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Materials and Methods: This study investigated how distinct salinity stress regimes modulate
growth, antibacterial activity, and metabolic output in Fischerella sp. FS 18. Cultures were assigned
to four treatments: untreated control, 24-h pre-exposure to sodium chloride (NaCl) (Pre-24), 96-h
pre-exposure (Pre-96), and chronic NaCl exposure for 44 days. Antibacterial activity of ethanolic,
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aeruginosa using disk diffusion. Metabolic profiling was performed using gas chromatography-mass
spectrometry (GC-MS).
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. prolonged or continuous salinity significantly impaired growth (Pre-96: 4.27£0.31 g/L; NaCl:
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Antibacterial activity, . with inhibition zones ranging from 10.0+0.0 mm to 13.0+:0.6 mm. Both strains were resistant to beta-
lactam antibiotics but susceptible to the butanolic extract. Gas chromatography-mass spectrometry
(GC-MS) revealed treatment-dependent biochemical variation, with the greatest chemical richness
in Pre-96 (81 compounds). Bis(2-ethylhexyl) phthalate was predominant across treatments (28.61-
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stress : speculative.
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Introduction

lgae are recognized as prolific sources of bio-
active secondary metabolites, offering a vast
chemical repertoire for pharmacological and
industrial applications. Their extraordinary
metabolic plasticity enables the synthesis of
diverse specialized compounds, including alkaloids, terpe-
noids, and phenolics, which serve various ecological func-
tions [1-3]. Among the diverse taxa, the genus Fischerella
has emerged as a particularly promising candidate in bio-
technology due to its unique metabolic pathways, making it
valuable for the discovery of novel bioactive agents [4, 5].

The global healthcare landscape faces an unprecedent-
ed crisis due to the rapid emergence of multidrug-resis-
tant (MDR) pathogens. As conventional antibiotics lose
efficacy, the search for new antimicrobial scaffolds has
become a priority. Natural products from algae represent
a critical frontier, as many organisms have evolved com-
plex chemical defense mechanisms. The ability of Fisch-
erella to produce bioactive extracts suggests its potential
as a reservoir for new antibacterial agents capable of cir-
cumventing existing resistance mechanisms [4].

Environmental fluctuations frequently modulate the
metabolic capacity of algae. Salinity is one of the most
impactful environmental factors affecting the physiolog-
ical and metabolic integrity of aquatic organisms. When
exposed to salinity stress, algae must overcome osmotic
imbalance and ionic toxicity, triggering complex molec-
ular and physiological responses, including the produc-
tion of reactive oxygen species (ROS) and activation of
antioxidant defense mechanisms [6-8].

The response to salinity can lead to significant “meta-
bolic reprogramming.” Photoautotrophic organisms, such
as Fischerella, employ sophisticated adaptive strategies
to maintain homeostasis under fluctuating osmotic condi-
tions [3]. These adaptive responses can manifest as “met-
abolic memory”, where the biochemical profile is funda-
mentally altered following prior stress exposure. While
continuous salinity causes growth inhibition, transient or
controlled salinity regimes may serve as metabolic modu-
lators, stimulating secondary metabolite diversification
without causing irreversible physiological damage [1].

The rationale for selecting 1% sodium chloride (NaCl)
concentration was based on previous optimization stud-
ies on Fischerella sp. FS 18 and related cyanobacteria,
demonstrating that this concentration induces measur-
able stress responses without causing complete growth
inhibition [4, 11, 12].
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Research on algal acclimation has revealed that pre-
treatment strategies significantly influence photosyn-
thetic performance and growth. Amirlatifi et al. [11]
demonstrated that Calothrix sp. ISC 65 exhibits en-
hanced growth and pigment production under 1% sa-
linity combined with low CO: and irradiance. Further
work [12] showed that salinity pretreatment (160 mM
NaCl for 96 h) in Calothrix sp. FS 65 can eliminate the
lag phase and increase phycobiliprotein components by
over 60%. Abbasi et al. [13] found that pH pretreatment
in Fischerella sp. FS 18 affected phycobilisomes and
altered photosystem ratios. Collectively, these findings
underscore the species-specific and condition-dependent
nature of cyanobacterial responses, with potential bio-
technological applications [13-15].

Despite the recognized importance of environmental
modulation, the specific impacts of different salinity ex-
posure regimes—ranging from short-term pre-treatment
to continuous exposure—on antibacterial efficacy and
chemical richness of Fischerella remain insufficiently
understood. Therefore, this study aimed to systematical-
ly evaluate the effects of four distinct salinity treatment
regimes on growth performance, antibacterial activity,
and biochemical profile of Fischerella sp. FS 18. By
characterizing the relationship between salinity duration
and metabolic output, this study sought to provide in-
sights into optimal cultivation strategies for maximizing
high-value bioactive metabolites.

Materials and Methods
Experimental design and treatments

To evaluate the impact of salinity stress, four distinct
treatment groups were established:

1. Control: Cultivation in standard BG11 medium with-
out salt addition.

2. Pre-24: 24-hour salinity pre-treatment (NaCl 1%)
followed by standard conditions.

3. Pre-96: 96-hour salinity pre-treatment (NaCl 1%)
followed by standard conditions.

4. NaCl: Continuous exposure to salinity (NaCl 1%)
throughout the 44-day cultivation period.

Algal strain and culture conditions

The alga Fischerella sp. FS 18 was obtained from the
Algae Collection of the Institute of Medicinal Plants,
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Shahid Beheshti, Iran. The strain was maintained in
BGI1 medium and cultured in 500 mL Erlenmeyer
flasks. The cultures were incubated for 44 days under
a constant and continuous light intensity of 50 pmol
photonsm—2s—1 at room temperature. To maintain spe-
cific experimental conditions, the cultures were grown
without artificial aeration.

Growth measurement

Following the 44-day cultivation period, the contents
of each algal suspension were harvested by centrifuga-
tion. The pellet was weighed to determine the total fresh
biomass yield per culture.

Extraction procedure

The harvested fresh biomass was immediately subjected
to a sequential extraction protocol to isolate compounds
with varying polarities. First, the biomass was extracted
with 50 mL of 96% ethanol (polar solvent) for a week at
4°C. The mixture was centrifuged at 4000 x g for 15 min,
and the supernatant (ethanolic extract) was collected.
The remaining pellet was then subjected to a second ex-
traction with 20 mL of propanol (intermediate polarity) for
aweek at4 °C. After centrifugation under the same condi-
tions, the supernatant (propanolic extract) was collected.
Finally, the residual pellet was extracted with 20 mL ofbu-
tanol (less polar solvent) for a week at 4 °C. The superna-
tant (butanolic extract) was collected via centrifugation.
All supernatants were concentrated under reduced pres-
sure using a rotary evaporator. The dried extracts were
then redissolved in 5 mL of 10% dimethyl sulfoxide
(DMSO) [14, 15].

