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Abstract
The increasing prevalence of multidrug-resistant (MDR) bacteria highlights the urgent need for new 
antimicrobial agents. In this study, Bacillus species were isolated from mangrove sediments along 
the Red Sea coast in Jeddah, Saudi Arabia. A total of 30 isolates were screened for antibacterial 
activity against four MDR pathogens: Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, 
and Pseudomonas aeruginosa. Eleven isolates designated JRSM (Jeddah Red Sea Mangrove) 1 to 
11, demonstrated inhibitory effects, and four strains (JRSM 4, 6, 7, and 9) were selected for further 
investigation. The Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration 
(MBC) assays confirmed their antimicrobial potential, particularly against S. aureus and P. aeruginosa. 
Molecular identification using 16S rRNA sequencing revealed the strains such as Bacillus mesophilus, 
Bacillus xiamenensis, Bacillus halotolerans, and Bacillus subtilis. All strains were Gram-positive and 
catalase-positive. These findings highlight the Red Sea mangrove sediments as a promising source 
of Bacillus spp. with potential applications in combating MDR and biofilm-associated infections. 
Further research is needed to optimize metabolite production and characterize the active compounds 
responsible for the observed antimicrobial activity.
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INTRODUCTION

 Multidrug-Resistance (MDR) is described 
as the resistance of bacteria to commercial 
antimicrobial medications.1 Over the past few 
decades, MDR has increased the prevalence of 
microbial infections over the world.2 In Saudi 
Arabia, MDR infections have been a significant 
concern, with studies reporting that over 18% 
of the total MDR infection outbreaks in the 
Arabian Peninsula originated from the country, 
highlighting its high prevalence compared to 
neighboring regions.3 The cases of MDR in Saudi 
Arabia is high due to several factors, including the 
overuse and misuse of antibiotics in healthcare and 
agriculture, insufficient infection control measures, 
limited public awareness, the widespread use of 
broad-spectrum antimicrobials, and the influx 
of international travelers, which facilitates the 
spread of resistant pathogens. Additionally, 
environmental factors such as extreme climate 
conditions and socio-economic aspects, like 
reliance on expatriate labor in healthcare, 
contribute to the challenge by amplifying the 
spread and persistence of resistant strains.4 The 
rising prevalence of multidrug-resistant (MDR) 
microorganisms, driven by genetic adaptations 
such as efflux pumps, enzymatic deactivation, 
and altered target sites, create a serious worldly 
health issue by making the treatment of infections 
pathogens very complicated like Staphylococcus 
aureus, Escherichia coli, Klebsiella pneumoniae, 
and underscoring the urgent need for novel 
antimicrobial strategies and surveillance efforts.5

 Escherichia coli is a common waterborne 
pathogen that can cause debilitating diarrhea due 
to the toxins it secretes.6 Skin infections caused by 
Staphylococcus aureus include various sores, such 
as impetigo, cellulitis, and staphylococcal scalded 
skin syndrome.7 Diseases of the respiratory tract, 
eyes, urinary tract, and skin are all caused by 
Pseudomonas aeruginosa.8 Extensive consolidation 
with hemorrhagic necrosis of the lungs is caused 
by Klebsiella pneumoniae.9 The development of 
antibiotic resistance in these microorganisms 
demonstrates the lack of effective long-term 
treatments, driven by the limited availability of 
antibacterial drugs and the frequent occurrence 
of cross-resistance between drug classes.10 
Therefore, identifying potential resources for 

