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ABSTRACT

Salicylic Acid (SA) plays an important role as an endogenous signal in mediating plant defense responses against
pathogens. This study investigated the effects of SA on biofilm formation by Xanthomonas oryzae pv. oryzae (Xoo) and
its ability to induce systemic resistance in rice against Bacterial Leaf Blight (BLB). Results demonstrated that treating
rice plants with 0.5 mM SA significantly suppressed the growth and biofilm formation of Xoo. Transmission Electron
Microscopy (TEM) confirmed that SA treatment caused noticeable changes in bacterial cell morphology, including
swelling and wall alterations. In greenhouse experiments, SA inhibited the pathogen by 50.45% and increased plant
height, fresh weight, and dry weight in treated rice plants. Additionally, SA application enhanced the activity of
defense-related enzymes such as Polyphenol Oxidase (PPO), Peroxidase (POD), Phenyl Ammonia Lyase
(PAL), Superoxide Dismutase (SOD), and Catalase (CAT), indicating that SA improves systemic resistance in rice
plants against BLB. These findings highlight the dual role of SA in inhibiting pathogen growth and promoting plant
growth by activating defense mechanisms. This study provides valuable insights into the application of SA as a

potential strategy for managing bacterial leaf blight and improving rice plant health under biotic stress conditions.
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INTRODUCTION

Rice is the main dietary energy source among cereals and the
staple food for over 2.7 billion people in Asia, where 90% of the
world's rice is cultivated and consumed. Pests and diseases are
the primary constraints in rice production. Bacterial Leaf Blight
(BLB) caused by Xanthomonas oryzae pv. oryzae is a severe disease
affecting rice production globally, leading to
economic losses. Xoo, like other Xanthomonas species, produces

substantial

various virulent factors, including Extracellular Polysaccharides
(EPS), lipopolysaccharides, adhesins, cell wall degrading
enzymes, type 111 effectors, and biofilm formation.

Biofilm is a selfproduced matrix of extracellular polymeric
substance, also known as slime, consisting of extracellular
biopolymers in different structural forms. Quorum Sensing (QS)
plays a vital role in reducing pathogenicity by controlling biofilm
formation in the pathogen. In plants, signaling pathways are
typically regulated by small-molecule hormones, including
salicylic acid. When plants are attacked by pathogens, they
synthesize a complex blend of hormones known as the hormone
signature. This hormone signature is crucial in coordinating
plant immune responses and determining the specific defense
mechanism triggered. Interestingly, recent developments suggest
that plant hormones may not only influence plant immune
responses but also impact the pathogen's virulence machinery.
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Salicylic Acid (SA) is a phenolic compound synthesized
throughout plants via the phenylpropanoid pathway, which
regulates resistance to bacterial, fungal, and viral pathogens. For
example, a previous study reported that SA reduces the
virulence of Agrobacterium tumefaciens by inhibiting the
virA/G two-component system. Moreover, SA has been shown
to decrease the production of various virulence factors,
including motility, biofilm formation, and the production of
extracellular signal molecules known as Autoinducers (Als), in
the human pathogen Pseudomonas aeruginosa. Several authors
have also reported the antibiofilm properties of salicylic acid by
downregulating total protease and elastase activities [1].

Salicylic acid is a crucial secondary signal in plants that activates
defense genes when plants are attacked by pathogens. Multiple
pathways regulate this signaling process. SA has been found to
play important roles in various physiological processes and helps
plants tolerate biotic and abiotic stresses. Previous studies have
shown that SA can induce systemic acquired resistance and
enhance disease resistance against viruses and fungi in pears,
Arabidopsis, and cotton. However, there is limited information
on how SA contributes to disease resistance in rice. Therefore,
this study aims to investigate the role of SA in rice plants'
defense against sss pv. oryzae (Xoo). The objectives are to
examine the inhibitory effects of SA on Xoo growth and biofilm
formation, observe changes in Xoo cell morphology using
transmission electron microscopy, analyze the impact of SA on
rice plant growth and defenserelated enzyme activities in a
greenhouse setting, and understand how SA enhances systemic
resistance in rice against Bacterial Leaf Blight (BLB). We
hypothesize that treatment with SA will significantly inhibit Xoo
biofilm formation, alter bacterial cell morphology, promote rice
plant growth, and activate defenserelated enzymes, ultimately
leading to increased resistance against BLB.

