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Abstract

Objective: This study aimed to isolate halotolerant and halophilic bacteria and study their abilities to resist cadmium (Cd) and to produce
antimicrobial and antioxidant agents.

Methods: Soil samples of mangroves were collected from four different sites in Saudi Arabia: three in Tarut Bay (Darin Safwa, and Syhat) and
the fourth in the Farasan Islands (Sajid Island).

Results: Of the 125 isolates obtained on three different media containing 3 M NaCl and 100 ppm Cd (Il), Luria-Bertani (LB), saline nutrient,
and casein agar, LR40 and LD57 were the most resistant to cadmium metal. The previous isolates grew well for 5 days on LB medium at 37°C
in the presence of Cd (Il) metal (50-500 ppm at 3 M NaCl), with a minimum inhibitory concentration (MIC) of 600 ppm for both isolates. The
two isolates were identified as Vreelandella alkaliphila strain LR40 (accession number PP767765.1) and Halomonas smyrnensis strain LD57
(accession number PP767765). The effect of several factors on the growth of isolates LR40 and LD57 in the presence of Cd (Il) metal (300
ppm) was studied; the results showed that the best growth of both isolates in the presence of the metal was at pH 7,3 M NaCl, 37°C, and
after 2 days. The biosorption capacity of Cd (Il) by the live biomass of isolates LR40 and LD57 in the solution with 500 ppm was 70.34% and
72.85%, respectively. The ethyl acetate extracts of the two isolates exhibited moderate antibacterial activity against uropathogenic bacteria,
and the presence of cadmium in the growth medium enhanced this activity. Also, the cell and ethyl acetate extracts showed excellent
antioxidant activity as determined by DPPH (1,1-Diphenyl-2-picrylhydrazyl), with antioxidant percentages ranging from 65-76%.
Conclusion: The coastal mangroves of Saudi Arabia are rich with new halotolerant bacteria that possess a specific combination of resistance
to cadmium, tolerance to high salt, and, importantly, antimicrobial and antioxidant activities, making them highly promising candidates

for many biotechnological applications
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Introduction

Mangroves are one of the most diverse ecosystems on earth,
with many organisms, including extremophiles, helping the
ecosystem to grow and survive despite extreme environ-
mental conditions. This wide mangrove environment is home
to a great variety of extremophiles, including halophiles,
halotolerant, thermophiles, and lots of other marine micro-
organisms." The rhizosphere of mangroves involves highly
functioning, varied microbial communities that contribute
to nutrient cycling and the maintenance of ecosystem trophic
networks. The toxicity of heavy metals may have harmful
effects on these communities.?

Heavy metals get into mangrove ecosystems through
anthropogenic or natural processes such as atmospheric dep-
osition or soil erosion. Chemicals like these are considered
among the most hazardous to the environment.’ Anthropo-
genic activities, including urbanization, oil spills, pollutants,
industrial waste, wastewater treatment plants, and harmful
waste disposal, strongly affect the mangrove habitats, and
they are highly susceptible to heavy metal accumulation from
these sources.* Heavy metals in groundwater, soil, and plants
have become a big problem that needs to be fixed.” As these
metals enter the food chain, they create a variety of health
problems, including damage to the nervous system, endo-
crine system, malignancy, circulatory system, skin cancer, and
benign prostatic hyperplasia. Humans may come into direct
contact with heavy metals by consuming contaminated foods,
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sea animals, and drinking water, inhaling polluted air as dust
fumes, or by occupational exposure at work.® The indiscrim-
inate discharge of heavy metal-laden industrial effluents into
bodies of water and soil is now causing life-threatening health
risks to humans.” Globally, about 160 million people consume
untreated surface water and contaminated groundwater for
drinking.’

In the current situation of large heavy metal contamina-
tion, microbial-aided remediation is a ray of hope. Conven-
tional heavy metal remediation techniques are not only costly
but are also ineffective at low metal concentrations.” There-
fore, it is high time to find alternative ways to remove toxicity
from the environment, and bioremediation of heavy metals
mediated by bacteria may be one of them.” Bioremediation
is an innovative and promising method for removing heavy
metals from contaminated water and land. It is more appealing
than physicochemical techniques because it is less expensive
and more efficient at low metal concentrations.® Heavy metals
such as mercury, arsenic, cadmium, and other heavy metals
are bioremediated by halophilic bacteria from wastewater
because of their power, availability, and ease of cultivation.’
Many Halomonas species can detoxify various heavy metals
via bio-adsorption, either directly with the cellular bounda-
ries or via secreted molecules like extracellular polymeric sub-
stances (EPS)."

Cadmium (Cd) is a toxic heavy metal that, through dif-
ferent natural and anthropogenic sources, enters the environ-
ment and is a potential danger to most organisms, including
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humans. By ingestion or inhalation, humans are exposed to
cadmium. Overexposure to cadmium can lead to bone dis-
eases, renal damage, and several forms of cancer.® Many
studies have been carried out in the past to isolate and identify
cadmium-resistant bacterial strains, such as Staphylococcus
aureus, S. lugdunensis, Bacillus subtilis, B. thuringiensis, Lacto-
bacillus plantarum, Ralstonia metallidurans, Alcaligenes eutro-
phus, Serratia liquefaciens, Pseudomonas putida, P. aeruginosa,
P. fluorescens, E. coli, Comamonas testosteroni, and Klebsiella
planticola. There is a smaller number of reports showing biore-
mediation of cadmium by halotolerant bacteria.!’ Therefore,
this study aimed to isolate halophilic and halotolerant bacteria
from mangrove rhizosphere soils and study their ability to
remove cadmium pollution at high salinity and production of
antimicrobial and antioxidant agents.

Methodology
Sampling

Soil samples were collected in June 2021 from four locations
within Tarut Bay on the Arabian Gulf coast and the Farasan
Islands of the southern Red Sea, Saudi Arabia. Three locations
(Darin, N26°32'56.03" E50°4'48.06", Safwa, N26°39'43.85"
E49°59'17.07", and Syhat, N26°30'20.95” E50°2'38.11") were
in Tarut Bay (Figure 1A), and one location, the Sajid Island in
Farasan Islands (N16° 42’ 12.59” E41° 58 59.99”) (Figure 1B).
Figure 2 shows the four different sites where mangrove plants
grow and they were used for rhizosphere soil collection. The
soil samples (at a depth of 5 cm) were collected in labeled
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containers, kept cool on ice, and then transported to the lab-
oratory in a 4°C refrigerator for further analyses.