antimicrobials that are both more effective and 
sustainable is crucial.
 Oceans account for 70 percent of the 
earth’s surface and contain 80 percent of all 
animal species on the planet. Due to the vast 
biological and chemical variety seen in marine 
habitats, these settings were thought to be 
significant producers of new bioactive chemicals.11 
Maritime microorganisms are one of the most 
abundant natural product sources.12 The ecological 
condition of the Red Sea near Jeddah is marked 
by extreme environmental pressures, including 
high salinity levels, nutrient overloading from 
untreated wastewater, and significant pollutant 
accumulation such as heavy metals and organic 
contaminants, driven by rapid urbanization and 
industrialization; these factors not only alter water 
quality and sediment composition but also create 
harsh and fluctuating habitats that hypothetically 
could drive microbial diversity through adaptive 
evolution or, conversely, lead to the loss of 
sensitive microbial taxa due to the extreme and 
toxic conditions.13,14 Mangrove ecosystems are 
unique coastal environments that harbor a diverse 
range of microorganisms, including bacteria 
with potential biotechnological applications.15 
These bacteria are frequently acclimated to 
extreme environmental circumstances, including 
elevated salinity, temperature variations, and low 
oxygen levels, rendering them a viable source 
of novel bioactive chemicals.16 These bacteria 
are recognized for their ability to synthesize a 
diverse range of secondary metabolites that 
include antibacterial and antibiofilm properties, 
which may be crucial in addressing multidrug-
resistant diseases.17 The unique characteristics 
and capabilities of mangrove sediment bacteria 
make them focus on growing interest in microbial 
research and biotechnological innovations. The 
Red Sea, particularly along the coast of South 
Jeddah, is home to extensive mangrove forests 
that have not been extensively studied for their 
microbial diversity.
 Marine bacter ia  are selected in 
biotechnology for antibiotic synthesis because of 
their distinctive metabolic pathways and capacity 
to generate novel bioactive chemicals absent 
in terrestrial microorganisms. The extreme and 
diverse environmental conditions of marine 
habitats, such as high pressure, salinity, and 
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limited nutrients, drive marine bacteria to evolve 
distinctive secondary metabolites with potent 
antimicrobial properties.18 These metabolites 
include polyketides, lipopeptides, and alkaloids, 
which exhibit activity against multidrug-resistant 
pathogens, making marine bacteria a promising 
source for addressing the global antimicrobial 
resistance crisis.19 Additionally, their biosynthetic 
versatility and capacity for scalable production 
through fermentation processes enhance their 
applicability in sustainable drug development.
 Marine bacteria, particularly species of 
the Bacillus genus, are well-known producers of 
antimicrobial compounds, making them promising 
sources for novel antibiotics. Bacillus species that 
are marine-derived produce a range of bioactive 
metabolites, such as polyketides, lipopeptides, 
and peptides that have antiviral, antifungal, and 
antibacterial qualities.20 For instance, Bacillus 
subtilis produces surfactant, a potent cyclic 
lipopeptide known for its biofilm-disrupting 
activity and effectiveness against Gram-positive 
bacteria.21 Commercially, antibiotics like bacitracin, 
produced by Bacillus licheniformis, are widely used 
to treat Gram-positive bacterial infections, while 
fengycin has gained attention for its antifungal 
properties.22

 The  robustness  and  d i st inct ive 
metabolism of marine Bacillus, adapted to severe 
settings, augment their biosynthetic capability, 
making them crucial in the fight against diseases 
that are resistant to drugs. 
 Current findings indicate that bacteria 
isolated from mangrove sediments possess the 
ability to produce antibacterial compounds.23,24 
Therefore, discovering new sources of antibacterial 
agents is crucial for developing alternative 
therapeutic strategies. In this study, we aim to 
isolate and characterize bacteria from mangrove 
sediments along the southern Red Sea coast 
of Jeddah, Saudi Arabia, an environment with 
extreme salinity and pollutant stress that has 
been largely unexplored for microbial diversity. 
These isolates were screened for their ability to 
produce antibacterial compounds against clinically 
relevant MDR pathogens. Unlike previous studies 
that focused on terrestrial or open marine Bacillus 
species, this work highlights the potential of 
Bacillus strains from a unique mangrove sediment 
niche, offering new insights into their antimicrobial 

capabilities and taxonomic diversity. This study 
contributes to the growing interest in harnessing 
extremophilic microbes from underexplored 
environments as sources of novel bioactive 
metabolites.

METHODOLOGY

Chemicals and Materials
 Marine sediment samples were collected 
from Red Sea mangroves in southern Jeddah, 
and their environmental parameters, like total 
dissolved solids, dissolved oxygen, salinity,  
temperature, and pH, were carefully measured 
using a pH meter and turbidimeter. Bacteria 
were isolated using two types of media: Glucose 
Yeast-Malt Extract Medium (GYM/GYM) and 
Starch Casein (SC) Medium purchased from HI-
Media. Salts such as NaCl, KCl, CaCl2, MgCl2·6H2O, 
and CaCO3 were purchased from Merck as 
well as chemical, NaOH. Nystatin and Nalidixic 
Acid, agents were purchased from HI-Media. 
To identify bacterial isolates, Gram staining 
was performed using crystal violet, iodine, and 
safranin were bought from Merck. Additionally, 
the isolates were tested for catalase activity using 
hydrogen peroxide. Pathogenic bacteria, including 
Staphylococcus aureus, Escherichia coli, Klebsiella 
pneumoniae, and Pseudomonas aeruginosa were 
used for screening, along with Muller Hinton 
Broth and Agar (MHB and MHA) purchased from 
HI-Media.

Sediment collection
 Sediment samples were collected 
from five distinct locations, identified through 
a randomized selection process utilizing Google 
Maps on June 5, 2023, from 2:37 to 3:17 pm Saudi 
Arabia Time. The procedure outlined by El-Kahawy 
et al.25 for sediment sampling involved scraping 15 
cm from the area’s surface to gather sediment. 
The samples were then stored in a sterile, air-tight 
container within a chiller box. The evaluation of 
various environmental parameters, including total 
dissolved solids, temperature, dissolved oxygen, 
salinity, and pH, was conducted on the day of 
collection using specialized instruments: a pH 
Meter for acidity or alkalinity measurements, a 
Thermometer for temperature readings, a Salinity 
Meter for salt concentration, a Dissolved Oxygen 
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Meter for oxygen levels, and a Total Dissolved 
Solids (TDS) Meter for the quantification of 
dissolved substances, respectively.

