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Abstract

Salicylic acid is a phenolic plant hormone widely studied for its role in enhancing tolerance to biotic and abiotic stresses,
yet its concurrent cytological, antibacterial, and genetic impacts across different biological systems remain insufficiently
characterized. In this study, we adopt a dual bioassay strategy (plant+bacteria) to provide an integrated assessment of
salicylic acid’s bioactivity and potential toxicity, thereby linking its role in stress physiology to both plant cell division
and bacterial growth inhibition within a single experimental framework. The study’s purpose is to evaluate the cytological,
antibacterial, and genetic effects of salicylic acid on Staphylococcus epidermidis and Allium cepa root tip meristematic
cells. By combining plant cytology with bacterial inhibition assays and molecular profiling (protein electrophoresis and
IRAP markers) in the same study, we aim to connect visible cytological alterations with underlying genetic and proteomic
variation, and to explore whether the doses that affect plant meristematic cells are also relevant for antibacterial activ-
ity. A. cepa root tip cells were treated with different concentrations of salicylic acid (1, 5, and 10 mM) to determine the
mitotic index (MI), chromosomal aberrations, antibacterial activity, protein electrophoresis, and the inter-retrotransposon-
amplified polymorphism (IRAP) markers. In A. cepa root tip cells, salicylic acid dramatically decreased MI; this decrease
was more pronounced at higher doses and for longer exposure times. The highest percentage of chromosomal aberrations,
81.25% at 10 mM after 24 h, was seen in sticky chromosomes, lagging chromosomes, star anaphase, and bridges. Accord-
ing to antibacterial testing, salicylic acid inhibited S. epidermidis; the biggest inhibitory zone (2.367 cm) was produced at
2% concentration. Genetic fingerprinting with IRAP markers yielded 126 amplicons with 59.5% polymorphism, whereas
protein analysis identified 20 peptide bands. By lowering the mitotic index and causing chromosomal aberrations in A.
cepa root tip cells, salicylic acid has an impact on cell division. By using protein and IRAP marker analysis, it shows
the considerable genetic diversity in onion root samples and exhibits antibacterial activity against S. epidermidis. Future
studies should investigate the molecular mechanisms involved and assess the long-term effects of salicylic acid exposure
to guide its use in stress management and sustainable crop production.

Keywords Salicylic acid - Allium cepa - Cytotoxicity - MI - Meristematic cells - Staphylococcus epidermidis - Protein
analysis - IRAP markers

1 Introduction

Plant hormone salicylic acid was first identified as the pri-
mary component of willow bark extract, which gave rise to
its name (Ding and Ding 2020). Salicylic acid was utilized
as an anti-inflammatory back in antiquity (Mutlu 2019).

>4 Amal Mohamed AlGarawi Salicylic acid is a phenolic group compound that is found
Aalgarawi@ksu.edu.sa widely in plants. It plays a direct role in plant growth and
! Department of Botany and Microbiology, College of Science, heat generation, and inducing flowering in buds (Arif et al.
King Saud University, Riyadh 11451, Saudi Arabia 2020). It also affects transpiration by influencing stomata
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movement and improves chlorophyll and carotene pig-
ments in photosynthesis (Desoky et al. 2021). It helps plants
become more resilient to many stresses, including drought
and salt stress, by allowing them to survive in the shadow
of these conditions (Li et al. 2022; Al-Tamimi et al. 2022;
Leotta et al. 2023; Movahedi et al. 2023). In terms of help-
ing the plant resist stresses, the roles of the hormones sali-
cylic acid salicylic acid (SA) and abscisic acid (ABA) can
occasionally be similar. They can also work together to help
the plant resistance to abiotic stresses, which it will resist
more effectively and remain healthy (Koo et al. 2020).

Crystal clear powder known as salicylic acid is used as a
preservative in food and cosmetics. It is also used in skin-
care products (Zamora Carballo 2022). Due to its ability to
exfoliate the stratum corneum, which makes it a good peel-
ing agent, salicylic acid has some properties that help treat a
variety of skin disorders (Calvisi 2021a). Because it disrupts
cellular connections rather than breaking or decomposing
keratin filaments between cells, salicylic acid is beneficial
for acne patients (Kim et al. 2018). When applied topically
to the skin, salicylic acid absorbs quickly and can be found
in the urine in about a day. Salicylic acid is used on skin
that is irritated or red. Although cutaneous absorption rarely
causes systemic toxicity, elevated concentrations could be a
serious risk (Calvisi 2021D).

Apart from its exfoliating properties, it acts as a topi-
cal antibacterial agent. Many drugs, such as aspirin,
which relieves pain and fever, are derived from salicylic
acid and its derivatives (Elshafie et al. 2023). Although
salicylic acid is safe in moderation and in permissible
dosages, an overdose of it or its derivatives can cause
symptoms that manifest in three to eight hours, depending
on the amount consumed (Farkouh et al. 2022). Twelve to
twenty-four hours after ingestion, salicylate levels above
100 mg/dL are extremely toxic and can cause cardiac
arrest (Runde and Nappe 2021).

