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Abstract

Halotolerant Bacillus species, like other bacteria, adapt to stress conditions by modifying their fatty acid profiles to
maintain membrane integrity. In this study, the fatty acid profiles of Bacillus halotolerans were investigated under
stress conditions induced by lead (0.1% Pb), glycerol (0.1%), sodium chloride (0.1% NaCl), silver (0.05 ppm), and
iron (0.1 ppm) nanoparticles. Fourier Transform Infrared and Gas Chromatography/Mass Spectrometry were
employed to characterize the metabolic responses and identify the produced fatty acids. Among the applied stress
conditions, the lead-containing environment exhibited the highest level of fatty acid production (71.5 mg/L) and
diversity. Also, different kinds of fatty acids with different applications were detected like omega-3 (a-Linolenic acid
and Eicosapentaenoic acid), omega-6 (y-Linolenic acid and Linoleic acid), myristoleic acid, palmitic acid, stearic
acid, cis-hexadecenoic, cis-octadecenoic acid, and so on. These compounds are applicable in the pharmaceutical,
medical, cosmetic, and food industries, whereas other fatty acids produced, such as biodiesel and its derivatives, also
serve a wide range of purposes.

Keywords: Bacillus halotolerans, Fatty acid, FTIR, GC/MS analysis, Stress condition, Lead contamination.

' Corresponding Author
3060-7647/ © 2025 The Authors

This is an open access article under the CC BY-NC-ND/4.0/ License (https://creativecommons.org/licenses/by-nc-nd/4.0/). @
Fathi Hassanabadi Z, Jalili Tabaii M, Sadat Etemadzadeh S, Emtiazi G. Fatty Acids metabolism in Stress Condition by Halotolerant
Bacillus: Extraction and Application. Journal of Microbial Biology. 2025; 14 (56): 1-14. doi:10.22108/BJM.2025.146090.1643



https://bjm.ui.ac.ir/?lang=en
https://portal.issn.org/resource/ISSN/3060-7647
mailto:zahra235fathi@gmail.com
mailto:maryjtabaii@gmail.com
mailto:sh.etemadzadeh@ujiroft.ac.ir
mailto:emtiazigiti@gmail.com
https://portal.issn.org/resource/ISSN/3060-7647
https://creativecommons.org/licenses/by-nc-nd/4.0/
file:///D:/work/1404/mehr-%20ebteda/میکروبی%20انگ%2024/10.22108/BJM.2025.146090.1643
https://orcid.org/0000000348035002

Journal of Microbial Biology, 14rd Year, Vol. 14, No. 56, 2025

1. Introduction

Microbial  acclimatization to  environmental
stressors, such as salinity, has been the subject of
intensive research because of its biotechnological
and industrial significance (1). Halotolerant
microbes such as, Bacillus spp., are defined by
their metabolic flexibility, which improves survival
under osmotic stress through dynamic adjustments
to their lipid profiles. Fatty acids, which are
structural components of bacterial membranes, are
key regulators of membrane fluidity, permeability,
and stability during changes in osmotic conditions
(2). In halotolerant Bacillus sp., changes in fatty
acid metabolism, including the synthesis of
unsaturated and branched-chain fatty acids, are one
of the most crucial adaptation mechanisms to avoid
the harmful effects of high salt concentrations (2,
3).

Biotechnological applications of bacterial fatty
acids extend beyond microbial physiology to
include biosurfactant synthesis, biodegradable
plastics, biofuels, and the pharmaceutical industry.
For example, lipopeptides and glycolipids of
Bacillus spp. have excellent emulsifying and
antimicrobial activities and find applications in
bioremediation and food packaging. Microbial fatty
acids are renewable alternatives to petroleum-
derived chemicals and satisfy the increasing
demand for green chemistry products (4-6).