Preparation of Cadmium Metal Solutions

The known amount of each analytical-grade cadmium chlo-
ride (CdClL) was dissolved in deionized distilled water to a
concentration of 1000 ppm. The stock solution was diluted
with deionized water to obtain the required concentrations."

Isolation of Halophilic Bacteria

Isolation of halophilic bacteria was performed according to
the method reported by Baati et al.”” with minor changes.
Different types of media containing cadmium (II) metal (100
ppm) with high salt concentrations (3 M NaCl) were used for
the specific isolation of halophilic bacteria resistant to cad-
mium in high salinity concentrations. The agar media used
were Luria-Bertani (LB), which was prepared as described by
Gan et al.," saline nutrient as termed by Elyasifar et al.,”” and
casein agar as described by Nieto et al.'® Bacterial isolates on
each medium were counted, purified, and maintained on the
same medium until used.

Selection of Cadmium-Resistant Bacteria

The collected soil samples were air-dried, powdered, and 0.5 g
of each sample was suspended in 10 mL of sterile water, after
which serial dilutions were prepared. Petri dishes containing
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Fig. 1 Map showing the location of mangrove sites. A: Darin, Safwa, and Syhat Islands, and B: Sajid Island, Saudi Arabia. Red arrows show

the studied mangrove Islands.

Fig. 2 Sampling sites used for mangrove rhizosphere soils collection, Saudi Arabia. A: Darin area (salinity, 4.29%), B: Safwa area (salinity,
2.02%), C: Syhat area (salinity, 2.55%), and D: Farasan area (salinity, 5.05%).
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solidified media containing 100 ppm of CdClL, and 3 M NaCl
were inoculated with 0.1 mL (100 pL) of the suitable dilu-
tion of soil suspension, which was spread on the surface of
the medium using a glass spreader. All plates were incu-
bated at 37°C. The growth of the appeared colonies on each
surface plate was checked at 2-day intervals for at least one
week. Agar plates without cadmium metal were used as con-
trols. The growth of each isolate was detected as +++ (high
growth), ++ (moderate growth), and + (low growth). After all,
the most resistant isolates to cadmium metal were selected and
screened on a medium containing increasing concentrations
of the metal salts (100-600 ppm) to isolate strains resistant to
high concentrations of the cadmium metal. For the highest
cadmium resistance, isolates were chosen to analyze the min-
imum inhibitory concentration (MIC). The selected strains
were grown on Cd-incorporated LB agar medium (50-800
ppm of Cd (II)) with a 3 M NaCl concentration. The lowest
concentration of cadmium that completely inhibits visible
bacterial growth on a Petri plate or a low to very little growth
is known as the MIC dose.”

Halotolerant Bacteria Identification

The isolates LR40, LD39, LD57, and LD59 were grown in LB
agar medium and examined after Gram staining using an
100X objective lens.” The DNA of each isolate was extracted,
purified, and amplified in PCR using universal primers (Mac-
rogen, Korea): 27F (5°-AGA GTT TGA TCC TGG CTC AG-3’)
and 1492R (5-TACGGCTACCTTGTTACGACTT-3’). The
obtained PCR products were sequenced and compared using
the commercial service of Macrogen, Korea.

Antibacterial and Antioxidant Activities

The bacterial isolates LR40 and LD57 were grown in 1000 mL
of LB broth medium containing 3 M NaCl, with or without
50 ppm of cadmium (II). About 50 mL of growth medium
was distributed in a 250 mL Erlenmeyer flask and inoculated
with 2 mL of the preculture of the selected bacterial isolate. All
flasks were incubated at 37°C for 2 days. After growth, the cul-
ture filtrate was extracted with an equal volume of ethyl ace-
tate, and the antimicrobial activity of the extract was detected
against different uropathogenic bacteria using an agar well
diffusion assay. Uninoculated LB broth containing 50 ppm
Cd (IT) was used as a control to ensure that pathogen growth
inhibition was caused only by the tested isolates, not by the
metal itself.

Also, cells of isolate LR40, grown in normal medium or in
Cd-containing medium (100 ppm) (due to being susceptible
to cadmium chloride), were collected, prepared for scanning
electron microscope (SEM), and examined at King Fahad
Center for Medical Research in Jeddah using a FEI Quanta
250 SEM.

Similarly, flasks containing the same medium without Cd
(II) addition were prepared, and the antioxidant activities of
the filtrate, ethyl acetate extract, and cell extract were detected
after growth in LB broth for 2 days at 37°C. After centrifu-
gation at 5000 rpm for 10 min at 4°C, cells were collected,
lyophilized for 24 hr. and disrupted in liquid nitrogen. The
obtained cell lysate was extracted with acetone in the dark.
Then, acetone extracts were centrifuged at 5000 rpm, 4°C for
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10 min, and the resulting supernatant, containing carotenoids
and other lipophilic compounds, was dried and dissolved in
phosphate-buffered saline (PBS). The crude filtrate was steri-
lized by filtration or extracted with ethyl acetate as described
previously and dried using a lyophilizer and a rotary evapo-
rator, respectively. Then, they were dissolved in DMSO and
tested at a concentration of 1 mg/mL for antioxidant activity.
Butylated hydroxytoluene (BHT, 1 mg/mL) was used as a pos-
itive control in the 1,1-Diphenyl-2-picrylhydrazyl (DPPH)
method. The extract solvents (DMSO or PBS) were used as
a negative control. All measurements were taken three times,
and the mean was calculated. The percent of inhibition rela-
tive to the negative control (radical scavenging activity) was
measured from the formula:

Absorbance of sample

% Scavenging activity =100 —
Absorbance of control

The radical scavenging assay was performed as described
by Sachindra et al."” with some modifications. A 0.12 mM
DPPH solution was prepared in methanol, and 200 pL of this
solution was mixed with 22 pL of each extract solution. The
absorbance decrease at 517 nm was recorded in a microplate
reader after incubation at 25°C for 30 min in the dark. A color
control prepared with 200 pL of methanol and 22 pL of each
extract sample was used as a control. When the activity of a
sample exceeded 65%, the concentration of the extract pro-
viding 50% reduction of the radical scavenging activity (EC50)
was calculated from a graph built by plotting the log of the
radical scavenging activity (%) against the different sample
concentrations.