The mitotic index, representing the proportion of cells
undergoing mitosis in a given cell population, serves as an
essential indicator of cell proliferation and overall plant
growth. Research indicates that salicylic acid ‘s impact on
the mitotic index is concentration-dependent. Low concen-
trations of salicylic acid have been observed to promote
plant growth under unfavourable conditions, whereas high
concentrations tend to inhibit growth (Pasternak et al. 2019).
For instance, in Arabidopsis thaliana, exogenous applica-
tion of salicylic acid proportionally reduced primary root
elongation and specifically induced root waving in a dose-
dependent manner (Pasternak et al. 2019). In studies involv-
ing A. cepa (onion) root meristems, salicylic acid treatment
resulted in a decrease in the mitotic index, suggesting an
inhibitory effect on cell division (Cavusoglu et al. 2022).
Similarly, in barley (Hordeum vulgare) apical meristems,
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salicylic acid application led to a reduction in the mitotic
index and an increase in chromosomal abnormalities (Keya
et al. 2023). These findings highlight salicylic acid’s poten-
tial to modulate cell division, with effects varying based on
concentration and plant species.

Salicylic acid induces chromosomal abnormalities by
generating oxidative stress, disrupting spindle formation,
and interfering with chromatin condensation (Jeong et al.
2023). It causes sticky chromosomes, C-metaphase, star-
shaped metaphase, anaphase bridges, and lagging chromo-
somes by affecting microtubule dynamics and cell cycle
checkpoints (Porubsky et al. 2022). These abnormalities
reflect genetic instability, leading to potential DNA damage
and loss of genetic material.

Despite extensive studies on salicylic acid’s physi-
ological and stress-related roles, there is a clear lack of
integrated research simultancously investigating its cyto-
genetic effects on meristematic cells, its impact on protein
expression patterns using SDS-PAGE, and its influence on
genomic stability using IRAP molecular markers. More-
over, the cross-kingdom biological effects of salicylic
acid on both plant cells and pathogenic bacteria remain
insufficiently explored.

The salicylic acid provides an adaptive response to
cytotoxicity stress when cells are exposed to pesticides, it
examined the effect of salicylic acid at a concentration of
0.01 mM for 6 and 12 h on the roots of the Vicia faba L
bean plant (Dawood et al. 2022). Salicylic acid was applied
to the growing tops of onion roots (4/lium cepa) at a con-
centration of (10—4 mol/L) for 24 h in a study carried out
in Russia to determine the impact of microbiological com-
ponents on abnormalities rates and cytotoxicity (Sabeen
et al. 2020). The impact of jasmine and salicylic acids on
cell division in the root tops of 4. cepa onion plants was
investigated by Naheed et al., (Naheed et al. 2022). The fol-
lowing concentrations (1.25, 2.5, 5, 10, 20 mM) were used
during the following times (6, 12, 24 h); and the division
rate significantly decreases, particularly when the roots are
treated in high concentrations. The salicylic acid was also
applied to the roots of the Nigella sativa L plant for six and
twelve hours to study how the plant’s adaptation to cad-
mium toxicity affected the cells. It was observed that these
low concentrations of salicylic acid protected the cells from
abiotic stress and reduced the percentage of abnormality
(El-Ghamery and Mousa 2018).

The bacterial population of the skin is naturally diverse.
One of the most common of these microorganisms is the
common Gram-positive bacterium S. epidermidis (Oliveira
et al. 2018). S. epidermidis is widely used in antimicro-
bial studies due to its clinical relevance as an opportunis-
tic pathogen, particularly in hospital-acquired infections. It
is known for its strong biofilm-forming ability on medical
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implants and increasing antibiotic resistance, making it
crucial for evaluating new antimicrobial agents (Leja et al.
2019). Additionally, it serves as a comparative model along-
side Staphylococcus aureus in infection studies (Heilmann
et al. 2019). S. epidermidis is more than just a passive resi-
dent of the skin. It can become infectious once it enters the
human host. It can lead to serious consequences and is one
of the most common causes of hospital-acquired infections
in the United States. The salicylic acid affects the bacterial
population of the skin. The composition of the microbial
communities in the skin of patients was affected by treat-
ment with 2% salicylic acid (supramolecular salicylic acid),
which also resulted in a decrease in Staphylococcus from
29% before treatment to 17% after treatment, according to
results published in Bilal et al. (Bilal et al. 2023).

Protein electrophoresis is a method that applies an elec-
tric field to a gel matrix to separate proteins according to
their size, charge, and other characteristics. In molecular
biology, the method is frequently employed for diagnostics,
genetic diversity research, and protein identification (Ala-
fari and Abd-Elgawad 2021a). It is useful in breeding pro-
grams to increase resilience and productivity since it aids
in the assessment of genetic variation, stress responses, and
developmental changes in plant research (Alafari and Abd-
Elgawad 2021b; Alotaibi and Abd-Elgawad 2023).

In molecular genetics, the inter-retrotransposon-ampli-
fied polymorphism (IRAP) markers are an essential tool
for scientists to evaluate genetic variation among various
species. They provide a comprehensive picture of genetic
variation by amplifying areas flanked by primers specific
to retrotransposons. The IRAP markers are ideal for genetic
diversity studies as they detect highly polymorphic and sta-
ble retrotransposon insertions (AlGarawi and Abd-Elgawad
2025; Kalendar et al. 2021). They require no prior sequence
data, making them cost-effective and widely applicable
(Nadeem et al. 2018). The IRAP is especially useful for
distinguishing closely related species, assessing evolution-
ary relationships, and analyzing genetic variation in plant
populations (Zanganeh and Sheidai 2022). The IRAP mark-
ers, which provide reliability and effectiveness in detecting
polymorphisms, have been successfully used in investiga-
tions of plant genetic variation (Dongare et al. 2023). Con-
servation genetics, evolutionary studies, and plant breeding
programs are becoming more significant (Kalendar et al.
2021). Particularly for big or complicated genomes, they
are economical for genetic connection research and DNA
fingerprinting (Cheraghi et al. 2018). The genetic diver-
sity of A. cepa root samples treated with salicylic acid was
evaluated in this work using IRAP markers, which showed
notable genetic variety and polymorphism.

