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Abstract

Marine cyanobacteria have emerged as promising sources of structurally diverse bioactive metabolites
with significant pharmaceutical potential. The present study aimed to evaluate the antimicrobial activity
of the methanolic extract of marine Anabaena spp. and to characterize its bioactive constituents using
gas chromatography—mass spectrometry (GC—-MS). The cyanobacterial strain was isolated from the
Mediterranean Sea, Egypt, cultivated in F/2 medium under controlled laboratory conditions, and
extracted with methanol. Antimicrobial activity was assessed using the disc diffusion method against
six bacterial pathogens (Staphylococcus aureus, Enterococcus faecalis, Escherichia coli, Pseudomonas
aeruginosa, Aeromonas hydrophila, and Vibrio cholerae) and the fungal pathogen Candida albicans. GC-
MS analysis was subsequently performed to identify the major metabolites present in the extract. The
methanolic extract exhibited broad-spectrum antimicrobial activity against all tested microorganisms.
The highest inhibition zone was observed against Staphylococcus aureus (19 + 0.3 mm), followed by
Enterococcus faecalis (16 * 0.3 mm) and Escherichia coli (15 + 0.2 mm), while moderate inhibitory
effects were recorded against the remaining bacterial species and Candida albicans. GC—MS analysis
identified twenty metabolites, predominantly fatty acids and their derivatives. The major constituents
included hexadecanedioic acid (12.86%), 9,12-octadecadienoic acid (7.56%), 7-hexadecenal (6.80%),
octadecanoic acid methyl ester (6.22%), and 9-octadecenoic acid methyl ester (3.88%). These lipid-
derived compounds are known to possess antimicrobial properties and are likely responsible for the
observed biological activity through synergistic interactions. The findings demonstrate that marine
Anabaena spp. is a valuable natural source of antimicrobial metabolites and highlight its potential for the
development of environmentally sustainable bioactive products for pharmaceutical and biotechnological
applications. Further investigations involving compound purification, minimum inhibitory concentration
determination, toxicity assessment, and in vivo validation are recommended to confirm its therapeutic
potential.

Introduction

The rapid emergence of antimicrobial resistance (AMR) has become one of the most serious global
public health challenges, limiting the effectiveness of conventional antibiotics and increasing the burden
of infectious diseases. According to the World Health Organization, the continuous rise of multidrug-
resistant microorganisms necessitates the discovery of novel antimicrobial agents from sustainable
natural resources (Ayswaria et al., 2023). Among these resources, cyanobacteria have attracted
considerable attention owing to their remarkable metabolic diversity and their ability to produce a broad
spectrum of biologically active secondary metabolites with pharmaceutical potential. Marine
cyanobacteria are photosynthetic prokaryotes that inhabit diverse aquatic environments and synthesize
numerous bioactive compounds, including fatty acids, peptides, alkaloids, phenolics, terpenoids,
polysaccharides, pigments, and lipopeptides (Saee et al., 2022). These metabolites exhibit a wide range
of biological activities such as antimicrobial, antioxidant, anti-inflammatory, antiviral, anticancer, and
antibiofilm properties. Owing to these characteristics, cyanobacteria are increasingly recognized as
promising renewable resources for the discovery of new therapeutic agents and functional biomolecules
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(Cock and Cheesman, 2023; Tan and Salleh, 2024). Among filamentous cyanobacteria, Anabaena spp.
represents one of the most biotechnologically important genera because of their ability to fix
atmospheric nitrogen and produce structurally diverse secondary metabolites(Tan, 2013). Previous
investigations have demonstrated that Anabaena species synthesize numerous bioactive molecules,
including fatty acids, phenolic compounds, peptides, and volatile organic compounds that exhibit potent
antimicrobial activity against a wide range of Gram-positive bacteria, Gram-negative bacteria, and
pathogenic fungi. The production of these metabolites is strongly influenced by environmental
conditions, growth phase, and cultivation strategy, highlighting the importance of optimizing culture
conditions for enhanced metabolite production (Kar and Ramrao, 2022). Recent advances in
metabolomics have significantly improved the characterization of cyanobacterial metabolites. Gas
chromatography—mass spectrometry (GC—-MS) is considered one of the most powerful analytical
techniques for identifying volatile and semi-volatile compounds in cyanobacterial extracts. The
integration of GC—MS analysis with biological assays provides valuable insight into the relationship
between chemical composition and biological activity and facilitates the identification of potential
antimicrobial compounds for pharmaceutical applications (Ezekiel et al., 2024). Several studies have
reported that fatty acids and their derivatives constitute the dominant antimicrobial metabolites in
cyanobacteria. Compounds such as hexadecanoic acid, linoleic acid, oleic acid, and their corresponding
esters possess membrane-disrupting activity that inhibits microbial growth through alteration of
membrane permeability, inhibition of essential metabolic pathways, and induction of oxidative stress.
Moreover, synergistic interactions among different classes of metabolites often enhance the
antimicrobial efficacy of crude cyanobacterial extracts, making them attractive candidates for natural
antimicrobial development (Sabat et al., 2025). Despite the growing interest in cyanobacterial natural
products, many marine Anabaena isolates remain chemically and biologically underexplored. Therefore,
the present study aimed to evaluate the antimicrobial activity of the methanolic extract of marine
Anabaena spp. against selected pathogenic bacteria and Candida albicans, followed by comprehensive
GC-MS profiling to identify the major bioactive metabolites responsible for the observed biological
activity. The integration of antimicrobial evaluation with chemical characterization provides valuable
insight into the pharmaceutical potential of marine Anabaena spp. as a sustainable source of novel
natural antimicrobial agent