Determination of the Effect of Cadmium lons on
Bacterial Growth in a Liquid Medium

Bacterial growth patterns under cadmium (II) stress were
studied by growing the selected resistant bacterial strains
(LR40 and LD57) in the absence or presence of varying
Cd (II) concentrations. During this study, fresh cultures of
LR40 and LD57 were grown in flasks containing 25 mL of
LB broth medium (pH ~7.0; 3 M NaCl) supplemented with
Cd (II) metal (ranging from 100-1000 ppm) or without
the metal (control). This experiment was carried out in
an orbital shaker incubator at 37°C and 150 rpm agitation
speed for 48 hr. The bacterial growth in different Cd (II)
concentrations was measured by taking optical density (OD)
at 600 nm using a UV-Visible Spectrophotometer (Shimadzu
UV-1650PC).”

The Effect of Different Physiological Factors on
the Growth of The Two Tested Isolates

The effect of different incubation periods (1 to 5 days), var-
ious NaCl concentrations (0, 1, 2, 3, 4, and 5 NaCl), varied pH
(4, 5,6,7,8,9, and 10), and different temperatures (24, 30,
35, 37, 40, 45, and 50°C) on growth of the two tested isolates
was performed according to the method reported before.”' >
The selected isolates (2 mL of 24-hr culture) were inoculated
into 25 mL of sterile LB broth containing 3 M NaCl, then
incubated at the appropriate temperature. After incubation,
the OD of each sample was measured at 600 nm with a UV
spectrophotometer.
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Preparation of Live Bacterial Biomass for the
Biosorbent Process

Biomass of isolates LR40 and LD57 (biosorbent) was prepared
by inoculating the bacterial strains into LB broth containing
3 M NaCl, with the media shaken in an orbital rotary shaker
(JSSI-I00T from JSR) at 150 rpm for 72-96 hr. at 37°C. Live
bacterial biomass was separated from the culture by centri-
fuging at 4500 rpm for 10 min at 4°C and then washed twice
with sterile saline (0.9 g NaCl/100 mL distilled water). The col-
lected live bacterial biomass was dried at room temperature in
a laminar flow hood and then stored at 4°C in the refrigerator
until use.”’ In the stoppered conical flasks (100 mL), 25 mL
of LB broth medium containing 3 M NaCl and cadmium (II)
metal solution at different concentrations (100-500 ppm) was
prepared, and the pH was adjusted to 7.0. About 0.25 g of live
LR40 and LD57 bacterial biomass was resuspended, then the
flasks were kept shaking in an orbital rotary shaker at 150 rpm
for 144 hr. For cadmium analysis, a fixed volume of culture
supernatant was filtered through Whatman No.1 filter paper,
and the filtrates were analyzed for cadmium concentration by
Avio 200 ICP-OES. Using the following equation, the metal
removal efficiency (MRE) was obtained:

% of MRE = C, - C,/ C,x 100

Where C, represents the initial cadmium metal ion con-
centration, and C, represents the final cadmium metal ion
concentration.

Statistical Analysis

All values were presented as the mean of three readings
(mean + standard deviation (SD)). Statistical analyses were
conducted using one-way ANOVA for parametric data and
the Kruskal-Wallis test for non-parametric data, utilizing the
Statistical Package for Social Sciences (SPSS) program (Ver-
sion 26.0). The one-way ANOVA was employed to assess
variations in the primary research variable based on the sec-
ondary variables. Results with a p-value < 0.05 were consid-
ered statistically significant.”*

Results

Soil samples from mangrove rhizosphere soils along the Red
Sea coasts of Saudi Arabia were collected to isolate halotol-
erant bacteria. The four locations were Darin, Safwa, and
Syhat in Tarut Bay and Sajid Island in the Farasan Islands

# Saline nutrient medium
# Casein medium

¥ Luria-Bertani medium
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(Figures 1 and 2). A range of agar media (Luria-Bertani (LB),
saline nutrient, and casein agar) containing 3 M NaCl and 100
ppm cadmium (II) were used to isolate halophilic bacteria
resistant to cadmium under high-salinity conditions. This
technique resulted in the isolation of 125 Cd (II)-resistant
bacteria. The majority of resistant isolates were obtained
on casein agar > saline nutrient agar > Luria-Bertani agar
(Figure 3A). It can also be concluded that most resistant bac-
teria isolated from all agar media were obtained from Darin
> Farasan Island > Syhat > Safwa (Figure 3B).

All bacterial isolates grown on the three media types
containing 100 ppm Cd (II) and 3 M NaCl produced a range
of colony colors, including creamy, white, or yellow. They
were either Gram-positive or Gram-negative bacteria, with
the shape of bacilli, coccobacilli, or streptobacilli. The char-
acters of seven of these isolates were summarized in Table 1.
The LR40, LD47, LD57, and LD59 isolates grew well on/in
LB medium and were the most resistant isolates to Cd (II).
The LD47 and LD59 isolates showed good growth in the pres-
ence of 100 ppm Cd (II), with an MIC of 300 ppm. However,
the two other isolates, LR40 and LD57, could grow at higher
metal concentrations, with excellent growth (+++) at 100 ppm
Cd(II), and the growth decreased with increasing metal con-
centration up to 500 ppm. Their growth was very weak or dis-
appeared at 600 ppm, and the MIC of Cd (II) for them was 600
ppm (Table 2 and Figure 4); thus, these two Cd (II)-resistant
bacteria were selected for further investigation.

The 16S rRNA sequence of metal-tolerant bacterial iso-
lates showed the highest (97-99%) similarity to the genera
Vreelandella, Halomonas, and Halobacillus. They were identi-
fied as Vreelandella alkaliphila strain LR40 (accession number
PP767765.1), Halomonas smyrnensis strain LD57 (accession
number PP767765), Halomonas maris strain LD47, and Halo-
bacillus faecis strain LD59 (Table 3 and Figure 5).

Figure 6A illustrates the growth charts of the isolated
LR40 and LD57 grown in LB broth at various concentrations
of Cd (II) (ranging from 100-1000 ppm). The results showed
that, in comparison to the control, the growth of the LD57
isolates decreased significantly at 600 ppm Cd (II), while
the growth of LR40 was much higher than that of the LD57
isolate at this metal concentration. The effect of the incuba-
tion period on the growth of LR40 and LD57 isolates in the
presence or absence of Cd (II) metal was studied. The bac-
terial growth gradually improved as the incubation period
increased from 1 to 2 days, and the best growth of both iso-
lates in the presence of Cd (II) was for a period of 2 to 4 days
(Figure 6b).