A. cepa is among the best plants for detecting various
chemical effects and materials for microbiotics, the Allium

test allows one to predict potential damage to human DNA
by determining how a substance affects genetic material
(Pharmawati and Wrasiati 2023). It has been demonstrated
that testing onion roots is a sensitive method for regulat-
ing genotoxicity in food extracts (Alias et al. 2023). This
study provides an integrated evaluation of salicylic acid’s
biological effects at multiple levels—cytogenetic, biochem-
ical, molecular, and antimicrobial. Using 4. cepa as a model
system, we demonstrate how salicylic acid influences chro-
mosomal behavior, protein expression, and DNA stability,
and we show that salicylic acid possesses dose-dependent
antibacterial activity. These findings are relevant for under-
standing the broader biological activity of salicylic acid
and for supporting its potential applications in agricultural
biotechnology and natural antimicrobial development. The
primary objective of this study was to evaluate the effects of
different concentrations of salicylic acid on the cytogenetic
behavior, protein expression patterns, and DNA integrity in
A. cepa root meristems, along with an assessment of the anti-
microbial potential of salicylic acid against S. epidermidis.

1. Does salicylic acid reduce the mitotic index and induce
chromosomal abnormalities in 4. cepa root meriste-
matic cells?

2. Does salicylic acid alter protein expression profiles as
detected by SDS-PAGE electrophoresis?

3. Does salicylic acid induce polymorphism in IRAP
markers, indicating genomic instability?

4. Does salicylic acid exhibit dose-dependent antibacterial
activity against Staphylococcus epidermidis?

We hypothesize that exposure to different concentrations
of salicylic acid will induce measurable cytogenetic, bio-
chemical, and molecular changes in Allium cepa root meri-
stematic cells. Specifically, salicylic acid is expected to (i)
reduce the mitotic index and increase chromosomal abnor-
malities, (ii) alter protein expression profiles as detected
by SDS-PAGE electrophoresis, and (iii) induce polymor-
phism in IRAP markers, indicating changes in genomic
stability. Additionally, salicylic acid is hypothesized to
exhibit dose-dependent antibacterial activity against
Staphylococcus epidermidis.

2 Materials and Methods

2.1 Plant Material and Treatment with Salicylic Acid
Medium-sized red onion (Allium cepa) bulbs were used
for cytological analysis. To promote root development, dry

roots were carefully removed, and the bulbs were placed in
250 mL glass beakers filled with tap water and maintained at
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room temperature for 24 h until new roots reached approxi-
mately 1.5-2 cm in length.

Salicylic acid solutions were prepared at concentrations
of 1, 5, and 10 mM by dissolving salicylic acid powder in
distilled water using gentle heating and continuous stirring
to ensure complete solubility at each concentration. Each
treatment group, as well as the control group (kept in dis-
tilled water), included three replicates, with five bulbs per
replicate. Bulbs were randomly assigned to control and
treatment groups using a random number table to avoid allo-
cation bias. In this study, each replicate consisted of an inde-
pendent set of bulbs treated in separate experimental runs
on different days and was therefore considered a biological
replicate; within each replicate, measurements taken from
multiple roots per bulb were treated as technical replicates.
Cytological preparations were coded by a second person so
that the observer scoring the mitotic index and chromosomal
abnormalities was blinded to the treatment group. The bulbs
were exposed to the salicylic acid solutions for 12 and 24 h,
after which the roots were rinsed thoroughly with deionized
water to remove any residue. This integrated methodological
framework was selected and structured to directly address
the central research objective by linking each experimental
step to a defined aspect of the overarching hypothesis.

2.2 Cytological Analysis Using Light Microscopy

From each replicate, 5-7 root tips (1.5-2 cm) were collected
for microscopic analysis. The root tips were fixed in Car-
noy’s fixative solution (ethanol: acetic acid, 3:1, v/v) for 24 h.
Samples were then preserved in 70% ethanol at 4 °C until
staining. Prior to staining, root tips were rinsed with distilled
water to eliminate ethanol. They were hydrolyzed in 1 N HCIl
in a water bath at 60 °C for 15 min, then washed with distilled
water. Root tips were stained using acetocarmine stain and
incubated in the dark at room temperature for 15-20 min.

Each root tip was squashed on a glass slide, covered with
a coverslip, and gently pressed to spread the cells. Slides
were examined under a light microscope at 400x magnifica-
tion. All assessments were carried out in three independent
replicates to ensure accuracy and reproducibility.

For each treatment and time point, a minimum of 1,000
cells were scored per replicate (totalling 3,000 cells per
treatment) to determine:

Number of Cells in Mitosis
Total Number of Cells

Mitotic Index = x 100

Then calculate the abnormality rate:

Number of Abnormality Cells

100
Number of Cells in Mitosis x

Total of Abnormality Rate =
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2.3 Application of Salicylic Acid Against S.
Epidermidis

Salicylic acid solutions at concentrations of 1, 1.5, 2, and 5
mM were prepared by dissolving salicylic acid powder in
distilled water with the addition of 10% of 95% ethanol to
improve solubility. These concentrations were selected and
expressed as % (w/v) in accordance with common dermato-
logical and antimicrobial formulations of salicylic acid, and
because preliminary tests using mM-range solutions did not
produce measurable inhibition zones against S. epidermidis.

