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A B S T R A C T   

Among the range of severe plant diseases, bacterial soft rot caused by Erwinia carotovora is a 
significant threat to crops. This study aimed to examine the varying response patterns of distinct 
potato cultivars to the influence of E. carotovora. Furthermore, it seeks to highlight the potential 
role of salicylic acid (SA) and methyl jasmonate (MeJA) in stimulating the antioxidant defence 
system. We collected eight bacterial isolates from diseased and rotted tubers which were 
morphologically and physiologically identified as E. carotovora subsp. carotovora. We conducted a 
greenhouse experiment to analyse the antioxidant responses of three different potato cultivars 
(Diamont, Kara, and Karros) at various time intervals (2, 4, 6, 8, 12, and 24 h) after bacterial 
infection (hpi). We assessed the extent of disease damage by applying a foliar spray of 0.9 mM 
salicylic acid (SA) and 70 μM methyl jasmonate (MeJA). Inoculating with Ecc led to an increase in 
total phenolic levels, as well as the activities and gene expression of phenylalanine ammonia- 
lyase (PAL), polyphenol oxidase (PPO) and peroxidase (POX) as time progressed. Additionally, 
the application of SA and MeJA resulted in a further increase relative to the diseased treatments. 
The Karros cultivar, unlike the Diamont and Kara cultivars, demonstrated the highest expression 
levels of PAL, PPO and POX through inoculation, reflecting its higher levels of activity and 
resistance. Furthermore, the genetic response of potato cultivars to infection at 0 hpi varied 
depending on their susceptibility. The examination of the rate of PAL activity upregulation 
following SA or MeJA stimulation clarifies the cultivars’ susceptibility over time. In conclusion, 
the study identified E. carotovora subsp. carotovora as the most virulent isolate causing soft rot 
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disease in potato tubers. It further revealed that the Karros cultivar displayed superior resistance 
with high activities and gene expression of PAL, PPO and POX, while the cv. Diamont exhibited 
sensitivity. Additionally, foliar exposure to SA and MeJA induced antioxidant responses, 
enhancing the potato plants’ resistance against Ecc pathogenesis and overall plant defence.   

1. Introduction 

Global agriculture, as a crucial economic asset, suffers significant losses due to pathogens that severely hinder yield productivity 
and quality [1]. The increased demand for vegetables, including potatoes, tomatoes, and eggplants, has engaged approximately 800 
million people and contributed to more than 30 % of global agricultural production [2]. Potato (Solanum tuberosum L.) is a staple 
vegetable crop that plays a crucial role in food security due to its significant nutritional value, providing essential vitamins, proteins, 
minerals, and carbohydrates [3]. In addition to its significance as a crop, potatoes are also used as a food source and serve as a 
feedstock for various processed products. The potato crop faces constant threats from various pathogens in both the cultivated areas 
and during storage, leading to severe diseases that disrupt crop quality and quantity [4]. Moreover, potatoes have a wide distribution 
pattern, providing trait diversity and ensuring tolerance stability [5]. Therefore, the primary research goals include investigating the 
ability of different potato varieties to resist pathogens and enhancing plant tolerance against diseases. 

Bacterial soft rot caused by Erwinia carotovora poses a significant threat to crops, leading to a loss in yields due to the rapid 
degradation of tuber tissue. E. carotovora is a type of facultative anaerobic, non-spore-forming, gram-negative enterobacteria that can 
invade a wide range of important crops [6]. The virulence of E. carotovora is attributed to the production of plant cell wall-hydrolysing 
enzymes, such as pectinases and cellulases, which are utilized by the bacterial cells [7,8]. E. carotovora has been widely recognized as 
the primary pathogen responsible for soft rot in crops like potatoes [9] and onions [10], especially under conditions of high moisture 
during storage. 

To enhance plant stress tolerance, a comprehensive understanding of the physiological, biochemical and molecular mechanisms 
involved is crucial. Validation of such mechanisms and their underlying genetic basis is imperative for plants to develop adaptive 
responses to stress [11]. Among the different plant hormones, salicylic acid (SA) and Methyl jasmonate (MeJA) have been extensively 
investigated for their roles in mitigating the detrimental effects of both abiotic and biotic stressors [12–15]. 

SA acts as a signalling molecule that triggers a cascade of defence responses in plants. Also, it acts as a signal that moves throughout 
the plant, inducing the expression of defence genes and strengthening plant defences against future attacks [12–15]. One of the major 
roles of SA in plant defence is its involvement in the activation of systemic acquired resistance (SAR) [16,17]. SAR is a mechanism by 
which plants develop long-lasting resistance against a wide range of pathogens after being exposed to local infection. Additionally, SA 
plays a crucial role in the activation of hypersensitive response (HR), a rapid cell death at the site of infection [18,19]. HR is an 
effective defence mechanism employed by plants to restrict the spread of pathogens and is often accompanied by the production of 
toxic compounds that inhibit the growth of pathogens [20]. 