MATERIALS AND METHODS

Salicylic acid preparation

Salicylic Acid (SA) used in this study was purchased from
Sangon Company and dissolved in sterile deionized water. It was
then serially diluted to obtain a solution with a final
concentration of 0.5 mM. All the remaining chemicals and
solvents used in the study were of analytical grade obtained from

Sigma-Aldrich, USA [2].

Antibacterial activity of salicylic acid

The inhibitory activity of SA (0.5 mM) against Xoo was
evaluated by measuring optical density (OD600) using the
method of Wang et al. with some modifications. Briefly, 90 pL
of LB was added to each well of a commercially available pre-
sterilized, polystyrene, flatbottom 96-well plate. Then, 10 pL of
pathogen cultural suspension (108 CFU/mL) was added to each
well. After that, 100 pL of salicylic acid (0.5 mM) was added to
each well. The plate was incubated at 28°C for 24 h without
shaking. The negative control was detected by wells filled with
pathogens (Xoo+LB). The OD600 of each well was measured
after 24 h of incubation using a Micro Plate Photometer

(Thermo Fisher Scientific Inc., Waltham, USA).
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Inhibition of biofilm formation in Xoo

The capability of SA to inhibit the biofilm formation of Xoo was
examined using 96-well microtiter culture plates, following the
method of Nijland et al. In brief, Xoo was grown in LB medium
for 12 h (108 CFU/mL) at 28°C. After that, 5 pL of the
pathogen culture was added to 95 pL of pure LB in the 96-well
plates, and the plate was incubated at 30°C for 24 h. Afterward,
100 pL of salicylic acid (0.5 mM) was added to the wells. Only
LB medium was used in six wells selected for the negative
control. Additionally, the plate was further incubated for 1 h at
30°C. All non-attached cells were removed by discarding the
culture medium. The plate was rinsed four times in double-
distilled (ddH,O) gently and dried for 1 h. The attached biofilm
material was stained with 1% Crystal Violet solution (CV) and
incubated at room temperature for 25-30 min. The stained
solution was then solubilized by adding 150 mL of 33% acetic
acid, and its absorbance was measured at 570 nm [3].

TEM assay

In this experiment, 500 puL of Xoo (108 CFU/mL) was added to
a sterile 10 mL tube containing 3 mL of LB and 3 mL of salicylic
acid solution (0.5 mM). A tube containing 500 pL of Xoo with 6
mL LB served as the negative control. The samples were
incubated on a rotary shaker (160 rpm) at 30 °C for 4 h. Each
sample was then prepared for TEM following the procedure
described by Helander et al. Briefly, the suspensions were
centrifuged, washed, and transferred to new Eppendorf tubes
containing 2.5% glutaraldehyde. The suspension was incubated
overnight at 4°C. The samples were dehydrated using a graded
series of ethanol (50, 70, 80, 90, 95, and 100%). Finally, the
specimen was embedded in Spurr's medium at 70°C for 9 h.
After polymerization, ultra-thin sections were cut with an LKB
8800 Ultra tome, stained with 2% (w/v) lead citrate and 2%(w/
v) uranyl acetate, and analyzed using an electron microscope at
an operating voltage of 75 kV [4,5].