An additional solvent control containing distilled water
with 10% of 95% ethanol but no salicylic acid was included
in all antibacterial assays to account for any inhibitory effect
of ethanol alone. The solvent control showed no inhibitory
zones, confirming that ethanol had no antibacterial effect.
The bacterium S. epidermidis was cultured on Mueller-
Hinton Agar (MHA) plates and incubated at 37 °C for 24 h.
After incubation, wells were created in the agar using a ster-
ile cork borer, and 100 uL of each salicylic acid solution
was added to the wells.

Each concentration and control was tested in three inde-
pendent replicates. The plates were incubated at 37 °C for
24 h, and the zones of inhibition (in mm) around each well
were measured to assess antibacterial activity.

2.4 Protein Extraction and Analysis

We isolated soluble proteins from onion plant’s roots on
germination’s. Roots were weighed, homogenized twice
with 5 ml of 0.5 M NacCl, and centrifuged at 10,000 rpm for
10 min. The clear supernatant, including salt-soluble pro-
teins, was collected in a new Falcon tube.

Total protein concentration in each extract was deter-
mined by the Bradford assay using bovine serum albumin
as a standard, and equal amounts of protein (per lane) were
loaded onto the gels to allow comparison of band pat-
terns and intensities. Protein profiling by SDS-PAGE was
employed to detect salicylic acid—induced changes in root
protein expression that could be associated with the cytoge-
netic alterations observed in A. cepa meristematic cells and
to provide a biochemical layer complementing the cytologi-
cal and IRAP-based genetic analyses. Using a discontinu-
ous buffer system consisting of 4% stacking gel and 12%
separating gels, SDS-polyacrylamide gel electrophoresis
was used for electrophoretic separations of salt-soluble pro-
teins (Alafari and Abd-Elgawad 2021b). Tris/glycine (1 M,
pH 8.3) was used as an electrode buffer for the electropho-
resis, which was conducted at 15 °C for for around an hour
with a steady current of 10 mA/gel from the stacking gel and
15 mA/gel from the separating gel. After the electrophoretic
assembly was removed, gels were stained for approximately
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2 h with 0.05% Coomassie Brilliant Blue R250. They were
then destained with a standard methanol-acetic acid solu-
tion until clear band patterns were obtained, and gels were
photographed for subsequent analysis.

2.5 Extraction and Purification of Genomic
Deoxyribonucleic Acid (DNA)

The DNA was extracted from four samples onion root by
DNeasy Plant Mini Kit (Qiagen Santa Clarita, CA), this was
performed following the manufacturer’s instruction. The
DNA quality and quantity were detected using both NANO-
DROP 2000 (Thermo Scientific, USA) and a 1% agarose gel
(ethidium bromide staining).

2.6 The Inter-Retrotransposon Amplified
Polymorphism (IRAP) Analysis

a) The Polymerase Chain Reaction for Inter-Retrotrans-
poson Amplified Polymorphism (IRAP-PCR) Reac-
tions Eleven primers IRAP were used in the detection
of polymorphism (Table 1). Genomic DNA was isolated
from A. cepa root tips using a standard CTAB proto-
col, and DNA quality and concentration were assessed
by spectrophotometry (A260/A280) and 1% agarose
gel electrophoresis before PCR. The eleven IRAP prim-
ers were synthesized by a commercial supplier and
selected based on their reported polymorphism and reli-
ability in Allium and related species. For each primer, a
no-template control (NTC) containing all PCR compo-
nents except DNA was included in every run to monitor
potential contamination and nonspecific amplification.
To assess reproducibility, a subset of samples was ampli-
fied in at least two independent PCR runs per primer, and
only clear bands that appeared consistently in replicate
runs were scored; IRAP profiles were then converted to

a binary matrix (1=presence, 0=absence) for polymor-
phism and genetic similarity analyses. The amplifica-
tion reaction was carried out in a 20 puL reaction volume
containing 10 uL Master Mix (sigma), 2.5 uL primer (10
pcmol), 2.5 pL template DNA (10 ng), and 5 uL dH20,
according to (Badr et al. 2020).

b) Thermocyling Profile Polymerase Chain Reaction
(PCR) The PCR amplification was performed in a Perkin-
Elmer/GeneAmp® PCR System 9700 (PE Applied Bio-
systems) programmed to fulfill 40 cycles after an initial
denaturation cycle for 5 min at 94 °C. Each cycle consisted
of a denaturation step at 94 °C for 45 s, an annealing step
at 47 °C for 50 s, and an elongation step at 72 °C for 1 min.
The primer extension segment was extended to 7 min at 72
°C in the final cycle.

c) Detection of the PCR Products The amplification prod-
ucts were resolved by electrophoresis in a 1.5% agarose gel
containing ethidium bromide (0.5 pg/mL) in 1X TBE buf-
fer at 95 volts. The PCR products were visualized on UV
light and photographed using a Gel Documentation System
(BIO-RAD 2000).