Material and methods

Algal Isolation

Marine water samples were collected from the Mediterranean Sea, Egypt. The collected samples were
cultured in sterile F/2 medium according to the standard protocol (Guillard,1975). The culture medium
was sterilized by autoclaving at 121°C for 30 min before inoculation. The cultures were maintained under
controlled laboratory conditions at pH 8.0, a temperature of 30 + 1°C, and a light intensity of
approximately 3000 lux with a suitable photoperiod to support algal growth. The isolated cyanobacterial
strain was purified by repeated subculturing and identified as Anabaena sp. based on its morphological

Page 3/15



characteristics using standard taxonomic keys and published descriptions (Cronberg & Annadotter
2006).

Measurements of Algal Growth

As per the procedure outlined by (Strickland & Persons 1972). measuring the growth of algae using
chlorophyll a. Centrifugation at 5000 rpm was applied for 15 mins in order to harvest. By comparing the
absorbance at 663 and 645 nm in a 1 cm quartz cell to a blank of 80% aqueous acetone utilizing a
spectrophotometer, the pigment concentration in the filtered extract was calculated:

Chlorophyll a = 12.7. E®63-2.69. E54°

Preparation of the Algal Extracts

Dried algal sample (approximately 1g each) was individually processed by homogenization using
methanol and sonication (20 mins) with a 400W ultrasonic microtip probe (ULTRASONIC Get 750). The
mixtures were subsequently centrifuged (4500 rpm) for 10 minutes, and the supernatants were gathered
while the remaining pellets were re-extracted two-times using the same method. All collected
supernatants were combined and kept in the refrigerator for further analysis. A rotary evaporator was
used to evaporate portions of the supernatants to dryness at 40°C; after which the resulting dried
extracts were stored within sterile vials at -20°C to be used later in the antimicrobial assays (Chauhan et
al., 2010).

Antimicrobial activity assay

The bioactivity of the methanolic crude algal extract was evaluated using the Kirby—Bauer disc diffusion
technique against four gram negative bacteria "Aeromonas hydrophila, Pseudomonas aeruginosa,
Escherichia coli and Vibrio cholerae"; two gram positive bacteria "Enterococcus faecalis and
Staphylococcus aureus" and one fungal species "Candida albicans"” (Marrez et al., 2017). Bacterial
suspensions (150 CFU/ml) were uniformly spread on nutrient agar plates using sterile cotton swabs,
whereas fungal spores (0.75 x 10 ® spores/ml) were aseptically inoculated onto Czapek-Dox agar. The
algal extract (10 mg/ml) was impregnated on sterile Whatman No. 1 filter paper discs (6 mm), dried in
sterile conditions, and then added on the inoculated media. The plates underwent incubation at 28°C for
48-72hr for fungal and, at 37°C for 24 hr for bacterial species. Positive and negative controls consisted
of ciprofloxacin (10 mg/ml) and DMSQO, respectively. The antimicrobial potential was assessed via
recording the clear zone diameter including the paper disc diameter (mm). All assayed antimicrobial
data obtained from triplicate experiments.