Effect of salicylic acid on rice resistance to Xoo

To examine the biological control of BLB of rice, the
greenhouse experiment tested the effectiveness of salicylic acid.
Rice seeds were sterilized in a 2% sodium hypochlorite solution
for 2 min and then washed five times with sterilized distilled
water. The seeds were then soaked in salicylic acid (0.5 mM) for
8 h, while the control seeds were immersed in sterilized saline.
After this treatment, the seeds were germinated in Petri dishes
and incubated in a growth chamber at a temperature of 28°C for
3 days. Once germinated, the seeds were transferred to pots
containing sterilized peaty soil and maintained under controlled
greenhouse conditions (28°C during the day, 25°C during the
night, and a relative humidity between 70 to 90%). After that, at
the maximum tillering stage (20 days), the rice leaves were
sprayed with a solution of SA (0.5 mM) and a saline solution.
Two days later, three leaves from each of the six previously
treated plants were inoculated with a suspension of Xoo strain
PX(O099, at a concentration of 108 Colony-Forming Units (CFU)
per milliliter, using the leaf-clipping method. After 15 days, the
length of the lesions and the inhibition rate of the inoculated
leaves were measured and calculated. Two control treatments
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were considered: Control one (C1), which was treated only with
the pathogen, and control two (C2), which was treated only with
the sterile saline solution. After an additional 20 days from the
second application, the effect of SA on plant growth, including
plant height, fresh weight, and dry weight, as well as the Growth
Promotion Efficacy (GPE%), was measured. The pots were
arranged in a completely randomized block design with three
replicates for each treatment and four plants per replicate [6].

Quantification of defense-related Enzymes

Total enzyme activities, Including Polyphenol Oxidase (PPO),
Peroxidase (POD), Phenyl Ammonia Lyase (PAL), Total
Superoxide Dismutase (SOD), and Catalase (CAT), were
determined Bio-Rad  SmartSpec TM 3000
spectrophotometer. Rice plant leaves were sampled for enzymatic
analysis after 30 days. Three leaf samples (0.5 g) from each
treatment were homogenized with a mortar and pestle in 5 mL
of ice-cold 50 mM phosphate buffer solution at pH 7.8. The
homogenate was then centrifuged at 12000 rpm for 20 min, and
the supernatant fraction was preserved in small tubes. All
operations were performed at 4°C.

using a

Estimation of PPO activity

PPO activity was determined using the method of. 100 pL of
extracted enzyme was incubated with 0.5 mL of 0.5 M catechol
at 24°C for 2 min, followed by the addition of 2 mL of 0.05 M
phosphate buffer (pH 7). The absorbance at 398 nm was
measured using an ultraviolet spectrophotometer. The PPO
absorbance was measured at 398 nm using the PPO unit of

enzyme (PPO=0.01A0D398).

Estimation of POD activity

POD activity was assessed using guaiacol as a substrate. The
reaction mixture contained 2 mL of guaiacol (8§ mM) in 100 mM
sodium phosphate buffer (pH 6.4), and 0.1 mL of crude extract.
The mixture was incubated at 30°C for 30 min. After adding 1
mL of H202 (24 mM), the increase in absorbance at 460 nm
was measured. The absorbance of POD was measured at 460 nm

using the U460 unit of Enzyme (U460=0.01A0D460).

Estimation of PAL activity

PAL activity was determined using the protocol published by
Assis et al. Briefly, 1 mL of 0.02 M L-phenylalanine and 2 mL of
the PAL extracting buffer were incubated with 300 pL of enzyme
extract at 24°C for 2 min. The mixture was then measured at
290 nm using an ultraviolet spectrophotometer. PAL activity was
calculated using the formula U290= 0.01AOD290, where U290

represents the enzyme units at a wavelength of 290 [7].

Estimation of SOD activity

SOD activity was determined following the method described by
GE et al. The reaction mixture consisted of 130 mM
methionine, 75 mM NBT, 20 mM riboflavin, and 100 mM
EDTA. Test tubes containing the reaction mixture were placed
under a fluorescent lamp (40 W) at a distance of 30 cm and at a
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temperature of 25°C. Riboflavin and NBT were dissolved
separately in distilled water. The spectrophotometer was turned
on and allowed to warm up for 30 min before use, and then the
absorbance was measured at 560 nm. Non-irradiated samples
were used as controls.

