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Abstract

Mesembryanthemum forskahlii (Aizoaceae) is a medicinally important and ecologically adaptable species whose genetic and
phytochemical diversity remains underexplored. In this study, two natural populations from Aljouf and Qassim (Saudi Arabia) were
analyzed to assess genetic variation, genome size, phytochemical composition, and antimicrobial activity. Using 16 ISSR primers, 303
loci were scored, with 99.01% polymorphism, indicating high allelic richness; AMOVA revealed that 78% of genetic variation resided
within populations, while Gst (0.1369) and Nm (3.15) indicated moderate differentiation and substantial gene flow. UPGMA and PCoA
clustering confirmed partial overlap between populations, reflecting ongoing genetic exchange. Genome size estimation showed small
but consistent differences (Aljouf: 0.845 pg; Qassim: 1.059 pg), both within the Aizoaceae range. GC-MS profiling revealed regional
variation in secondary metabolites, with Aljouf extracts enriched in n-Hexadecanoic acid 9 14.96%) and Qassim extracts dominated by
Lupeol (33.33%). Antibacterial assays demonstrated strong inhibition against Escherichia coli (70.28%) and Staphylococcus aureus
(55.66%), with higher activity in Aljouf extracts, while antifungal effects were most pronounced against Alternaria alternata (95%),
followed by Aspergillus terreus (71%) and Candida tropicalis (65%). These findings provide the first integrative evidence of high
genetic diversity, conserved genome size, population-specific phytochemical variation, and potent antimicrobial activity in M. forskalii,
highlighting its adaptive capacity, medicinal potential, and conservation value.
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Introduction

Halophyte plants have become a subject of increasing
interest due to their high nutritional value, making them
promising crops for food security (Sun ef al., 2025). In
Saudi Arabia, these plants are of considerable importance
to local communities for both their medicinal and
nutritional benefits. Among them, Mesembryanthemum
forskahlii Hochst. ex Boiss. (syn. Opophytum forskahlii
Hochst. ex Boiss.), commonly known as Forskal fig-
marigold and locally referred to as "Sambh," is a robust,
drought-tolerant wild plant that thrives in the deserts of
the Middle East and North Africa (Awabdeh et al., 2022).
Belonging to the genus Mesembryanthemum, a group of
flowering plants also called ice plants, the species is part
of the family Aizoaceae, which is widely distributed in
South Africa, the Mediterranean region, South Australia,
California, and the Atlantic Islands (Arena et al., 2020).
In Saudi Arabia, M. forskalii is particularly abundant in
the northern regions, such as Aljouf, where it is protected
under the King Salman Natural Reserve (KSRNR)
(Foudah et al., 2022). Its success in arid environments is
largely due to its evolutionary adaptations, which allow it
to grow in tropical, subtropical, and desert ecosystems
(Abd El-Raouf, 2021).
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M. forskalii seeds (samh) served as an important
traditional food source for Bedouins, often mixed with
dates or used to make bread, especially in times when
wheat or other cereals were scarce (Al-Otaibi & Al-
Motwaa, 2025; Alderaywsh et al, 2019). Nutritional
studies confirm the seeds’ value, reporting high levels of
proteins, carbohydrates, and fats (Abdel-Hamid et al.,
2021). Amino acid profiling revealed the presence of seven
essential amino acids at levels higher than those found in
wheat and barley (Al-Jassir ef al., 1995). The seeds also
contain  important minerals, including calcium,
magnesium, potassium, iron, and zinc (Abdel-Hamid et al.,
2021). Comparisons with lentils, corn, wheat, and rice
further emphasize their nutritional potential (Mohammed
et al., 2023). Collectively, these attributes underscore the
significance of M. forskalii as both a subsistence and
nutritionally rich food plant. Beyond nutrition, the plant
contains medicinal compounds like beta-sitosterol, which
can lower cholesterol levels (Al Faris et al, 2011).
Furthermore, seed extracts of M. forskalii are reported to
treat fungal infections, particularly scalp-related ailments
(Bilel et al., 2020). Samh seed consumption has also been
linked to reduced triglyceride and glucose levels (AL-
Qahiz, 2009). Its phytochemical composition provides a
strong antioxidant profile, attributed to beta-sitosterol and
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3-methoxy-(3-beta,5-alpha) cholesterin-6-one, which play
critical roles in scavenging free radicals and reducing
oxidative stress (Bilel et al., 2020; Abdel-Farid et al., 2016;
Arivarasu, 2023). Additionally, M. forskalii seed oil
extracts exhibit notable antibacterial activity. Studies
report significant inhibitory effects against several
pathogenic bacteria, including Escherichia coli, Klebsiella
pneumoniae, Staphylococcus aureus, and Pseudomonas
aeruginosa, using the disk diffusion assay (El-Amier et al.,
2021). Similarly, antifungal effects have been observed
against Aspergillus flavus, Aspergillus carneus, and
Penicillium chrysogenum (Bilel et al., 2020).

Morphologically, M. forskalii is characterized by a
short, erect stem that branches from the base and produces
small, dark brown seeds (Awabdeh et al., 2022). The seeds
are campylotropous, appearing distorted externally but
containing a coiled embryo internally (Al-Jassir et al.,
1995). They are enclosed in hygroscopic capsules that open
upon contact with moisture, facilitating seed dispersal. The
flowers are hermaphroditic and insect-pollinated (Mallon,
2012). These features highlight the plant’s adaptability to
arid landscapes and its evolutionary fitness.

