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Abstract

available drugs for the pharmaceutical market.

Natural ecosystems are a rich source of compounds that can be considered as drugs to combat viral and bacterial
infections. Cyanobacteria play a key role in the search for these compounds. These microorganisms, besides their well-
known cytotoxicity to humans, are also a rich reservoir of metabolites with antiviral and antibacterial activities. These
compounds are extremely diverse in their chemical structures. Moreover, recent reports have shown that Cyanobac-
teria can be used as platforms for the synthesis of antibacterial molecules such as gold and silver nanoparticles. In
this review, we summarize and discuss recent reports on antiviral significance of these metabolites against the most
relevant viruses, such as Human Immunodeficiency Virus (HIV), Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2), Herpes Simplex Virus (HSV), and Influenza Virus. We also focus on the effects of cyanobacterial metabo-
lites against Gram-positive bacteria, including Staphylococcus aureus, as well as Gram-negative bacteria, includ-

ing those from the ESKAPE group of pathogens. It is outlined what future research on the isolation of cyanobacterial
metabolites should focus on to improve the effectiveness of this process and lead to the commercialization of widely
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Introduction

The danger caused by viruses was seen during the
COVID-19 pandemic. The latest epidemic showed that
current treatments for viral infections are ineffective
and new drugs are highly desirable. As of January 2023,
there were 671 million cases of SARS-CoV-2-associated
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illnesses worldwide, 6.71 million of which ended in
death [1].

Another global disease that humanity has been facing
since the 1990s is acquired immunodeficiency syndrome
(AIDS), caused by the human immunodeficiency virus
(HIV). According to World Health Organization (WHO)
data, at the moment, about 37 million people worldwide
are infected with this virus [2]. The main method of treat-
ment is based on the use of antiretroviral drugs which
leads to a reduction in mortality, morbidity, and improve-
ment in the lives of infected patients. However, this ther-
apy is not widely available, and treatment costs are high
[3]. Therefore, novel alternatives are being sought in the
treatment of HIV.
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A global problem is also the rapid increase in the num-
ber of bacterial strains resistant to all known antibiot-
ics. Increasingly, scientists around the world are asking
whether humanity can be considered to have returned
to the pre-antibiotic era? Definitely, one can agree that
the drugs currently available on the market are no longer
effective against all bacteria. The problem of antibiotic
resistance has been recognized by WHO as one of the
top ten global threats to humanity [4]. Available data
shows that each year more than 1.27 million people
worldwide die from infections caused by drug-resistant
bacteria [5]. Therefore, alternatives to antibiotics are con-
sidered in this battle against bacteria. Among them, the
most promising appear to be bacteriophages, probiot-
ics, plant-derived substances, antibacterial proteins, and
compounds produced by Cyanobacteria [6].

Cyanobacteria is a remarkable group of Gram-negative
bacteria which played an important role in the evolution
of the early life forms on Earth. These microorganisms
globally colonize a variety of ecosystems, such as soils,
freshwater and oceans, as well as extreme environments
[7]. Cyanobacteria are the only group of prokaryotic
organisms capable of undergoing oxygenic photosynthe-
sis, therefore they are believed to have been responsible
for oxygenating the atmosphere and oceans for 2.4 billion
years [8]. These bacteria adsorb solar energy with a sig-
nificantly high efficiency (3—9%), which supports the fixa-
tion of huge amounts of nitrogen and inorganic carbon
[9]. The ubiquity of Cyanobacteria in the biosphere with
access to light, is due to multiplicity of biosynthetic path-
ways, phylogenetic diversity and potential to produce a
variety of compounds that protect them from potential
competitors [7, 10].

Due to the chemical diversity of compounds produced
by Cyanobacteria, complex and diverse pathways are
involved in their synthesis, depending on the produced
substance [11]. Most of these biomolecules are largely
synthesized by polyketide synthase (PKS), non-riboso-
mal polypeptide synthetase (NRPS), and the integration
of these two pathways (PKS-NRPS). In addition, these
compounds can undergo chemical modifications such as
halogenations, methylations, and oxidations [12]. Moreo-
ver, some compounds can be synthesized by ribosomes
and then be post-translationally modified (peptides syn-
thesized by ribosomes and post-translationally modified
(RiPP)) [13].