MeJA is a plant hormone that is involved in plant defence responses, particularly against herbivorous insects and necrotrophic 
pathogens [21]. MeJA is synthesized from linolenic acid and functions as a signalling molecule that regulates the expression of 
numerous defence genes [22]. When plants are attacked by herbivorous insects, MeJA is rapidly synthesized and promotes the pro-
duction of defence-related compounds such as protease inhibitors, toxins, and volatile organic compounds (VOCs) [23]. These com-
pounds deter further damage by inhibiting the feeding and attracting natural enemies of the herbivores. In response to necrotrophic 
pathogens, MeJA can also induce the production of defence compounds that inhibit the growth and spread of these pathogens. 
However, the role of MeJA in plant defence against pathogens is complex and can vary depending on the specific pathogen and plant 
species involved [24,25]. 

As a plant growth modulator, MeJA is known to regulate and induce induced systemic resistance (SR), thereby enhancing plant 
defence mechanisms. It exerts an indirect effect on promoting systemic acquired resistance (SAR) by modulating the transcription 
coactivator non-expressor of pathogenesis-related genes 1 (NPR1) [26]. MeJA also activates antioxidant responses in plants and helps 
mitigate oxidative damage by scavenging excessive reactive oxygen species (ROS) production in infected plants [27]. Moreover, the 
exogenous application of MeJA can rapidly induce endogenous jasmonic acid (JA) synthesis and signal transduction, thereby regu-
lating the immune response and enhancing the plants’ defensive capacity against various pathogens [28]. 

Collectively, SA and MeJA act as signalling molecules that initiate an array of defence mechanisms, including the activation of 
defence-related genes, the production of toxic compounds, and the recruitment of beneficial organisms to combat pathogens. Un-
derstanding the intricacies of these defence responses is crucial for developing effective strategies to enhance plant resistance against 
pathogens [15]. 

Additionally, plant disease resistance involves the activation of defence responses that hinder infection at different stages of the 
host-pathogen interaction [29]. These defences include physical and chemical barriers, as well as the activation of enzymes. The 
activities of certain enzymes, such as PAL, PPO and POX, are altered during the interaction between plants and pathogens [30–32]. In 
resistant cultivars, there are notable increases in the activities of PAL, PPO and POX enzymes, as well as phenolic compounds, 
following infection [33]. These changes in enzyme activity and phenolic content contribute to the plants’ antioxidant response and 
help counteract oxidative stress. PAL is responsible for converting L-phenylalanine into trans-cinnamic acid, which leads to the syn-
thesis of defensive compounds [34]. PPO catalyses the oxidation of phenols to more toxic quinones, while POX enhances plant 
resistance by producing lignin [35]. Phenolic compounds’ have been found to mitigate the severity of pathogen-related diseases and 
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decrease the activity of bacterial enzymes. They also contribute to the formation of physical barriers that impede pathogen spread. 
Against this backdrop, the objectives of this study were to investigate the response patterns of different potato cultivars to the 

influence of E. carotovora, also emphasizing the potential of SA and MeJA in stimulating the antioxidant defence system. 

2. Materials and methods 

2.1. Isolation and purification of bacteria 

Diseased potato tubers exhibiting distinctive bacterial soft rot symptoms were collected from local markets, fields, and cold 
storehouses in El-Beheira governorate. The tubers with rotted parts were carefully cleaned with tap water and surface sterilized using 
70 % ethanol. Slices of the inside tissues were then macerated in sterile water in glass tubes. A loop of the resulting suspension was 
streaked on the surface of nutrient agar media in 9-cm Petri dishes [36]. The plates were stored at 27 ◦C for 48 h to allow complete 
bacterial growth. Bacteria were then purified using the single colony isolation technique. 

2.2. Tests of bacterial identification 

Bacterial identification followed the method described in Bergey’s Manual of Systematic Bacteriology [37,38]. Morphological and 
biochemical analyses were conducted on the isolated and purified bacteria [39–41]. 

2.3. Pathogenicity tests 

A bacterial suspension was prepared from a 48-h-old culture. Uniform potato tubers weighing approximately 60 g from the highly 
susceptible cultivar (Diamont) were thoroughly cleaned and superficially sterilized. The tubers were then cut in half, and a 0.5 cm 
diameter pore was made in the centre of each half using a sterilized cork borer. A total of 250 μl of the bacterial suspension was 
pipetted into one half, while sterile water was used in the other half. The concentration of bacteria in a bacterial suspension for the 
experiment was 1 × 105 cells/ml. The infected Diamont tubers were stored in an incubator at 28 ◦C for two days. Then diameters of the 
rotten areas were measured using the method described by a reliable study [42]. 