® Safwa
B Darin
® Syhat

Farasan Island

Fig. 3 Isolation of cadmium-resistant halophilic bacteria. A: The used media with 3 M NaCl and 100 ppm Cd (lI), and B: The isolation areas.
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Table 1. Growth of the most cadmium-resistant bacterial isolates on modified Luria-Bertani (LB) medium
containing 3 M NaCl and 100 ppm Cd(11)

No Bacterial Source of soil Color of Shape of Gram's reaction Growthon  Growth on LB agar
*  isolate the colony  bacterial cell LBagar  with Cd(ll) (100 ppm)

1 LR39 Farasan Island Creamy ++
N16°42'12.59"

2 LR40 E41°58'50,99" Creamy +++

3 LD47 Darin White +++
N26°32'56.03" o - q

4 LD57 E50°4748.06" Creamy Bacilli Gram-negative 4+ +++

5 LD59 Creamy +++

6 LF57 Safwa Yellow ++

7 N26°39'43.85" P

LF58 E49°59'17.07" Creamy

+++, High growth; ++, Moderate growth.

Table 2. Screening of four bacterial isolates for tolerance to Cadmium
(0-600 ppm) using Luria-Bertani (LB) agar containing 3 M NaCl

Tested isolate

Cd(11) concentration

LR40 LD47 LD57 LD59
Control +++ +++ +++ +++
50 ppm F++ e+ o -+
100 ppm +++ ++ 1+ ++
200 ppm ++ +/- ++ +
300 ppm ++ +/- ++ -
400 ppm + - + -
500 ppm + - + -
600 ppm +/- - Afle -
+++, High growth; ++, Moderate growth; +, Low growth; +/-, Very low growth; -, No

growth.

(Control) 50 ppm 100 ppm 200 ppm 400 ppm 500 ppm 600 ppm

Fig.4 Growth of some bacterial isolates on Luria-Bertani (LB) amended with varying concentrations of cadmium(ll). A: LD57, B: LR40,
(: LD47, and D: LD59, and a minimum inhibitory concentration (MIC) of 600 ppm of the metal for LR40 and LD57.

Table 3. Identification of the four cadmium-resistant bacteria based on 16S rRNA

gene sequences

Theisolate  The recommended species Similarity (%)  GCcontent (%)
LR40 Vreelandella alkaliphila strain LR40 99 54.0
LD47 Halomonas maris strain LD47 97 480
LD57 Halomonas smyrnensis strain LD57 99 390
LD59 Halobacillus faecis strain LD59 99 44.0
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LR40_(PP767765)

Vreelandella_alkaliphila(NR_042256)
Halomonas_hydrothermalis(NR_027220)
~ Vreelandella_venusta(NR_042069)
Vreelandella_zhaodongensis(NR_125612)
Halomonas_johnsoniae(NR_115090)

LD47_(PP767761)
Halomonas_maris(NR_181162)
Halomonas_populi(NR_180234)
Vreelandella_songnenensis(NR_126242)
Halomonas_salina(NR_114724)
Halomonas_halophila(NR_042697)
Halomonas_halophila(NR_114161)

LD57_(PP767762)
Halomonas_smyrnensis(NR_115697)
LD59_(PP767763) |

Halobacillus_faecis(NR_114247)
Halobacillus_trueperi(NR_025459)

I_ Halobacillus_dabanensis(NR_042860)
Halobacillus_litoralis(NR_029304)

12 10 8 6 4
Nucleotide Substitution per 100 residues

Fig. 5 The phylogenetic tree of the four isolated bacteria based on 165 rRNA gene sequences and the most related genera.
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Fig.6 The growth of LR40 and LD57 isolates in Luria-Bertani (LB) broth with 3 M NaCl. A: LB containing different concentrations of Cd (I1)
metal, and B: Different incubation periods for the media. (I) refers to standard error (SE).

Based on the salt range, isolates LR40 and LD57 grew well
and tolerated 2 and 3 M NaCl in LB broth with 300 ppm Cd
(II), with the optimal salt concentration being at 3 M NaClL
With increasing NaCl concentration, the growth gradually
decreased, and very weak growth was recorded at 5 M NaCl
(Figure 7A). Because the two strains could grow in the absence
of salt, they are characterized as halotolerant. The growth of
LR40 and LD57 isolates in LB medium containing 3 M NaCl
and 300 ppm Cd (II) was affected by various pH levels, as
shown in Figure 7B. The results showed that LR40 and LD57
isolates grew at different pH values, where weak growth was
noted at very acidic (4 and 5) and alkaline (9 and 10) condi-
tions. However, well-developed growth was recorded at pH 6
and 7, while at pH 8, the growth was moderate. Thus, it could
be said that very weak acid or alkaline conditions were optimal
for the growth and survival of LR40 and LD57 strains.

The effects of varying temperatures on the growth of iso-
lates LR40 and LD57 were depicted in Figure 8 A. The outcome
demonstrated that isolates LR40 and LD57 could grow in LB
broth medium (with 3 M NaCl and 300 ppm cadmium(II))
for 48 hr at 24°C to 45°C, with 37°C being the optimum

J Contemp Med Sci I Vol. 12, No. 2, March-April 2026: 126-136

temperature. Figure 8B shows the amount of Cd (II) metal
uptake by the live biomass of isolates LR40 and LD57 at dif-
ferent metal concentrations (100-500 ppm). The cadmium
adsorption capacity of the live biomass of isolate LR40 ranged
from 20.62 to 70.34%, with a maximum of 71.56% at 400 ppm
Cd (II). In comparison, the capacity of isolate LD57 ranged
from 45.75 to 72.85%, with a maximum adsorption of 72.85%
at 500 ppm.

A scanning electron microscope (SEM) was used to ana-
lyze the morphological variations in Vreelandella alkaliphila
strain LR40 in the presence and absence of cadmium ions
(Figure 9). It demonstrated that bacteria grew in the absence
of Cd (II), aggregated with an intact and well-defined mem-
brane, and maintained morphological features (Figure 9A). In
the presence of Cd (II), cells became twisted with stretched cell
size, and precipitates were created, as seen in Figure 9B. The
various abnormalities in shape and deformation of all these
results showed cadmium toxicity to bacteria, which causes
varying degrees of harm.