Bacterial strains

Antimicrobial activity of the extracts was evaluated
against two bacterial strains: the gram-positive bacte-
rium Bacillus cereus PTCC 1154 and the gram-negative
bacterium Pseudomonas aeruginosa PTCC 1430. Both
strains were obtained from the Microbial Culture Col-
lection of the Iranian Research Organization for Science
and Technology (IROST). The strain identities were
verified via standard biochemical tests and 16S rRNA
sequencing and were officially confirmed by IROST.
Bacterial cultures were maintained on Mueller—Hinton
agar (MHA; Merck, Germany) at 37 °C and subcultured
every 48 h for routine use [14].
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For comparative reference, P. aeruginosa PTCC 1430
was included as a standard gram-negative test organism.
Similarly, B. cereus PTCC 1154 was used as a represen-
tative gram-positive strain for antibacterial screening.

Preparation of bacterial cultures

Bacterial suspensions were adjusted to the turbidity
of a 0.5 McFarland standard, corresponding to approxi-
mately 1.5x10® CFU/mL. The standardized suspensions
were then uniformly inoculated onto the surface of
Mueller—Hinton agar plates (Ibresco, Italy).

Disk diffusion assay

The antimicrobial activity was screened using the stan-
dard disk diffusion method, according to Clinical and
Laboratory Standards Institute (CLSI) 2021 guidelines
[14]. Sterile paper disks (6 mm diameter) were impreg-
nated with 20 pL of each extract solution. The disks were
then allowed to dry under a laminar flow hood for 15-20
minutes to ensure complete solvent evaporation. Subse-
quently, the disks were aseptically placed on the surface
of inoculated Mueller-Hinton agar plates. A negative
control disk was prepared by impregnating a disk with
20 pL of 10% DMSO, which confirmed the absence of
any inhibitory effect from the solvent alone. Standard
antibiotic disks (Pad Tan Teb Company, Iran) contain-
ing penicillin G (10 units), ampicillin (10 pg), penicillin
V (10 units), ceftriaxone (30 pg), cefotaxime (30 pg),
ceftazidime (30 pg), and cefixime (10 pg) were used as
positive controls. The plates were incubated at 37 °C for
24 h, after which the diameters of the inhibition zones
were measured in millimeters. Antimicrobial activity
was screened using the standard disk diffusion method,
according to CLSI (2021) guidelines [14-18].

Gas chromatography-mass spectrometry (GC-
MS) biochemical profiling

To minimize the risk of plasticizer contamination, all
extractions and sample preparations were performed ex-
clusively using glassware. Solvent blanks (pure solvents
processed identically to samples) were also analyzed
under the same GC-MS conditions to monitor for back-
ground contamination.

For biochemical analysis, a composite sample was
prepared to ensure representativeness of the treatment
groups. The composite sample was derived from five in-
dividual sub-samples of equal mass for each treatment,
which were homogenized prior to extraction and subse-
quent GC-MS analysis. The chemical composition of the

Rahimhosseini RS, et al. Salinity Effects on Fischerella sp. FS 18: Biomass, Antibacterials, and Biochemistry. Immunoregulation. 2025; 8:E32.
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extracts was analyzed using an Agilent 7890B gas chro-
matograph coupled with an Agilent 5977A mass selec-
tive detector (GC-MS system). Separation was achieved
using an HP-5MS capillary column (30 m % 0.25 mm
i.d.,, 0.25 pm film thickness). The operating conditions
were as follows: injector temperature, 250 °C; carrier
gas, helium, at a constant flow rate of 1 mL/min; ioniza-
tion mode, electron impact (EI) at 70 eV. The oven tem-
perature program was set as follows: initial temperature
60 °C (held for 5 min), increased to 300 ‘Cat a rate of 5
°C min™', and finally held at 300 °C for 10 min. The total
GC run time was 65 min. Sample injection volume was
1 uL in splitless mode. The constituents were identified
by comparing their mass spectra with those stored in the
National Institute of Standards and Technology library.
The relative percentage of each compound was calcu-
lated based on the peak area integration using Agilent
MassHunter software [19].

Statistical analysis

Data regarding three independent replicates for bio-
mass production and antibacterial activity were analyzed
using one-way analysis of variance (ANOVA). Prior to
ANOVA, normality of data distribution was verified us-
ing the Shapiro—Wilk test, and homogeneity of variances
was confirmed using Levene’s test. Differences between
means were considered statistically significant at P<0.05
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and were assessed using post-hoc comparisons by the
Scheffe test. All statistical analyses were performed us-
ing SPSS software (version 26). Figures were prepared
using Excel (version 2022).

Results
Growth performance

The growth of Fischerella sp. FS 18 (measured in g/L)
was evaluated across four treatments after 44 days of cul-
tivation. The highest biomass production was observed
in the control group, followed closely by the Pre-24
treatment. Both the Pre-96 and NaCl treatments showed
lower growth values compared to the control and Pre-24
groups (Figure 1).

Statistically, the Pre-24 treatment is marked with the
letter ‘a’, indicating no significant difference from the
control group (which lacks a label). The NaCl treatment
is marked with ‘b’, and the Pre-96 treatment is marked
with ‘c’, indicating that these two groups are signifi-
cantly different from each other and from the other treat-
ments. Error bars represent the standard deviation/error
for each data point.

Growth
3.5
3 ?. a
1
2.5 1
: b
< 2 d
w15 T
1
0.5
0
Control Pre-24 Pre-96 NacCl
Treatments
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Figure 1. Effect of different salinity treatments and pre-treatments on the growth (biomass yield) of Fischerella sp. FS 18 micro-

algae after 44 days of cultivation

Treatments: Control (salt-free medium), Pre-24 (24 h pre-treatment with 1% NaCl), Pre-96 (96 h pre-treatment with
1% NaCl), and NaCl (continuous exposure to 1% NaCl). Data are presented as Mean+SD from three independent
replicates (n=3), with error bars representing SD. Different letters above the bars indicate statistically significant dif-
ferences between treatments at P<0.05. The negative control (10% DMSO) showed no inhibition zone (0 mm) against

both bacterial strains (data not shown).
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Treatments: Control (salt-free medium), Pre-24 (24 h
pre-treatment with 1% NaCl followed by transfer to salt-
free medium), Pre-96 (96 h pre-treatment with 1% NaCl
followed by transfer to salt-free medium), and NaCl
(continuous exposure to 1% NaCl). Data are presented
as the Mean=£SE. Different letters above the bars indicate
statistically significant differences between treatments at
the P<0.05 level.

Antibacterial activity and antibiotic resistance
profile

The antibacterial activity of Fischerella sp. FS 18 ex-
tracts (butanolic, ethanolic, and propanolic) obtained
from different salinity treatments (Control, Pre-24, Pre-
96, and NaCl) were tested against two bacterial spe-
cies: the gram-positive B. cereus and the Gram-negative
Pseudomonas aerugenosa.