2.4. Sensitivity to E. carotovora subsp. carotovora in different potato cultivars 

Twelve different potato cultivars (Rossita, Mondial, Tarose, Karros, Hermis, Diamont, Kara, Belleny, Sisi, Brun, Crispy and Sponta) 
were assessed to evaluate their sensitivity to E. carotovora isolate. A highly virulent E. carotovora isolate (E. carotovora 1) was used, 
based on the rotting ability test. Tubers of both the control and treated groups were injected as described in the method of the 
pathogenicity experiment. Three replicates of each treatment were conducted. The diameters of the rotten areas were measured 48 h 
after incubation, serving as a measure of potato cultivar sensitivity to infection. 

2.5. Greenhouse experiment 

To study the potential of certain elicitors (AS and MeJA) on potato plants against E. carotovora, undamaged potato tubers from three 
cultivars (Diamont, Kara and Karros) weighing approximately 60 g were superficially sterilized by immersing them in 1 % sodium 
hypochlorite for 5 min, followed by washing the sterilized potatoes with sterile water twice. The sterilized potatoes were then planted 
in 30 cm plastic pots filled with sterile peat moss, with one potato per pot. After five weeks, the emerging shoots were sprayed with a 
solution of 70 μM methyl jasmonate and 0.9 mM salicylic acid [43,44]. After 7 days, small pores were made on the leaf surface using a 
micropipette. The leaves were then inoculated with a suspension of the highly pathogenic isolate E. carotovora 1 and placed in a 
controlled chamber at 25 ± 2 ◦C [43]. Ten pots were used per treatment, and each treatment was replicated three times for accuracy 
[44]. Leaves from the treated and control (water spray instead of elicitor) plants were collected at 2, 4, 6, 8, 12 and 24 h post inoc-
ulation (hpi) for further measurements. 

2.6. Plant physiological assessments 

2.6.1. Estimation of antioxidant enzymes 
To extract phenylalanine ammonia lyase (PAL), 1 g of fresh potato leaves collected at 2, 4, 6, 8, 12 and 24 hpi was mixed with 3 ml 

of 0.1 M sodium borate buffer (pH 7.0) containing 1.4 mM of 2-mercaptoethanol and 0.1 g of insoluble polyvinylpyrrolidone (PVP). 
PAL activity was estimated according to Dickerson et al. [45]. The amount of trans-cinnamic acid produced was calculated using its 
extinction coefficient of 9.6 mM− 1 cm− 1 based on a standard calibration curve. 

Peroxidase activity (POX) was evaluated using the method described by Hammerschmidt et al. [46]. Sodium phosphate buffer (0.1 
M, pH 6.5) was used for enzyme extraction. The reaction mixture consisted of the enzyme extract and 0.05 M pyrogallol, with the 
addition of 1 % H2O2. POX activity was measured at 420 nm and expressed as a change in absorbance per min. per 1 g of fresh weight 
(μM/gFM min− 1). Polyphenol oxidase (PPO) activity was determined using a published method according to Mayer et al. [47] with 
minor modifications. The reaction mixture contained 0.01 M catechol was evaluated at 495 nm. PPO activity was expressed as a 
change in absorbance per min. per 1 g of fresh weight (μM/gFM min− 1). 
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2.6.2. Estimation of total phenolics 
Total phenolic content in the treated and untreated leaves was assessed according to Zieslin et al. [48] with minor modifications. 

Plant material was mixed with 80 % methanol and agitated at 70 ◦C for 15 min. The resulting methanolic extract was then incubated 
for 1 h with Folin Ciocateau reagent and 20 % sodium carbonate at 25 ◦C and measured at 725 nm. 

2.7. Molecular evaluation 

2.7.1. RNA isolation and cDNA formation 
Total RNA was extracted from potato leaves collected at 0, 2, 6 and 24 hpi using the BioTeke Corporation RNA Isolation kit ІІ 

Guanidium isothiocyanate Method (Maxim Biotech INC, USA) following the manufacturer’s procedure. The purified RNA was stored at 
− 80 ◦C for further experiments. 

Subsequently, reverse transcription (RT) of mRNA into complementary DNA (cDNA) was performed in the presence of dNTPs. The 
reaction conditions involved activating the enzyme at 42 ◦C for 1 h, followed by a denaturation step at 72 ◦C for 10 min to stop the 
reaction using the oligo (dT) primer (5’-TTTTTTTTTTTTTTT-3’). The resulting product was then stored at − 20 ◦C for subsequent use. 