In addition to its nutritional and medicinal properties,
Mesembryanthemum forskalii represents a valuable
genetic resource for arid and semi-arid regions. Despite
its  ecological, ecthnobotanical, and medicinal
significance, limited scientific knowledge exists
regarding its genetic diversity, phytochemical variability,
and bioactive potential, particularly in relation to how
environmental variation across Saudi Arabia shapes its
genetic structure and functional biochemical traits. Plant
populations often exhibit region-specific adaptations,
which can lead to variation in secondary metabolites and
antimicrobial activities (Labarrere et al., 2019; Ogwu et
al., 2025). Assessing the genetic diversity of wild
populations is also critical for conservation planning,
especially in light of increasing anthropogenic pressures
and climate change, which threaten the genetic integrity
of desert plants (Salgotra & Chauhan, 2023). Among the
molecular approaches available, inter-simple sequence
repeat (ISSR) markers are particularly advantageous due
to their ability to generate a high level of polymorphism,
cost-effectiveness, reproducibility, and the fact that they
do not require prior sequence information (Vijayan, 2005;
Mint Abdelaziz et al., 2020). These features make ISSRs
highly suitable for assessing genetic diversity in non-
model and underutilized plant species such as M.
forskalii. This gap limits our understanding of how
regional conditions influence its adaptive potential and
antimicrobial value, underscoring the need for a unified
molecular and phytochemical assessment. Therefore, this
study was designed to provide an integrated evaluation of
M. forskalii populations from two ecologically distinct
regions, Qassim and Aljouf. Specifically, the research
aimed to (i) assess genetic diversity using ISSR markers,
(ii) characterize and compare the phytochemical profiles
of plant extracts, and (iii) evaluate their antibacterial and
antifungal activities against selected pathogens. By
linking genetic variability with biochemical and
antimicrobial properties, this study highlights the
adaptive and functional diversity of M. forskalii and
offers insights to support its conservation and potential
application as a source of nutraceuticals and natural
antimicrobial agents.
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Materials and Methods

Sample collection: Fresh young leaves and seeds of
Mesembryanthemum forskahlii Hochst. ex Boiss were
collected from two regions in Saudi Arabia, Aljouf district
(29.8874° N, 39.3206° E ) and Al-Rummah Valley in the
Qassim district (25.658213° N, 42.658188° E) (Fig. 1).
Plant materials from both populations collected in April
2024 were used for DNA extraction, genome size
estimation, and phytochemical analysis. Sampling was
carried out at about 10 locations per region, with 3-5
individuals sampled from each site. In total, 69 plant
samples were obtained.

Soil analysis: Soil samples were collected from both the
Aljouf and Qassim regions at a depth of 0-30 cm. The
samples were air-dried and passed through a 2-mm sieve.
Soil texture was determined using the hydrometer method.
A 1:5 soil-water extract was prepared by mixing 100 g of
air-dried soil with 500 mL of distilled water, after which
the pH and electrical conductivity (EC, mS/cm) were
measured using a pH and conductivity meter (Al-
Mungedhi ez al., 2022).

DNA extraction: Genomic DNA was extracted using a
modified Cetyltrimethylammonium bromide (CTAB )
protocol Khan et al., (2007). Briefly, 0.2 g of leaf tissue
was ground to a fine powder in liquid nitrogen and
homogenized in 700 pL of pre-warmed CTAB extraction
buffer. The mixture was incubated at 65°C for 30 minutes
and then purified with chloroform: isoamyl alcohol (24:1).
DNA was precipitated using chilled isopropanol, collected
by centrifugation, and rinsed with 70% ethanol. The
purified DNA was then dissolved in TE buffer, quantified
with a Nanodrop 8000 spectrophotometer, and preserved
for later PCR applications (Alansi et al., 2016).

ISSR amplification: A total of 20 primers were initially
screened, of which 16 ISSR primers (Table 1) generated
clear and polymorphic banding patterns across and within
populations. ISSR-polymerase chain reaction (PCR )
amplification was carried out following the protocol of
Zietkiewicz et al., (1994) using a Thermal Cycler (Applied
Biosystem, Singapore). The PCR program consisted of an
initial denaturation at 94°C for 5 min, followed by 35 cycles
of denaturation at 94°C for 1 min, annealing at primer-
specific temperatures for 1 min, and extension at 72°C for
1.30 min. A final extension was performed at 72°C for 5
min. Amplification products (10 pL) were separated on
1.7% agarose gels containing ethidium bromide, alongside a
100 bp DNA ladder (7 pL) as a size marker. Electrophoresis
was conducted at 80 V for 180 min in 1X TBE buffer, and
the resulting bands were visualized under UV light using a
Bio-Rad ChemiDoc MP Imaging System.