In recent years, it has been shown that compounds
produced by Cyanobacteria can be potential alternatives
to antibiotics in combating viral infections, as well as to
antibacterial drugs.

Among the groups of compounds synthesized by
Cyanobacteria with antimicrobial activity there are
polyketides, alkaloids, peptides, terpenes, lipids and
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polyphenols [11]. Each of these groups of compounds
has a specific mechanism of action, interfering with
the metabolism of the pathogenic bacterium. The main
mechanisms of action of these molecules are: (i) inhi-
bition of efflux pump (e.g., alkaloids); (ii) inhibition of
translation by preventing the binding of tRNA to mRNA
(e.g., polyketides); (iii) negative regulation of DNA rep-
lication and transcription by inhibiting appropriate
polymerases (e.g. alkaloids); (iv) destabilization of the
bacterial cell wall and disrupting the electron transport
chain (e.g., peptides and lipids); (v) inhibition of quorum
sensing (e.g., polyketides, alkaloids and lipids) [14]. The
mechanisms of antimicrobial actions of compounds pro-
duced by Cyanobacteria have been discussed in detail by
Kar et al. [14].

The groups of compounds produced by Cyanobacteria
with antiviral activity include proteins, carbohydrates,
sulfoglycolipids, polyketide, alkaloids, lipids and poly-
phenols [11]. So far, the identified mechanisms of action
of metabolites with antiviral potential are as follows: (i)
inhibition of viral protein binding to the host cell; (ii)
inhibition of viral replication; (iii) binding to host cell
receptors preventing further infection [14].

Therefore, the aim of this review was to summarize and
discuss previous reports on the antiviral and antibacterial
activities of Cyanobacteria and their metabolites. Moreo-
ver, the latest cutting-edge molecular biology techniques
using Cyanobacteria to synthesize bactericidal agents are
presented.

Antiviral properties of cyanobacterial metabolites
Among the metabolites of Cyanobacteria the antivi-
ral activities have so far been confirmed for lectins,
pigments, depsipeptides and carbohydrates. These
compounds were effective against HIV, SARS-CoV-2,
coxsackie B3 virus, rotavirus, HSV-1, influenza viruses
types A and B, and others [15, 16]. The most commonly
isolated Cyanobacteria with antiviral potential are lec-
tins that show inhibitory specificity against glycoproteins
[17]. Prominent among them are Oscillatoria agardhii
agglutinin homolog (OAAH) proteins, cyanovirin-N,
microvirin, or scytovirin [11].

Another group of compounds with antiviral activ-
ity are pigments. Special attention should be paid to
C-Phycocyanin. This compound, is water-soluble and is
a component of the photosynthetic apparatus of Cyano-
bacteria [18]. Its antiviral properties are particularly
effective against Retroviruses, as it causes inhibition of
reverse transcription and, consequently, replication of
these viruses [19].

Depsipeptides are another group of agents that exhibit
antiviral activity. These compounds are cyclic nonriboso-
mal peptides, that have at least one of the amide bonds
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replaced by an ester bond [20]. So far known depsipep-
tides with antiviral activity can attach to viral glycopro-
teins or cell receptors, preventing viral entry into the host
[14].

A specific example of carbohydrates with antiviral
activity is calcium spirulan, which causes inhibition of
viral replication at very early stages, i.e. adsorption to the
receptor and penetration into the interior of the eukar-
yotic cell [21]. However, it was noted that its antiviral
mechanism of action applies to enveloped viruses [22].

Below, we summarize and discuss previous reports
on the antiviral properties of Cyanobacteria and their
metabolites in more detail.

Human Immunodeficiency Virus (HIV)
Human Immunodeficiency Virus (HIV) is a species of
lentivirus transmitted through body fluids and secretions.
The virus attacks host cells by attaching to CD4 receptors
and then to one of the two major core chemokine recep-
tors, CCR5 or CXCR4, leading to the destruction of T
lymphocytes, during replication [2]. As mentioned above,
failure to treat infection with this virus leads to Acquired
Immune Deficiency Syndrome (AIDS) [2].

Numerous reports have presented the potential of
cyanobacterial metabolites as candidates for HIV treat-
ment. Here we present some of them, published recently.