Fossil fuels, such as petroleum, coal, and natural
gas, are currently the dominant sources of global
energy consumption, although their ability to meet
future demand is increasingly uncertain. Excessive
use of these resources is also associated with
environmental pollution, increased greenhouse gas
emissions, and global warming. Therefore,
policymakers and scientists are seeking alternative
and renewable energy sources, such as biodiesel (4,
7, 8). Biodiesels are methyl esters of fatty acids
from renewable resources, mainly produced from
vegetable and plant oils, such as soybean, rapeseed,
sunflower, Jatropha, and palm oils, along with
animal fats and waste cooking oils. However, the
limited quantities of these conventional feedstocks
can only deliver a small fraction of the existing
demand (7, 9). Therefore, alternative sources
should have the following characteristics: less
environmental pollution, economic efficiency,

meeting energy needs and non-interference with
food production (7).

Microorganisms are a good option, and microbial
oils have many advantages over plant oils and
animal fats, such as shorter cycles, less labor
required, less space required, no dependence on
season and climate, ease of scale-up, and ease of
genetic engineering (7, 10, 11). Microbial lipids
produced by oleaginous microorganisms including
microalgae, Bacillus bacteria, fungi and yeasts (7,
9, 12). Oleaginous microorganisms can produce
between 20% and up to 80% lipid per dry cell
weight in the stationary growth phase, depending
on species, culture conditions, etc. (9, 10, 13). The
oil content may be influenced by medium
composition, nitrogen source, carbon source, C/N
ratio, temperature, agitation, pH, NaCl
concentration and other additives to the culture
medium (7).

Currently, yeasts and algae have been studied more
due to their high cellular lipid contents, while only
a small number of bacteria can accumulate
significant amounts of lipids. Bacteria usually
produce lipids in the plasma membrane and as a
result have a lipid content of less than 20% of dry
weight (12). Some bacterial species, such as
Mycobacterium,  Streptomyces,  Rhodococcus,
Nocardia, Pseudomonas, and Bacillus, are prone to
produce fatty acids (7, 12). Bacillus species, which
are widely distributed in the environment, are the
largest and most diverse genus of endospores-
producing aerobic bacteria and play an important
role in industrial processes (14).

The  major  component  of  oleaginous
microorganisms  is  triacylglycerol  (TAG),
composed of C16 and C18 (4) ; however, some of
them may contain polyunsaturated fatty acids
(PUFAS), specifically omega-3 fatty acids, which
are linked to human health (15, 16). The three main
omega-3 fatty acids are alpha-linolenic acid (ALA)
18:3 (n-3), docosahexaenoic acid (DHA) 22:6 (n-
3), and eicosapentaenoic acid (EPA) 20:5 (n-3),
which are mainly obtained from fish and shellfish
(16, 17), but bacterial production of these acids is a
promising alternative approach for large-scale
production (17).
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Despite these developments, the exact regulatory
mechanisms of fatty acid metabolism in
halotolerant Bacillus under stress conditions remain
partly unresolved. In addition, optimized extraction
procedures are required to enhance the yield and
purity for large-scale industrial applications. The
objectives of this research were as follows: (1) to
investigate the production of fatty acids by Bacillus
halotolerans, a halotolerant and heavy metal-
resistant bacterium, in different culture media and
select the most suitable medium (2) to establish an
effective protocol for extraction, and (3) to study
the type of fatty acids produced in each medium
using Fourier Transform Infrared and Gas
Chromatography/Mass Spectrometry analysis to
assess their industrial and biotechnological
potential.

2. Materials and Methods

2.1. Bacterial Strain

The halotolerant and heavy metal-resistant
bacterium Bacillus halotolerans strain SCM 034
(GenBank accession number: MT810037), which
was previously isolated from a soil sample from
Kerman, Iran, was studied for lipid production in
this experiment. The strain was grown on nutrient
agar (N.A,; Ibersco, Iran) plates at 30 °C for 24 h. It
can also grow at more than 12% NaCl and in the
presence of some metals (7 mM Pb, 7 mM Ca, 5
mM Cr, 3 mM Ni, Mn, and Cu) (3).