2.7.2. Quantification of POX, PPO and PAL genes relative expression using real-time quantitative PCR 
Three primers (POX, PPO and PAL) were used in this study, as listed in Table 1. The primers were obtained from Pharmacia Biotech 

(Amersham Pharmacia Biotech., UK Limited, HP 79NA, England). The samples were analyzed using the Fermentase kit, with a total 
reaction volume of 25 μL. Each reaction contained 12.5 μL of 2x Quantitech SYBR® Green RT Mix, 1 μL of 25 pmol/μL forward primer, 
1 μL of 25 pmol/μL reverse primer, 1 μL of cDNA (50 ng), and topped off with RNase-free water. The reactions were carried out using 
the Rotor-Gene-6000 system (Qiagen, USA) with the following thermal cycling conditions: an initial denaturation step at 95 ◦C for 10 
min, followed by 40 cycles of denaturation at 95 ◦C for 15 s, annealing at 60 ◦C for 30 s, and extension at 72 ◦C for 30 s. Data acquisition 
was performed during the extension stage. Quantification and calculation of fold change and relative expression of the target genes 
were conducted [49,50]. The result normalized to housekeeping gene 16 S rRNA. 

2.8. Statistical analysis 

A randomized experiment consisting of three replicates was used and the results in triplicate were analyzed using one way Analysis 
of Variance (ANOVA) with the assistance of "CoSTAT" software under windows. The statistical analysis was performed on a Windows 
platform. The mean values, representing an average of the three replicates, were computed alongside their respective standard de-
viations (±SD), and were subsequently displayed. To determine statistical significance, a significance level of p ≤ 0.05 was employed. 

3. Results 

3.1. Characterization of causal bacterial pathogen 

Eight isolates of E. carotovora were obtained from diseased potato tuber samples exhibiting clear symptoms of soft rot. All isolates 
demonstrated motility, rod shape, non-spore formation, and Gram-negative characteristics. Positive reactions were observed for 
catalase activity, gelatin liquefaction, and acid production from lactose, arabinose, mannose, raffinose and sorbitol. Additionally, the 
isolates showed growth in the presence of 6 % NaCl and at a temperature of 36 ◦C. However, the isolates did not exhibit starch hy-
drolysis, sensitivity to erythromycin, or the ability to produce acid from maltose, adonitol and dextrin, as indicated in Table 2. 

3.2. Pathogenicity tests 

To assess the pathogenicity of the eight identified isolates of E. carotovora, specific potato tubers (cv. Diamont) were subjected to 
infection. As shown in Table 3, the tested bacteria displayed varying levels of virulence compared to the healthy control. Isolates Ecc1, 
Ecc2 and Ecc6 were found to be the most virulent on cv. Diamont, while Ecc3 and Ecc8 were moderately virulent. Conversely, isolate 
Ecc5 exhibited weak virulence compared to the untreated control (p < 0.05). 

Table 1 
Sequence of specific primers used in RT-PCR.  

Genes Primer sequence Annealing (◦C) 

Phenylalanine ammonia lyaes (PAL) F TTCAAGGCTACTCTGGC 60 
R CAAGCCATTGTGGAGAT 

Peroxidase (POX) F GCTTTGTCAGGGGTTGTGAT 
R TGCATCTCTAGCAACCAACG 

Polyphenol oxidase (PLX) F CATGCTCTTGATGAGGCGTA 
R CCATCTATGGAACGGGAAGA  
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3.3. Sensitivity of different potato cultivars to Ecc 

Based on the results presented in Table 3, the highly virulent isolate Ecc1 was selected to assess the sensitivity of 12 potato cultivars 
(Rossita, Mondial, Tarouse, Karros, Hermis, Diamont, Kara, Belleny, Sisi, Brun, Crispy and Sponta). As shown in Fig. 1 and Table 4, 
different degrees of susceptibility to the Ecc1 isolate were observed among the potato cultivars. The Karros and Belleny cultivars 
exhibited the highest resistance, while Tarouse, Diamont, Rossita and Mondial cultivars were found to be the most susceptibility (p <
0.05). Additionally, Kara, Sisi and Crispy cultivars displayed moderate susceptibility to Ecc1 infection. 

3.4. Physiological response of potato plants against E. carotovora and MeJA and SA as certain elicitors 

3.4.1. Phenylalanine ammonia lyase activity 
Fig. 2 illustrates the significant activation of PAL activity in the leaves of infested Kara and Karros cultivars compared to the non- 

diseased control. The cv. Karros exhibited a notable increase in PAL activity at 12 h post-invasion (hpi), surpassing the control. 
However, there was no significant increment in PAL activity observed in the cv. Diamont tissues after Ecc1 invasion compared to the 
control during most time intervals. 

Moreover, the treatment with SA and MeJA sprays resulted in a significant enhancement of PAL activity in all cultivars, surpassing 
both the control and diseased samples. Among the elicitors, SA exhibited the most effective impact. In the cv. Diamont, SA treatment 
led to a gradual increase in PAL activity at 2, 4 and 6 hpi, followed by a decrease. On the other hand, MeJA triggered a short-lived 
response, with the highest PAL activity observed at 0 hpi, followed by a gradual decrease over time. 