Lectins

Oscillatoria agardhii agglutinin homolog (OAAH) pro-
teins belong to the lectin family and was first isolated
from Oscillatoria agardhii strain NIES-204 [23]. These
compounds exhibit a broad spectrum of activity against
HIV [24]. Férir et al. showed that these proteins inhibit:
(i) viral replication, (ii) syncytium formation between
virus-infected and uninfected T cells, and (iii) virus
uptake and translocation to target CD4+T cells. Impor-
tantly, the authors showed that these proteins have their
unique recognition motif on gp120 glycans. This was a
significant discovery because other lectins with anti-HIV
potential recognize the reducing or non-reducing end
mannoses of Man-8/9. Moreover, these compounds have
also been observed to act synergistically with other com-
pounds showing anti-HIV potential, including Hippeas-
trum hybrid agglutinin and griffithsin [23].

Another lectin showing anti-HIV activity is Microvirin,
isolated from the Microcystis aeruginosa PCC7806. This
compound inhibits the formation of syncytium between
HIV-1-infected T cells and uninfected CD4(+) T cells,
and moreover inhibits one of the primary pathways of
virus infection, i.e. binding of DC-SIGN-mediated viral
transmission to CD4+T cells. Importantly, compared to
and other lectins, this compound showed no cytotoxic
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effects in MT-4 cells and BMC, and no mitogenic activity
[25].

Pigments

C-Phycocyanin, isolated from Spirulina sp., can also be
considered as a potential drug against HIV infection.
Jadaun et al., by using a luciferase gene assay in TZM-bl
cells, showed that the compound inhibited HIV-1 rep-
lication by 50% at concentrations of 85—174 pg/mL,
depending on the strain used. This phenomenon was
due to the inhibition of HIV-1 reverse transcriptase and
protease. Moreover, the authors showed that C-Phyco-
cyanin reduced the amount of ROS that encourage viral
replication by modulating cellular pathways and covalent
changes in viral elements [19].

SARS-CoV-2

The SARS-CoV-2 virus belongs to Coronaviridae, a
family of positive-sense single-stranded RNA (ssRNA)
viruses [26]. The main problem in the control of this
virus is the frequency of its recombination which leads
to the emergence of strains with an increased transmis-
sion rate, as well as resistance to available drugs and vac-
cines [27]. According to available data, potential drugs
against SARS-CoV-2 should affect its cysteine proteases
(Mpro/3CLpro and PLpro), the spike (S) glycoprotein or
RNA-dependent RNA polymerase (RdRp) [28, 29].

Depsipeptides

Among the anti-SARS-CoV-2 compounds produced by
Cyanobacteria, cyanopeptolines should be highlighted.
Konkel et al., isolated 15 cyanopeptolines from Nostoc
edaphicum strain CCNP1411 that inhibit SARS-CoV-2
infection. CP978, the Arg-containing structural variant,
showed the greatest antiviral potential. This compound
inhibited viral infection at a low IC,; (80 ng/mL), through
direct binding to the S protein of coronavirus. Impor-
tantly, this compound was shown to effectively inhibit
the development of 3 different SARS-CoV-2 variants, i.e.
Alpha, Omicron and Delta [28].

Another compound showing anti-SARS-CoV-2 poten-
tial is gallinamide A. This product is a modified depsi-
peptide that is produced by Schizothrix sp. and Symploca
sp. [30, 31]. The compound is a potent inhibitor of many
cysteine proteases, including, cathepsin L (CatL), essen-
tial for cell infection by SARS-CoV-2 [32]. Ashhurst et al.,
showed that gallinamide A and its analogues interacted
directly with cathepsin L in cells to inhibit virus infection.
At the same time, the compound inhibited the virus most
potently in VeroE6 cells at ECy, of 28 nM, while its ana-
logues were most effective in human A549/ACE2 cells at
310 nM. Moreover, the combined use of gallinamide A
with nafamostat mesylate (an inhibitor of the TMPRSS2
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protein that mediates virus entry into the cell) caused
synergistic inhibition of virus [33].