Uropathogenic bacteria are specialized microorganisms,
primarily strains of E. coli cause urinary tract diseases by
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Fig. 7 The growth of isolates LR40 and LD57 in Luria-Bertani (LB) containing cadmium(ll) (300 ppm). A: LB medium with different NaCl
concentrations (0-5 M), and B: LB medium with varied pH (4-10) values. (1) refers to standard error (SE).
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Fig. 8 A: Effect of different temperatures on the isolates LR40 and LD57 grown in LB broth with 300 ppm cadmium(ll), and B: The capacity
of Cd(ll) removal by isolates LR40 and LD57 grown in different concentrations of the metal.
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Fig.9 Scanning electron microscopy (100,000X magnification) of Vreelandella alkaliphila strain LR40 grown in Luria-Bertani (LB) medium
with 3 M NaCl. A: LB without cadmium (I1) metal, and B: LB with 100 ppm Cd (lI). The arrows show the precipitates of metal ions.

colonizing the urinary tract, adhering to uroepithelial cells,
and invading tissue. They are the main cause of communi-
ty-acquired infections, often leading to cystitis (bladder infec-
tion) or pyelonephritis (kidney infection). In the screening
experiment for antimicrobial property, the control (50 ppm
cadmium-supplemented media without isolates) showed
no antibacterial activity against all tested pathogens. The
isolates V. alkaliphila strain LR40 and H. smyrnensis strain
LD57 had moderate antibacterial activities with inhibition
zone diameters ranging from 10 tol6 mm. The highest activ-
ities of the two isolates grown in LB without cadmium were
against Gram-positive bacteria (Staphylococcus aureus and
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Enterococcus faecalis) and Gram-negative Klebsiella aerogenes.
However, the presence of Cd (II) significantly enhanced the
antibacterial activity of the two isolates against E. coli and
Klebsiella aerogenes and the activity of H. smyrnensis strain
LD57 against Pseudomonas aeruginosa and Proteus mirabilis.
While no clear inhibition was recorded by the V. alkaliphila
strain LR40 against the two previous pathogens (Table 4).

The antioxidant potential of V. alkaliphila strain LR40 and
H. smyrnensis strain LD57 extracts was tested in radical scav-
enging assays, based on the DPPH (1,1-Diphenyl-2-picrylhy-
drazyl) method. The half maximal inhibitory concentration
IC50 was calculated for the extracts that exhibited antioxidant
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activities higher than 65%. The antioxidant activity (%) and
the half effective concentration (EC50) were calculated for
aqueous and ethyl acetate extracts in addition to acetone
extracts of cells (1 mg/mL) obtained from V. alkaliphila
strain LR40 and H. smyrnensis strain LD57 and determined
by DPPH. No clear antioxidant activity was recorded for the
filtrates of the two tested isolates, while excellent activity was
observed in the ethyl acetate and cell extracts of the tested bac-
terial isolates. The highest antioxidant activity was recorded
for the cell extract of H. smyrnensis strain LD57 (76%, EC:
11.4), followed by the cell extract of V. alkaliphila strain LR40
(72.6%, EC: 10.9). The data were submitted to one-way anal-
ysis of variance (ANOVA), and the same letters denote groups
with no significant differences (P < 0.05) (Table 5).

Discussion

Mangrove rhizosphere soil harbors a great diversity of halotol-
erant or halophilic bacteria. In this study, the four selected sites
were rich with plants associated with salt-tolerant bacteria,
which showed good growth on the three selected media con-
taining 100 ppm of Cd (II). Chang et al.” found that the salinity
of the rhizosphere soil of mangroves in Saudi Arabia was lower
compared to that of the mangrove forest in Al-Thakira, Qatar
(15.48 ppt). The addition of Cd (II) to the isolation media was
used for the specific isolation of Cd-resistant bacteria that
live at high salinity concentrations. Casein agar was the best
medium for isolation of halotolerant Cd-resistant bacteria
compared to saline nutrient agar and LB media, which may be
due to the suitable compounds and pH value. Also, the highest
bacterial counts were recorded from Darin Island, which may
be due to the moderate salinity of its soil compared to the other
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studied saline sites of Tarut Bay (Syhat and Safwa) and Farasan
Island. Out of 125 isolates, 7 (5.6%) showed good growth in the
presence of Cd (II). Out of them, isolates LR40 and LD57 were
the most tolerant to Cd (II) with MIC of 600 ppm. Examina-
tion of these isolates under the light microscope showed that
the cells of isolates LR40 and LD57 from an overnight culture
were Gram-negative and rod-shaped (bacilli). Similar to these
results, Orji et al.'”® reported that three unique halotolerant
and metal-tolerant aerobic bacterial strains were isolated from
brine and sediment samples of Uburu Salt Lake, Ebonyi State,
Nigeria. They were all Gram-negative and rod-shaped. In addi-
tion, Amasha and Alhazzani* isolated halophilic bacteria from
mangrove rhizosphere soils of Saudi Arabia that were active in
lead removal.

Moreover, LR40 and LD57 strains could grow to a max-
imum concentration of NaCl (5 M) and also grow in the
absence of salt; they were classified as halotolerant. It is worth
mentioning that halotolerant bacteria grow best at <1% w/v
salt and can tolerate high salt, whereas halophile bacteria
require high salt for growth.”” These strains represent ade-
quate characteristics to resist the harsh conditions of NaCl and
heavy metals, which is consistent with the findings of other
researchers, such as the study results of Chaida et al.,”® which
demonstrated that Bacillus aquimaris could grow against a
wide range of NaCl concentrations (between 0-12% w/v) and
pH 5.5-12.

According to the results of the 16S rRNA analysis, LR40
and LD57 strains were identified as Vreelandella alkaliphila
strain LR40 and Halomonas smyrnensis strain LD57. Zmorrod
et al.”? isolated, from solar salterns in Lebanon, a species
Halomonas venusta H9, which showed high tolerance to both
heavy metals (lead and cadmium). The cadmium resistance of

Table 4. Inhibition zones diameters produced by extracts of the two tested isolates grown with or without 50 ppm cadmium(ll),

against seven uropathogenic bacteria

Tested bacterial pathogen 50(|:z:1t r(;)(") /A alll-{;iighila /A alkalig:;’ﬁl) LR40 + H. sijI;l;l;nsis H. Sm].:.”ézn(ﬁ; LD57
E. coli **13.5+0.55 15.1 £ 045*% 11.5+0.25 13.1£0.13*
Klebsiella pneumoniae 15.5+0.01 16.1+£0.16 13.0+0.15 124+£0.13
Klebsiella aerogenes 11.0£0.11 15.1+043* 16.1+0.13 164+0.15
Pseudomonas aeruginosa ND ND ND 11.1+£0.11 14.1 £0.18*
Proteus mirabilis ND ND 114£0.18 13.1£0.33*
Staphylococcus aureus 164+0.18 16.1+0.13 10.1+0.23 11.1+£031
Enterococcus faecalis 16.1+0.63 16.1£0.13 10.1£044 10.1£0.21

ND, No inhibition was recorded; **, Mean value of inhibition zone diameter (mm) + SD; ¥, Significant differences compared to control at P < 0.05.