2.7 Data Analysis

The DNA banding patterns generated from the IRAP reaction
were analyzed by the Gel Analyzer 3 program, where bands
were scored as (1) for the presence or (0) for absence. For
each primer, the percentage of polymorphism was calculated
by dividing the number of polymorphic bands by the total
number of scored bands. Then, a binary statistic matrix was
constructed. Dice’s similarity matrix coefficients were then cal-
culated among the different genotypes, and these coefficients
were used in an unweighted pair group method with arithme-
tic mean (UPGMA) clustering to construct a phylogenetic tree

Table 1 List of IRAP primers, sequences, annealing temperatures, and banding characteristics used in the molecular analysis of 4. cepa root DNA

Primer Name Primer sequence Annealing temperatures TB MB PB % P F
(5°—3)

IRAP-01 TTAGACCCGGAACCGCCGTG 47°C 13 2 11 85 0.58
IRAP-02 ATCCTTCGCGTAGATCAAGCGCCA 48 °C 9 5 4 44 0.78
IRAP-03 GAAGTACCGATTTACTTCCGTGTA 46 °C 13 1 12 92 0.46
IRAP-04 ATGTGACAGTCGACTAACCAC 49 °C 10 6 4 40 0.75
IRAP-05 TGGCGCTTGATCTACGCGAAGGA 45°C 12 6 6 50 0.71
IRAP-06 AACTTGATCCAGATCATCTCC 47°C 10 5 5 50 0.75
IRAP-07 CCATGGCGAGCAGATGTGCT 47°C 14 4 10 71 0.64
IRAP-08 ATGCCGTATTCTCAGCATCC 48 °C 12 4 8 67 0.71
IRAP-09 CAGGCAAGAATGAGCGTCTC 46 °C 9 6 3 33 0.86
IRAP-10 ATGGTTGTCGAAACTCCAGC 47°C 15 6 9 60 0.68
IRAP-11 CTTGCTGGAAAGTGTGTGAGAGG 47°C 9 6 3 33 0.78
Total 126 51 75 - -

Average 11.5 4.7 6.8 56.8 0.70

TB, Total bands; MB, monomorphic bands; PB, polymorphic bands; %P, percentage polymorphism; F, band frequency
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(dendrogram) in PAST software Version 1.91, according to the
Euclidean similarity index (Hammer and Harper 2024). The
PIC value for each primer was calculated according to sit http
s://irscope.shinyapps.io/iMEC/ (Amiryousefi et al. 2018).
Statistical analyses were performed using Python (ver-
sion 3.12.4). Data are presented as mean=+standard error of
the mean (SE). Differences between groups were evaluated
using one-way analysis of variance (ANOVA), followed by
Tukey’s multiple comparison post hoc test to assess pairwise
differences. Groups that do not share a common letter are
considered significantly different at p<0.05, whereas groups
sharing at least one letter are not significantly different. The
significance threshold was set at a=0.05 for all tests.

3 Results

3.1 Cytological Effects of Salicylic Acid on A. cepa
Root Meristem Cells

The cytological analysis of A. cepa root tip meristematic
cells treated with salicylic acid revealed concentration- and
time-dependent changes in mitotic activity and chromo-
somal integrity. Tables 2 and 3 summarize the mitotic index
(MI) and chromosomal abnormality rates at 12 and 24 h.

A significant reduction in the MI was observed with
increasing salicylic acid concentrations. Although treat-
ment duration had a limited effect, a notable decrease in MI
occurred, particularly at higher concentrations. For instance,
at 1 mM salicylic acid, the MI dropped from 12% at 12 h to
8.66% at 24 h, indicating a delayed but significant inhibitory
effect on cell division (Table 2).

Chromosomal abnormalities increased proportionally
with both salicylic acid concentration and exposure time.
The highest abnormality rate (81.25%) was recorded at
10 mM salicylic acid after 24 h, while the lowest (50%)
occurred at 1 mM salicylic acid after 12 h (Table 3).

Microscopic examination revealed various chromosomal
abnormalities (Figs. 1a—m). Common aberrations included
sticky chromosomes observed in multiple mitotic stages.
Prophase showed hollow nuclei, despiralization, and chro-
matin budding. Metaphase exhibited C-metaphase figures
and star-shaped chromosomes. Anaphase displayed lagging
chromosomes, star-shaped figures, and chromatin bridges,
suggesting genetic instability and possible DNA fragmen-
tation. Multiple bridges were often observed, which may
lead to micronucleus formation. Telophase exhibited fewer
abnormalities.

3.2 Antibacterial Activity of Salicylic Acid

The antibacterial effect of four salicylic acid concentra-
tions (1, 1.5, 2, and 5 mM) was tested against S. epi-
dermidis. Distilled water, used as a negative control,
showed no inhibition (0%). The solvent control (distilled
water with 10% of 95% ethanol) showed no detectable
inhibition zones against S. epidermidis, confirming
that the observed antibacterial activity was attributable
solely to salicylic acid. The 2 mM salicylic acid con-
centration produced the largest average inhibition zone
(2.367 cm), while the smallest zone was observed with
1.5 mM salicylic acid (2.167 cm). The inhibition zones at
1- and 5-mM salicylic acid were 2.250 cm and 2.267 cm,
respectively (Figs. 2 and 3, and Tables 4 and 5).