Data analysis: For genetic data analysis, the bands produced
by ISSR-PCR were scored as (0) and (1). The missing data
(faint and unclear bands) were excluded from the analysis.
The binary matrix was used to calculate various parameters
such as polymorphic information content (PIC), effective
multiple ratios (EMR), polymorphic loci (PL), Marker index
(M), and resolving power (RP). The POPGEN 32 software
was used to measure the following parameters: observed
number of alleles (na), effective number of alleles (ne), Nei's
gene diversity (h), number of polymorphic loci (PL),
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percentage of polymorphic loci (PPL), and Shannon's
information index. To analyze the genetic diversity in
subdivided populations, we determined the total genetic
diversity (Hy), intrapopulation genetic diversity (Hs), and
genetic differentiation coefficient (Gy). The amount of gene
flow (Nm) between populations was calculated using
population differentiation [(Nm = 0.5 (1-Gg)/Gs], according
to McDermott & McDonald, 1993. A dendrogram was
constructed based on the genetic distance, UPGMA
(unweighted pair-group method with arithmetic averages).
Analysis of molecular variance (AMOVA) was performed
on two levels: within populations, among populations, and
also on three levels: within populations, among populations,
and among regions, using the GenAlex cross-platform
package version 6.1 based on 999 permutations (Alansi et
al., 2016). Cluster analysis was performed by PAST 5.

Estimation of genome size in plant samples from both
regions

Nuclei extraction: Young leaves derived from seeds
cultured on B5 medium were used for nuclei isolation, with
the internal standard Stupické (2C = 1.96 pg) applied to
estimate the 2C DNA content of M. forskalii using MBO1
buffer (pH 7.4), which consisted of 2.5 mM Na.EDTA, 20

2C DNA content of sample =

The haploid genome size (in base pairs) was derived
using the conversion 1 pg DNA =978 Mbp. The histograms
were further analyzed to distinguish cell cycle phases:
G0/Gl1 (2C), S-phase, and G2/M (4C). The mean
fluorescence intensity of the G0/G1 peak was used for 2C
DNA content calculations in M. forskalii. To ensure
precision, the genome size was determined as the average of
two technical replicates and three biological replicates,
allowing for the calculation of standard error. The haploid
genome size (in Mbp) was calculated using the conversion
factor 1 pg DNA = 978 Mbp. The fluorescence histograms
were deconvoluted into cell cycle phases (G0/G1, S, and
G2/M), with the 2C DNA content of M. forskalii determined
based on the mean fluorescence intensity of the G0/G1 peak.

Identification of phytochemical constituents

Preparation of plant extract: Two grams of the aerial
parts of M. forskalii from both populations were collected,
air-dried in the shade at room temperature for 21 days, and
then ground into a fine powder. The powdered material was
extracted with 20 mL of methanol and filtered through
Whatman No. 1 filter paper, after which the filtrate was
concentrated using a rotary evaporator and further dried in
a desiccator. The resulting dry extract was weighed, stored
in sterile bottles, and kept under refrigeration until further
use (El-Amier et al., 2021).

Gas chromatography mass spectrometry (GC-MS)
analysis: 1.5 pL was injected via an autosampler injection
system of GC-MS 7890B GC system from Agilent
Technologies (Santa Clara, CA, USA). The products were
identified using the database-integrated software (NIST
MS). The identification of the sample components was
achieved using Gas Chromatography coupled with a mass

mM MOPS, 0.2% (v/v) Triton X-100, 80 mM KCI, 0.7 mM
spermine tetrahydrochloride, and 20 mM NaCl,
supplemented with freshly prepared antioxidants 1% PVP
and 0.5% B-mercaptoethanol to improve nuclei quality (Al-
Qurainy et al., 2022). All extraction steps were performed
on ice (4°C), where approximately 30 mg of young leaves
were finely chopped with a sharp razor blade into 0.3-0.6
mm pieces in a petri dish containing 500 pL of ice-cold
MBO01 buffer, and the resulting suspension was gently
mixed by pipetting and passed through a 20 pum double
nylon mesh. The filtered nuclei were then stained with 50
pg/mL propidium iodide (PI, Sigma, St. Louis, MO, USA)
for 10 minutes in the dark under refrigerated conditions and
kept on ice until analysis.

Genome size estimation: A minimum of 10,000
propidium iodide (PI)-stained nuclei were analyzed using
a Beckman Coulter CytoFLEX FC500 flow cytometer at
the Central Laboratory of King Saud University. The
capillary flow rate was set to medium, and fluorescence
was detected using an FL3 filter. PI emission was measured
at 585 nm to determine the 2C DNA content of the sample
nuclei. The resulting histograms were processed digitally,
and the 2C DNA content of the sample was calculated
using the formula:

(Fluorescence mean intensity of sample) x 2C DNA content of standard
(Fluorescence mean intensity of standard)

selective detector (GC-MS). For the separation of target
compounds, a DB-5 MS capillary column from Agilent
technologies (30m length x 0.25mm internal diameter,
phase thickness 0.25um) was used with helium as the
carrier gas at a flow rate of ImL/min, inlet temperature
250°C with split mode ratio (50), and oven temperature
ranging from 50 to 250°C with a total analysis time of 61
min (The sample was held at 50°C for 1 min, then heated
at 4°C min™' to 250°C and maintained for 10 min). The
MS detector was set as follows: Acquisition scan type,
mass ranging from 40 to 500 g/mol, scan speed 1.56, 8 min
solvent delay, and 230°C MS source temperature.