Media preparation
 Glucose Yeast-Malt Extract Medium 
(GYM) and Starch Casein (SC) Medium. Both media 
types were prepared in a solution mimicking 
seawater composition, with concentrations of 
NaCl (23.5 g/L), KCl (0.66 g/L), CaCl2 (1.5 g/L), 
MgCl2·6H2O (10.6 g/L), Na2SO4 (3.9 g/L), NaHCO3 
(0.19 g/L), Na2HPO4 (0.014 g/L), KBr (0.1 g/L), SrCl2 
(0.04 g/L), and H3BO3 (0.03 g/L), with the addition 
of CaCO3 (0.2 g/L) for enhancement. The pH was 
adjusted to 8 with 1 M NaOH, and the media were 
sterilized by autoclaving at 121 °C for 15 minutes. 
Antifungal and antibacterial agents, Nystatin (25 
mg/L) and Nalidixic Acid (20 mg/L), were added 
to the media, which were subsequently diluted to 
70% with artificial seawater.26

Bacterial isolation
 Following the procedure of Abdelmohsen 
et al.27 with minor adjustments, bacteria were 
isolated from mangrove sediments in the Red 
Sea. To ensure that no vegetative cellular forms 
were present, a one-gram mass from each 
sediment sample was heated to 60 °C for 30 
minutes. Subsequently, ten milliliters of seawater 
were added to the treated samples, followed by 
their serial dilution in ratios of 1:10, 1:100, and 
1:1000. This resultant mixture was then aseptically 
transferred onto agar-based culture media 
(either SCA or GYM medium) and underwent 
an incubation period ranging from 7 to 14 days 
at ambient temperature. Following incubation, 
individual colonies were isolated through streak 
plating onto identical media to ensure the 
procurement of pure cultures. After that, each 
separate colony was kept at a -80 °C temperature 
in a 30% glycerol reservoir until needed. 

Preliminary test
 The initial screening to assess the 
antimicrobial capabilities of cultures utilized 
the perpendicular streak technique as outlined 
by Singh et al.,28 targeting bacterial strains for 
example, Staphylococcus aureus, Klebsiella 
pneumoniae, Escherichia coli, and Pseudomonas 
aeruginosa. For this purpose, a solitary streak of 

each pure culture was applied centrally on the 
assay media plate. Following a four-day incubation 
period at 28 °C, the test organisms were streaked 
at a right angle to the strain streak. A subsequent 
incubation period of one to two days at 28 °C 
allowed for the evaluation of antagonistic activity 
between the cultures.

Gram staining
 Gram staining was performed using the 
standard crystal violet-iodine method as described 
by Abdulrahman et al.29 followed by microscopic 
examination at 1000׳ magnification to determine 
whether isolates were Gram-positive or Gram-
negative. 

Catalase test
 To find out whether the bacterial isolates 
produced the enzyme catalase,29 the catalase test 
was carried out. A sterile loop was used to transfer 
a small amount of bacterial colony from agar to 
a clean glass slide. A few drops of 3% hydrogen 
peroxide (H2O2) were added to the bacterial 
sample. The production of oxygen bubbles was 
observed within a few seconds. Quick bubbling 
was an indicator of a positive catalase response, 
which meant that the bacteria had created the 
enzyme necessary to decompose hydrogen 
peroxide into oxygen and water. The absence of 
bubbles indicated a negative catalase result.

Fermentation and extraction
 Bacterial fermentation and metabolite 
extraction were performed according to 
Abdelmohsen et al.27 The preserved stock 
cultures were transferred onto various agar media 
and incubated at an ambient temperature of  
28 °C. Fermentation processes were initiated by 
introducing a colony from each solid media into 
the corresponding broth media and maintaining 
the culture at 28 °C. Mycelial cakes were removed 
from broth by centrifugation at 3000 rpm for 10 
minutes after fermentation. After that, the pellet 
was dissolved in methanol and the liquid on top 
was extracted using ethyl acetate. Thereafter, a 
rotary evaporator was used to concentrate the 
crude extracts. Next, to get the crude extracts 
ready for bioassay testing, they were reconstructed 
in DMSO.
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Minimum Inhibition Concentration (MIC)
 Assessment of MIC using Priyanto et 
al.30 method was modified in this research. 
Pathogenic bacteria were grown overnight in 
Muller Hinton Agar (MHA) medium at 37 degrees 
Celsius. A bacterial culture was introduced to a 
0.85% physiological saline solution and its density 
was compared to the 0.50 McFarland Standard. 
About 200 µL of the culture was pipetted from 
the physiological solution and diluted in 20 mL 
of 0.85% physiological saline. 96-well plates 
were filled with approximately 100 µL of Muller 
Hinton Broth medium, and crude extracts with 
concentrations of 2500, 1250, 625, 312.5, 156.25, 
78.13, 39.06, and 19.53 µg/mL were combined. 
About 100 L of microbial culture in a physiological 
solution was added. Plates containing cultures 
and test compounds were incubated overnight 
at 37 degrees Celsius and 200 rpm with shaking. 
Clear well was compared to Cefalexin and 
Ampicillin antibiotics from the regular supply. The 
experiment was conducted duplicate.