Antibiotic susceptibility profile

Both B. cereus and P. aeruginosa exhibited resistance
to all seven tested commercial antibiotics, penicillin V,
penicillin G, ampicillin, cefotaxime, ceftriaxone, ceftazi-
dime, and cefixime, according to the criteria and guide-
lines of the CLSI 2021. The diameters of the inhibition
zones formed around the antibiotic disks were smaller
than the reference values established by CLSI (Table 1)
[19-22].

Antibacterial activity of the Fischerella sp. FS 18
extracts

The ethanolic and propanolic extracts of Fischerella
sp. FS 18 showed no zone of inhibition against either
B. cereus or P. aeruginosa under any of the tested con-
ditions. Similarly, the butanolic extract exhibited no an-
tibacterial activity against P. aeruginosa. The negative
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control (10% dimethyl sulfoxide [DMSO]) consistently
produced no inhibition zone (0 mm) against both bac-
terial strains, confirming that the solvent itself had no
antibacterial activity at the concentration used.

The lack of activity observed in the ethanolic and pro-
panolic extracts suggests that the bioactive compound(s)
responsible for the antibacterial effect are likely mid-to-
non-polar in nature and are optimally extracted using bu-
tanol, which has appropriate polarity characteristics for
recovering such metabolites [23, 24]. This solvent-de-
pendent activity pattern is consistent with previous stud-
ies showing that n-butanol often facilitates the recovery
of a broader spectrum of active secondary metabolites
than shorter-chain alcohols, such as ethanol or propanol.

Furthermore, the absence of activity against P. aerugi-
nosa (gram-negative) across all extracts, including the
butanolic fraction, is likely attributable to the structural
characteristics of the gram-negative cell envelope. Un-
like gram-positive bacteria such as B. cereus, Gram-
negative bacteria possess an additional outer membrane
rich in lipopolysaccharides (LPS) that acts as a formi-
dable permeability barrier, limiting the access of many
hydrophobic and macromolecular bioactive compounds
to their intracellular targets [ 14, 19-22]. This differential
susceptibility is a well-documented phenomenon in an-
timicrobial research. Further, it supports the hypothesis
that the active compound(s) in the butanolic extract are
mid-to-non-polar in nature, which may be able to pene-
trate the thick peptidoglycan layer of gram-positive bac-
teria but are hindered by the outer membrane of gram-
negative organisms.

Notably, the tested bacterial strains exhibited MDR to
all beta-lactam antibiotics examined (Table 1); however,
the butanolic extract of Fischerella sp. FS 18 retained

Table 1. Antibiotic resistance profile of the tested bacterial strains against selected commercial antibiotics

Antibiotics B. cereus P. aeruginosa
Penicillin V R R
Penicillin G R R
Ampicillin R R
Cefotaxime R R
Ceftriaxone R R
Ceftazidime R R
Cefixime R R

R: Resistance of the bacteria to the respective antibiotic according to the disc diffusion assay.

Rahimhosseini RS, et al. Salinity Effects on Fischerella sp. FS 18: Biomass, Antibacterials, and Biochemistry. Immunoregulation. 2025; 8:E32.
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Figure 2. GC-MS profile of the prominent phthalate derivative identified in the extract of Fischerella sp. FS 18, grown under

Pre-24 treatment

Note: Top: Total ion chromatogram (TIC) scan displaying the elution profile, highlighting the target compound peak at reten-
tion time (RT) of 51.47 minutes (corresponding to bis(2-ethylhexyl) phthalate, DEHP); Middle: Integration peak parameter
table specifying the start/end times, peak height, and peak area; Bottom: Mass spectrum scan (m/z range of 40-400) at RT =
51.146-51.430 minutes illustrating the characteristic ion fragmentation pattern of the identified phthalate ester (di(2-ethylhexyl)

phthalate, DEHP)

antibacterial activity against B. cereus. This observation
highlights the potential of this cyanobacterial extract as
a source of alternative therapeutic agents against MDR
gram-positive pathogens.

GC-MS analysis

A comprehensive GC-MS profiling of the butanolic
extracts identified a total of 62, 69, 81, and 61 chemi-
cal constituents for the control, Pre-24, Pre-96, and NaCl
treatments, respectively. While numerous compounds
were detected, only those with a relative abundance of
>1% were considered major components and are de-
tailed in Tables 2, 3, 4, and 5.

GC-MS analysis of the butanolic extract under
control conditions

Seven major compounds (with individual abundances
>1%) were identified. Other minor compounds, each con-
stituting less than 1% of the total peak area, collectively
accounted for 10.09% of the extract composition. The
dominant compound in the control extract was bis (2-eth-
ylhexyl) phthalate, which was detected at a retention time
(RT) of 51.47 minutes and accounted for 60.17% of the to-
tal peak area. The second most abundant compound was
diethoxydimethylsilane at RT 7.55 minutes with a relative
abundance of 14.21%. Other detected compounds in small-
er proportions included hexadecanoic acid, butyl ester at
RT 41.59 min (6.41%); octadecanoic acid, butyl ester at RT
47.038 min (4.93%); 3-pentanol, 2,2-dimethyl at RT 6.32
min (1.94%); dibutoxy(dimethyl)silane at RT 11.64 min
(1.19%); trans-13-docosenamide at RT 57.20 min (1.06%).
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Table 2. Chemical compounds identified in the butanolic extract of Fischerella sp. FS 18 microalgae under control conditions

(salt-free) using GC-MS analysis

Control

Compound RT (min) CAS Number Formula Qual (%) Area (%)
Bis(2-ethylhexyl) phthalate 51.47 117-81-7 Ca4H3304 94 60.17
Silane, diethoxydimethyl- 7.55 78-62-6 CeHi60,Si 89 14.21
Hexadecanoic acid, butyl ester 41.59 111-06-8 C20H4002 93 6.41
Octadecanoic acid, butyl ester 47.038 123-95-5 C22Ha402 95 493
3-Pentanol, 2,2-dimethyl 6.32 594-84-3 C/Hi6O 90 1.94
Dibutoxy(dimethyl)silane 11.64 1591-02-2 CioH240,Si 88 1.19
trans-13-Docosenamide (Erucamide) 57.2 112-84-5 C22HasNO 90 1.06
Other compounds 10.09

[MMUNOREGULATION

Abbreviations: RT: Retention time (minutes); %: Relative percentage of the compound based on peak area; GC-MS: Gas chro-

matography-mass spectrometry.

Note: Other compounds represent a mixture of compounds, each with a relative abundance of less than 1%.