Antibacterial activity of M. forskalii extract: For the
antibacterial assay, the extract of M. forskalii was dissolved
in DMSO at a concentration of 100 mg/mL. Bacterial
strains, including Staphylococcus aureus, Escherichia coli,
were obtained from the Department of Botany and
Microbiology, King Saud University. Luria broth medium
was prepared following product instructions by dissolving
25 g of Luria broth and 8 g of agar in 1 L of water,
sterilizing, and pouring it into Petri dishes under a laminar
flow hood to prevent contamination. For the assay,
bacterial cultures were inoculated in 20 mL LB and
incubated overnight at 37°C with shaking at 150 rpm. After
incubation, OD600 was recorded, and 100 puL of bacterial
suspension (10° CFU/mL) was added to fresh tubes
containing 20 mL LB supplemented with the plant extract,
followed by incubation at 37°C for 12 h. The OD600 was
re-measured, and 100 pL of each culture was plated on LB
agar. Experiments were performed in triplicate .The
antibacterial effect was then calculated using the inhibitory
formula described by Alfarraj et al., (2023).

Inhlbltory effect (%) = (CF Ucontrol— CF Utreatment)/ CF Ucontrol X 100%,



Djibouti
s ! 4
- S -

| Sudan Ethiopla -

AMINAH Z ALANAZI ETAL.,

Fig. 1. Map of Saudi Arabia, where the geographical locations of the plant collection sites are indicated (Aljouf, Qassim).

Table. 1. Polymorphism and efficiency parameters of ISSR primers used in the genetic diversity analysis of Mesembryanthemum forskahlii
Hochst. ex Boiss. Values include primer sequence, annealing temperature (Tm), total number of alleles (Na) , average number of alleles amplified
per accession, polymorphic information content (PIC), effective multiplex ratio (EMR), marker index (MI), and resolving power (RP).

Annealing Total no. of Average no. of

Polymorphic Effective

No. Primer Prlmgzg(})uence temperature alleles ( Na) Alleles amplified  information multiplex inltil:;l((lsil) };‘e’:::‘?;g)
(Tm) per accession content (PIC) ratio (EMR) p
GA GA GA GA GA
1. 842 GA GA GA YG 50 20 6.652 0.376 6.652 2.501 13.362
TGT GTG TGT GTG
2. 858 TGT GRT 46 18 5.811 0.323 5.811 1.879 11.590
3. JOHN (AG)7-YC 46 13 0.263 4 1.053 7.942
AGA GAG AGA
4. 807 GAG AGA GT 47 9 4.855 0.262 4.855 1.274 9.857
AGA GAG AGA
5. 836 GAG AGA GYA 50 16 5.695 0.221 5.695 1.260 11.228
6. 840 (GA)SYT 49 10 5.411 0.176 3.788 0.668 10.666
CAC ACA CAC ACA
7. 847 CAC ARC 50 23 6.6 0.294 6.6 1.945 13.391
ACA CACACA CAC
8. 857 ACA CYG 49 22 4.710 0.278 4.710 1.312 7.9
9.  Backy (CA)7-YC 46 21 5.753 0.312 5.753 1.797 11.507
10. CHRIC (CAYT-YG 44 17 4.565 0.273 4.565 1.247 9.130
11. Manny (CAC)4-RC 44 28 5.257 0.251 5.318 1.338 10.637
12. MAO (CTC)4-RC 46 26 8.117 0.253 7.805 1.976 16.449
13. OMAR (GAG)4-RC 45 23 4.260 0.274 4.260 1.168 8.521
CTC-TC-TC-TC-GT-
14. S2 GT-GT-GTG 51 17 5.768 0.355 5.768 2.049 11.536
(GTGW-RC [GTG GTG
15.  Terry GTG GTG A/G C 45 24 5.940 0.286 5.940 1.703 11.884
16.  Goofy (GT)7-YG 46 15 3.086 0.272 3.086 0.840 6.173

Antifungal activity of M. forskalii extract: The
antifungal activity of M. forskalii extract was evaluated
using three including Alternaria alternata, Aspergillus
terreus, and Candida tropicalis, which were obtained from
the Department of Botany and Microbiology, King Saud
University. For this assay, fungal discs of 2-5 mm in
diameter were placed at the center of the plates of potato
dextrose agar (PDA) incorporated with plant extract at a

concentration of 100 mg/mL and incubated under 27°C for
one week. The inhibitory effects of the plant extracts on
radial growth were assessed by measuring fungal colony
diameters in both treated and control plates, and the
antifungal activity was calculated according to the method
described by (Yildirim et al., 2024):

Antifungal activity (%) = ((Dc — Ds)/Dc) x 100
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“Where Dc is the diameter of growth in the control plate
and Ds is the diameter of growth in the plate containing the
tested antifungal agent.”

Statistical analysis: IBM-SPSS version 26 software was
used for statistical analysis of antimicrobial comparison.
Two-way ANOVA was subjected to three replicas of data,
and various tests were used to detect the significant
difference at p<0.05.