In the case of cv. Kara, SA treatment showed a progressive increase in PAL activity over time, with a more continual impact up to 12 
hpi. On the contrary, MeJA caused a gradual up-regulation of PAL activity, reaching the highest increase of 41 % at 6 hpi compared to 

Table 2 
Morphological, physiological, and biochemical attitude of E. carotovora isolates attained from infested potato tubers.  

Characteristics Bacterial isolates 

Ecc1 Ecc2 Ecc3 Ecc4 Ecc5 Ecc6 Ecc7 Ecc8 

Cell shape (Rods, single) + + + + + + + +

Sporulation - - - - - - - - 
Motility + + + + + + + +

Gram reaction - - - - - - - - 
Catalase activity + + + + + + + +

Gelatin liquefaction + + + + + + + +

Hydrolysis of starch - - - - - - - - 
Sensitivity to erythromycin - - - - - - - - 
Soft rot symptoms + + + + + + + +

Growth on NaCl 6 % + + + + + + + +

Growth at 36 ◦C + + + + + + + +

Production of acid from         
Arabinose + + + + + + + +

Lactose + + + + + + + +

Manose + + + + + + + +

Maltose - - - - - - - - 
Adonitol - - - - - - - - 
Raffinose + + + + + + + +

Sorbitol + + + + + + + +

Dextrin - - - - - - - - 

+; positive reaction, -; negative reaction. 

Table 3 
Pathogenicity tests of eight isolates of E. carotovora on Diamont 
potato tubers.  

Isolate Diameter of the rotted area (cm)a 

Control 1.00 ± 0.05e 

Ecc1 3.58 ± 0.09a 

Ecc2 3.23 ± 0.15ab 

Ecc3 2.80 ± 0.13bcd 

Ecc4 2.42 ± 0.19d 

Ecc5 1.47 ± 0.06e 

Ecc6 3.12 ± 0.19abc 

Ecc7 2.43 ± 0.23cd 

Ecc8 2.87 ± 0.19bcd  

a Data are an average of three replicates ± SD. Means followed by 
the same letter(s) are not significantly different at (p ≤ 0.05). 
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the stress treatment. 
Notably, cv. Karros exhibited a more positive response to SA and MeJA treatments, showing a steady impact over time compared to 

other cultivars. PAL activity gradually increased and reached its maximum at 12 hpi in both SA and MeJA treatments, with increases of 
40 % and 44 %, respectively, relative to the stress treatment. 

Fig. 1. Artificially inoculated tubers of 12 potato cultivars with Ecc1 isolate.  

Table 4 
Sensitivity of different twelve potato cultivars injected with Ecc1 the highly virulent isolate.  

Cultivars Diameter of rotted area (cm)* cultivars Diameter of rotted area (cm)* 

Karros 2.53 ± 0.19g Herims 3.12 ± 0.17bcde 

Rossita 3.38 ± 0.13ab Diamont 3.42 ± 0.24ab 

Kara 2.83 ± 0.08defg Belleny 2.53 ± 0.37g 

Mondial 3.27 ± 0.27abc Sponta 3.15 ± 0.27bcd 

Barun 2.93 ± 0.33cdef Crispy 2.76 ± 0.56efg 

Sisi 2.60 ± 0.10fg Tarous 3.63 ± 0.18a 

Data are a mean average of three replicates ± SD. Means followed by the same letter (s) are not significantly varied at (P ≤ 0.05). 
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3.4.2. Polyphenol oxidase (PPO) activity 
The infection by Ecc significantly triggered PPO activity in the cvs. Diamont, Kara, and Karros cultivars compared to the control 

(Fig. 3). Particularly, cv. Karros showed the highest increase in PPO activity after pathogen infection at 6 hpi, by 44 %, followed by a 
gradual decrease compared to the non-diseased control. 

The foliar application of SA and MeJA resulted in a further increase in PPO activity in the Diamont, Kara, and Karros cultivars, with 
SA demonstrating the most favourable improvement. In the cv. Diamont, PPO activity gradually increased with SA treatment, reaching 
its maximum at 12 hpi, with a 30 % increase compared to the control. MeJA-induced response was nonsignificant at 0 and 4 hpi, but a 
significant enhancement of PPO activity was observed after 4 hpi, reaching its highest value at 24 hpi compared to the biotic stress 
treatment. 

With time, the resistance of Kara and Karros cultivars improved due to the application of SA and MeJA, resulting in the gradual 
increase of PPO activity. The highest significant activity was observed at 6 hpi in both cultivars. 

3.4.3. Peroxidase (POX) activity 
The data in Fig. 4 demonstrated that the diseased Diamont, Kara and Karros plants exhibited a significant induction in POX activity 

compared to the control at all the time intervals due to Ecc invasion. cv. Karros showed the most notable increase in POX activity at 12 
hpi, with an increase of 40 % relative to the control, followed by cv. Kara (32 % at 12 hpi) and cv. Diamont (16 % at 8 hpi). 