2.2. Culture Conditions for Lipid Production
and Extraction

For lipid production by B. halotolerans, 200 mL of
nutrient broth (N.B; Ibersco, Iran) medium in
Erlenmeyer flasks (500 mL) was prepared and
autoclaved (121 °C for 15 min). A 10% v/v
inoculum (20 mL of freshly cultured overnight
bacterial suspension into 200 mL of culture
medium), standardized to 0.5 McFarland
(approximately 1.5 x 108 CFU/mL; ODg , ¢ =
0.08-0.1), was added and incubated on an orbital
shaker (170 rpm) at 30 °C for 24 h (3).

In order to extract the lipid produced, the bacterial
cells were first disrupted with 6N hydrochloric acid
(The pH was adjusted to 2.0) (9). After storing the

sample overnight at 4 °C, centrifugation (3000 rpm,
20 min) was performed and the precipitates were
collected. In the next step, chloroform/methanol
(2:1, viv) was added for lipid extraction, and after
20 min shaking and 10 min centrifuging (3000
rpm), the chloroform phase (the lower phase) was
collected and dried overnight at room temperature
(18, 19).

2.3. Selection the Appropriate Medium
Supplementation for Maximum Bacterial
Growth and lipid Production

In this study, the effects of some compounds in the
culture medium, such as lead heavy metal (20),
glycerol (21), NaCl (22), silver, and iron
nanoparticles (23), were examined on bacterial
growth and lipid production. So, N.B media (200
mL) were prepared and lead (0.1%), glycerol
(0.1%), NaCl (0.1 %), silver nanoparticles (Silver
(Ag) Nano powder, Pishgaman Nano Material
Iranian Company (Ag, 99.99%, 20 nm, metal
basis)) (0.05 ppm), and iron nanoparticles (Iron
Oxide Fe3Os Nano powder, Pishgaman Nano
Material Iranian Company (FesOa, 98+%, 20-30
nm)) (0.1 ppm) were added to each of them (A N.B
medium was considered as a control). Then, 10%
of the overnight bacterial culture (0.5 McFarland)
was inoculated, and the media were incubated for
36 h (170 rpm at 30 °C). During incubation, growth
curves were drawn (by recording the absorbance at
620 nm using a spectrophotometer) to investigate
the amount of bacterial growth in different media.
In another experiment, the lipids produced (after 24
h) were extracted and weighed for each medium.

2.4. Fourier Transform Infrared (FTIR) and
Gas  Chromatography/Mass  Spectrometry
(GC/MS) analysis of Lipid Produced

N.B containing 0.1% lead, N.B containing 0.1%
glycerol, and N.B medium were selected because
of the highest bacterial growth and fat production.
Therefore, they were analyzed for the structure and
type of fat.

First, the dry weight of the cell biomass (DWsg) and
dry weight of the lipid (DW,) were measured for
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200 mL of each medium to calculate the lipid
content (Cp) (12).

CvL (%) = [DW_ (mg) / DWz (mg)] x 100

The chemical properties of the extracted lipids
were evaluated using FTIR spectroscopy (JASCO,
FT/IR-6300, Japan). For FTIR measurements,
approximately 2-5 mg of dried lipid powder was
used per sample. The powder was directly applied
to the crystal surface of the FTIR spectrometer
(ZnSe crystal) without any chemical pretreatment
or mixing with KBr, as the sample was sufficiently
pure and homogeneous.

In addition, GC/MS analysis was performed to
identify the lipid components. 1 pL of lipids
dissolved in n-hexane was injected into the GC/MS
analyzer  (Agilent  ISIRI 13126-2  Gas
Chromatograph, capillary column HP 88, initial
temperature of 100 °C and detector temperature of
300 °C).