Minimum Bactericidal Concentration (MBC)
 Assessment of MIC using Priyanto et al.30 
method, around 20 µL of MIC-concentration clear 
well solution was pipetted onto the MHA plate. 
Before observation, the agar plate was incubated 
overnight at 37 degrees Celsius. The concentration 
of the well where no bacterial growth was seen on 
the plate served as the MBC value. The experiment 
was done in duplicate.

Microbial identification
 The bacterial isolates were cultivated 
in the proper growth media and their genomic 
DNA was extracted following the manufacturer’s 
protocol. Microgen, located in Seoul, South Korea, 
was consulted to analyse the concentration, 
quality and sequencing of 16S rRNA gene for 
bacterial identification. 
 The 16S rRNA gene was amplified utilizing 
the conventional primers 785F 5' (GGA TTA GAT 
ACC CTG GTA) 3', 27F 5' (AGA GTT TGA TCM TGG 
CTC AG) 3', 907R 5' (CCG TCA ATT CMT TTR AGT 
TT) 3', and 1492R 5' (TAC GGY TAC CTT GTT ACG 
ACT T) 3'. The PCR cycling protocol comprised 
an initial denaturation at 94 °C for 5 minutes, 
succeeded by 35 cycles of 94 °C for 30 seconds, 
55 °C for 30 seconds, and 72 °C for 1 minute, 

concluding with a final extension at 72 °C for 10 
minutes. Gel electrophoresis was used to confirm 
the amplified PCR products, and a PCR purification 
kit was used to purify them. Purified products 
were sequenced using Sanger sequencing in both 
forward and reverse directions. Following a quality 
control analysis in Chromas software that removed 
low-quality areas, the resultant sequences were 
matched to the NCBI database using BLAST to 
identify which bacteria were present. 
 Phylogenetic analysis was conducted 
using ClustalW for sequence alignment and MEGA 
software (version X) to construct phylogenetic 
trees with the neighbor-joining method. The 
results were summarized in a report detailing the 
identified bacterial species, percentage similarity, 
and phylogenetic relationships.

Statistical analysis
 Averages with standard deviations from 
three independent samples were used to compile 
all the data. Further analysis was established by 
use of a one-way Analysis of Variance (ANOVA). 
For statistical purposes, a p-value below 0.05 was 
considered significant.

RESULTS AND DISCUSSION

Bacteria Isolation
 Table 1 provides a detailed account of the 
environmental parameters observed in mangrove 
sediments from five distinct sampling sites, labelled 
JSM 1 to JSM 5, along the southern coastline of 
the Red Sea near Jeddah. This study seeks to 
explore the complex environmental interactions 
within this critical mangrove ecosystem, offering 
valuable insights essential for its conservation and 
comprehension.
 Key environmental parameters, including 
pH, temperature, salinity, dissolved oxygen, 
and total dissolved solids, were meticulously 
recorded. The pH ranged from 8.1 to 8.6, indicating 
a slightly alkaline environment conducive to 
mangrove ecosystems, which often require 
specific pH conditions for optimal growth. 
Temperature readings averaged around 30 °C, 
reflecting the warm coastal waters typical of the 
region and aligning with the thermal adaptations 
of mangroves. Salinity levels, just under 40, 
highlighted the Red Sea’s naturally high salinity, a 
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defining factor in shaping its unique biodiversity. 
Dissolved oxygen levels varied significantly across 
sites, ranging from a robust 42.56 mg/L to a lower 
7.62 mg/L, suggesting differences in biological 
activity or water flow at each sampling point. 
The total dissolved solids, approximately 39 g/L, 
further illustrated the mineral-rich composition 
of the water, a critical factor in determining the 
habitat’s suitability for mangrove ecosystems.
 This study analysed chemical parameters, 
including pH, temperature, salinity, dissolved 
oxygen, and total dissolved solids, to establish their 
relationship with the diversity and abundance of 
bacteria in different mangrove sediments. This 
approach provides important insights into how 
distinct environmental factors influence microbial 
communities within this specialized ecosystem.31,32 
The differences in pH and temperature across 
the sampling locations could account for the 
variations in bacterial populations, as bacteria 
tend to thrive within specific pH and temperature 
ranges.33 Likewise, the distinct salinity levels of the 
Red Sea likely favor salt-tolerant bacterial species, 
influencing the structure and composition of 
the microbial community.34 Additionally, oxygen 
availability is a key factor in shaping the dominance 
of aerobic or anaerobic bacteria, highlighting the 
dynamic and adaptive characteristics of these 
ecosystems.35 The measurement of total dissolved 
solids, reflecting nutrient availability, further aligns 
with the potential for greater bacterial diversity 
and abundance in nutrient-rich locations.36