Estimation of CAT activity

The CAT activity was assessed using the method described by
Aebi. The assay mixture consisted of 0.1 mL of leaf enzyme
extract, 0.1 mL of HyO;, and 2.8 mL of phosphate buffer at pH
7.8, making a total volume of 3 mL. Controls were included to
detect the absence of enzyme extract. The CAT level was
determined by measuring the decrease in absorbance at 240 nm,
which indicated the disappearance of H,;O;.

Statistical analysis

The data were analyzed using SAS software (SAS Institute, Cary,
NC) with Analysis of Variance (ANOVA). To determine
significant differences among the main treatments, a General
Linear Model (GLM) procedure was applied. Individual
comparisons between mean values were conducted using The

Least Significant Differences (LSD) test (P<0.05).
RESULTS

Antibacterial activity of salicylic acid against Xoo

Salicylic Acid (SA) exhibited significant antibacterial activity
against Xoo in witro (Figure 1). The viable populations of the
pathogen treated with SA were lower than their respective
control, indicating higher growth inhibition of Xoo by SA (0.61
OD at OD600) compared to the control (1.156 OD) (Figure 1).
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Figure 1: Effect of salicylic acid (SA) 0.5 mM on in vitro growth
of X. oryzae pv. oryzae. Results are expressed as OD reductions
relative to control. Xoo (pathogen alone) represent negative
control. Values show the means of six replicates with standard
error. Different letters indicate significant differences between
treatments at (P<0.05) by using the LSD test.

Inhibitory effect on biofilm formation of Xoo

The ability of Xoo to form a biofilm was significantly reduced
when treated with SA (Figure 2). The biofilm data showed that
SA had the highest anti-biofilm activity (0.052 OD) in the
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absorbance at 570 nm, resulting in an 83.87% inhibition of
biofilm formation by Xoo compared to the control (Figure 2).
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Figure 2: Effect of Salicylic Acid (SA) 0.5 mM on biofilm
formation ability of X. oryzae. Values show the means of six
replicates with standard error. Different letters indicate
significant differences between treatments at (p<0.05) by using
the LSD test.

Disruption of cell integrity in Xoo

In transmission electron micrographs, differences in cell
morphology were visually observed between the SA-treated
group and the control group (pathogen only) (Figure 3). The
membranes of bacterial cells (Xoo) treated with 0.5 mM SA
became swollen (Figure 3b), while untreated cells had intact and
visible cell membranes (Figure 3a). Some cells of the treated Xoo
bacteria exhibited wrinkled surfaces with numerous cracks,
indicating a complete disturbance of the outer layer of cells.
Furthermore, some SA-supplemented bacterial cells showed
the formation of vacuolelike

pb)

i

Figure 3: Transmission Electron Microscopy (TEM) images of
observation X. oryzae co-incubated with salicylic acid (0.5 mM)
for 4 h. (a) Xanthomonas oryzae (pathogen alone), (b)
Xanthomonas oryzae strain PXO99 treated with salicylic acid (0.5

significant expansion and
structures (Figure 3b).
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increase in the inhibition rate of Xoo. The inhibition rate
observed in rice seedlings treated with SA was 50.45%
compared to the control (Table 1 and Figure 4). Moreover,
plants treated with SA experienced a 14.61% increase in plant
height (GPE). Furthermore, the fresh weights and dry weights
increased by 17.82% and 25% (GPE), respectively, compared to
the control (only Xoo) (Table 1 and Figure 4).

Figure 4: Image of rice plant growth and symptoms of bacterial
leaf blight disease appeared on rice plant 15 days after
inoculation. Xoo=plant treated only by Xanthomonas oryzae pv.
oryzae (pathogenic control); C=plant treated only by saline
solution (negative control); SA+Xoo=plant treated by salicylic
acid and inoculated with pathogen.

mM).