GC-MS analysis of methanolic extract from Anabaena spp.:
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The identification of bioactive compounds present in the methanolic extracts was accomplished utilizing
a GC-1SQ mass spectrometer (Thermo Scientific, Austin, TX, USA). Analysis was accomplished with a
capillary column TG-5MS (30 m x 0.25 mm x 0.25 ym film thickness). The column oven temperature
was first fixed at 55°C and then raised (at 5°C /min) to 250°C and held for 2 mins before being raised (at
25°C/min) to 300°C. The injector temperature was maintained at 270°C. Helium (at 1 ml/min fixed flow
rate) served as a carrier gas. The samples (1 pl) were automatically injected through an AS3000
autosampler in split mode with a solvent delay of 4 mins. El mass spectra were acquired at 70 eV
ionization voltages in full scan mode over m/z 50-650 range. The components were identified
comparing their mass spectral patterns and retention times with mass spectral database of WILEY 09
and NIST14 (Brondz 2016).

Statistical analysis

Clarify which parameters were analyzed by one-way ANOVA and the statistical software used. State the
significance threshold (e.g., p < 0.05), and whether post-hoc tests were applied (Duncan 1957).

Results and discussion

Growth of Anabaena spp.

The growth of Anabaena spp. was monitored by measuring chlorophyll a concentration under controlled
culture conditions. The cyanobacterial culture exhibited a typical sigmoidal growth pattern, reaching its
maximum biomass on the twelfth day of cultivation (Fig. 1). This stage corresponds to the late
exponential phase, during which cyanobacteria actively synthesize secondary metabolites with
biological functions. Previous studies have demonstrated that metabolite production in Anabaena is
highly dependent on growth phase and environmental conditions, with maximum accumulation generally
occurring during the late exponential and early stationary phases ( Kar and Ramrao, 2022).

Antimicrobial activity

The methanolic extract of marine Anabaena spp. exhibited broad-spectrum antimicrobial activity against
all tested microorganisms (Table 1). The highest inhibition zone was observed against Staphylococcus
aureus (19.0 + 0.3 mm), followed by Enterococcus faecalis (16.0 + 0.3 mm) and Escherichia coli (15.0 +
0.2 mm). Moderate antimicrobial activity was also recorded against Pseudomonas aeruginosa,
Aeromonas hydrophila, Vibrio cholerae, and Candida albicans. The greater susceptibility of Gram-positive
bacteria can be attributed to their relatively simple peptidoglycan cell wall, which allows easier
penetration of antimicrobial metabolites (Demay, et al., 2019). Nevertheless, the inhibition observed
against Gram-negative bacteria indicates that the extract contains lipophilic compounds capable of
interacting with the outer membrane and disturbing membrane integrity. Similar antimicrobial activities
have been reported for methanolic extracts of Anabaena species, which contain fatty acids, phenolics,
peptides, and volatile metabolites capable of disrupting microbial membranes and inhibiting essential
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metabolic pathways (Cock and Cheesman, 2023; Tan and Salleh, 2024). Recent studies have shown that
cyanobacterial metabolites inhibit microbial growth through several mechanisms, including membrane
disruption, inhibition of protein and nucleic acid synthesis, induction of oxidative stress, and interference
with quorum sensing and biofilm formation (Kar and Ramrao, 2022). Therefore, the antimicrobial activity
observed in the present study is likely due to synergistic interactions among several classes of
secondary metabolites rather than a single active compound (Behzadnia A, et al., 2024 ; Al Naim &El
Semary. 2022).

Table 1
Antimicrobial activity of the algal methanolic extract against various pathogenic microorganisms.

Inhibition Zone Diameter (mm)
Standard Gram (+V) Gram (-V) bacteria Fungal sp.
antibiotics bacteria

S. E. P A. V. E. C.

aureus faecalis  aeruginos] hydrophila  cholera  coli albicans
Ciprofloxacin 20+ 22+ 22 +0.02 22 +0.02 22 22+ 20+
(+ve) 0.01 0.02 0.02 0.02 0.01
DMSO (-v) - - - - - - -
Anabaena 191 16+0.3 13%0.2 12+0.2 12 % 15 % 11+£0.2
spp. 0.3 0.2 0.2

GC-MS Analysis of the Methanolic Extract of Anabaena spp.