 By incorporating data from these five 
sampling locations, the study offers a detailed 
overview of the environmental conditions in the 
mangrove ecosystem along South Jeddah’s Red 
Sea coast. This baseline information was vital 

for preparing media that closely mimicked the 
natural conditions of the mangrove sediments in 
laboratory settings for bacterial isolation.
 In the research conducted within the 
Jeddah mangrove area, sediment samples were 
collected from five distinct sites, labeled Jeddah 
Sea Mangrove 1 to 5 (JSM 1 to JSM 5), to isolate 
the total bacterial community. 
 Bacter ia l  i so lat ion  ut i l i zed  two 
media types, GYM and SCA, selected for their 
effectiveness in supporting a diverse range of 
microbial growth. The use of GYM and SCA media 
for isolating marine bacteria from sediment 
samples highlights the adaptability and nutritional 
preferences of these microorganisms. These 
media were selected for their ability to support 
a wide range of microbial growth, catering to the 
diverse metabolic needs of marine bacteria. The 
incorporation of artificial seawater, simulating 
the natural salinity of the Red Sea, ensured that 
the isolates were cultured under conditions 
resembling their native environment, preserving 
their ecological characteristics. This methodology 
revealed variations in microbial diversity across 
the mangrove ecosystem, emphasizing the critical 
ecological roles of these bacteria in nutrient cycling 
and ecosystem stability.37-39

 Initial results from the five locations 
showed varying bacterial counts. At JSM 1, 
three colonies were observed on GYM media 
compared to two on SCA, suggesting slightly 
higher bacterial diversity in GYM for this site. 
In contrast, JSM 2 and JSM 3 exhibited an even 
distribution, with two colonies on GYM and three 
on SCA, indicating a possible preference for SCA 
at these sites. Sampling points JSM 4 and JSM 5 
demonstrated greater bacterial diversity overall, 

Table 1. Chemical indicators assessed during the collection of sediment samples reflect the environmental state

Region Location     Chemical Condition

  pH Temp.  Salinity Dissolved Total
   (Celsius)  Oxygen  Dissolved
     (mg/L) Solids (g/L)

JSM 1 21°15’57.7"N 39°07’41.5"E 8.1 37.64 39.88 42.56 39.14
JSM 2 21°15’56.8"N 39°07’42.7"E 8.1 36.53 39.99 7.63 39.19
JSM 3 21°15’55.2"N 39°07’43.6"E 8.6 36.53 39.99 7.61 39.19
JSM 4 21°15’49.0"N 39°07’44.0"E 8.5 37.30 39.60 39.38 38.88
JSM 5 21°15’44.4"N 39°07’45.0"E 8.6 37.23 39.69 8.39 38.97
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with most colonies flourishing on SCA, highlighting 
the media’s suitability for cultivating bacteria from 
these locations. Figure 1 illustrates the total colony 
counts for each sampling point, grown on specific 
media.
 This methodical approach to bacterial 
isolation underscores the rich microbial diversity 
present in mangrove sediments, emphasizing 
the critical ecological roles these microorganisms 
play in the coastal environment. Variations in 

bacterial colony counts across different sampling 
locations and media provide important insights 
into the intricate interactions and environmental 
influences shaping microbial communities in the 
Jeddah Red Sea mangroves. Consequently, 30 
colonies were chosen for antibacterial screening.

Antibacterial activity
 In this study, we looked at individual 
bacterial colonies to see if they could produce 

Table 2. MIC and MBC results of bacteria extracts against four pathogenic bacteria

Isolate Codes Media   MIC (µg/mL)   MBC (µg/mL)

  E. S.  P.  K.  E. S.  P.  K. 
  coli aureus aeruginosa pneumoniae coli aureus aeruginosa pneumoniae

JRSM 1 GYM >5000 625 625 >5000 >5000 >1250 625 >5000
JRSM 2 GYM >5000 >5000 >5000 >5000 >5000 >5000 >5000 >5000
JRSM 3 GYM 2500 5000 2500 - 5000 >5000 5000 >5000
JRSM 4 GYM 5000 5625 3125 2500 >5000 3125 625 >5000
JRSM 5 GYM 2500 2500 2500 2500 >5000 >5000 2500 >5000
JRSM 6 GYM 2500 3125 3125 2500 >5000 625 3125 >5000
JRSM 7 SC >5000 7812 5625 >5000 >5000 3125 3125 >5000
JRSM 8 SC >5000 >5000 2500 >5000 >5000 >5000 >2500 >5000
JRSM 9 SC >5000 5625 5000 >5000 >5000 625 5000 >5000
JRSM 10 SC >5000 >5000 >5000 >5000 >5000 >5000 >5000 >5000
JRSM 11 SC >5000 >5000 >5000 >5000 >5000 >5000 >5000 >5000
DMSO - >5000 >5000 >5000 >5000 >5000 >5000 >5000 >5000
Cefalexin - >5000 244 488 >5000 >5000 970 488 >5000
Ampicillin - >5000 244 244 >5000 >5000 244 244 >5000