Result and Discussion

Estimation of genetic variation using ISSR Marker:
Genetic diversity is critically important for plant
conservation. It represents a fundamental component of
biodiversity, and it is a key to enabling plant adaptation to
harsh environmental conditions (Salgotra & Chauhan,
2023). Moreover, a multitude of forces on the molecular
level, such as point mutations, chromosomal rearrangement,
genetic drift, gene flow, and natural selection, can influence
the genetic variation among and within populations
(Ashango & Abtew, 2025). These mechanisms can shape
and influence adaptation and evolutionary trajectories,
especially when they act synergistically (Oyarieme et al.,
2024). Using 16 ISSR primers, a total of 303 loci were
scored across the two studied populations (Aljouf and
Qasim), with fragment sizes ranging from 200 to 2000 bp
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(Fig. 1, Table 2). The majority of loci were polymorphic (PL
= 300; PPL = 99.01%), reflecting a high level of genetic
variability. Within the two populations, the mean number of
observed alleles (na) was 1.9901 £ 0.0992, the effective
number of alleles (Ne) was 1.4669 + 0.3281, Nei’s gene
diversity (h) was 0.2828 =+ 0.1614, and Shannon’s
information index (I) was 0.4355 + 0.2082. These values
demonstrate considerable allelic richness and genetic
variation within the populations.

Partitioning of genetic diversity revealed that
intrapopulation diversity (0.2455 + 0.0198) was comparable
to the overall diversity (0.2845 £ 0.0259). The genetic
differentiation coefficient (Gst), following Nei (1978), was
0.1369, which falls within the moderate differentiation range
(low <0.05; moderate <0.15; high >0.15). This indicates that
most genetic variation (~86.3%) resides within populations,
while ~13.7% is distributed among populations. A
significant level of gene flow was detected (Nm = 3.1532),
and since Nm >1, this suggests substantial genetic exchange
between the Aljouf and Qassim populations.

Furthermore, Nei’s unbiased measures of genetic
identity and genetic distance revealed high similarity
between the populations. The genetic identity (I) was
0.9015, while the genetic distance (D) was 0.14. These
results confirm that the two populations share
approximately 90% of their allelic composition, with only
moderate genetic differentiation.
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Fig. 2. ISSR profiling of M. forskalii populations from Aljouf and Qassim. Gel electrophoresis image showing banding patterns produced
by ISSR primer UBC840. Lanes are labeled as follows: Lane M: 100-1500 bp DNA ladder. Lanes 1-37 samples from the Qassim region

(Q1-Q37). Lanes 38-69 samples from the Aljouf region (J38-J69).

Table. 2. Genetic diversity parameters of M. forskalii
populations based on ISSR Markers.
Value (mean + SD)
1.9901 +0.0992
1.4669 +0.3281

Parameter

Observed number of alleles (Na)
Effective number of alleles (Ne)
Nei’s gene diversity (h) 0.2828 +0.1614
Shannon’s information index (I) 0.4355 +0.2082
Number of polymorphic loci (PL) 300
Percentage of polymorphic loci (PPL) 99.01%
Total genetic diversity (Ht) 0.2845 + 0.0259
Intra-population diversity (Hs) 0.2455 +0.0198
Genetic differentiation (Gst) 0.1369
Gene flow (Nm) 3.1532

The UPGMA dendrogram derived from Nei’s unbiased
genetic distance separated the two populations into distinct
clusters, demonstrating the effectiveness of ISSR markers in
distinguishing genetically related groups. The short genetic
distance observed further reflects the relatively high gene
flow between the Aljouf and Qassim populations. Genetic
diversity and population structure are shaped by multiple

factors, including geographic distribution, migration, mating
systems, and balancing selection (Guo et al., 2021). The
patterns revealed in our study may indicate historical gene
flow facilitated by natural seed dispersal or cross-
pollination. As highlighted by Kling & Ackerly (2021), wind
dispersal is another key mechanism influencing genetic
patterns and gene flow at the species level. This is
particularly relevant for M. forskalii, whose small,
lightweight seeds are well adapted to wind-mediated
dispersal. Human activities may also alter gene flow by
reshaping species distribution and dispersal pathways
(Crispo et al., 2011). In support of this, Ambaw et al., (2025)
reported a high Nm value (5.74) in Brassica carinata A.
Braun, suggesting extensive gene exchange among
subpopulations, attributed to wind- and insect-mediated
pollen transfer as well as farmer seed exchange.

The AMOVA analysis at two hierarchical levels revealed
that the majority of genetic variance (78%) was partitioned
within populations, while only 22% of the variance was
distributed among populations (Table 3). These findings are
consistent with previous studies that demonstrate the value of



within-population variation exceeding among-population
variation. This pattern has been reported in the medicinal plant
Viola canescens, which showed a high level of genetic
variation within populations at 74%, compared to only 26%
among populations, and by Mesembryanthemum species,
where within population variation reached 53% with ISSR
and 73% with RAPD markers, against 47% among
populations(Kumar & Sharma, 2025; Soliman ef al., 2014) .
The high proportion of genetic variation within populations
suggests that M. forskalii may be predominantly outcrossing,
similar to the pattern reported for Ziziphus spina-christ
growing in Saudi Arabia, where genetic variation within the
population reached 90% (Alansi et al., 2016). In contrast, the
35 populations within the Oophytum (Aizoaceae) genus
located in south Africa exhibited genetic variation within
populations (41%) and among populations (42%) than among
regions (17%). This pattern is attributed to restricted gene
flow, resulting from historical climate shifts and adaptation to
fragmented habitats (Schmidt et al., 2025). In our study, the
observed variation can also be explained by gene flow, which
introduces new alleles into the gene pool and homogenizes
populations (Oyarieme ef al., 2024). This is further supported
by the high percentage of polymorphic loci (PPL) and the
relatively low genetic differentiation among populations.
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Fig. 3. Dendrogram based on UPGMA analysis of the Dice
similarity coefficient among M. forskalii populations as
determined by Inter-Simple Sequence Repeats (ISSR).