The GC-MS profile of the butanolic extract of Fisch-
erella sp. FS 18 subjected to the Pre-24 salinity treat-
ment is presented in Table 3. Seven major chemical com-
pounds with relative abundances of >1% were identified,
while minor compounds (each <1%) collectively consti-
tuted 12.11% of the total peak area. The main component
identified in this treatment was bis (2-ethylhexyl) phthal-
ate at an RT of 50.51 minutes, accounting for 53.80%
of the extract (Table 3 and Figure 2). The second most
prominent compound was 1,3-propanediol, TBDMS de-

rivative at RT 7.58 minutes with a relative abundance
of 16.82%. The remaining major compounds identified
in this extract were hexadecanoic acid, butyl ester at RT
41.59 min (6.57%); octadecanoic acid, butyl ester at RT
47.037 min (5.47%); 1-butanol, 2-methyl- RT 6.38 min
(3.05%); trans-(2-chlorovinyl)dimethylethoxysilane at
RT 11.10 min (1.17%); 3-pentanol, 2,4-dimethyl- at RT
6.88 min (1.01%).

Inhibition Zone

16.0

14.0

=1

12.0
10.0

6.0
4.0
2.0

0.0

Control Pre-24

Pre-96 NacCl

Treatments

[VMUNOREGULATION

Figure 3. Antibacterial activity of the butanolic extract of Fischerella sp. FS 18 microalgae cultured under different salinity treat-

ments against B. cereus, measured by the zone of inhibition (mm)

Rahimhosseini RS, et al. Salinity Effects on Fischerella sp. FS 18: Biomass, Antibacterials, and Biochemistry. Immunoregulation. 2025; 8:E32.
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Table 3. Chemical compounds identified in the butanolic extract of Fischerella sp. FS 18 microalgae under Pre-24 conditions (24

h salt pre-treatment) using GC-MS analysis

Pre-24

Compound RT (min) CAS Number Formula Qual (%) Area (%)
Bis(2-ethylhexyl) phthalate 50.51 117-81-7 Ca4H3504 94 53.8
1,3-propanediol, TBDMS derivative 7.58 55745-90-9 CoH2,0,Si 91 16.82
Hexadecanoic acid, butyl ester 41.59 111-06-8 C20H4002 95 6.57
Octadecanoic acid, butyl ester 47.037 123-95-5 C22Ha402 94 5.47
1-butanol, 2-methyl- 6.38 137-32-6 CsHiO 93 3.05
Trans-(2-chlorovinyl)dimethylethoxysilane 111 5356-84-3 CeH13CIOSi 90 1.17
3-pentanol, 2,4-dimethyl- 6.88 1620-98-0 C7H60 91 1.01
Other compounds 12.11

IMMUNOREGULATION

Abbreviations: RT: Retention time (minutes); %: Relative percentage of the compound based on peak area; GC-MS: Gas chro-

matography-mass spectrometry.

Note: Other compounds represent a mixture of compounds, each

GC-MS analysis of the butanolic extract under
Pre-96 treatment

The chemical profile of the butanolic extract of Fisch-
erella sp. FS 18 after 96 hours of salt pre-treatment

with a relative abundance of less than 1%.

(Pre-96) was determined by GC-MS analysis (Table 4).
Eight major compounds with relative abundances >1%
were identified, while minor compounds (each <1%) ac-
counted for 10.69% of the total peak area. In this treat-
ment, diethoxydimethylsilane was the most abundant

Table 4. Chemical compounds identified in the butanolic extract of Fischerella sp. FS 18 microalgae under Pre-96 conditions (96

h salt pre-treatment) using GC-MS analysis

Pre-96

Compound RT (min) CAS Number Formula Qual (%) Area (%)
Silane, diethoxydimethyl- (diethoxydimethylsilane) 7.61 78-62-6 CeH160,Si 89 30.98
Bis(2-ethylhexyl) phthalate 51.44 117-81-7 Ca4H3304 94 28.61
Z'Z'dime(t:\‘/’gfc; )t‘\/";\',‘;’l‘zlﬁf;ng'de"yde 537 597-31-9 CsHhoO: 90 9.71
Hexadecanoic acid, butyl ester 41.59 111-06-8 C20H1002 93 8.72
Octadecanoic acid, butyl ester 47.039 123-95-5 C22Ha402 94 6.66
3-pentanol, 2,2-dimethyl- 6.38 594-84-3 C;H160 93 1.86
Silane, dimethylisobutoxybutoxy- 11.67 18132-64-4 Ci0H240,Si 90 1.39
Trans-(2-Chlorovinyl)dimethylethoxysilane 111 5356-84-3 CeH13CIOSi 89 1.38
Other compounds 10.69

hiniuNoREGULATION

Abbreviations: RT: Retention time (minutes); %: Relative percentage of the compound based on peak area; GC-MS: Gas chro-

matography-mass spectrometry.

Note: Other compounds represent a mixture of compounds, each

with a relative abundance of less than 1%.
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Table 5. Chemical compounds identified in the butanolic extract of Fischerella sp. FS 18 microalgae under continuous NaCl

conditions (1% salt treatment) using GC-MS analysis

NaCl (1%)

Compound RT (min) CAS Number Formula Qual (%) Area (%)
Bis(2-ethylhexyl) phthalate 51.51 117-81-7 Ca4H3304 96 60.74
Silane, diethoxydimethyl- 7.55 78-62-6 CeH160,Si 89 15.2

Hexadecanoic acid, butyl ester 41.59 111-06-8 C20H4002 92 5.36
1-Butanol, 2-methyl-, (S)- 6.32 1565-80-6 CsHiO 94 5.03
Octadecanoic acid, butyl ester 47.03 123-95-5 C22H440, 95 41
Dibutoxy(dimethyl)silane 11.64 1591-02-2 CioH240,Si 88 1.02
Other compounds 8.55

iviuNoREGULATION

Abbreviations: RT: Retention time (minutes); %: relative percentage of the compound based on peak area; NaCl: Sodium chlo-

ride; GC-MS: Gas chromatography-mass spectrometry.

Note: Other compounds represent a mixture of compounds, each with a relative abundance of less than 1%.

compound, detected at an RT of 7.61 minutes and rep-
resenting 30.98% of the total extract. The second most
prominent compound was bis (2-ethylhexyl) phthalate at
RT 51.44 minutes with a relative abundance of 28.61%.
Other major components identified in the Pre-96 extract
included:

2,2-dimethyl-3-hydroxypropionaldehyde at RT 5.37
min (9.71%); hexadecanoic acid, butyl ester at RT 41.59
min (8.72%); octadecanoic acid, butyl ester at RT 47.039
min (6.66%); 3-pentanol, 2,2-dimethyl- at RT 6.38 min
(1.86%); silane, dimethylisobutoxybutoxy at RT 11.67
min (1.39%); trans-(2-chlorovinyl)dimethylethoxysi-
lane at RT 11.10 min (1.38%).