Table 2 Effect of salicylic acid (SA) treatments on mitotic activity in root tip cells at 12 h and 24 h, expressed as total and dividing cells and mean

mitotic index (MI + SE)

Treatments Total cells observed Dividing cells Mean of Mitotic Index (MI)+SE

Time 12h 24 h 12h 24 h 12h 24 h
1-Control (0 mM SA) 300 300 43 39 14.33+0.11a 13.00+0.10a
2—1mM SA 300 300 36 26 12.00+0.10b 8.66+0.09b
3-5mM SA 300 300 19 18 6.33+0.09¢ 6.00£0.09¢
4-10 mM SA 300 300 17 16 5.66+0.08¢c 5.00+0.08¢

Treatments with different letters within the same column differ significantly (one-way ANOVA followed by Tukey’s post hoc test, p < 0.05)

Table 3 Effect of salicylic acid (SA) treatments on abnormality rate (mean + SE) and distribution of mitotic phases in root tip cells at 12 h and 24 h

Treatments Prophase % Metaphase % Anaphase % Telophase % Abnormality Rate (%)+SE
Time 12h 24h 12 h 24 h 12h 24 h 12h 24h 12 h 24 h

1- Control 11.62 20.51 11.62 7.69 13.95 7.69 6.97 7.69 44.18+0.12a 43.58+0.09a
(0 mM SA)

2—1mM SA 2222 30.76 16.66 11.53 5.55 11.53 5.55 11.53 50.00+0.27a 65.38+0.09b
3-5mM SA 21.05 22.22 21.05 27.77 15.78 16.66 10.52 16.66 68.42+0.09b 83.33+0.09¢
4-10 mM SA 23.52 18.75 17.64 31.25 23.52 18.75 11.76 12.5 76.47+0.12b 81.25+0.10c

Within each column, values with different letters differ significantly (one-way ANOVA followed by Tukey’s post hoc test, p < 0.05)
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Fig. 1 Mitotic chromosomal abnormalities observed in A. cepa root tip
cells after salicylic acid (SA) treatment: a Binucleolars in Interphase
at 5 mM. b Despiralization prophase at 10 mM. ¢ Nuclear bud in pro-
phase at 1 mM. d Sticky metaphase at 5 mM. e Disturbed metaphase
at | mM. f Star anaphase at | mM. g Sticky star anaphase at 10 mM.

3.3 Protein Profiling by SDS-PAGE

Protein electrophoresis of A. cepa root samples revealed
20 peptide bands ranging in molecular weight from 18 to
124 kDa (Table 6). Sixteen bands were common across treat-
ments and controls. Specific bands disappeared in response
to salicylic acid treatment: the 110 kDa band was absent at
1 and 5 mM; the 74 and 60 kDa bands at 10 mM; and the
43 kDa band under various treatments, indicating protein
expression changes linked to salicylic acid concentration.

Euclidean similarity indices calculated from protein
banding patterns showed the highest similarity (97%)
between the control, 1 mM, and 5 mM treatments, while
the lowest similarity (91%) was observed between 5 mM
and 10 mM treatments. A UPGMA dendrogram (Fig. 4)
grouped the control, 1 mM, and 5 mM salicylic acid into
one cluster, with 1 mM salicylic acid forming a sub-branch.
The 10 mM treatment formed a distinct cluster, suggesting
greater variation in protein expression at higher salicylic
acid concentrations.

3.4 The IRAP Molecular Marker Analysis

The IRAP analysis using 11 primers yielded 126 bands, of
which 75 were polymorphic, indicating 59.5% polymor-
phism (Fig. 5, and Table 6). Polymorphic bands per primer
ranged from 3 (IRAP-09, IRAP-11) to 12 (IRAP-03), with
total band numbers ranging from 9 to 15. An average of 6.8
polymorphic bands per primer was recorded.

Genetic similarity based on IRAP polymorphism revealed
the highest similarity (82%) between the | mM, 5 mM, and
10 mM treatments. The lowest similarity (68%) occurred

h Multiple bridge in anaphase 5 mM. i Multipolar with single bridge
in anaphase 10 mM. j Unoriented chromosome and bridge in anaphase
5 mM. k Multipolar and unoriented chromosome with bridge at ana-
phase 10 mM. 1 Sticky and bridge in anaphase with lagging chromo-
some 10 mM. m Sticky telophase at 5 mM salicylic acid

between the control and 1 mM salicylic acid. A UPGMA
dendrogram (Fig. 6, and Table 7) grouped the control, 1
mM, and 10 mM into one cluster, while 5 mM salicylic acid
formed a separate sub-branch, reflecting distinct molecular
responses at different concentrations.

4 Discussion

This study evaluated the cytogenetic, protein expression,
and molecular marker responses of A. cepa root meriste-
matic cells to various concentrations of salicylic acid, and
separately assessed the antibacterial activity of salicylic acid
itself. The results revealed a clear concentration-dependent
cytotoxic and genotoxic effect of salicylic acid, with sig-
nificant suppression of mitotic activity, increased chromo-
somal abnormalities, and alterations in protein and genomic
profiles.

The Allium test remains a robust plant bioassay for eval-
uating chromosomal aberrations and chemically induced
genotoxicity (Bonciu et al. 2018). The findings demonstrate
that salicylic acid significantly reduced the mitotic index
(MI), particularly at higher concentrations (5 and 10 mM).
Although treatment duration (12 vs. 24 h) alone did not
drastically affect MI, a notable reduction was observed at
10 mM salicylic acid over 24 h (MI dropped from 12% to
8.66%). These results are consistent with previous reports
indicating that salicylic acid inhibits cell division by inter-
fering with mitotic spindle formation and cell cycle progres-
sion (Kamal et al. 2021; Pellestor et al. 2022).