The UPGMA dendrogram based on Dice similarity
coefficients (Fig. 3) revealed three major -clusters
subdivided into six subclusters. The primary split separated
the Aljouf and Qassim populations, reflecting the influence
of geographic isolation on gene flow, a common feature in
wild plant populations (Chai et al., 2024). Similar
clustering patterns have been reported in Quercus petraea,
where historical events and environmental conditions
played significant roles in shaping genetic structure
(Rebrean et al., 2023). Likewise, Liu ef al., (2023) found
substantial genetic differentiation among 18 populations of
Cephalotaxus  oliveri, attributed to environmental
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heterogeneity. Interestingly, the third cluster in our
dendrogram comprised individuals from both populations,
including samples from Qassim (locations 7, 8, 9, and 10)
and Aljouf (locations 1, 2, 3, and 4). The mixed grouping
suggests a genetic signal of historical or ongoing gene flow
between the regions, despite geographic separation. A
similar pattern was reported in Aloe peglerae
(Asphodelaceae) by Schmidt et al.,, (2025), where gene
flow was facilitated by natural seed dispersal and cross-
pollination, contributing to genetic exchange across
populations (Andrews, 2010).

The PCoA analysis (Fig. 4) corroborated the UPGMA
results, confirming the presence of three main clusters across
the studied populations. The ordination plot of ISSR marker
data showed a dispersed distribution, with clear but partially
overlapping clustering patterns. Aljouf samples were
primarily concentrated in the left quadrants, although one
outlier exhibited slight separation from the main cluster. In
contrast, Al-Qassim samples were mainly localized in the
upper right quadrant, displaying a broader spread. The third
cluster, situated in the lower right quadrant, comprised
samples from both populations, again suggesting ongoing
gene flow and supporting the AMOVA results that indicated
low genetic differentiation among populations.

Coordinate 2

Coordinate 1

Fig. 4. Two-dimensional plots of Principal Coordinate Analysis
(PCoA) indicating the relationship among M. forskalii based on
ISSR markers.

Genome size estimation of M. froskhalii using flow
cytometry (FACS): Genome size (GS), or the C-value,
represents the total nuclear DNA content of a cell. For more
than sixty years, GS has been measured across diverse
organisms, with over 7,000 species of embryophytes
studied to date (Leitch & Leitch, 2013). Land plants
display extraordinary variation, exceeding a 2,400-fold
difference in C-values (Pellicer et al., 2018). Genome size
estimation is commonly performed wusing either
bioinformatics approaches (e.g., k-mer analysis) or flow
cytometry, the method employed in this study.

Despite its broad ecological range, the GS of
Mesembryanthemum forskahlii has not been previously
characterized. Comparative evidence from the Aizoaceae
family reveals substantial variability, with values ranging
from 0.54 to 6.34 pg (mean = 2.6 pg) (Powell et al., 2020).
Our study provides the first estimates of GS for two
geographically distinct populations of M. forskalii using
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flow cytometry. The Aljouf population exhibited a genome
size of 0.845 pg, which is slightly less than the Qassim
population, 1.059 pg (Fig. 5). These values fall within the
known Aizoaceae range (0.54—6.34 pg/2C) and mirror the
relatively low GS variation reported in other species of the
family despite ecological divergence. The restricted
variation observed in M. forskalii may result from
stabilizing selection, which conserves GS across
populations, or from a reliance on phenotypic plasticity
rather than genomic restructuring for adaptation (Powell
et al., 2020). Gene flow may further homogenize GS
between populations, while the species’ potential recent
range expansion may have limited the time available for
divergence (Ellstrand, 2014; Hewitt, 2000). Moreover, the
conserved, small genome sizes characteristic of Aizoaceae,
including M. forskalii, resemble patterns in other recently
radiated groups (Pellicer et al., 2018). Geospatially, Aljouf
stands at 693 meters above sea level, while Qassim stands
at a relatively higher altitude of 795 meters, and they are
572.41 km apart. This altitudinal difference corresponds to
a variation in their thermal profile. The temperature in

Aljouf ranges from 9.8 to 33.8°C, while in Qassim it
exhibits a range of 10 to 45°C. Soil physical properties
were listed in Table 4. The physical soil analysis reveals
that both Aljouf and Qassim samples are sandy loams in
texture. Moreover, both soils are alkaline, with pH values
of 8.28 and 8.04, respectively, for Aljouf and Qassim.
Furthermore, the electrical conductivity (EC)
measurements show a notable difference in salinity, with
the Aljouf sample having a lower salinity level (311 uS/cm
compared to Qassim (479 uS/cm), suggesting that the
second site may pose a risk of salt stress to sensitive plants.
The environmental divergence between these two
populations, such as temperature, altitude, and soil texture,
might be the cause of the slight variation in genome size of
M. forskalii. Environmental stress can influence GS
dynamics, with polyploidization serving as an adaptive
expansion mechanism under variable conditions, and
genome downsizing conferring energetic efficiency in
more stable environments (Sun et al., 2017; Fragata et al.,
2019; He et al., 2024; Wang et al., 2021). These processes
contribute to divergence within and between populations.

Table. 3. Analysis of molecular variance (AMOVA) for genetic diversity in M. forskalii populations.