—0—N.B+ 0.1% Gly
N.B

—0—N.B+ 0.1 ppm Nano Fe

1.8 A

1.4 4

1.2 4

0.8 A

Absorbance (620 nm)

0.4 A

0.2 4

3. Results

Lipid extraction from the bacterial culture was
performed using chloroform/methanol (a protocol
for lipid extraction), and after drying the
chloroform phase, its weight was measured.

In this study, the effects of various factors on
bacterial growth and lipid production were
investigated. As shown in Figure 1, the maximum
bacterial growth was observed in N.B containing
0.1% glycerol, N.B containing 0.1% lead, N.B, N.B
containing 0.1% NaCl, and finally N.B containing
nanoparticles. Nevertheless, the maximum lipid
production was in N.B containing lead, N.B
containing glycerol, N.B, N.B containing NacCl,
and N.B containing nanoparticles, respectively
(Figure 2).

——N.B+ 0.1% Pb
—8— N.B+ 0.1% NaCl
N.B+ 0.05 ppm Nano Ag

20 24 28 32 36

Time (h)
Figure 1. Growth curves of B. halotolerans in different media during 36 h. The maximum growth was in N.B containing
0.1% glycerol.
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Figure 2. Dry weight of extracted lipid from 200 mL of different media after 24 h incubation. The maximum lipid
production was in N.B containing 0.1% lead.

Table 1. The amount of dry weight of cell biomass and extracted lipid from 200 ml of different media after 24 h incubation.

Media composition (200 ml)

Dry weight of cell biomass (mg)

Dry weight of lipid (mg)

N.B 186 8.1
N.B+0.1% Gly 221 8.4
N.B+0.1% Pb 198 14.3

The dry weight of the cell biomass and the dry
weight of the lipid were measured for N.B
containing lead, N.B containing glycerol, and N.B
(Table 1). According to the results, the maximum
cell growth was observed in N.B containing
glycerol, while the maximum lipid production was
observed in  N.B containing lead, which
corresponds to the results of the previous step. In
addition, the lipid contents of N.B containing lead,
N.B containing glycerol, and N.B were 7.22%,
3.8%, and 4.35%, respectively, so, the maximum
C. produced was 7.22%, which was obtained from
lead containing medium. Notably, the presence of
lead resulted in a ~86% increase in lipid
accumulation compared to the control (without
additives), indicating a strong stimulatory effect of
lead on lipid biosynthesis under the tested
conditions.

The results of FTIR analysis showed relatively
similar functional groups in the three extracted
lipids, and only a few new peaks were created in
the spectrum of lipids extracted from lead and
glycerol media (Figure 3). The majority of peaks

confirmed the presence of lipids in the structure,
including C-H groups, which was inferred by the
peaks recorded at approximately 619.038 cm™ (24,
25), 1380.78 cm? (26), 2855.1 cm? (27, 28),
2924.52 cm® (29), 2955.38 cm™* (30), and 3069.16
cm? (31). The C-O group was derived from the
peak at 1063.55 cm™ (32, 33), while the peaks at
approximately 1460.81 cm™ (34), 1540.85 cm™
(35), and 1653.66 cm™ (36) indicated amide | and
amide Il groups. Peaks at approximately 1735.62
cm? (37, 38) and 3318.89 cm™ (39, 40) were
assigned to the C=0 (carbonyl) and N-H groups,
respectively, in proteins. In addition, the peak at
approximately 1207.22 cm? (41) (C-O group) in
the spectra of lead and glycerol and the peaks at
approximately 540 cm™ (42) and 868.77 cm™ (43)
(C-H group) in the lead spectrum indicated the
presence of lipids in the extract structure.

A few minor peaks appeared in the spectra of
the Pb- and glycerol-treated samples, but they
were weak and lacked sufficient intensity to be

10.22108/BJM.2025.146090.1643
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considered characteristic or functionally significant.

——N.B ——N.B+0.1% Pb N.B+ 0.1% Gly
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Figure 3. Fourier transform infrared (FTIR) spectrum of the extracted lipids from N.B containing lead, N.B containing
glycerol and N.B media.
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Figure 4. GC/MS analysis of the extracted lipids, A) from N.B medium, B) from medium containing glycerol,
C) from medium containing lead.