Table 5. Determination of the antioxidant activity (%) and 1C50 (ug/mL) of the filtrate, ethyl
acetate extracts, and cell lysate acetone extracts (1 mg/mL) obtained from the two tested
isolates by DPPH (1,1-Diphenyl-2-picrylhydrazyl) assay

V. alkaliphila strain LR40

H. smyrnensis strain LD57

Filtrate Ethyl acetate extract

Cell extract

Filtrate  Ethyl acetate extract  Cell extract

ND 9.8b(65.3%)

10.9a (72.6%)

ND 10.4a (69.3%) 11.4a (76.0%)

ND, Not detectable.
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the two studied isolates, LR40 and LD57, was similar to that
of the halophilic bacterium H. venusta H9. The Halomonas
genus has been extensively studied for bioremediation and the
synthesis of desired compounds. It is known to have strains
that can tolerate high lead (Pb*?) and cadmium (Cd*?) concen-
trations above 1000 and 500 mg/L, respectively.”’

The effect of various Cd (II) concentrations on bacterial
growth was studied. The results showed that as Cd (II) con-
centrations increased, growth across all isolates decreased rel-
ative to the control. The greatest effect of salt concentration on
the growth of isolates LR40 and LD57 with the presence of Cd
(IT) was observed when the NaCl concentration was increased
from 1 to 3 M, which raised growth. We concluded that ele-
vating the NaCl concentration increased cadmium tolerance,
which agrees with the findings of Sowmya et al.*! Sodium and
potassium are necessary elements for the activity of enzymes
and pumps in halophiles; therefore, it seems that these metals
enhance tolerance to toxic metals.” The effect of different
NaCl concentrations on heavy metal tolerance and removal
should be considered in future studies as a significant factor.”
The selective pressure imposed by high salinity and metal
concentrations allows the enrichment of microorganisms with
metabolic capabilities for simultaneous tolerance of salts and
heavy metals.”

The results also showed that there is no growth for both
isolates in the presence of Cd ions at pH 4 and 5, which is
similar to the findings of Divakar et al.”” Also, the optimum
growth rates for LR40 and LD57 isolates were generally
observed between 30-37°C, regardless of the cadmium
present. A drastic drop in growth occurred when the tem-
perature increased to 45°C, followed by a rapid decline in
growth at temperatures above 45°C, which agrees with the
findings of Mgbodile et al.”” The result showed that when
the concentration of Cd (II) metal increased from 100 to
500 ppm, it was observed that the removal % of Cd (II)
increased as well, which is consistent with the findings of
Zmorrod et al.”? The present study found a Cd (II) removal
rate of approximately 21 to 70% by Vreelandella alkaliphila
LR40 and 46 to 73% by Halomonas smyrnensis LD57.
These results corroborate the work of Castillo-Zacarias
et al.”!, who isolated phenol-resistant bacteria in Monterrey,
México, from industrial polluted effluents, showing Cd*
removal rate of 23 to 78% by Enterobacter cloacae, 23 to 64%
by Pseudomonas aeruginosa, and 24 to 64% by Klebsiella
pneumonia.’

Vreelandella alkaliphila strain LR40 in the presence and
absence of cadmium was examined under the SEM. The
cells’ morphology appeared normal when grown in medium
without Cd(II) metal. In contrast, in the presence of the metal,
cells became abnormal in shape and size and precipitated
metal ions. Similarly, Mohapatra et al.”” studied the interac-
tion of metal ions on biomass surfaces using scanning electron
microscopy.

Halophilic and halotolerant bacteria exhibit antibacte-
rial activity primarily through the production of halocins that
inhibit the growth of competing microorganisms. They are
considered potent probiotics due to their ability to modulate
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immune responses, detoxify heavy metals, and enhance bacte-
ricidal activity in aquatic culture. These isolated bacteria from
mangrove rhizosphere soils live in hypersaline environments
and possess excellent characteristics to survive.

Their significant antimicrobial activity is due to the pro-
duction of compounds like bioactive peptides, biosurfactants,
and enzymes that inhibit pathogens in food and clinical set-
tings. They can be promising agents in food preservation,
and biocontrol against some pathogens.’*** The halotolerant
bacterium Halomonas sp. produces a range of secondary
metabolites with antimicrobial qualities. These extracellular
metabolites (filtrate) were secreted into the medium and
exhibited moderate to good inhibition zones against patho-
gens like Staphylococcus aureus, Pseudomonas aeruginosa, and
Candida albicans, with MICs ranging from 128 to 256 pg/mL.
These metabolites showed antioxidant properties with 100%
scavenging at 512 pg/mL.” Bahamdain and Aly** reported
that the presence of copper (Cu) or nickel (Ni) (50 mg/L) in
the growth medium significantly enhanced the antibacterial
activity of Streptomyces vinaceusdrappus and S. huasconensis
against Staphylococcus hominis.

Gomez-Villegas et al.” reported that none of the extracel-
lular extracts obtained from the culture media of Halococcus
hispanicus and Halobacterium salinarum exhibited antiox-
idant activity. However, cellular extracts of LR40 and LD57
isolates showed considerable antioxidant activity, effectively
scavenging DPPH radicals at rates of 72.6 and 76%, respec-
tively. The antioxidant capacity of halobacteria has been
documented in several studies.*”*" Supporting the previous
findings, Halogeometricum rufum, Halogeometricum limi, and
Haladaptatus litoreus exhibited antioxidant activity with EC50
values ranging from 2.5 to 10 ug/mL,***" which may be due
to the presence of antioxidant compounds such as polyphe-
nols and carotenoid pigments. These results indicated that
halotolerant bacterial extracts could be a promising source of
antioxidant compounds with various applications, including
natural food preservatives, colorants, and supplements aimed
at preventing oxidative damage.***

In conclusion, the bioremediation of toxic cadmium
metal in hypersaline environments can be achieved using V.
alkaliphila strain LR40 and H. smyrnensis strain LD57, which
were discovered to be resistant to Cd (II) under extreme con-
ditions at 3 M NaCl concentration. Because of their ability to
treat metal under elevated salt conditions, this is an advantage
over other current remediation techniques. Where they can
remove cadmium metal from saline and non-saline environ-
ments. This was the first study that investigated cadmium-
resistant bacteria in mangrove soil. Several other microor-
ganisms with the potential for bioremediation can be iso-
lated using the mangrove ecosystem. Bioremediation using
extremophilic microbes is a powerful technology because
these microbes can thrive in unfavorable environmental
conditions.