Gas chromatography—mass spectrometry (GC—MS) analysis of the methanolic extract of the marine
Anabaena spp. revealed the presence of twenty bioactive compounds with different chemical classes,
including fatty acids, fatty acid methyl and ethyl esters, aldehydes, alcohols, glycerides, and dicarboxylic
acids (Table 2). The detected metabolites were identified based on their retention times and mass
spectral comparison with the NIST14 and WILEY09 libraries (Desbois & Smith 2010).). The relative
abundance of each compound was estimated from the peak area percentages (Fig. 2). Among the
identified metabolites, hexadecanedioic acid was the predominant compound, representing 12.86% of
the total chromatographic area at a retention time of 36.28 min. The second most abundant constituent
was 9,12-octadecadienoic acid (linoleic acid) with an area percentage of 7.56% at 35.69 min, followed by
7-hexadecenal (6.80%, RT 56.90 min) and octadecanoic acid, methyl ester (6.22%, RT 28.05 min). Other
major metabolites included 9-octadecenoic acid (Z)-, methyl ester (3.88%), hexadecanoic acid, 2,3-
dihydroxypropyl ester (2.84%), hexadecanoic acid, methyl ester (2.61%), and behenic acid (2.58%).
Several additional lipid-derived metabolites were detected at lower abundances, including 9-
octadecenoic acid (Z)-, 2,3-dihydroxypropyl ester (1.58%), 2-tetradecanol (1.18%), tripalmitin (1.17%), 5-
dodecanol acetate (1.08%), oleic acid (0.95%), ethyl oleate (0.83%), hexadecanoic acid, ethyl ester
(0.83%), linoleic acid ethyl ester (0.79%), octadecanedioic acid (0.71%), glycerol 1-palmitate (0.59%), n-
hexadecanoic acid (0.55%), and octadecanoic acid (0.54%). Overall, the GC—MS profile demonstrated
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that the methanolic extract of marine Anabaena spp. was dominated by long-chain fatty acids and their
derivatives, indicating that lipid-based metabolites constitute the major chemical constituents of the
extract (Sabat S, et al., 2025). The predominance of these compounds suggests that they are likely
responsible for the biological activities observed in the present study) Tan and Salleh, 2024; Weiss et al.,
2025).

Chemical constituents identified by GC—TIT/Ibsleinzthe methanolic extract of Anabaena sp.
No. Retention Area Peak Name Formula Mol.
Time (%) Wt.
1 23.15 2.61 Hexadecanoic acid, methyl ester C17H3402 270
2 27.33 1.58 9-Octadecenoic acid (Z)-,2,3 C21H4004 356
dihydroxypropyl ester
3 28.05 6.22 Octadecanoic acid, methyl ester C19H3802 298
4 30.40 0.83 Ethyl Oleate C20H3802 310
5 30.73 0.55 n-Hexadecanoic acid C16H3202 256
6 31.01 2.84 Hexadecanoic acid, 2,3-dihydroxypropyl C19H3804 330
ester
7 32.69 0.54 Octadecanoic acid C18H3602 284
8 34.73 3.88 9-Octadecenoic acid (Z)-, methyl ester C19H3602 296
9 35.69 7.56 9,12-0Octadecadienoic acid C18H3202 280
10 35.94 0.83 Hexadecanoic acid, ethyl ester C18H3602 284
11 36.28 12.86 Hexadecanedioic acid C16H3004 286
12 36.53 1.18 2-Tetradecanol C14H300 214
13  40.17 0.95 Oleic acid C18H3402 282
14 47.77 0.71 Octadecanedioic acid C18H3404 314
15 49.70 1.08 5-Dodecanol acetate C14H2802 228
16 52.72 2.58 Behenic acid C22H4402 340
17 56.65 0.59 Glycerol 1-palmitate C19H3804 330
18 56.90 6.80 7-Hexadecenal C16H300 238
19 58.82 0.79 Linoleic acid ethyl ester C20H3602 308
20 60.27 1.17 Tripalmitin C51H9806 806
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Relationship between GC-MS Profile and Antimicrobial
Activity