Effect of salicylic acid on Xoo and rice plant growth
under greenhouse conditions

In this greenhouse study, the impact of SA on the lesion length
of BLB and the inhibition rate of Xoo was evaluated. Rice plants
treated with SA exhibited a significant reduction in the lesion
length of BLB compared to wuntreated control plants.
Additionally, the application of SA resulted in a significant
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Activities of enzymes

The study analyzed enzyme activities including Polyphenol
Oxidase (PPO), Peroxidase (POD), Phenyl Ammonia Lyase
(PAL), Total Superoxide Dismutase (SOD), and Catalase (CAT)
using a spectrophotometer. The results showed significantly
higher activity of defenserelated enzymes against the Xoo
pathogen. These enzymes were found to be remarkably higher in
rice plant leaves treated with SA compared to the pathogen
challenged and unchallenged controls (Figure 5a-e).
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Figure 5: Effect of Salicylic acid (0.5 mM) on Polyphenol
Oxidase (PPO) (a), peroxidase (POD) (b), Phenyl Ammonia
Lyase (PAL) (c), Superoxidase Dismutase (SOD) (d), and
Catalase (CAT) (e) in leaves of rice plants. Values show the
means of six replicates with standard error. Different letters
indicate significant differences between treatments at (P< 0.05)
by using the LSD test.




El-shakh SA, et al.

DISCUSSION

The interaction between salicylic acid and host plants has been
intensively researched. SA can suppress plant pathogens and
promote plant growth. Therefore, this study investigated the
mechanisms of SA against bacterial leaf blight disease in rice
caused by Xoo.

In the present study, SA (0.5 mM) significantly inhibited Xoo
growth. The viable populations of the pathogen treated with SA
decreased compared to the control (Figure 1). This is consistent
with a previous study that reported the antimicrobial activity of
SA against different human and plant pathogens. Similarly, SA
showed substantial inhibition of bacterial growth in both liquid
and solid medium against X. oryzae, further highlighting the
antibacterial potential of SA.

SA exhibited remarkable antibiofilm activity against Xoo biofilm
formation (Figure 2). Several researchers have reported SA's
ability to inhibit the formation of pathogen biofilms. For
example, SA inhibited the production of biofilm-associated
enzymes by Pectobacterium carotovorum and Pseudomonas syringae
pv. syringae. SA inhibits the production of virulence factors by
Pseudomonas aeruginosa. Additionally, Xu et al. found that SA
inhibited bacterial swimming while promoting EPS synthesis
and upregulated various genes located both upstream (rpf gene
cluster) and downstream (pilA) in the DSF signaling pathway,

OPEN 8 ACCESS Freely available online

suggesting that signaling molecules may play a key role in
determining the state of biofilm. Furthermore, SA affected
swimming, twitching, and swarming motility in Pseudomonas
aeruginosa, resulting in decreased biofilm formation.

Transmission electron microscope images revealed morphological
changes in Xoo cells due to the application of SA (Figure 3). The
wrinkled surfaces and swollen cell structures indicated that the cell
layer of the Xoo cells was disordered, suggesting that SA altered
cell morphology (Figure 3b). These changes may be caused by
irreversible interaction of SA molecules with the cells. In contrast,
no remarkable changes in cell structure were observed in
untreated Xoo cells, indicating that no protein or DNA was
released from the cytoplasm. This study provides clear evidence of
SA's involvement in disrupting the outer membrane of Xoo. In the
present study, the application of SA in the greenhouse reduced
bacterial leaf blight in rice plants through a decrease in lesion
length and wilting. Our findings strongly indicate that SA
inhibited the growth rate of Xoo by 50.45% and increased plant
height and weight compared to the Xoo control (Table 1 and
Figure 4). These results are consistent with the findings of de
Vleesschauwer et al., who reported that SA plays an important role
in activating rice defenses against Xoo in the greenhouse. Another
study showed that SA effectively controlled sheath blight disease
caused by Rhizoctonia solani in rice plants in the greenhouse. These
results suggest that the antimicrobial activity of SA is due to high
levels of SA in the xylem, which restricts the growth and motility of
Xoo and serves as an efficient defense mechanism for rice.

Table 1: Effects of 0.5 mM salicylic acid on Xoo lesion length, inhibition rate, and rice plant growth parameters (fresh weight, dry

weight, plant height, and GPE) in the greenhouse.