Fig. 2. Effect of Ecc infection on PAL activity (μM/g FM.min− 1) of cvs; a) Diamont, b) Kara and c) Karros at different time intervals of inoculation 
(2, 4, 6, 8, 12 and 24 hpi). Data are mean of triplicates ±SD and dissimilar letters designate statistically significant variations at p ≤ 0.05. 
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SA and MeJA foliar exposure proved to be effective in increasing POX activity in the cvs. Diamont, Kara, and Karros compared to the 
infected treatments. In cv. Kara, SA amendment was responsible for the highest POX activity, while MeJA displayed a progressive 
increase over all time intervals. On the other hand, the greatest rise in POX activity was achieved by MeJA in cv. Diamont, surpassing 
the impact of SA. In cv. Karros, SA caused the most significant elevation in POX activity at 2, 4, 6 and 8 hpi, with the maximum increase 
observed at 4 hpi (32 %) relative to the stress treatment. Across all cultivars and treatments, the infected Karros plants sprayed with SA 
induced the most considerable increase in POX activity. 

3.4.4. Phenolic content in potato leaves 
Fig. 5 demonstrates that all potato cvs. (Diamont, Kara and Karros) exhibited an over-production of phenolic contents when 

infected with Ecc1, compared to the water-treated control. The accumulation of phenolics increased significantly over time in all 
cultivars following infection. Notably, the infected cv. Karros displayed the highest significant increase in phenolic content, ranging 
from 100 to 150 % across all time intervals, surpassing the other cultivars. 

Additionally, the data presented in Fig. 5 revealed that the application of SA and MeJA significantly enhanced the total phenolic 
content in the infected leaves of cvs. Diamont, Kara and Karros, compared to the Ecc1 infected samples. In the case of cvs. Diamont and 
Kara, spraying with SA resulted in the highest recorded promotion of phenolics compared to their stressed counterparts. Furthermore, 
both SA and MeJA induced the highest phenolic content in the cv. Karros at 12 h post-infection, representing a 33.5 % increase relative 
to the infected treatment. Overall, the infected leaves of the cv. Karros exhibited the highest increase in total phenolic content after SA 
and MeJA application, when compared to the other cultivars. 

Fig. 3. Effect of Ecc infection on PPO activity (μM/g FM.min− 1) of cvs; a) Diamont, b) Kara and c) Karros at different time intervals of inoculation 
(2, 4, 6, 8, 12 and 24 hpi). Data are mean of triplicates ±SD and dissimilar letters designate statistically significant variations at p ≤ 0.05. 
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3.5. Quantification of PAL, PPO and POX gene expression 

Figs. 6–8 depict the significant up-regulation of PAL, PPO and POX genes in the cvs. Diamont, Kara, and Karros in response to 
bacterial infection, gradually increasing over time. The highest improvement in gene expression levels was observed in the cv. Karros, 
particularly at 2- and 4-hrs post-infection (hpi), compared to the cvs. Diamont and Kara. At 0 hpi of Ecc invasion, the three cultivars 
showed variable genetic reactions based on their sensitivity. Notably, cvs. Diamont and Kara exhibited a rapid response with sig-
nificant enhancement in PAL, PPO and POX expression starting at 0 h. Overall, the cv. Karros displayed the greatest expression levels of 
PAL, PPO and POX at 6, 12 and 24 hpi, respectively, compared to their control levels, with an increase percentage of 150, 94 and 130 
%, respectively. 

Moreover, the application of SA and MeJA significantly triggered the expression levels of PAL, PPO and POX genes in comparison to 
control and infested treatments. Among the treatments, SA exhibited the most effective impact, causing distinct improvement in PAL 
and PPO genes’ expression over time in all cultivars. In comparison to the control, PAL reached its maximum expression level at 0 hpi 
(a 111 % increase), while PPO gene recorded a 57 % increase at 24 hpi in the cv. Diamont. Furthermore, PAL expression in the cvs. Kara 
and Karros significantly increased at 6 hpi, by 124 % and 113 % respectively, compared to the control. The potato leaves of the cv. 
Karros, sprayed with SA, displayed the highest increase in PAL and PPO genes’ expression among the three cultivars. 

With regards to POX gene expression, the application of SA and MeJA led to a progressive elevation over time in the cvs. Diamont 
and Kara, peaking at 24 hpi. Notably, SA effectively increased POX gene expression by 47 % in the Kara cultivar, while MeJA had a 
favourable impact of 25 % in the cv. Diamont at 24 hpi, relative to the diseased treatment. Conversely, the cv. Karros exhibited 
maximum POX gene expression with MeJA treatment at 24 hpi, while SA resulted in marked over-expression of the POX gene at 0 hpi, 

Fig. 4. Effect of Ecc infection on POX activity (μM/g FM.min− 1) of cvs; a) Diamont, b) Kara and c) Karros at different time intervals of inoculation 
(2, 4, 6, 8, 12 and 24 hpi). Data are mean of triplicates ±SD and dissimilar letters designate statistically significant variations at p ≤ 0.05. 
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surpassing the levels observed in the cvs. Diamont and Kara. 