The antimicrobial activity observed for the methanolic extract of Anabaena sp. can be attributed to the
synergistic action of several bioactive compounds identified by GC—MS analysis rather than to a single
constituent (EI-Seedi et al., 2023). The extract was particularly rich in saturated and unsaturated fatty
acids and their derivatives, which are well known for their antimicrobial properties. Among the identified
metabolites, hexadecanoic acid (palmitic acid) and hexadecanoic acid methyl ester are widely
recognized as antibacterial compounds capable of disrupting microbial cell membranes, increasing
membrane permeability, and ultimately causing leakage of intracellular components (Perera, et al.,2023).
Similarly, oleic acid and 9,12-octadecadienoic acid (linoleic acid) have been extensively reported to
inhibit the growth of both Gram-positive and Gram-negative bacteria through membrane destabilization
and interference with essential metabolic pathways (Polyak & Sukharevich 2023). These compounds
likely contributed substantially to the inhibitory activity observed in the present study. The detection of
octadecanoic acid (stearic acid) and its methyl ester may also have enhanced the antimicrobial effect.
Although stearic acid alone generally exhibits weaker antibacterial activity than unsaturated fatty acids,
previous studies suggest that it can act synergistically with other lipid-derived metabolites, increasing
the overall efficacy of crude algal extracts (Abed 2009). Additionally, 7-hexadecenal may contribute to
antimicrobial activity because long-chain aldehydes are known to react with microbial proteins and
membrane components, thereby inhibiting microbial growth. Minor constituents such as glycerol
monopalmitate, behenic acid, and tripalmitin may further enhance antimicrobial activity through additive
or synergistic effects (Desbois & Smith 2010). Therefore, the antimicrobial activity of the methanolic
extract of Anabaena sp. is likely associated with the combined action of multiple lipid-derived
metabolites identified by GC—MS, particularly palmitic acid, oleic acid, linoleic acid, stearic acid, and their
esters. Such synergistic interactions are commonly reported in cyanobacterial extracts and explain why
crude extracts frequently exhibit stronger antimicrobial activity than isolated individual compounds
(Yoon et al., 2018). Overall, the GC-MS profile strongly supports the biological activity observed in the
antimicrobial assay and confirms that Anabaena sp. represents a promising natural source of
antimicrobial metabolites with potential pharmaceutical and biotechnological applications (Singh et al.,
2024).

Conclusion

The present study demonstrates that marine Anabaena spp. constitutes a promising source of natural
bioactive compounds with significant broad-spectrum antimicrobial activity. The methanolic extract
exhibited inhibitory effects against all tested bacterial and fungal pathogens, with the highest activity
recorded against Staphylococcus aureus, highlighting its potential as an alternative source of
antimicrobial agents. GC—MS analysis revealed a chemically diverse metabolite profile dominated by
fatty acids, fatty acid esters, aldehydes, alcohols, and glycerides. The predominance of hexadecanedioic
acid, together with other bioactive lipid-derived compounds such as linoleic acid derivatives and long-
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chain aldehydes, provides a plausible explanation for the observed antimicrobial activity. The synergistic
action of these metabolites is likely responsible for the broad-spectrum inhibitory effects demonstrated
by the crude methanolic extract. The integration of antimicrobial bioassays with GC—MS metabolite
profiling provides a comprehensive evaluation of the pharmaceutical potential of marine Anabaena spp.
and highlights its value as a sustainable source of naturally occurring antimicrobial metabolites. These
findings contribute to the growing body of evidence supporting the exploitation of marine cyanobacteria
for the discovery of novel bioactive compounds with potential applications in the pharmaceutical,
nutraceutical, and cosmetic industries. Nevertheless, further investigations are required to isolate and
purify the individual active metabolites, determine their minimum inhibitory and bactericidal
concentrations (MIC and MBC), elucidate their mechanisms of action, evaluate their cytotoxicity and
safety profiles, and validate their therapeutic efficacy through in vivo studies. Such investigations will be
essential for translating the promising biological activity of Anabaena spp. into practical biomedical and
industrial applications
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GC-MS chromatographic profile of the methanolic extract of marine Anabaena spp., showing the
distribution of the detected bioactive metabolites.
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