Conflict of Interest
None. [l

J Contemp Med Sci | Vol. 12, No. 2, March-April 2026: 126-136



R.A. Alhazzani et al.

Original

Bone and Soft Tissue Tumors: Subtypes and Outcomes

References

1.

J Contemp Med Sci

Kharadi, A., Patel, M., & Patel, F. 2019. Assessment of extra cellular enzymes
of bacteria isolated from mangrove rhizosphere soil of different places of
Gujarat in monsoon season. Indian Journal of Science and Technology,
12,45,

Mufoz-Garcfa, A., Arbeli, Z, Boyacé-Vésquez, V., &Vanegas, J. 2022.
Metagenomic and genomic characterization of heavy metal tolerance and
resistance genes in the rhizosphere microbiome of Avicennia germinans in
a semi-arid mangrove forest in the tropics. Marine Pollution Bulletin, 184,
114204.

Samara, F, Solovieva, N., Ghalayini, T, Nasrallah, Z., & Saburova, M. 2020.
Assessment of the environmental status of the mangrove ecosystem in the
United Arab Emirates. Water, 12, 1623.

Alzahrani, D, Selim, E-M., & EI-Sherbiny, M. 2018. Ecological assessment
of heavy metals in the grey mangrove (Avicennia marina) and associated
sediments along the Red Sea coast of Saudi Arabia. Oceanologia, 60,
513-526.

Roy, R, Samanta, S., Pandit, S., Naaz, T, Banerjee, S., Rawat, J,, ... & Saha,
R.2024. An overview of bacteria-mediated heavy metal bioremediation
strategies. Applied Biochemistry and Biotechnology, 196, 1712-1751.
John, C,, ChukwumatiJohn, A, & George, A. 2023. Accumulation of
hydrocarbons and some heavy metal contents on sediments and plants
from crude oil polluted mangrove ecosystem in Okrika, Nigeria. World
Journal of Advanced Research and Reviews, 17, 298-306.

Goyal, P, Belapurkar, P, &Kar, A. 2019. A review on in vitro and in vivo
bioremediation potential of environmental and probiotic species of Bacillus
and other probiotic microorganisms for two heavy metals, cadmium and
nickel. Biosciences Biotechnology Research Asia, 16,01-13.

Saini, S., & Dhania, G. 2020. Cadmium as an environmental pollutant:
ecotoxicological effects, health hazards, and bioremediation approaches
for its detoxification from contaminated sites. Bioremediation of industrial
waste for environmental safety: Volume II: biological agents and methods
for industrial waste management. Singapore: Springer Singapore, 357-387.
Sekar, A, &Kim, K. 2020. Halophilic bacteria in the food industry.
Encyclopedia of Marine Biotechnology, 4, 2061-2070.

Biswas, J, Jana, S., & Mandal, S. 2023. Biotechnological impacts of
Halomonas: a promising cell factory for industrially relevant biomolecules.
Biotechnology and Genetic Engineering Reviews, 39, 348-377.

. Lata, S, Kaur, H., & Mishra, T. 2019. Cadmium bioremediation: a review.

International Journal of Pharmaceutical Sciences and Research, 10,
4120-4128.

Zmorrod, Z,, Nadine, G., Al Hakawati, N., Amer, R, & Yusef, H. 2021. Lead and
cadmium detoxification by halophilic bacteria isolated from solar salterns in
Lebanon. BAU Journal-Science and Technology, 2, 3.

Baati, H., Bahloul, M., Amdouni, R, & Azri, C. 2022. Behavior assessment of
moderately halophilic bacteria in brines highly enriched with heavy metals:
Sfax solar saltern (Tunisia), a Case Study. Geomicrobiology Journal, 39,
341-351.

Gan, L, Zhang, H., Tian, J,, Li, X,, Long, X, Zhang, Y, ... &Tian, Y. 2018.
Planococcus salinus sp. nov., a moderately halophilic bacterium isolated
from a saline-alkali soil. International Journal of Systematic and Evolutionary
Microbiology, 68, 589-595.

Elyasifar, B., Jafari, S., Hallaj-Nezhadi, S., Chapeland-leclerc, F, Ruprich-
Robert, G., & Dilmaghani, A. 2019. Isolation and identification of antibiotic-
producing halophilic bacteria from Dagh Biarjmand and Haj Aligholi salt
deserts, Iran. Pharmaceutical Sciences, 25, 70-77.

Nieto, J., Fernandez-Castillo, R., Marquez, M., Ventosa, A, Quesada, E., &
Ruiz-Berraquero, F. 1989. Survey of metal tolerance in moderately halophilic
eubacteria. Applied and Environmental Microbiology, 55, 2385-2390.
Al-Dhabi, N., Esmail, G, Mohammed Ghilan, A.-K., & Valan Arasu, M. 2019.
Optimizing the management of cadmium bioremediation capacity of
metal-resistant Pseudomonas sp. strain Al-Dhabi-126 isolated from the
industrial city of Saudi Arabian environment. International Journal of
Environmental Research and Public Health, 16, 4788.

Orji, 0., Awoke, J., Aja, P, Aloke, C,, Obasi, O., Alum, E., ... & Oka, G. 2021.
Halotolerant and metalotolerant bacteria strains with heavy metals
biorestoration possibilities isolated from Uburu Salt Lake, Southeastern,
Nigeria. Heliyon, 7.

Sachindra, N., Sato, E,, Maeda, H., Hosokawa, M., Niwano, Y., Kohno, M.,

& Miyashita, K. 2007. Radical scavenging and singlet oxygen quenching
activity of marine carotenoid fucoxanthin and its metabolites. Journal of
Agricultural and Food Chemistry, 55, 8516-8522.

Vol. 12, No. 2, March-April 2026: 126-136

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Mohapatra, R, Parhi, P, Pandey, S., Bindhani, B, Thatoi, H., & Panda, C. 2019.
Active and passive biosorption of Pb (Il) using live and dead biomass of
marine bacterium Bacillus xiamenensis PoRPSD202: Kinetics and isotherm
studies. Journal of Environmental Management, 247, 121-134.