4. Discussion 

Potatoes are a vital economic crop in Egypt and many other countries. However, their quality and production are often hindered by 
various factors, including the prevalence of soft rot disease, which is primarily caused by E. carotovora. This phytopathogen enters the 
plant through different natural openings, such as stomata, lenticels and wounds [51]. 

In the current study, in order to assess susceptibility to bacterial soft rot, it was crucial to examine the defence response mechanisms 
in various potato cultivars. We observed varying degrees of the rotten area, indicating differences in the virulence of E. carotovora 
subsp. carotovora isolates on different potato cultivars. This finding aligns with a previous study where potato parts inoculated with 
different bacterial isolates exhibited rapid rot and discoloration after 24 h [52]. A previous research has also confirmed the variation in 
sensitivity to bacterial soft rot among potato cultivars [33]. These differences in susceptibility may be attributed to factors such as 
increased dry constituent content, calcium content and pectin methylation [53]. Additionally, the activity of cell wall hydrolysing 
enzymes is influenced by the natural cell wall configuration, which can be altered by high cell wall content and normal constituents in 
the middle lamella [54]. On the other hand, several reliable studies confirmed that the genetic factors and the function of the plant’s 
defence system have a significant effect [55–57]. 

Among the potato cultivars examined, cv. Karros demonstrated the most notable increases in PAL, PPO and POX activities over time 
in response to infection. This was followed by cv. Kara and then cv. Diamont. Additionally, infected cv. Karros exhibited the highest 
phenolic content throughout all time intervals, suggesting a higher level of resistance compared to cvs. Kara and Diamont. However, 
the susceptibility of cv. Diamont to bacterial infection could be attributed to the relatively insignificant increase in PAL activity 

Fig. 5. Effect of Ecc infection on total phenolic content of cvs; a) Diamont, b) Kara and c) Karros at different time intervals of inoculation (2, 4, 6, 8, 
12 and 24 hpi). Data are mean of triplicates ±SD and dissimilar letters designate statistically significant variations at p ≤ 0.05. 
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compared to other cultivars during most time intervals [58]. 
To investigate the interactions between plant tissues and bacterial infection, as well as observe their genetic responses, the 

expression levels of PAL, PPO and POX were monitored over time in the studied cultivars. Results showed a gradual upregulation of 
PAL, PPO and POX genes in cvs. Diamont, Kara and Karros following bacterial infection, indicating their activation [59]. 

The genetic response of potato cultivars upon Ecc invasion was found to differ at 0 hpi, depending on their susceptibility. Significant 
increases in PAL, PPO and POX expression levels were observed in the cvs. Diamont and Kara at 0 hpi, indicating a rapid response and 
sensitivity compared to the control. This divergence in resistance between the three cultivars became evident immediately after 
infection due to variations in the expression of antioxidant genes. Alternatively, when comparing their reactions, the cv. Karros 
exhibited the highest expression levels at 2 and 4 hpi, which correlated with the induction of PAL, PPO and POX activity, highlighting 
its elevated and rapid resistance [60]. 

In order to combat biotic stress factors in plant crops, SA and MeJA have been proposed as viable solutions for controlling soft rot. 
In the present study, direct application of SA and MeJA to potato tubers was not performed; instead, the tubers were inoculated with 
these substances, resulting in varying levels of inhibition of soft rot disease. SA, whether induced endogenously or applied exoge-
nously, acts as a signal that stimulates specific plant defence responses, including the expression of pathogenesis-related genes, 
activation of antioxidant enzymes, and resistance to pathogens [35,61]. The results of this study demonstrated that spraying with 
either SA or MeJA significantly enhanced the antioxidant machinery and total phenolic content in the leaves of cvs. Diamont, Kara and 
Karros after infection with Ecc1, compared to stressed samples and control. These findings aligned with a previous study of Creelman 
et al. [62]. 

Over time, SA exhibited the most notable enhancement of antioxidant response and improved resistance compared to MeJA. 
Consequently, the foliar spray of SA induced the most significant increase in PAL, PPO and POX activity, as well as phenolic pro-
duction, followed by the MeJA treatments in all cultivars. Consistent with previous reports, SA application in potato tubers increased 
resistance to bacterial soft rot infection initiated by Ecc [27]. The effect of SA was not directly on the growth of the pathogen, but rather 

Fig. 6. Effect of Ecc infection on PAL relative gene expression of cvs; a) Diamont, b) Kara and c) Karros at different time intervals of inoculation (0, 
2, 6 and 24 hpi). Data are mean of triplicates ±SD and dissimilar letters designate statistically significant variations at p ≤ 0.05. 