The GC/MS results for recognizing the lipid
components showed some differences in the
presence and quantity of compounds (Figure 4).
The lowest diversity of fatty acids (C4-C20),
especially unsaturated and branched fatty acids,
was observed in N.B medium (Table 2A). C16 and
C18 were the major compounds found in this
extracted lipid.

In the medium containing glycerol, the
production of fatty acids (C4- C22) as well as
unsaturated fatty acids was greater (Table 2B),

and the major compounds were C14 and C16,
respectively.

Regarding to, the maximum variety of fatty acids
was related to lead-containing medium, and C4 to
C24 fatty acids were produced. Also, the
production of unsaturated and branched fatty acids
was significantly higher, and omega-3 (a-Linolenic
acid and Eicosapentaenoic acid) and omega-6 (y-
Linolenic acid and Linoleic acid) essential fatty
acids were also detected (Table 2C). The main lipid
components extracted from this medium were C14,
C16 and, C18, respectively.

10.22108/BJM.2025.146090.1643
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Table 2. The component of the extracted lipids by GC/MS analysis, A) N.B medium, B) medium containing glycerol, C)
medium containing lead.

A Fatty acid Formula
Butyric acid C4:0
Lauric acid C12:0
Myristic acid C14:.0
Pentadecanoic acid C15:0
Palmitic acid C16:0
Heptadecanoic acid C17:0
cis-10-heptadecenoic acid C17:1n-7
Stearic acid C18:0
cis-9-oleic acid C18:1n-9
Linoleic acid C18:2 n-6
cis-5,8,11,14-Eicosatetraenoic acid(Arachidic acid) C20:4 n-6

B Fatty acid Formula
Butyric acid C4:0
Lauric acid C12:0
Muyristic acid C14:0
Myristoleic acid ester Cl4:1
Pentadecanoic acid C15:0
Cis-10-Pentadecanoic acid Ci15:1
Palmitic acid C16:0
Heptadecanoic acid C17:0
Stearic acid C18:0
Trans -9-Elaidic acid C18:1n-9
cis-9-oleic acid C18:1n-9
Linoleic acid C18:2 n-6
Arachidic acid C20:0
a-Linolenic acid C18:3
cis-11,14-Eicosadienoic acid C20:2 n-6
Erucatnoic acid(uresic acid) C22:1n-9
cis-5,8,11,14,-Eicosatetraenoic acid(Arachidic acid) C20:4 n-6
cis-13,16-Docosadienoeic acid C22:2n-6

C Fatty acid Formula

Butyric acid C4:0

Hexanoic acid C6:0

Lauric acid C12:0
Myristic acid C14:0
Mpyristoleic acidester Cl4:1
Pentadecanoic acid C15:0
Palmitic acid C16:0
Palmitoleic acid Cl6:1

10.22108/BJM.2025.146090.1643
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Heptadecanoic acid C17:.0
cis-10-heptadecenoic acid Cl7:1n-1
Stearic acid C:18
Trans -9-Elaidic acid C18:1n-9
cis-9-oleic acid C18:1n-9
Linoleic acid C18:2 n-6
Arachidic acid C20:0
y-linolenic acid C18:3 n-6
a-Linolenic acid C18:3
Linolenic(gondoic acid) C20:1n-9
Behenic acid C22:0
8,11,14-Eicosatrienoic acid(Dihomo-y-linolenic acid) C20:3
11,14,17-Eicosatrienoic acid C20:3n-3
Tricosanoic acid C23:.0
cis-5,8,11,14-Eicosatetraenoic acid(Arachidic acid) C20:4 n-6
Lignoceric acid C24:0
cis-5,8,11,14,17-Eicosapentaenoic acid C20:5n-3
Nervonic acid C24:1n-9