Source df SS MS Est. Var. %
Among Pops 1 404.861 404.861 10.687 22%
Within Pops 67 2551.603 38.084 38.084 78%

Total 68 2956.464 48.771 100%
df: Degrees of freedom, SS: Sum of squares, MS: Mean square, Est. Var.: Estimated variance
) T T T T T T T T 1023' v T T T J T J " 1023
(a) Pl Intensity (b) Plintensity

Fig. 5. A flow cytometry histogram of M. forskalii from Aljouf (a) Qassim populations (b).

Table. 4. Soil physical properties.

Sample Sand (%) Silt (%) Clay (%) pH EC (uS/cm)
Aljouf 84.48 3.43 12.09 8.28 311
Qassim 86.7 1.07 12.23 8.04 479

Phytochemical constituents of Mesembryanthemum
forskahlii Hochst. ex Boiss. extract: The
phytoconstituents identified through GC-MS analysis,
along with their documented biological activities, are
listed in Table 5. Quantitative evaluation based on peak
area percentages revealed distinct regional variations. In
the Aljouf extract, n-hexadecanoic acid (palmitic acid)
was the most abundant compound. Palmitic acid is a

long-chain saturated fatty acid and a key precursor in
cuticular wax biosynthesis, contributing to the
formation of a protective hydrophobic barrier that
reduces pathogen invasion and water loss
(Purushothaman et al., 2025). Its oxidation derivatives,
including various oxylipins, also function as signaling
molecules in jasmonic acid-mediated plant defense
responses (Kuzniak & Gajewska, 2024).
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Escherichia coli

Staphylococcus aureus

Fig. 6. Antibacterial activity of M. forskalii extracts from Aljouf
and Qassim regions against bacterial strains Escherichia coli (a:
control) (b: Aljouf) (c: Qassim) and Staphylococcus aureus (d:
control) (e: Aljouf) (f: Qassim), after 24h of incubation at 37°C.

Previous studies have further demonstrated the biocidal
activity of palmitic acid, such as its toxic effect against fire
ants in Capsicum pubescens (Coyotl-Pérez et al., 2025). In
addition, palmitic acid is known for its anti-inflammatory,
antioxidant, and broad-spectrum antibacterial properties
(Atawodi et al., 2025; Mahmoud ef al., 2025). In the present
study, n-hexadecanoic acid accounted for 14.96% of the
total peak area in the Aljouf extract, compared to 12.01% in
the Qassim extract. Similarly, palmitic acid has been
reported as the dominant saturated fatty acid in four Red Sea
halophytic species from Saudi Arabia, Anabasis
ehrenbergii, Suaeda aegyptiaca, Suaeda monoica, and
Zygophyllum album, with concentrations ranging from
23.94% to 49.49% (Hawas et al., 2022).

Similarly, 9,12-Octadecadienoic acid (Z, Z)-methyl
ester, which exhibits analgesic, anti-inflammatory, and
ulcerogenic activity (Hadi et al., 2016), was more dominant
in Aljouf (6.75%) than in Qassim (1.20%). 9-Octadecenoic
acid (Z)-methyl ester, recognized for its antimicrobial
potential, was also higher in Aljouf (9.85%) (Javaid ef al.,
2021). The Qassim extract was dominated by Lupeol,
accounting for 33.33% of the total composition. Lupeol is a
multifunctional triterpenoid with anticancer, antiprotozoal,
chemopreventive, and  anti-inflammatory  activities

(Altameme et al., 2016). In plants, lupeol serves as a defense
scaffold, with its glycosylated derivatives directly impairing
herbivore performance and contributing to the plant's broader
chemical defense (Yang et al, 2024). Beyond its
antiherbivore effects, lupeol metabolite in plants contributes
to adaptation to broader stresses through antimicrobial
activity and phytohormone modulation (Li et al., 2023). It has
also been widely documented in Tamarindus indica,
Allanblackia monticola, Emblica officinalis, elm bark, and
olive fruit, where it shows significant therapeutic potential in
treating cancer, diabetes, and cardiovascular, liver, kidney,
and skin disorders (Dalimunthe et al., 2024). Campesterol,
known for its anti-cholesterol, anticarcinogenic,
antiangiogenic, and antibacterial effects, was present at
2.09% in Aljouf (Javaid ef al., 2021; Mahmoud et al., 2025).
In Qasim, the corresponding sterol was identified as Ergost-
5-en-3-ol, (3B)-, at 6.78% and 5.24%. Stigmasterol, another
phytosterol with reported antitumor, antidiabetic, and
anticancer activities, was found at 4.14% in Aljoufand 5.61%
in Qasim (Mahmoud et al., 2025). The occurrence of
Campesterol and Stigmasterol supports the traditional
medicinal uses of Mesembryanthemum forskahlii, including
cholesterol-lowering effects and antifungal activities against
hair pathogens (Al Faris ef al., 2011; Bilel et al., 2020).

Overall, GC-MS profiling of methanolic extracts from
M. forskalii collected in Aljouf and Qassim revealed
distinct regional variation in phytochemical composition.
These differences are likely shaped by environmental
heterogeneity, including soil and climatic conditions
(Mansinhos et al., 2024). Similar findings were reported by
Zamani et al., (2025), who showed that environmental
factors strongly influenced the secondary metabolite
profiles of Stachys lavandulifolia in Iran. Likewise,
Ogundola et al, (2022) demonstrated that soil texture
significantly alters the phytochemical and antioxidant
composition of Solanum nigrum. Thus, the phytochemical
disparities observed between the Aljouf and Qassim
populations of M. forskalii can be attributed to their distinct
environmental contexts, which play a decisive role in
shaping secondary metabolite diversity.