GC-MS analysis of the butanolic extract under
continuous NaCl treatment

The chemical composition of the butanolic extract of
Fischerella sp. FS 18 cultured under continuous salinity
stress (NaCl) was characterized using GC-MS (Table 5).
Six major chemical compounds with relative abundanc-
es >1% were identified, with minor constituents (each
<1%) accounting for 8.55% of the total peak area.

The dominant component in this treatment was bis
(2-ethylhexyl) phthalate at an RT of 51.51 minutes, con-
stituting 60.74% of the total peak area. The second most
abundant compound was diethoxydimethylsilane at RT
7.55 minutes, with a relative abundance of 15.20%. The
remaining major compounds detected in the extract were:
Hexadecanoic acid, butyl ester at RT 41.59 min (5.36%);

1-butanol, 2-methyl-, (S)- at RT 6.32 min (5.03%); oc-
tadecanoic acid, butyl ester at RT 47.03 min (4.10%);
dibutoxy(dimethyl)silane at RT 11.64 min (1.02%).

Discussion

Impact of salinity stress and pre-treatments on
Fischerella sp. FS 18 growth dynamics

In this study, the salinity regime clearly structured the
growth outcome of Fischerella sp. FS 18 after 44 days.
The salt-free control and the 24 h salt pre-treatment
(Pre-24; followed by cultivation in salt-free medium)
produced the highest biomass levels, whereas longer ex-
posure history (Pre-96) and continuous salinity (NaCl)
were associated with lower biomass at the endpoint.
Such treatment-dependent growth patterns are consis-
tent with the general physiological response of cyano-
phytes and microalgae to osmotic stress: elevated ex-
ternal salinity imposes an immediate water efflux and
turgor reduction, requiring rapid metabolic reallocation
to restore osmotic balance and ion homeostasis, often at
the expense of cell division and carbon partitioning to
growth [3, 15]. A widely reported mechanism underly-
ing salinity-related growth limitation is the energetic and
reductant costs of acclimation. Cells must actively man-
age cytosolic ion composition—particularly avoiding
toxic accumulation of Na" while maintaining adequate
K*—and simultaneously adjust osmolarity through
the synthesis/accumulation of compatible solutes (e.g.
glucosylglycerol, trehalose, sucrose, glycine betaine).
These processes require ATP and carbon skeletons and
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can divert photosynthate away from biomass produc-
tion, especially under sustained salt exposure [3, 16].
In cyanophytes, salinity can also perturb photosynthetic
electron transport and pigment organization, promoting
oxidative stress if excitation energy exceeds downstream
metabolic capacity; antioxidant and repair demands fur-
ther increase maintenance costs and can contribute to re-
duced net growth under prolonged or continuous stress
[2, 15]. The comparison between short (Pre-24) and lon-
ger (Pre-96) salt pre-treatments suggests that exposure
duration prior to recovery in salt-free medium can deter-
mine whether acclimation responses are largely revers-
ible or become more persistent. In many photosynthetic
microorganisms, brief stress can trigger transient accli-
mation (e.g. induction of protective solutes and stress
proteins) that may subside after returning to favorable
conditions, allowing growth to rebound. By contrast,
longer exposure can lead to deeper remodeling of me-
tabolism and cellular composition (e.g. membrane lipid
restructuring, sustained stress-protein expression, altered
carbon allocation), which may not fully revert over the
subsequent culture period, leaving a measurable legacy
effect on biomass accumulation [3, 17]. This “stress
memory” framing has been used in plant and microbial
contexts to describe how prior stress history influences
later performance even after the stressor is removed [18].
From an experimental standpoint, the endpoint biomass
differences observed after 44 days align with an expecta-
tion that continuous salinity (NaCl) maintains a persis-
tent energetic burden for osmotic/ionic regulation, while
pre-treatments create a time-limited burden followed
by a recovery phase whose effectiveness depends on
stress duration. Similar patterns—reduced growth under
continuous salinity and partial recovery after stress re-
lief—have been widely documented across cyanophytes
and other algae, although the magnitude and direction
can be strongly strain- and condition-dependent [3, 17,
15]. Collectively, the growth results support the idea
that short salinity exposure can be tolerated with lim-
ited long-term penalty, whereas longer pre-exposure or
chronic salinity is associated with lower final biomass
under the conditions tested.

Antibacterial potential of Fischerella sp. FS 18
butanolic extract against MDR bacteria

The rise in MDR bacterial pathogens, as demonstrat-
ed by the resistance of the B. cereus and P. aeruginosa
strains in this study, poses a significant global threat to
public health [14, 19]. The screening of the Fischerella
sp. FS 18 butanolic extract against these resistant iso-
lates revealed selective antimicrobial activity. Based on
the CLSI [14], bacterial resistance against biological
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extracts, regarding the disk diffusion assay, was defined
as inhibition zones <9 mm, moderate sensitivity as 9—12
mm, and sensitivity as >12 mm. Consequently, in the
present study, B. cereus showed sensitivity to Control
and Pre-24, and moderate sensitivity to Pre-96 and NaCl
algal extracts (Figure 3). Nevertheless, the extracts failed
to show activity against the gram-negative P. aeruginosa
(Table 1). This observation is consistent with established
trends in antimicrobial research, where gram-negative
bacteria often exhibit higher intrinsic resistance to ex-
ternal bioactive agents due to the presence of an outer
membrane rich in lipopolysaccharides (LPS), which
acts as a formidable permeability barrier to many sec-
ondary metabolites [20]. The successful inhibition of B.
cereus by the butanolic extract, particularly in the face of
widespread resistance to commercial antibiotics, such as
Penicillin V, G, and various cephalosporins (cefotaxime,
ceftriaxone, etc.), highlights the potential of the blue-
green algae metabolites as alternative therapeutic agents.
Blue-green algae, including Fischerella species, are rec-
ognized as prolific producers of diverse bioactive sec-
ondary metabolites, including fatty acids, alkaloids, and
cyclic peptides, which often possess unique modes of ac-
tion distinct from conventional antibiotics [14, 1, 9, 20-
22]. The fact that the resistance profile of the test strains
included multiple classes of cell-wall synthesis inhibi-
tors suggests that the Fischerella sp. FS 18 metabolites
likely exert their antibacterial effect through different
targets or pathways. The specificity of the extract effica-
cy is further underscored by the solvent-dependency ob-
served in this study. The finding that only the butanolic
extract exhibited antimicrobial activity—while ethanolic
and propanolic extracts were ineffective—suggests that
the bioactive compounds are likely mid-to-non-polar
in nature and are optimally extracted using the solvent
properties of n-butanol. Solvent polarity plays a critical
role in the extraction efficiency of bioactive compounds
from algal biomass, and studies have consistently shown
that butanol often facilitates the recovery of a broader
spectrum of active secondary metabolites than shorter-
chain alcohols, such as ethanol [23, 24]. Furthermore,
the variations in the inhibition zones among the salinity
treatments suggest that environmental factors modulate
the production of these bioactive metabolites. While the
continuous NaCl treatment resulted in a smaller inhibi-
tion zone compared to the control, the fact that activity
was maintained across all pre-treatments suggests that
the antimicrobial synthesis in Fischerella sp. FS 18 is
robust, though potentially sensitive to the metabolic flux
induced by salt stress. Future efforts aimed at identifying
the specific molecules responsible for this activity, par-
ticularly the phthalates and fatty acid esters identified in



http://immunoreg.shahed.ac.ir/

IMMUNOREGULATION

the GC-MS analysis, will be crucial to understanding the
pharmacological potential of this microalga.