S.E. Sobhy et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e30929

12

an induction of plant defence responses [63,64], consequently enhancing stress tolerance by reducing oxidative stress. Similarly, it has 
been observed that the severity of bacterial soft rot was completely reduced with the application of SA at a concentration of 0.9 mM 
before or after inoculation with the pathogen [65]. Additionally, spraying SA significantly decreased the severity of bacterial leaf spot 
in tomato plants infected with a virulent Xanthomonas vesicatoria strain by activating the activities of POX, CAT and PPO [29]. 

It has been established that jasmonic acid can induce acquired resistance by eliciting pathogenesis-related proteins in infected 
plants, including proteinase inhibitors and peroxidases [66]. Protein inhibitors can impact bacterial nutrition and trigger plant 
resistance [67]. MeJA exposure has commonly been used to induce herbivore resistance in various plant species and has been shown to 
enhance the accumulation of pathogenesis-related proteins and defences, thus reducing the incidence of many crop diseases [30,68]. 

The sensitivity of cultivars was observed by measuring PAL activity after treatment with SA or MeJA. In the Diamont cultivar, PAL 
activity showed a gradual increase at 2 and 6 hpi for MeJA and SA, respectively. However, PAL activity gradually decreased over time, 
indicating a short-term response. In contrast, the Kara cultivar exhibited a more sustained response, with PAL activity gradually 
increasing until 6 and 12 hpi for MeJA and SA, respectively. The Karros cultivar demonstrated the most consistent positive response 
over time, with PAL activity steadily increasing until a maximum at 12 h post-treatment for both SA and MeJA. 

In terms of PPO activity, the Diamont cultivar exhibited a gradual increase until reaching its peak at 12 hpi with SA. On the other 
hand, the Kara and Karros cultivars showed a faster response, with maximum PPO activity observed at 6 h post-treatment. The POX 
activity in response to SA and MeJA elicitation showed variation among the cultivars over different hpi. Across all cultivars, the highest 
POX activity was observed in the Karros cultivar when treated with SA at 4 hpi, indicating its crucial role in pathogen resistance. 
Additionally, the infected leaves of the cv. Karros exhibited the greatest increase in total phenolic content after application of both SA 
and MeJA. These findings provide evidence for the distinct resistance response and elicitation ability of SA [69] and MeJA [70] among 
the three potato cultivars studied. 

Fig. 7. Effect of Ecc infection on PPO relative gene expression of cvs; a) Diamont, b) Kara and c) Karros at different time intervals of inoculation (0, 
2, 6 and 24 hpi). Data are mean of triplicates ±SD and dissimilar letters designate statistically significant variations at p ≤ 0.05. 
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The current findings demonstrate an increase in the expression levels of PAL, PPO and POX genes following the application of SA 
and MeJA in the three potato cultivars under study, compared to the control and infested treatments. The up-regulation of these 
antioxidant genes can be attributed to the important role played by SA and MeJA in inducing resistance [35]. This highlights the 
potential role of SA and MeJA in stimulating the antioxidant defence system. In particular, the examination of PAL, POX, and PPO 
expression levels at time 0 revealed that they were higher in SA and MeJA treatments compared to controls or infected leaves. This 
finding indicates an induced resistance due to the application of SA and MeJA treatments. 

Consistent with the results obtained, the genetic response and resistance of potato cultivars to bacterial infection, as well as the 
elicitation ability of both SA and MeJA, varied over time. SA treatment notably enhanced the expression of PAL and PPO genes in all 
three cultivars as time progressed. In contrast, MeJA treatment resulted in the highest expression of the POX gene at 0 hpi in the cv. 
Karros, while the maximum expression in the other cultivars was observed at 24 h post-infection. These findings shed light on the 
variability in susceptibility among potato cultivars against Ecc invasion. 

5. Conclusion 

This study investigated different potato cultivars’ responses to E. carotovora and the potential benefits of SA and MeJA in enhancing 
the antioxidant defense system. The experiment focused on Diamont, Kara, and Karros cultivars at multiple time intervals after 
bacterial infection. Results showed increased total phenolic levels, as well as PAL, PPO and POX activities and gene expression over 
time following E. carotovora inoculation. SA and MeJA application amplified these responses, particularly in the Karros cultivar, which 
exhibited superior resistance. Conversely, Diamont and Kara cultivars showed lower expression levels, indicating susceptibility. The 
findings highlight E. carotovora as a virulent pathogen causing soft rot in potato tubers and underscore Karros’ robust resistance. 
Additionally, foliar exposure to SA and MeJA enhanced antioxidant responses, offering potential strategies for combating bacterial soft 
rot in potato crops. 

Fig. 8. Effect of Ecc infection on POX relative gene expression of cvs; a) Diamont, b) Kara and c) Karros at different time intervals of inoculation (0, 
2, 6 and 24 hpi). Data are mean of triplicates ±SD and dissimilar letters designate statistically significant variations at p ≤ 0.05. 
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