein 

biosynthesis. However, the earlier studies 

revealed that some ribosomal proteins are also 

inhibitory towards oncogenesis and 

congenital diseases in humans and play a role 

in plant disease defense. Here, they observed 

that V. dahliae infections induce GaRPL18 

expression. Furthermore, they determined that 

the GaRPL18 expression pattern is consistent 

with the disease resistance level of different 

cotton varieties. GaRPL18 expression is 

upregulated by salicylic acid (SA) treatments, 

suggesting the involvement of GaRPL18 in 

the SA signal transduction pathway.  

 

Virus-induced gene silencing technology was 

used to determine whether the GaRPL18 

expression level influences cotton disease 

resistance. Wilt-resistant cotton species in 

which GaRPL18 was silenced became more 

susceptible to V. dahliae than the control 

plants because of a significant decrease in the 

abundance of immune-related molecules. 

They also transformed A. thaliana ecotype 

Columbia (Col-0) plants with GaRPL18 

according to the floral dip method. The plants 

overexpressing GaRPL18 were more resistant 

to V. dahliae infections than the wild-type 

Col-0 plants. The enhanced resistance of 

transgenic A. thaliana plants to V. dahliae is 

likely mediated by the SA pathway. The 

findings provide new insights into the role of 

GaRPL18, indicating that it plays a crucial 

role in resistance to cotton “cancer”, also 

known as Verticillium wilt, mainly regulated 

by an SA-related signaling pathway 

mechanism. This study is the first to examine 

the ribosomal proteins function related to 

cotton resistance to V. dahliae. Finally, this 

study revealed that SA is an important factor 

related to the cotton defense response system 

and that the mechanism of GaRPL18-

associated V. dahliae resistance is related to 

the SA signaling pathway. 

 

Gbvdr6, a gene encoding a receptor-like 

protein of cotton (Gossypium barbadense), 

confers resistance to Verticillium wilt in 

Arabidopsis and upland cotton 

 

Verticillium wilt is a soil-borne disease that 

can cause devastating losses in cotton 

production. Because there is no effective 

chemical means to combat the disease, the 

only effective way to control Verticillium wilt 

is through genetic improvement. Therefore, 

the identification of additional disease-

resistance genes will benefit efforts toward 

the genetic improvement of cotton resistance 

to Verticillium wilt. Based on screening of a 

BAC library with a partial Ve homologous 

fragment and expression analysis, a V. 

dahliae-induced gene, Gbvdr6, was isolated 

and cloned from the Verticillium wilt-resistant 

cotton G. barbadense cultivar Hai7124. The 

gene was located in the gene cluster 

containing Gbve1 and Gbvdr5 and adjacent to 

the Verticillium wilt-resistance QTL hotspot. 

Gbvdr6 was induced by Verticillium dahliae 

Kleb and by the plant hormones salicylic acid 

(SA), methyl jasmonate (MeJA) and ethephon 

(ETH) but not by abscisic acid (ABA). 

Gbvdr6 was localized to the plasma 

membrane.  

 

Over expression of Gbvdr6 in Arabidopsis 

and cotton enhanced resistance to V. dahliae. 

Moreover, the JA/ET signaling pathway-

related genes PR3, PDF 1.2, ERF1 and the 

SA-related genes PR1 and PR2 were 

constitutively expressed in transgenic plants. 

Gbvdr6-overexpressing Arabidopsis was less 

sensitive than the wild-type plant to MeJA. 

Furthermore, the accumulation of reactive 

oxygen species and callose was triggered at 

early time points after V. dahliae infection. 

These results suggest that Gbvdr6 confers 

resistance to V. dahliae through regulation of 

the JA/ET and SA signaling pathways (Yang 

et al., 2017). 
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Systemic induced resistance to Alternaria 

macrospora in cotton (Gossypium hirsutum) 

 

Inoculation of cotyledons with Alternaria 

macrospora or application of 2, 6-

dichloroisonicotinic acid to cotyledons caused 

the next emerging leaves to become less 

susceptible to infection by A. macrospora 

than those on control plants. This effect was 

demonstrated in cotton cultivars Siokra and 

Deltapine using young plants raised and 

tested under glasshouse conditions. 

 

 The treatments applied to the cotyledons had 

no visible effect on the development of the 

plants and 2,6-dichloroisonicotinic acid had 

no direct effect on the fungus in vitro, 

suggesting that resistance was induced 

systemically in cotton plants (Brock et al., 

1994). 

 

Salicylic acid act as a signal in cotton for 

induced resistance to Helicoverpa zea 

 

Bi et al., 1997 indicated that insect herbivory 

on cotton induced resistance to the cotton 

bollworm (Helicoverpa zea). They examined 

the role of salicylic acid as a signal in cotton 

for the induced resistance. Abundant evidence 

has accumulated showing that salicylic acid 

plays a key role in coordinating the 

expression of systemic acquired resistance 

against phyto-pathogens. They reported that 

herbivory results in significant increases in 

foliar salicylic acid and H2O2, a response 

frequently observed following pathogenesis. 

In other well-studied systems (e.g., tobacco), 

salicylic acid inhibits the enzymatic 

decomposition of H2O2 by catalase and 

ascorbate peroxidase, but in cotton, salicylic 

acid has no effect on these enzymes in vitro. 

Furthermore, while herbivory enhances foliar 

catalase and ascorbate peroxidase activities, 

the application of salicylic acid or methyl 

salicylate to cotton plants does not affect 

foliar resistance to H. zea. 

Concluding remarks with future thrusts 

 

Over the last 25 years, considerable progress 

has been made in the identification and 

characterization of a number of salicylic acid 

signalling components that are implicated in a 

myriad of cellular pathways. Despite 

significant progress in elucidating the SA 

signaling pathway for plant disease resistance, 

significant knowledge gaps remain. Our 

understanding of the mechanism(s) through 

which pathogen perception is transduced by 

PRRs and R proteins into activation of early 

cellular responses and SA synthesis is 

fragmentary. Likewise, the enzymes involved 

in SA biosynthesis are not fully identified and 

the role of the ICS versus PAL pathways in 

different plant species remains unclear. The 

mechanisms through which ICS1 expression 

is regulated, both in the nucleus and via 

retrograde signals from the chloroplast, also 

need to be determined. As for the signaling 

pathway downstream of SA, a crucial line of 

study will involve identifying SA 

targets/receptors and assessing their function. 

These analyses, combined with the 

development of in vivo SA detection 

techniques, should provide tremendous 

insight into how SA exerts its myriad effects. 

Elucidation of the SA signaling pathway 

should benefit agriculture by suggesting 

strategies for improving current SAR-

inducing compounds, as well as facilitating 

development of novel compounds that target 

currently unidentified pathway components. 

Even more importantly, such future 

discoveries may also provide promising 

targets for marker-assisted selection and 

breeding by design in crops, thus promoting 

the sustainability of modern agriculture. Thus 

Salicylic acid (SA) acts as an important 

signalling role in the activation of plant 

defence responses following pathogenic 

invasion, including both systemic and 

localized responses usually characterized by 

HR. SA meets the essential criteria of a signal 
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molecule, namely: (a) SA induces resistance 

to pathogens; (b) SA induces PR proteins; (c) 

SA levels increase locally and systemically 

following pathogen attack; and (d) SA moves 

throughout the plant via phloem. 

Nevertheless, future efforts to clarify the SA 

signaling pathway should provide insights 

into how current SAR-inducing compounds 

can be improved, as well as to identify novel 

pathway components that could be targeted 

by the next generation of agrochemicals. 
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