Salinity-induced changes in the chemical profile
of Fischerella sp. FS 18

GC-MS analysis showed that salinity treatment altered
the chemical composition of Fischerella sp. FS 18 ex-
tracts, both in the number of detected constituents and
in their relative abundances. The total number of identi-
fied compounds increased from 62 in the control to 69 in
Pre-24 and 81 in Pre-96, then declined to 61 under con-
tinuous NaCl treatment. This pattern suggests that short-
to moderate-term salt exposure may stimulate broader
metabolic diversification, whereas prolonged continu-
ous salinity may restrict overall metabolite production to
a narrower set of dominant compounds. In cyanophytes,
environmental stress is well known to reshape secondary
metabolism by redirecting carbon flux, modifying mem-
brane composition, and activating protective biochemi-
cal pathways that support acclimation and survival [25,
26]. In the present study, regarding previous researchers
[27, 28] several measures were taken to address the con-
tamination concern. All extractions were performed us-
ing glassware, and solvent blanks were analyzed under
identical GC-MS conditions; no phthalate peaks were
detected in the blanks, supporting the biological origin
of the detected compounds. Furthermore, the treatment-
dependent variation in DEHP abundance (ranging from
28.61% to 60.74%) was inconsistent with a constant
background contamination and instead suggested a bio-
logically regulated response to salinity stress.

Nevertheless, this contamination-centered interpreta-
tion should not be generalized uncritically. Our previous
findings showed that in Euphorbia trigona, treatment
with the auxin naphthalene acetic acid elicited a remark-
able metabolic reprogramming, increasing the content
of bis(2-ethylhexyl) phthalate from 9.59% in control
plants to 49.31% of the total extractable compounds,
alongside increases in other bioactive fatty acids and ter-
penoids [29, 30]. This five-fold increase demonstrated
that phthalate accumulation is a biologically regulated
response to exogenous elicitors rather than passive en-
vironmental uptake. Similarly, we reported that in agave
americana. Urea fertilizer treatment caused outstanding
changes in the content of bis(2-ethylhexyl) phthalate,
methyl palmitate, and methyl stearate [31]. Collectively,
these findings across multiple species and treatments
confirm that phthalates and related esters are endog-
enously produced plant metabolites whose profiles are
dynamically altered by specific hormonal and nutritional
elicitors, providing compelling evidence against their
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exclusive characterization as anthropogenic pollutants.
Babu and Wu (2010) [1] and Gharajeh et al. (2025) [32]
provided direct evidence that several freshwater algae,
including cyanophytes, can synthesize phthalate esters
de novo, and that their release may increase under stress
conditions. Accordingly, the occurrence of phthalate-
related compounds in the GC-MS profile of Fischerella
sp. FS 18 cannot be attributed solely to contamination
and may, at least in part, reflect a genuine metabolic re-
sponse to salinity stress and/or resource limitation (e.g.
nutrient and CO: depletion during prolonged cultivation
without aeration and without nutrient replenishment).

Beyond the major common compounds, the salinity
treatments appeared to influence the balance of minor
and intermediate constituents. The increase in com-
pound richness under Pre-24 and especially Pre-96
may reflect stress-induced synthesis or accumulation
of metabolites associated with osmotic adjustment, an-
tioxidative defense, lipid remodeling, or degradation of
primary metabolites into smaller derivatives detectable
by GC-MS. Salt stress commonly affects fatty acid com-
position, hydrocarbon production, ester formation, and
low-molecular-weight organic compounds in blue-green
algae, as part of broader efforts to maintain membrane
stability and cellular homeostasis [33, 26]. Such changes
do not necessarily imply enhanced total productivity, be-
cause a stressed culture may generate a more chemically
diverse extract even while exhibiting lower biomass.
The quadrant map supports a metabolic trade-off inter-
pretation, where pre-exposure duration appears to tune
the balance between growth and diversified metabolite
output (Figure 4).

The distinct profile observed in the continuous NaCl
treatment is also biologically plausible. Under chronic
salinity, cells often shift from flexible acclimatory re-
sponses toward a more constrained survival-oriented
metabolic state, in which energy is prioritized for main-
tenance rather than broad biosynthetic output. This can
reduce the diversity of detectable compounds and in-
crease the relative prominence of a smaller number of
constituents [3, 15]. In contrast, pre-treated cultures that
were later returned to salt-free conditions may retain a
metabolic imprint of earlier stress, allowing detection
of a wider spectrum of compounds at harvest. Taken to-
gether, the GC-MS results indicate that salinity history
influenced not only how much Fischerella sp. FS 18
grew, but also partitioned metabolism into chemically
distinct outputs.

Rahimhosseini RS, et al. Salinity Effects on Fischerella sp. FS 18: Biomass, Antibacterials, and Biochemistry. Immunoregulation. 2025; 8:E32.
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Figure 4. Trade-off landscape between biomass and metabolite richness under distinct salinity regimes in Fischerella sp. FS 18

Note: Treatments were positioned in a quadrant space defined by biomass (g/L, x-axis) and metabolite richness/chemical di-
versity (number of detected compounds, y-axis). Data points represent actual values: Control (6.89 g/L, 62 compounds), Pre-24
(6.66 g/L, 69 compounds), Pre-96 (4.27 g/L, 81 compounds), and NaCl (3.82 g/L, 61 compounds). The distribution highlights a
pattern in which Pre-24 aligns with relatively high biomass, Pre-96 aligns with elevated chemical diversity, and chronic salinity
maps to reduced growth and diminished metabolite richness. This visualization summarizes the inferred allocation shift from
growth-associated metabolism toward diversified secondary metabolite profiles under priming-like stress exposure.