Salicylic acid also induced diverse chromosomal abnor-
malities in a dose-dependent manner. Sticky chromosomes
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Fig. 2 Effect of salicylic acid (SA) concentration on inhibition zone diameter (mean+ SE). Values with different letters differ significantly within

the column (one-way ANOVA followed by Tukey’s post hoc test, p<0.05)

Fig.3 Effect of salicylic acid on S. epidermidis growth on nutrient agar
plates. A Control (distilled water) and B salicylic acid treatments

Table 4 Effect of salicylic acid (SA) concentration on inhibition zone
diameter (mean + SE)

Salicylic acid concentrations Inhibition Zone+SE
0.0 (control) 0.000+0.00a
1 mM SA 2.250+0.25b
1.5 mM SA 2.167+0.21b
2 mM SA 2.367+0.32b
5 mM SA 2.267+0.27b

Values with different letters differ significantly within the column
(one-way ANOVA followed by Tukey’s post hoc test, p < 0.05)

@ Springer

Table 5 Effect of salicylic acid (SA) concentration on inhibition zone
diameter (cm) in replicate plates (mean + SE)

Salicylic acid  Plates Mean Inhibi-
concentrations | 2 3 4 tion Zone
(cm)+SE
0.0 (control) - - - 0.0 cm 0.000+0.00a
1 mM SA 23cm 195cm 25cm - 2.250+0.16b
1.5 mM SA 225cm 2cm 225cm - 2.167+0.08b
2 mM SA 24cm 24cm 23cm - 2.367+0.03b
5 mM SA 2.65cm 1.85cm 23cm - 2.267+0.23b

Values with different letters differ significantly within the column
(one-way ANOVA followed by Tukey’s post hoc test, p < 0.05)

were prevalent at all mitotic stages, while specific aber-
rations such as lagging chromosomes, chromatin bridges,
C-metaphase, star metaphase, and micronuclei were most
pronounced during anaphase and metaphase. These anoma-
lies reflect mitotic spindle disturbances, chromatin frag-
mentation, and genetic instability (Dawood and Latef 2023;
Jangra et al. 2022; Pharmawati and Wrasiati 2023). Nota-
bly, bridges and lagging chromosomes often co-occurred,
suggesting a risk of DNA breakage and micronucleus for-
mation, which could lead to chromosomal loss or rearrange-
ments (Krupina et al. 2021; Pellestor et al. 2022).
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Table 6 Electrophoretic protein banding patterns in 4. cepa roots
exposed to different concentrations of salicylic acid

Band MW  1- control 2-1 3-5 4-10 Band
(kDa) mM mM mM fre-
quency
124 1 1 1 1 1.0
116 1 1 1 1 1.0
110 1 0 1 0 0.5
102 1 1 1 1 1.0
86 1 1 1 1 1.0
82 1 1 1 1 1.0
78 1 1 1 1 1.0
74 1 1 1 0 0.8
60 1 1 1 0 0.8
54 1 1 1 1 1.0
51 1 1 1 1 1.0
47 1 1 1 1 1.0
44 1 1 1 1 1.0
43 1 0 0 0 0.3
38 1 1 1 1 1.0
35 1 1 1 1 1.0
30 1 1 1 1 1.0
26 1 1 1 1 1.0
21 1 1 1 1 1.0
18 1 1 1 1 1.0

Interestingly, a minor level of chromosomal abnormali-
ties was observed in the control group, likely due to prior
exposure of market-sourced onions to agrochemicals or
environmental contaminants. Nonetheless, the marked
increase in aberrations following salicylic acid treatment
confirms its genotoxic potential (Kamal et al. 2021).

Salicylic acid is widely recognized as a central hormone
involved in plant defence and developmental regulation
(Chen et al. 2021; Zhang YueLin and Li Xin 2019). At the
cellular level, it modulates root architecture by suppressing
cell division in the root apical meristem (RAM) through
downregulation of CYCLIN B1;1 and enlargement of meri-
stematic cells, as observed in Arabidopsis and rice mutants
(Bagautdinova et al. 2022; Zhou et al. 2021). The findings

Fig.4 Dendrogram showing

Lo Similarity

the genetic similarity of A. cepa ;
. . . (=] = f=] = f=J = =)
roots under salicylic acid treat- o o o o o o o
TN 8 Ty e 7

-5670

of reduced MI and aberrant mitotic structures align with this
mode of action and suggest that high salicylic acid concen-
trations may disrupt cell cycle regulation and reactive oxy-
gen species (ROS) homeostasis in root cells.

The antibacterial assay revealed that while all salicylic
acid concentrations inhibited the growth of S. epidermidis,
the size of the inhibition zones did not increase linearly with
concentration. The 2- and 5-mM treatments produced the
largest zones (~2.36 cm), while 1 and 1.5 mM had slightly
smaller, yet comparable effects. These results indicate that
salicylic acid has dose-dependent inhibitory activity against
S. epidermidis under the tested conditions. The antibacterial
activity of salicylic acid against S. epidermidis in the present
study was assessed only by the agar well diffusion (zone of
inhibition) method, and no broth-based MIC or MBC assays
were performed, which limits the quantitative interpretation
of its antimicrobial potency; future studies should therefore
include standardized MIC/MBC determinations to corrobo-
rate and extend these preliminary findings. These findings
agree with previous studies indicating that salicylic acid
exhibits antimicrobial activity at moderate concentrations
but may plateau or decline at higher levels due to potential
saturation effects or acid-induced stress on bacterial mem-
branes (Parvekar et al. 2020). The 1.5 mM salicylic acid
concentration, though slightly less effective than 2 mM, still
demonstrated substantial activity and may represent a safer
alternative for applications requiring lower toxicity.