Figure 1. Microbial diversity of each sampling point. All counts were based on consistent replicate values, resulting 
in zero error bars
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substances that stop drug-resistant bacteria 
from growing. We used a specific method to test 
the bacteria’s ability to fight against bacteria 
resistant to multiple drugs. Our initial tests found 
that 11 out of 30 (Labeled as Jeddah Red Sea 
Mangrove 1 to 11, JRSM 1 to 11) bacterial colonies 
showed promising results, meaning they might 
have compounds that could act against these 
pathogenic bacteria. Figure 2 shows the results of 
the Perpendicular Test for Chosen Active Bacteria.

MIC and MBC results
 To dig deeper, we conducted further tests, 
known as Minimum Inhibitory Concentration (MIC) 
and Minimum Bactericidal Concentration (MBC) 
tests, on these 11 colonies. These tests helped us 
figure out the smallest amount of the substance 
needed to stop the MDR bacteria from growing 
and against them. This step is crucial because it 
gives us a result of how effective these bacterial 
compounds could be in treating infections caused 
by drug-resistant bacteria. Table 2 shows MIC and 
MBC results of 11 bacteria extracts against chosen 
pathogenic bacteria.
 In this study, four bacterial strains 
were selected for further analysis: two cultured 

on GYM media and two on SCA-based on their 
superior performance in MIC and MBC tests. The 
antimicrobial activity of extracts from JRSM 4, 6, 7, 
and 9 was evaluated against a panel of multidrug-
resistant bacteria, including Escherichia coli, 
Staphylococcus aureus, Pseudomonas aeruginosa, 
and Klebsiella pneumoniae. The results revealed 
varying degrees of efficacy among the extracts.
 JRSM 4 demonstrated MIC values of 
5000 µg/mL and 2500 µg/mL against E. coli and 
K. pneumoniae, respectively, with lower MICs of 
156.25 µg/mL for S. aureus and 312.5 µg/mL for 
P. aeruginosa. Its MBC values followed a similar 
trend, indicating a moderate level of antimicrobial 
activity. JRSM 6 showed MIC values of 2500 µg/mL 
for E. coli and K. pneumoniae, while S. aureus and 
P. aeruginosa exhibited MICs of 312.5 µg/mL, with 
MBC values reflecting similar or slightly enhanced 
bactericidal effects.
 Interestingly, JRSM 7 exhibited strong 
activity with lower MIC values of 78.125 µg/mL for 
S. aureus and 156.25 µg/mL for P. aeruginosa, and 
consistent MBC values of 312.5 µg/mL for both, 
highlighting its significant antimicrobial potential 
against these strains. However, it was less effective 
against E. coli and K. pneumoniae. JRSM 9 showed 

Table 3. Identification and Characteristics of Bacillus Species Isolated from Red Sea Sediment Mangroves in South 
Jedda

Sample Samples Media Morphology Gram Catalase Identified Accession Percentage 
Code Name   Staining  Bacteria Number (%)

ISP2A12 JRSM 4 GYM Orange color,  Positive Positive Bacillus NR_149175.1 99.42
   rod shape   mesophilus
ISP2A10 JRSM 6 GYM White color,  Positive Positive Bacillus MF359733.1 99.57
   rod shape   xiamenensis
B5SCA JRSM 7 SC White color,  Positive Positive Bacillus MN512206.1 99.86
   rod shape   halotoleran
B1SCA JRSM 9 SC Yellow color,  Positive Positive Bacillus OP445244.1 99.57
   rod shape   subtilis

Figure 2. Perpendicular Test Results for Active Bacteria
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an MIC of 156.25 µg/mL against S. aureus but a 
much higher MIC of 5000 µg/mL for P. aeruginosa, 
with corresponding MBC values indicating variable 
effectiveness. The lack of MIC and MBC data for E. 
coli and K. pneumoniae for JRSM 9 limited a more 
comprehensive assessment of its antimicrobial 
properties.

Bacteria identification 16S rRNA sequencing and 
phylogenetic tree
 The bacter ia l  ident i f icat ion and 
sequencing results from Figure 3, Table 3 provide 
critical insights into the identification of the 
bacterial isolates JRSM 4, JRSM 6, JRSM 7, and 
JRSM 9, each corresponding to specific Bacillus 
species, and their potential role in antibacterial 
and antibiofilm activities. The sequencing was 
performed using primers 785F 5' (GGA TTA GAT 
ACC CTG GTA) 3', 27F 5' (AGA GTT TGA TCM TGG 
CTC AG) 3', 907R 5' (CCG TCA ATT CMT TTR AGT 
TT) 3', and 1492R 5' (TAC GGY TAC CTT GTT ACG 
ACT T) 3', which are standard primers for bacterial 
16S rRNA gene amplification. 