Lectins

Cyanovirin-N is a lectin isolated from Nostoc ellip-
sosporum. Naidoo et al. demonstrated that this com-
pound showed the highest binding energy with the spike
protein, the main protease (Mpro) and the papainlike
protease (PLpro) of SARS-CoV-2, so that it could be
considered as a potential drug in studies against SARS-
CoV-2 [34]. Importantly, these results were confirmed
experimentally in vitro and in vivo by Muifioz-Basagoiti
et al. Indeed, they demonstrated that cyanovirin-N can
bind to the S protein of coronavirus, inhibiting infection
[35]. On the other hand, Sahu et al. conducted analyses of
target inhibitors against human angiotensin-converting
enzyme (ACE2) which is crucial in the adsorption and
entry of the virus into the cell. Based on molecular dock-
ing and studies on other metabolite properties, shinorine
and mycosporine-glycine-valine were estimated to have
the highest binding energy to the receptor, and could be
considered for use against SARS-CoV-2 [36].

Genomic analysis of 7 new Amazonian Cyanobacteria
by Siqueira et al. revealed the presence of cyanovirin-N
homologs in Nostoc sp. CACIAM 19 and Tolypothrix sp.
CACIAM 22, which have antiviral properties. In addi-
tion, when studying Alkalinema sp., the authors iden-
tified CACIAM 70d, a putative antiviral lectin, with
binding sites predicted for sialic acid and N-acetylglu-
cosamine [37].

Herpes Simplex Virus 1

Herpes Simplex Virus 1 (HSV-1) is an enveloped DNA
virus that causes gingivitis and stomatitis. It turns out
that worldwide up to 50-90% of people are seroposi-
tive for this virus [38]. Infection with HSV-1 can lead
also to encephalitis or blindness. This virus is particu-
larly dangerous for organ transplant recipients, as well
as immunocompromised individuals. It is this virus that
plays a key role in increasing immune complications in
patients with Acquired Immune Deficiency Syndrome
(AIDS). One of the peculiarities of HSV-1 is its ability
to cause latent infection which leads to dormancy in the
host [39]. The mechanism of action of existing therapies
against HSV-1 is based on the use of guanine nucleoside
analogues, however, strains resistant to this type of treat-
ment have been reported [40]. Moreover, these drugs are
not effective for the virus in its latent state, which leads to
relapse [38]. Therefore, it is important to look for drugs
that will effectively eliminate the virus.
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Lectins

One of the compounds with an anti-HSV-1 character
are lectins. These protein are produced by many species
of mammals, plants, fungus, protists, as well as bacte-
ria, and it is responsible for binding carbohydrates in a
reversible manner [15]. Saad et al. characterized a newly
identified lectin, isolated from Oscillatoria acuminate.
The authors showed that this compound has anti-HSV-1
activity, causing neutralization of virions and inhibition
of their replication in Vero cells, with IC;, values of about
90 ng/mL and about 130 ng/mL, respectively. A plausi-
ble explanation for this phenomenon could be that lectin
caused increased viral uptake by immune cells or acti-
vation of the complement pathway, leading to virolysis.
However, the exact mechanism of this process has not
been investigated [41].

Interestingly, another lectin with anti-HSV-1 activ-
ity was characterized by El-Fakharany et al. The authors
identified a lectin, derived from the newly isolated cyano-
bacterium Lyngabya confervoides MK012409, which
exhibited antiviral activity with an ICg, value of 167 ng/
mL. The authors suggested that the lectin can directly
interact with HSV-1 virions, thereby inhibiting their
entry into cells [42]. Moreover, lectins isolated by Saad
et al. and El-Fakharany et al. showed anticancer potential
against human breast cancer cells (MCF-7 cells) [41, 42].

Carbohydrates

Another compound showing anti-HSV-1 activity is cal-
cium spirulan, isolated from Spirulina platensis by Mader
et al. Indeed, the authors demonstrated that this com-
pound inhibited infection of Vero cells by HSV-1 at an
ICs, value of 0.05-0.5 pg/mlL, and this was comparable in
efficacy to a commonly used drug, acyclovir. Moreover, it
has also been demonstrated that the compound revealed
antiviral potential against Kaposi’s sarcoma-associated
herpesvirus (HHV-8) [43].