Relationship between salinity stress and

antibacterial metabolite production

An important outcome of this study was that salinity
stress influenced not only growth and chemical compo-
sition, but also the antibacterial performance of Fisch-
erella sp. FS 18 extracts. Although antibacterial activity
against B. cereus was detected in all butanolic extracts,
the inhibition zones varied among treatments, indicat-
ing that salt history modulated either the quantity, the
composition, or the extractability of active metabolites.
This finding is consistent with the broader concept that
environmental stress can alter secondary metabolite
biosynthesis in cyanophytes by redirecting metabolic
fluxes toward protective or adaptive compounds, some
of which may also possess antimicrobial properties [34,
35]. In photosynthetic microorganisms, salinity com-
monly triggers a cascade of physiological adjustments,
including osmolyte synthesis, lipid remodeling, anti-
oxidant defense, and changes in carbon allocation. Be-
cause secondary metabolites often arise from the same
precursor pools used in central metabolism, any stress-
induced shift in resource partitioning can directly affect

the production of bioactive compounds. Under moderate
or transient stress, the induction of defense-related path-
ways may enhance synthesis of certain antimicrobial
metabolites. However, under prolonged or severe stress,
the energetic demands of survival and homeostasis may
reduce the overall biosynthetic capacity for secondary
products, or favor compounds primarily involved in
stress tolerance rather than antibacterial defense [3, 15].
This framework may explain why antibacterial activity
was retained but varied across treatments in the present
study. The pre-treatment groups are particularly interest-
ing in this regard. Since Pre-24 and Pre-96 cultures were
only temporarily exposed to salt before being returned
to normal medium, any subsequent antibacterial activ-
ity suggests that prior salinity exposure left a measurable
metabolic legacy. Such a legacy effect may reflect per-
sistent changes in enzymatic expression, precursor avail-
ability, or regulatory networks controlling secondary
metabolism. Similar “stress memory” responses have
been described in plants and microorganisms, where
earlier stress episodes modify later metabolic behavior
even after the stressor is removed [18]. In Fischerella sp.



http://immunoreg.shahed.ac.ir/

IMMUNOREGULATION

FS 18, this may have enabled the cultures to preserve or
reconfigure metabolite production patterns that still sup-
ported antibacterial activity at harvest. At the same time,
caution is needed when inferring direct causation be-
tween individual GC-MS compounds and antimicrobial
effects. The antibacterial activity of algal extracts fre-
quently results from synergistic interactions among mul-
tiple compounds rather than from a single dominant con-
stituent [36]. Moreover, the most abundant compound in
the current GC-MS profiles, bis(2-ethylhexyl) phthalate,
may not necessarily be the sole or even the principal an-
tibacterial agent, especially given ongoing debate about
its biological versus exogenous origin. Therefore, the
observed relationship between salinity treatment and
antibacterial activity was best interpreted at the extract
level: salinity altered the overall biochemical landscape
of Fischerella sp. FS 18, and these compositional shifts
were associated with measurable differences in antibac-
terial efficacy against B. cereus.

Contribution of salinity to metabolic reprogram-
ming and stress-induced plasticity in Fischerella
sp. FS 18

The combined growth, antibacterial, and GC-MS
findings indicated that Fischerella sp. FS 18 responds
to salinity through a coordinated reprogramming of its
metabolic networks. Such reprogramming reflects the in-
trinsic plasticity of cyanophytes, enabling them to adjust
carbon allocation, energy distribution, and biosynthetic
priorities in response to environmental constraints. In the
present study, salinity exposure—whether transient (Pre-
24, Pre-96) or continuous (NaCl)—appeared to activate
metabolic pathways associated with osmotic adjustment,
membrane remodeling, and stress defense, all of which
can influence both primary and secondary metabolism
[26, 3]. A central feature of salinity-driven metabolic
plasticity is the energetic trade-off between growth and
stress acclimation. Cellular resources must be diverted
toward compatible solute synthesis, ion transport, chap-
erone production, and repair of stress-induced molecular
damage. These adjustments may reduce carbon avail-
ability for growth pathways while simultaneously stimu-
lating the synthesis of certain stress-associated metabo-
lites, including fatty acid derivatives, esters, and phenolic
compounds. This dual effect—reduced biomass but ex-
panded chemical diversity—was reflected here by lower
growth under Pre-96 and NaCl, yet a larger number of
metabolites detected in the GC-MS profiles of the pre-
treated samples, especially Pre-96. Evidence from other
cyanophytes and microalgae suggests that stress can
reorganize metabolite pools by modifying flux through
key pathways such as the tricarboxylic acid (TCA) cycle,
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glycolysis, fatty acid biosynthesis, and polyketide/pep-
tide pathways [34, 15]. In Fischerella sp. FS 18, many
of the identified metabolites belong to classes known to
fluctuate under stress, including long-chain fatty acids,
alcohols, esters, and phthalate-like compounds. These
shifts may serve physiological roles in stress tolerance,
such as stabilizing membranes, scavenging reactive oxy-
gen species, or modulating the fluidity and permeabil-
ity of cellular structures. Even minor compounds (<1%
abundance) may play critical signaling or protective
functions that do not require high concentration. Most
notably, the pre-treatment groups displayed metabolic
profiles that differed substantially from the control de-
spite being grown for weeks after stress removal. Such
long-lasting alterations suggest a degree of metabolic
“memory” or imprinting. In microbial systems, this phe-
nomenon emerges when prior stress exposure perma-
nently or semi-permanently modifies gene expression
patterns, enzyme pools, redox balance, or membrane
composition, resulting in modified metabolic states even
after return to optimal conditions [18]. The higher num-
ber of compounds in Pre-96 than in Pre-24 supports the
idea that longer stress exposure leads to deeper remodel-
ing and a more persistent metabolic shift. However, the
continuous salt group (NaCl) showed the lowest metabo-
lite richness among the stressed treatments. This aligns
with reports that chronic salt exposure can constrain
metabolic diversity, as cells prioritize essential survival
functions over secondary metabolism when resources
remain limited for extended periods [33]. In this sce-
nario, metabolic flexibility becomes narrowed. Instead
of producing a broad suite of compounds, the culture
maintains a more minimal metabolic profile dominated
by a few stable or stress-resistant constituents. Overall,
the data indicate that salinity acts as a strong ecologi-
cal and biochemical driver by reorganizing Fischerella
sp. FS 18 metabolism and thereby influencing growth,
chemical diversity, and antibacterial activity. The results
emphasize that even brief stress episodes can induce
lasting metabolic changes, while continuous stress nar-
rows metabolic options. Such plasticity highlights the
potential of controlled stress modulation as a tool to en-
hance or tailor the production of valuable metabolites in
blue-green algae.