 JRSM 4 was identified as Bacillus 
mesophilus with a 99.42% similarity and showed 
as Gram-positvie bacteria with catalase-positive. 
The identification of Bacillus mesophilus suggests 
its involvement in the observed antibacterial and 
antibiofilm properties, contributing to the diversity 
of bioactive compounds found in the mangrove 
sediment isolates. JRSM 6, identified as Bacillus 
xiamenensis, Gram-positive bacteria and catalase- 
positive with a 99.57% match, is known for its 
bioactive compound production, highlighting its 
likely role in the antibiofilm activities observed 
against pathogenic bacteria. Colony JRSM 7 was 
identified as Bacillus halotolerant with catalase and 
Gram-positive, with a 99.86% similarity, a species 
recognized for its antifungal properties and non-
pathogenic nature. This identification supports 
the potential of JRSM 7 in developing treatments 
targeting fungal and bacterial pathogens, aligning 
with the study’s objectives. The fourth colony, 
JRSM 9 was identified as Bacillus substilis with 
a 99.57% match to known sequences, indicating 
its capacity to produce bioactive compounds 

Figure 3. Phylogenetic Trees of Bacillus Species Identified from Red Sea Sediment Mangroves in South Jeddah
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that could exacerbate infections, based on Gram 
staining it was Gram-positive and catalase-positive.
 Sequencing data revealed that the 
colony labeled JRSM 4 was identified as Bacillus 
mesophilus. This Gram-positive, rod-shaped 
bacterium is mesophilic, thriving in moderate 
temperature ranges of approximately 20 °C to 
45 °C.40 It plays a crucial role in ecosystems by 
decomposing organic matter in water and soil 
environments.41 A distinguishing characteristic 
of Bacillus mesophilus is its ability to form 
endospores, allowing it to withstand harsh 
environmental conditions, including extreme 
temperatures, desiccation, and exposure to UV 
radiation.42 These spores remain dormant until 
favorable conditions allow them to germinate.41 
B. mesophilus is metabolically versatile, capable 
of utilizing a wide range of organic compounds 
for growth. It also produces extracellular enzymes, 
such as amylases and proteases, which facilitate 
the breakdown of complex carbohydrates and 
proteins.43 This capability has significant industrial 
applications, particularly in bioremediation 
and the synthesis of bioactive compounds. 
Phylogenetically, Bacillus mesophilus shares 
similarities with other Bacillus species but is 
distinguishable based on genetic markers, as 
verified through 16S rRNA gene analysis.
 JRSM 6 was identified as Bacillus 
xiamenensis, a Gram-positive, aerobic, rod-shaped 
bacterium initially isolated from the intestinal 
tract of a flathead mullet in Xiamen, China. It 
is part of the Bacillus genus, renowned for its 
ecological diversity and adaptability to a wide 
range of environments.44 Similar to other species 
within the Bacillus genus, Bacillus xiamenensis 
has the ability to form endospores, enabling it to 
endure extreme environmental conditions such 
as high temperatures, desiccation, and chemical 
exposure.41

 Bacillus xiamenensis is distinguished by 
its production of various extracellular enzymes, 
such as amylases and proteases, which are 
industrially significant for their ability to degrade 
complex organic molecules. These enzymes 
position B. xiamenensis as a valuable candidate 
for biotechnological applications, particularly 
in bioremediation, food processing, and waste 
management industries.42 Additionally, Bacillus 

xiamenensis has exhibited antifungal activity 
against Fusarium oxysporum, a capability 
that provides a competitive edge in natural 
environments and highlights its potential for 
biocontrol applications.45

 Phylogenetically, Bacillus xiamenensis 
is closely related to other species in the Bacillus 
genus, including Bacillus subtilis.46 Additionally, 
studies have demonstrated its plant growth-
promoting abilities, making it a promising 
biofertilizer candidate for agricultural use. This is 
attributed to its capacity to solubilize phosphate 
and produce substances that enhance plant 
growth.47

 JRSM 7 was identified as Bacillus 
halotolerans, a Gram-positive, rod-shaped 
bacterium recognized for its ability to thrive in 
high-salinity environments, classifying it as a 
halotolerant species.48 The buildup of osmotic 
balance-supporting solutes-including proline, 
glycine betaine, and trehalose are responsible for 
its salt tolerance.49 The buildup of osmotic balance-
supporting solutes-including proline, glycine 
betaine, and trehalose-are responsible for its salt 
tolerance.41 This ability to form endospores is a 
common trait within the Bacillus genus, allowing 
the organism to survive in harsh and unfavourable 
environmental conditions.
 In terms of metabolic capabilities, Bacillus 
halotolerans is highly versatile. Its ability to use 
a broad variety of organic substances as carbon 
and energy sources makes it able to thrive in 
environments with minimal nutrients.42 This 
bacterium also produces various extracellular 
enzymes, including proteases, amylases, and 
lipases, which are of biotechnological interest 
due to their potential applications in industries 
such as food processing, detergent formulation, 
and biofuel production.43 The high salt tolerance 
of these enzymes further enhances their utility 
in industrial processes that operate under saline 
conditions, where traditional enzymes may not 
function efficiently.48