Influenza A virus

According to WHO, Influenza A virus is one of the main
etiological agents causing acute respiratory infections,
leading to 650,000 deaths every year [44]. A particular
danger associated with influenza is its ability to rapidly
mutate, resulting in the development of strains that are
not susceptible to vaccines or available drugs, or even
appearance of strains capable of causing epidemics [45].
Currently, the main group of drugs used to combat the
influenza virus are inhibitors of neuraminidase, a protein
involved in the release and spread of progeny virions, in
completing the virus replication cycle inside cells [46].
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Cyanobacterial extracts

Silva et al. examined a number of extracts from Cyano-
bacteria isolated from marine and freshwater biomass
in Brazil. The authors showed that 7 extracts caused an
80% inhibition of influenza A virus replication. In addi-
tion, they showed that extracts from the cyanobacterium
Leptolyngbya sp. inhibited neuraminidase activity at an
IC;y below 210 pug/mL [45]. However, in order to consider
those results in the light of application purposes, it would
be necessary to analyse the composition of such extracts
and isolate the active compounds.

Lectins

One of the anti-influenza A virus compounds is that
mentioned as anti-SARS-CoV-2 virus agent, Cyanovi-
rin-N. This compound might be also a promising candi-
date to combat the influenza virus, however, due to its
high cytotoxicity and immunogenicity, it could not be
used in medicine [47]. Therefore, Wu et al., synthesized
PEGylated linkered Cyanovirin-N (PEG20k-LCVN). The
use of such a compound at a concentration of 12.5 uM
effectively inhibited the proliferation of the H3N2 influ-
enza virus in chicken embryos, and in addition, its use in
a mouse model, at a concentration of 2.0 mg/kg/day, dou-
bled the survival rate of mice and reduced pathological
changes in the animals’ lungs [47].

Other viruses

Coxsackieviruses B (CVB) are non-motile, single-
stranded RNA viruses that are commonly found world-
wide and cause a range of mild diseases such as rashes in
humans, but also acute and chronic diseases such as type
1 diabetes, cardiomyopathy and severe neonatal diseases
[48]. Rotavirus (RV) infection, on the other hand, leads
to severe, dehydrating gastroenteritis in children under
the age of 5 years, causing up to 200.000 yearly deaths
[49]. Deyab et al. studied the impact of 5 cyanobacterial
isolates: Arthrospira platensis, Leptolyngbya boryana,
Leptolyngbya sp., Oscillatoria sp., and Nostoc puncti-
forme, isolated from Egypt, againt CVB and RV. It was
shown that the tested extracts exhibited strong antiviral
activities against CVB, with the greatest effect observed
for a L. boryana extract (a decrease in virus titer by 5.75
log,, TCID;s,/0.1 mL), while a A. platensis extract had
the strongest effect on RV (decrease in virus titer by 5.75
log,, TCID5,/0.1 mL). According to the authors, the likely
action of the above extracts was to bind to the capsids of
viruses, preventing them from binding to the receptor on
the host cell surface [50].

Another pathogen with global reach is Hepatitis C
virus (HCV). This hepatotropic RNA virus causes acute
and chronic hepatitis which can lead to hepatic cirrho-
sis, decompensated liver disease, and hepatocellular
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carcinoma [51]. Despite advances in the fight against this
virus, it is estimated that more than 58 million people
worldwide are infected with the virus, with more than 1.5
million new cases each year [52]. Therefore, new drugs to
combat HCV are constantly being researched. Min et al.
showed that one such compound could be the previously
mentioned microvirin. In addition to using the mono-
mer of this compound, the study used its recombinant
forms, i.e. di-, tri- and tetra-mers, to test their potential
to combat HCV in human hepatoma-derived (HuH-
7.5.1) cell lines. On the basis of the studies on production
of the NS3 protease, one of the key proteases for HCV,
the authors showed that all the microvirin forms effec-
tively neutralized the virus (94-100% efficiency), with the
trimer and tetramer forms being the most effective (100%
efficacy) at the concentration of 650 ng/mL [53].