Treatments Lesion length Inhibition Plant height GPE% Fresh weight GPE% Dry weight (g GPE%
(cm) rate (%) (cm) (g

SA + Xoo 9.83 +0.61 50.45 48.82+0.61° 2454 7.24+0.23* 3358 1.53£0.020 4571

Control 43.40 £+ 0.82> 10.71 612023 1292 1.28£0.10° 219

Xoo 19.92 + 0.66 39.20 £ 0.27° 5.42 +0.19° 1.05 +0.06° -

Note: Data are presented as mean value * standard error of three replicates, and each replicate contains four plants. Values with the different letters
within each column indicate significant difference according to the LSD test at p<0.05. Xoo: Xanthomonas oryzae pv. oryzae. GPE: Growth

Promotion Efficacy

Furthermore, the enhanced growth characteristics observed in
rice plants inoculated with Xoo and treated with 0.5 mM SA
may be attributed to SA's effects on transcription and/or
translation, leading to increased activity of various enzymes
necessary for plant growth. SA also promotes cell division and
cell enlargement. These findings are consistent with the work of
other scientists who observed similar effects in rice plants
inoculated with Rhizoctonia solani in the presence of SA [8].

Plant defense mechanisms are complex, involving multiple layers
of defense against various pathogens. Plants utilize preformed
physical and chemical barriers to hinder pathogen entry and
infection. The results of our study demonstrate that treatments
with SA significantly reduced bacterial leaf blight caused by Xoo
in rice plants under greenhouse conditions. This effect may be
attributed to the stimulatory properties of SA on Induced
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Systemic Resistance (ISR), as evidenced by increased activity of
defense enzymes such as PPO, PAL, POD, SOD, and CAT. PPO
is a copper-containing enzyme known to catalyze the oxidation of
phenolics to more toxic quinones. PPO-generated quinones and
Reactive Oxygen Species (ROS) can simultaneously perform a
variety of defense-related functions. Additionally, PAL plays a
crucial role in the biosynthesis of phenolics, phytoalexins, and
lignin, which are key factors responsible for disease resistance. In
the current work, it was revealed that SA treatment effectively
enhanced the activities of PAL and PPO in rice leaves compared
to the unchallenged control and pathogen control (Figure 5a
and b). These results support previous reports that SA can
inhibit various plant pathogens and diseases through the
induction of ISR in plants. Previously observed that the
application of SA increases PAL and PPO activities in melon.
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These findings suggest that these changes may play a role in
enhancing disease resistance in SA-treated leaves and protecting
plants by triggering ISR [9].

The induction of ROS scavenging enzymes, such as POD, SOD,
and CAT, is a common mechanism for detoxifying ROS
synthesis during plant-pathogen interactions. In our results, the
accumulation of POD, SOD, and CAT showed significantly
higher levels in the SA treatment compared to the pathogen-
challenged and unchallenged controls (Figure 5c-e). Previous
studies have shown that SA-mediated ISR can enhance the
induction of antioxidant enzymes like POD, SOD, and CAT,
protecting against diverse pathogens. Similar results were
observed in rice plants inoculated with Rhizoctonia solani under
the influence of SA. The activities of these antioxidant enzymes
reduced oxidative damage caused by pathogens, suggesting that
SA may have a positive role in antioxidation through the
upregulation of POD, SOD, and CAT activities. In conclusion,
the results of this study provide evidence that enhancing the
activity of these enzymes is essential for demonstrating a defense
mechanism in plants against BLB after treatment with SA.

CONCLUSION

We can conclude that SA showed remarkable inhibition of the
growth and biofilm formation of Xoo in vitro. Additionally, SA
showed promise in controlling BLB disease and enhancing the
growth of rice plants in the greenhouse. Moreover, SA induced
systemic resistance in rice plants against BLB, as evidenced by
increased activities of defense enzymes. Therefore, this data will
support our successful approach to using SA in managing
bacterial leaf blight and other phytopathogens.
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