Protein electrophoresis revealed both monomorphic and
polymorphic bands, reflecting salicylic acid-induced changes
in protein expression. The 10 mM treatment resulted in the
disappearance of several protein bands, including those at
43, 60, 74, and 110 kDa, indicating repression of specific
proteins at higher concentrations. The UPGMA dendrogram
grouped control, | mM, and 5 mM treatments closely, while
10 mM formed a distinct branch, suggesting that salicylic
acid at high doses alters the proteomic profile of 4. cepa
roots significantly. This agrees with prior work showing that
salicylic acid can modulate stress-responsive proteins and

KD M 1

-660

ments using UPGMA analysis. 1;
control; 2; 1 mM, 3; 5 mM, 4; 10
mM salicylic acid
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Fig.5 IRAP profiling of A. cepa roots treated with salicylic acid. 1; control; 2; 1 mM, 3; 5 mM, 4; 10 mM salicylic acid

Similarity

g 53 g g g8 B g

Fig.6 Dendrogram showing genetic relationships among 4. cepa roots
under salicylic acid stress based on IRAP markers. 1; control; 2; 1 mM,
3; 5 mM, 4; 10 mM salicylic acid

Table 7 Unweighted pair group method with arithmetic mean
(UPGMA) dendrogram illustrating the genetic relationships among
A. cepa root samples treated with different concentrations of salicylic
acid based on IRAP marker analysis

1— control 2— 1 mM 3-5mM 4-10 mM
1- control 100
2- 1 mM 68 100
3-5mM 74 80 100
4- 10 mM 69 82 82 100

gene expression involved in growth, defence, and metabo-
lism (Alafari and Abd-Elgawad 2021b; Alotaibi and Abd-
Elgawad 2023; Boorboori and Li 2024; Fu et al. 2024).

@ Springer

Inter-Retrotransposon Amplified Polymorphism (IRAP)
marker analysis further confirmed salicylic acid-induced
genetic variability. Out of 126 bands, 59.5% were poly-
morphic, with the highest number of polymorphic ampli-
cons detected using IRAP-03. The high polymorphism rate
demonstrates the sensitivity of IRAP markers in detecting
genomic changes due to chemical stress, consistent with
findings in other plant species (Bidyananda et al. 2024;
Kalendar et al. 2021). Notably, the lowest genetic similar-
ity (68%) was found between control and 1 mM salicylic
acid, while the highest (82%) was shared among 1-, 5-, and
10-mM treatments. The clustering pattern differed from that
observed in protein profiling, which grouped 1, 2, and 3
together, while IRAP clustered 1, 2, and 4. This discrepancy
highlights the complementary nature of protein-based and
DNA-based markers: the former reflects gene expression
and environmental influence, while the latter captures stable
genomic changes.

The study revealed that higher concentrations of salicylic
acid caused mitotic inhibition and chromosomal abnor-
malities, altered protein expression profiles, and induced
DNA polymorphism as detected by molecular markers on
A. cepa roots. Additionally, salicylic acid exhibited moder-
ate antibacterial activity against S. epidermidis, suggesting
its potential utility in microbial management. Future stud-
ies should explore the underlying molecular mechanisms
in greater detail and evaluate the long-term implications of
salicylic acid exposure on plant development, reproduction,
and agricultural sustainability.
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5 Conclusions

This study demonstrates the cytotoxic and genotoxic effects
of salicylic acid (SA) on A. cepa root meristematic cells,
particularly at higher concentrations and longer exposure
durations. The reduction in mitotic index and the increase
in chromosomal abnormalities—including sticky chromo-
somes, lagging chromosomes, and anaphase bridges—reflect
SA’s disruptive impact on cell division, likely through inter-
ference with spindle apparatus formation and chromosomal
segregation. In addition to cytological effects, salicylic acid
exhibited antimicrobial activity, though the inhibition zones
did not increase linearly with concentration, suggesting that
lower doses may still exert effective biological activity while
minimizing phytotoxic effects. This highlights SA’s poten-
tial as a selective and environmentally safe antimicrobial
agent. Molecular assessments provided further insights into
the genomic and proteomic responses of onion plants under
SA stress. Protein profiling showed concentration-dependent
changes in expression patterns, while IRAP marker analysis
revealed significant genetic polymorphism among treated
samples. Interestingly, the differential clustering observed in
protein and DNA marker data emphasizes the importance of
integrating multi-level molecular analyses to fully understand
stress responses. The findings demonstrate that salicylic acid
induces concentration-dependent changes in mitotic activity
and chromosomal stability in 4. cepa, affects protein expres-
sion profiles, and generates detectable DNA alterations as
revealed by molecular markers. Additionally, salicylic acid
exhibited measurable antibacterial activity, supporting its
potential use as a natural antimicrobial agent. These results
contribute to our understanding of salicylic acid’s biological
effects at both cellular and molecular levels. Future scope:
Future research should investigate the molecular and epi-
genetic mechanisms of salicylic acid-induced genotoxicity,
assess gene expression changes, explore effects across dif-
ferent plant species and stages, and evaluate the long-term
and reversible impacts. These insights will guide safe and
effective use of salicylic acid in plant biotechnology and sus-
tainable agriculture.
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