4. Discussion

Fatty acids are organic compounds that are
composed of a carboxylic acid group and long
aliphatic chains. These molecules typically contain
14 to 24 carbon atoms and can be straight or
branched, saturated, monounsaturated (MUFAS), or
polyunsaturated (PUFAs) (44, 45). Fatty acids,
mainly essential fatty acids (such as w-3 PUFAS
and w-6 PUFAs), are important not only in
nutritional systems but also for promoting public
health (46, 47). MUFAs and PUFAs have been
widely used as pharmaceutical, cosmetic, and food
materials. Among them, linoleic acid has been
reported as the most potent antibacterial agent for
Gram-positive bacteria (48). Additionally, Linoleic,
oleic, palmitoleic, palmitic, and stearic fatty acids
are commonly incorporated into dermatological
formulations (49). In a recent study, according to
the results of GC-MS analysis, fatty acid
compounds (palmitic acid, stearic acid, and others),
omega-3 (a-linolenic acid and eicosapentaenoic
acid) and omega-6 (linoleic acid and y -linolenic
acid) were detected, particularly in the medium
containing lead, suggesting that these changes help
maintain membrane fluidity and integrity, which
are crucial for cell survival under stress conditions.
Although glycerol, a known carbon precursor,

supported optimal cell growth of B. halotolerans, it
did not result in the highest lipid yield or diversity.
In contrast, exposure to lead, acting as a stressor,
appeared to stimulate lipid biosynthesis pathways.
This functional shift suggests that under stress
conditions, cells prioritize the accumulation of
storage compounds including lipids over active
proliferation. Similar regulatory mechanisms have
been observed in previous studies, highlighting the
role of environmental stress in modulating
microbial lipid production.

Besides unsaturated essential fatty acids, other
saturated and unsaturated fatty acids and their
derivatives have wide applications. For example,
some of them have inhibitory effects against oral
bacteria. Myristoleic acid inhibits Selenomonas
artemidis, cis-hexadecenoic and cis-octadecenoic
acids inhibit  Porphyromonas gingivalis and
Streptococcus sobrinus, and lauric acid and
myristic acid act synergistically with thymol for
growth inhibition (50). Prasath et al. showed that
myristic acid inhibit biofilm formation and hyphal
development in Candida albicans (51). Also, they
proved the antifungal, antibiofilm and antivirulence
activities of palmitic acid against Candida

10.22108/BJM.2025.146090.1643
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tropicalis (52).While all of these compounds were
also produced by our Bacillus in this study.

Bhattarai et al. (2007) isolated two antifouling
compounds (2-hydroxymyristic acid and cis-9-oleic
acid) from a chloroform extract of the marine
bacterium, Shewanella oneidensis SCH0402. In
another study, B-sitosterols and palmitic acid were
obtained from the chloroform extract of Nitraria
retusa leaves. They exhibited antitumor effect by
preventing the expansion of transplantable tumor,
protecting the lung parenchyma, increasing the
proliferation of splenocytes, enhancing the
lysosomal activity of host macrophages and
cellular antioxidant activity (53). Similarly, in our
experiments, cis-9-oleic acid and palmitic acid
were obtained from the chloroform extract of all
media.

Also, biodiesel is obtained from microorganisms,
which are one of the sources of renewable and
environmentally friendly energy. Microalgae are an
attractive  choice for biodiesel production,
producing compounds such as palmitic acid (54).
This compound was also produced by B.
halotolerans in our study.

In general, although lead is classified as a heavy
and toxic metal, the results of this study revealed
its remarkable impact on lipid biosynthesis in B.
halotolerans. The presence of lead in the culture
medium led to approximately an 86% increase in
lipid accumulation compared to the control,
indicating a strong stimulatory effect under stress
conditions. Moreover, lead exposure not only
enhanced the total lipid content but also altered the
fatty acid profile, indicating that the bacterium may
activate adaptive metabolic pathways in response
to heavy metal stress.

These findings point to the intriguing possibility of
using controlled lead stress to modulate microbial
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