Antibacterial activity of Mesembryanthemum forskahlii
Hochst. ex Boiss. leaves extracts: In recent years, there
has been growing interest in using natural and organic
resources for applications such as food preservation and
medicinal therapies. Many studies have reported the
antimicrobial activity of plant extracts against pathogenic
bacteria and fungi (El-Amier et al., 2021). The Aizoaceae
family is well known for its wide range of biological
activities, including antibacterial, antifungal, anticancer,
antioxidant, and anti-inflammatory properties (Ibtissem et
al.,, 2010). Within this family, species of the
Mesembryanthemum genus have demonstrated particularly
strong  antimicrobial, antioxidant, antiviral, and
anticarcinogenic effects (Abdel Gawad et al., 2018).

In the present study, methanolic extracts of
Mesembryanthemum forskahlii from two populations were
evaluated against Gram-negative Escherichia coli and
Gram-positive Staphylococcus aureus (Fig. 6). The
extracts showed strong antibacterial activity, with 70.28%
inhibition against E. coli. This result is consistent with
Aabed & Mohammed (2021), who observed inhibition
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(94%) using silver nanoparticle (AgNP) derivatives of seed
extracts against E. coli. Furthermore, in our study, the
inhibition of Staphylococcus aureus reached 55.66%
which is aligns with El-Amier et al. (2021), who reported
that although M. forskahlii ethanolic extract showed a
broad inhibition spectrum (50%), it exhibited particularly
low efficacy against S. aureus. The lower inhibition against
S. aureus compared to E. coli may be related to the
structural resilience of Gram-positive bacteria, particularly
their thick peptidoglycan cell wall (Al-Otaibi & Al-
Motwaa, 2025). When comparing the two populations,
Aljouf extracts recorded higher inhibition against both
bacteria (E. coli: 74.04%; S. aureus: 58.74%) than Qassim
extracts (E. coli: 66.52%; S. aureus: 52.57%). The higher
inhibition observed in the Aljouf extract is most likely
attributed to its greater concentration of compounds with
antimicrobial activities, such as n-Hexadecanoic acid and
9-Octadecenoic acid (Z)-, methyl ester.

Antifungal activity of Mesembryanthemum forskahlii
Hochst. ex Boiss. leaves extracts: The antifungal activity
of the extracts was also examined against Alternaria
alternata, Aspergillus terreus, and Candida tropicalis (Fig.

AMINAH Z ALANAZI ETAL.,

7). The strongest effect was observed against A. alternata
(95% inhibition), while moderate inhibition was recorded
for A. terreus (71%) and C. tropicalis (65%). These results
are consistent with Bilel ez al. (2019), who reported similar
antifungal effects using plant seed extracts, as they
inhibited fungal growth by 88% against Penicillium
chrysogenum and Aspergillus fumigatus, 85% against A.
flavus and A. carneus, and between 60-75% against other
fungi. A similar study, Hussain et al., (2025) found that
ethanolic extracts from the halophyte Zilla spinosa showed
significant antifungal activity against Candida albicans
(10.33 mm) using the agar well diffusion method. A
population-based comparison revealed stronger inhibition
from the Aljouf extract against 4. terreus (76%) compared
with the Qassim extract (66.8%), which can also be linked
to the presence of a high amount of n-Hexadecanoic acid
(palmitic acid) and other constituents with antifungal
function. For A. alternata, both extracts demonstrated
similar inhibition levels (Aljouf: 95.8%; Qassim: 95%).
Overall, the findings confirm that M. forskalii extracts
possess broad-spectrum antimicrobial properties, with
antibacterial and antifungal activity varying between
populations, likely due to environmental differences.

Control

Fig. 7. Antifungal activity of of M. forskalii extracts from Aljouf (left plates) and Qassim (right plates) regions against Alternaria alternata
(a), Aspergillus terreus (b), and Candida tropicalis (c), compared to an untreated control (top plates), after 8 days of incubation at 27°C.

Conclusion

This study provides the first comprehensive
assessment of genetic diversity, genome size variation,
phytochemical composition, and antimicrobial activity
of Mesembryanthemum forskahlii from Aljouf and
Qassim regions of Saudi Arabia. The high percentage of
polymorphic loci and AMOVA results revealed that
most genetic variation resides within populations,
supported by moderate genetic differentiation and
substantial gene flow. Genome size estimates showed
conserved yet regionally distinct values, suggesting
genomic stability despite environmental divergence.
GC-MS profiling highlighted clear differences in
secondary metabolite composition between populations,
with Aljouf extracts enriched in bioactive compounds
such as n-Hexadecanoic acid, and Qassim extracts
dominated by triterpenoids such as Lupeol.
Antimicrobial assays demonstrated broad-spectrum
activity, with particularly strong inhibition against E.
coli and A. alternata, confirming the pharmacological
potential of this species. Overall, the findings

underscore the adaptive capacity of M. forskalii, its
ecological resilience, and its promise as a source of
natural bioactive compounds, while also emphasizing
the importance of conserving its genetic resources for
future medicinal and biotechnological applications.
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