Potential immunological relevance of salinity-in-
duced metabolic reprogramming

The observed metabolic trade-off between biomass ac-
cumulation and chemical richness, particularly the shift
toward a more diverse metabolite profile in the Pre-96h
regime (Figure 4), holds significant implications beyond
algal physiology, potentially extending into the realm of
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innate immunity and immunoregulation. In cyanobac-
teria, such as Fischerella sp., salinity-induced stress is
inherently linked to ROS dynamics and cellular redox
signaling [7, 14, 19-23]. From a translational perspective,
such redox-driven metabolic reprogramming can gener-
ate bioactive secondary metabolites, including fatty acids,
phenolics, and alkaloids, which interact with mammalian
immune pathways. While our study primarily identified
antibacterial activity against B. cereus in the butanolic
fraction, the broader chemical diversification observed
under pre-exposure regimes suggests a possible enrich-
ment of immunomodulatory scaffolds. Many cyanobacte-
rial metabolites act as ligands or modulators for redox-sen-
sitive signaling hubs, such as the nuclear factor erythroid
2-related factor 2 or nuclear factor-kappa B pathways,
which are central to regulating inflammatory responses
[8, 14, 19-23]. Therefore, the metabolic imprinting in-
duced by salinity priming may serve as a bioprocessing
strategy to enhance the yield of compounds capable of
modulating innate immune cell activation or cytokine
production. However, confirming whether these salinity-
modulated extracts possess specific anti-inflammatory or
immunoregulatory properties—such as the suppression of
pro-inflammatory mediators (e.g. tumor necrosis factor-
alpha [TNF-a], interleukin-6 [IL-6]) or the induction of
regulatory phenotypes—requires systematic validation
in macrophage or lymphocyte models. Integrating these
findings into an “infection-inflammation” axis provides
a framework for future studies to evaluate Fischerella sp.
FS 18 as a source of novel immunotherapeutic leads.

Biotechnological significance of salinity modula-
tion in Fischerella sp. FS 18

The findings of this study suggest that salinity modula-
tion can be considered a practical strategy for directing the
physiological and biochemical output of Fischerella sp.
FS 18 toward specific biotechnological goals. By alter-
ing the salt exposure regime, it was possible to influence
biomass formation, antibacterial activity, and metabolite
composition simultaneously. This is particularly relevant
in cyanophyte biotechnology, where culture conditions
are often manipulated not only to maximize growth,
but also to enhance the accumulation of target bioactive
compounds. In this context, salinity acts as a controllable
environmental factor capable of shifting Fischerella sp.
FS 18 from a primarily growth-oriented state toward a
more stress-responsive metabolic condition with altered
secondary metabolite production [3, 26]. From a produc-
tion perspective, the results indicate that different salin-
ity regimes may serve different industrial purposes. The
control and Pre-24 treatments, which supported higher
biomass accumulation, may be more suitable when the
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goal is bulk biomass production or when metabolite yield
depends largely on culture density. In contrast, the Pre-96
treatment, despite lower biomass, generated the highest
number of detected compounds, suggesting that moder-
ate prior stress may enhance chemical complexity and
potentially broaden the range of recoverable metabolites.
The continuous NaCl treatment, while less favorable
for growth and metabolite richness, still maintained de-
tectable antibacterial activity, showing that even under
chronic osmotic stress, Fischerella sp. FS 18 retains the
capacity to produce bioactive substances. This type of
growth-versus-metabolite trade-off is common in algal
biotechnology and is often exploited through two-stage
cultivation systems, where biomass is first maximized
under favorable conditions, and stress is then applied to
stimulate desired product formation [37, 38]. The selec-
tive activity of the butanolic extract against B. cereus also
adds to the applied value of the organism. Blue-green al-
gae are increasingly explored as renewable sources of an-
timicrobial compounds, especially in the context of rising
antibiotic resistance and demand for new natural-product
scaffolds [34]. Although the present study did not identify
the exact active principle, it demonstrated that Fischerella
sp. FS 18 can produce solvent-extractable antibacterial
metabolites under both normal and salt-modulated con-
ditions. This opens the possibility of optimizing culture
stress to improve either potency or chemical diversity
before downstream purification and characterization. In
addition, the persistence of treatment-specific metabolic
patterns after transient salt exposure has practical impor-
tance. This suggests that permanent exposure to saline
medium may not be necessary to obtain altered metabolite
profiles; instead, a short pre-treatment may be sufficient
to induce desirable biochemical changes while avoiding
the full growth penalty of continuous stress. Such an ap-
proach could reduce production costs, simplify medium
management, and improve overall process efficiency. In
applied terms, transient salinity priming may represent
a more economical and scalable strategy than chronic
salt cultivation, particularly if future studies confirm en-
hanced yields of target antimicrobial or industrial metabo-
lites. Overall, this study supports the view that salinity is
not merely a stress factor limiting cyanophyte growth, but
also a useful regulatory tool for metabolic engineering
at the cultivation level. By carefully adjusting the dura-
tion and continuity of salt exposure, it may be possible
to balance productivity and metabolite quality in Fischer-
ella sp. FS 18. Future work should focus on quantifying
specific target compounds, determining productivity on
a per-culture-volume basis, and validating biological ac-
tivities of purified fractions to translate these observations
into a robust biotechnological platform.
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Limitations of the study

This study had several limitations. First, antibacte-
rial screening was performed only against two bacte-
rial strains (one gram-positive and one gram-negative);
therefore, the broader spectrum of activity remains to
be determined. Second, although the butanolic extract
showed promising activity, the specific compound(s)
responsible for the antibacterial effect were not purified
or identified; bioassay-guided fractionation is required to
confirm the active principle. Third, the immunological
relevance discussed in this paper is speculative and based
on indirect evidence; direct validation in cell-based or
animal models is required. Fourth, while solvent blanks
and glassware were used to minimize contamination, the
possibility of trace phthalate contamination from other
sources cannot be entirely excluded. Finally, the study
was conducted under laboratory conditions, and scal-
ability to larger production systems requires further in-
vestigation.

Conclusion

The salinity regime markedly influences biomass pro-
duction, antibacterial activity, and metabolite composi-
tion in Fischerella sp. FS 18. Our findings indicate that
while sustained osmotic stress imposes a physiological
cost on growth, short-term salinity priming can effective-
ly modulate metabolic output. This duration-dependent
response highlights a trade-off between primary metabo-
lism (growth) and secondary metabolic diversification.
Antibacterial assays showed selective inhibitory activ-
ity in butanolic extracts against B. cereus, supporting the
potential of Fischerella sp. FS 18 as a source of bioac-
tive metabolites against gram-positive targets. GC-MS
profiling further confirmed that salinity regimes, partic-
ularly the 96-h pre-treatment, induce broader chemical
richness. Although bis(2-ethylhexyl) phthalate was the
dominant constituent, its biological origin remains to be
confirmed through more rigorous control measures. In
summary, salinity serves as both a growth-limiting fac-
tor and a metabolic modulator. Controlled salinity ex-
posure, particularly through short-term priming, may
be utilized to enrich metabolite profiles for future bio-
activity screening. Beyond antibacterial properties, the
identified metabolic shifts may have broader relevance
for redox-related signaling and immunological research
in the future; however, direct immunomodulatory effects
were not investigated in the present study and require
experimental validation. Future work should focus on
bioassay-guided fractionation and the purification of ac-
tive compounds to fully characterize their therapeutic
and immunomodulatory potential.
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