Sowmya, M., Rejula, M., Rejith, P, Mohan, M., Karuppiah, M., & Hatha, A.
2014. Heavy metal tolerant halophilic bacteria from Vembanad Lake

as possible source for bioremediation of lead and cadmium. Journal of
Environmental Biology, 35, 655.

Divakar, G., Sameer, R, & Bapuji, M. 2018. Screening of multi-metal

tolerant halophilic bacteria for heavy metal remediation. International
Journal of Current Microbiology and Applied Sciences, 7, 2062-2076.
Mgbodile, C, Otutu, U, Onuoha, S, Eze, U, Ugwuoji, T, Nnabuife, O, &
Nwagu, T. 2022. Hydrolases secreting, heavy metal-resistant halophilic
bacteria isolated from metal dumpsites. Asian Journal of Tropical
Biotechnology, 19.

Statistics, L. 2015. Kaplan-Meier using SPSS statistics. Statistical tutorials and
software guides.

Chang, H., Han, S, Kim, S., An, J,, Alatalo, J., & Son, Y. 2020. Interactions
between topsoil properties and ecophysiological responses of mangroves
(Avicennia marina) along the tidal gradient in an arid region in Qatar. Turkish
Journal of Agriculture and Forestry, 44, 121-126.

Amasha, R., & Alhazzani, R. 2025. Lead bioremoval by halotolerant bacteria
isolated from mangrove rhizosphere soils of Saudi Arabia. Journal of King
Abdulaziz University: Marine Science, 35, 138-147.

Kannika, C,, & Thalisa, Y.-A. 2021. The diversity of halotolerant and
halophilic bacteria in the soil of the Nasinuan secondary forest in Maha
Sarakham, Thailand. Journal of Sustainability Science and Management,
16, 165-175.

Chaida, A, Bensalah, F, & M'rassi, A. 2021. Isolation and characterisation
of a new alkali-halotolerant Bacillus aquimaris strain Igmt10, producing
extracellular hydrolases, from the effluents of a thermal power plant, in
Algeria. Journal of Microbiology, Biotechnology and Food Sciences, 11,
€3460-e3460.

Claros, A, Guardia, E., & Ayala-Borda, P. 2023. Characterization and heavy
metal bioremediation potential of Halomonas isolates from the Bolivian
Altiplano.International Journal of Ecotoxicology and Ecobiology, 8, 13-23.
Amoozegar, M., Hamedi, J.,, Dadashipour, M., & Shariatpanahi, S. 2005.
Effect of salinity on the tolerance to toxic metals and oxyanions in native
moderately halophilic spore-forming bacilli. World Journal of Microbiology
and Biotechnology, 21, 1237-1243.

Castillo-Zacarfas, C., Suarez-Herrera, M., Garza-Gonzalez, M., Sdnchez-
Gonzdlez, M., & Lopez-Chuken, U. 2011. Cadmium increases catechol 2,
3-dioxygenase activity in Variovorax sp. 125, a metaltolerant and phenol-
degrading strain. African Journal of Microbiology Research, 5, 2627-2631.
Sahoo, S., & Goli, D. (2020). Bioremediation of lead by a halophilic

bacteria Bacillus pumilus isolated from the mangrove regions of

Karnataka. International Journal of Science and Research, 9, 1337-1343.
Mohapatra, R., Parhi, P, Patra, J., Panda, C., & Thatoi, H. 2018.
Biodetoxification of toxic heavy metals by marine metal resistant bacteria -
a novel approach for bioremediation of the polluted saline environment.
In Microbial Biotechnology: Volume 1. Applications in Agriculture and
Environment, 343-376. Singapore: Springer Singapore.

Di Cerbo, A., Palmieri, B, Aponte, M., Morales-Medina, J., & lannitti, T. 2016.
Mechanisms and therapeutic effectiveness of lactobacilli. Journal of Clinical
Pathology, 69, 187-203.

El Far, M., Zakaria, A., Kassem, M., Wedn, A., Guimei, M., & Edward, E. 2023.
Promising biotherapeutic prospects of different probiotics and their derived
posthiotic metabolites: in-vitro and histopathological investigation. BMC
Microbiology, 23, 122.

Neagu, S., & Stancu, M. 2025. Novel halotolerant bacteria from saline
environments: isolation and biomolecule production. BioTech, 14, 49.
Perumal K., Seenuvasan, J,, Nandhagopal, M. & Manivannan, N. 2024.
Antimicrobial properties of secondary metabolites produced by Halomonas
sp.: a halophilic bacterium. Cureus, 16.

Bahamdain, L., & Aly, M. 2026. A new source of actinomycetes with heavy
metal tolerance and antibacterial properties against multidrug-resistant
Staphylococcus hominis. Journal of Contemporary Medical Sciences, 12,
58-67.

Gomez-Villegas, P, Vigara, J., Vila, M., Varela, J.,, Barreira, L., & Léon, R. 2020.
Antioxidant, antimicrobial, and bioactive potential of two new haloarchaeal
strains isolated from odiel salterns (Southwest Spain). Biology, 9, 298.

135


https://www.sciencepublishinggroup.com/journal/516/home

Original

Bone and Soft Tissue Tumors: Subtypes and Outcomes RA. Alhazzani et al.

40. Squillaci, G, Parrella, R, Carbone, V., Minasi, P, La Cara, F, & Morana, A. 42. Jaswir, |, Noviendri, D., Hasrini, R., & Octavianti, F. 2011. Carotenoids: sources,
2017. Carotenoids from the extreme halophilic archaeon Haloterrigena medicinal properties and their application in food and nutraceutical
turkmenica: dentification and antioxidant activity. Extremophiles, 21, industry. Journal of Medicinal Plants Research, 5, 7119-7131.
933-945. 43, Chaari, M., Theochari, I, Papadimitriou, V., Xenakis, A.,, & Ammar, E. 2018.

41. Hou, J, & Cui, H. 2018. In vitro antioxidant, antihemolytic, and anticancer Encapsulation of carotenoids extracted from halophilic Archaea in
activity of the carotenoids from halophilic archaea. Current Microbiology, oil-in-water (O/W) micro-and nano-emulsions. Colloids and Surfaces B:
75,266-271. Biointerfaces, 161, 219-227.

This work is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported License which allows users to read, copy, distribute and make derivative
works for non-commercial purposes from the material, as long as the author of the original work is cited properly.

136 https://doi.org/10.22317/jcms.v12i2.2139 JContemp Med Sci | Vol. 12, No. 2, March-April 2026: 126136