 In biotechnology, Bacillus halotolerans has 
shown promise in several applications, including 
bioremediation, where it is used to degrade 
organic pollutants in saline environments.50 
Moreover, this bacterium has potential use 
in agriculture as a biofertilizer, particularly in 
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saline soils, where it promotes plant growth by 
solubilizing phosphates and producing plant 
growth-promoting hormones.51

 Bacillus halotolerans also exhibits notable 
antimicrobial activity, making it a potential 
candidate for biocontrol applications in agriculture 
and medicine. Studies have shown that this species 
produces antimicrobial peptides (AMPs) that 
inhibit the growth of various pathogenic bacteria, 
including Staphylococcus aureus, Escherichia coli, 
and Pseudomonas aeruginosa.52 These AMPs, such 
as bacillomycin and fengycin, are part of a larger 
class of lipopeptides known for their ability to 
disrupt bacterial cell membranes.53 Additionally, 
B. halotolerans has been shown to produce 
antimicrobial compounds that are effective against 
fungal pathogens, such as Fusarium oxysporum, 
making it a potential biocontrol agent in plant 
protection.54

 JRSM 9 was identified as Bacillus subtilis, 
a Gram-positive, aerobic, rod-shaped bacterium 
that is widely studied due to its robust physiology.55 
It exhibits remarkable environmental resilience, 
capable of surviving in extreme conditions by 
forming endospores.56 This bacterium is non-
pathogenic and is found naturally in soil and plant 
environments.57 One of the key characteristics of 
B. subtilis is its ability to produce a wide range of 
secondary metabolites, including enzymes and 
antimicrobial compounds.58

 B. substilis is employed in various 
industrial applications, including the production 
of enzymes like amylases and proteases, which 
are used in food, pharmaceutical, and agricultural 
industries.22 Additionally, B. subtilis is known for 
its ability to produce antimicrobial peptides such 
as subtilin and bacitracin, which have broad-
spectrum activity against Gram-positive bacteria.56 
These antimicrobial properties make B. subtilis a 
significant producer in biocontrol, where it is used 
to suppress plant pathogens and reduce the need 
for chemical pesticides in agriculture.59 Varius such 
useful microbes may also be isolated for petroleum 
bioremediations from red sea and Saudi soils.60

 This research needs more exploration 
for optimization of fermentation conditions to get 
optimum results in metabolic production. Altering 
parameters such as pH, temperature, nutrient 
composition, and aeration during fermentation 
may increase the yield of active metabolites, 

potentially enhancing all extract’s antibiofilm 
activity.

CONCLUSION

 This study successfully identified 
and characterized four Bacillus strains from 
mangrove sediments along the Red Sea coast of 
Jeddah, Saudi Arabia. These isolates exhibited 
antimicrobial activity against multiple clinically 
relevant multidrug-resistant (MDR) pathogens. 
Molecular analysis confirmed their identity as 
Bacillus mesophilus, Bacillus xiamenensis, Bacillus 
halotolerans, and Bacillus subtilis, all of which are 
known producers of bioactive compounds. Bacillus 
mesophilus (JRSM 4) demonstrated MIC values 
of 156.25 µg/mL against Staphylococcus aureus, 
312.5 µg/mL against Pseudomonas aeruginosa, 
and 5000 µg/mL against both Escherichia coli and 
Klebsiella pneumoniae. Bacillus xiamenensis (JRSM 
6) showed MIC values of 312.5 µg/mL against S. 
aureus and P. aeruginosa and 2500 µg/mL against 
E. coli and K. pneumoniae. Bacillus halotolerans 
(JRSM 7) displayed MIC values of 78.125 µg/mL 
against S. aureus and 156.25 µg/mL against P. 
aeruginosa, with MBC values of 312.5 µg/mL for 
both. Bacillus subtilis (JRSM 9) had MIC values of 
156.25 µg/mL against S. aureus and 5000 µg/mL 
against P. aeruginosa. The findings highlight the 
potential of Red Sea mangrove ecosystems as 
a valuable reservoir of antimicrobial-producing 
bacteria. Future work should focus on optimizing 
fermentation conditions, isolating specific bioactive 
compounds, and evaluating their efficacy through 
in vivo and biofilm-based studies. Further genomic 
analysis may also reveal biosynthetic gene clusters 
responsible for antimicrobial activity, opening new 
avenues for drug discovery and environmental 
biotechnology.
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