Ebola virus is a strong pathogen that can cause local
epidemics. The Ebola virus disease (EVD) is a severe ill-
ness manifested by fever, gastrointestinal symptoms and
multiple organ dysfunction syndrome [54]. The disease
is characterized by a high mortality rate. According to
2015 data, 26,277 cases of the disease were reported in
West Africa, including 10,899 deaths [55]. It turns out
that currently there is no drug against EVD approved by
relevant regulatory authorities. Consequently, numer-
ous studies are underway to identify a potential drug
against the Ebola virus [54]. One such compound may be
scytovirin, a lectin first isolated from Scytonema varium
strain HG-24-1 and tested as anti-HIV agent [56]. The
compound is related to mannose-rich oligosaccharides
with a high affinity to the envelope glycoprotein of many
viruses, including Ebola virus. Garrison et al. showed that
scytovirin interacts specifically with the mucin-rich pro-
tein domain of Zaire Ebola virus, leading to inhibition
of replication of this virus at EC5; = 50 nM, but was also
effective against the related Marburg virus. Subcutane-
ous administration of scytovirin to mice at a dose of 30
mg/kg/day was shown to increase mouse survival by 90%
[57].

It is also worth highlighting the epidemiological sig-
nificance of Chikungunya virus (CHIKV). This is an
alpha virus causing a febrile illness known as Chikun-
gunya fever, characterized by myofascial pain, fever and
maculopapular rash [58]. Given the ability of the vectors
of this virus, which are the Aedes albopictus and Aedes
aegypti mosquitoes, to adapt perfectly to environmental
changes and spread effectively across continents, CHIKV
should be considered as a potential source of epidemio-
logical threat with global reach [59]. Therapeutics that
could be used to combat this disease are debromoaplysia-
toxin and 3-methoxydebromoaplysiatoxin, isolated from
a cyanobacterium Trichodesmium erythraeum. In an in
vitro experiment with SJCRH30 rhabdomysarcoma cell
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lines, these compounds were shown to effectively inhibit
CHIVK growth in post-infected cells at ECy, values
between 1.3 and 2.7 pM. In addition, antiviral efficiency
tests, performed before infection, excluded the effect of
the compounds at the stage of virus entry into the cells.
Therefore, the mechanism of action of these compounds
is believed to be the inhibition of viral replication [60].

Antibacterial properties of cyanobacterial
metabolites

Besides direct antibacterial activity, Cyanobacteria can be
used to synthesize nanoparticles with antibacterial activ-
ity. Among the compounds showing the greatest anti-
bacterial potential are peptides, macrolides, fatty acids
and alkaloids. Particularly noteworthy are cyanopeptides
which have a variety of structures; however, they are
mainly cyclic peptides [61]. The mechanisms of actions
of metabolites with antibacterial potentials, identified to
date are as follows: (i) inhibition of the quorum sensing
system which plays an important role in virulence and
biofilm formation; (ii) disruption of the cell membrane;
(iii) disruption of bacterial metabolic pathways; (iv) inter-
ference with DNA, RNA and protein synthesis in the bac-
terial cell [14]. Here, we summarize the importance of the
antibacterial properties of produced by Cyanobacteria
and their metabolites.

Gram-positive bacteria

In 2017, WHO published a list of pathogens most dan-
gerous to humans and requiring the development of new
treatments. Bacteria were classified into three categories
of antibiotic resistance: critical, high, and medium [62].
Among them there are Gram-positive pathogens such as
Staphylococcus aureus, Enterococcus faecium and Strep-
tococcus pneumoniae.

Staphylococcal infections

The compound showing antibacterial activity is bac-
teriocin B135CC, isolated from the terrestrial cyano-
bacterium Chroococcidiopsis cubana. This peptide is
particularly effective against staphylococcal infections.
Indeed, it was shown to completely inhibit the growth
of Staphylococcus auricularis at a concentration of 6.25
pg/mL, while its use at a concentration of 5 pg/mL inhib-
ited the growth of the bacteria by 80%, compared to the
control group (untreated bacteria). This peptide showed
the highest activity against Staphylococcus spp., as 10-20-
times higher concentrations had to be used to inhibit
the growth of other bacteria, like Micrococcus luteus,
Mycobacterium phlei, Pseudomonas fluorescens. There-
fore, it can be considered as a potential agent in the con-
trol of drug-resistant Staphylococcus species, including
methicillin-resistant S. aureus (MRSA). Importantly, the
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compound does not induce cytotoxicity against mouse
neural crest-derived cell line (N2a) even at a concen-
tration of 150 pg/mL [63]. The explanation for such a
strong inhibitory effect of bacteriocin may be its specific-
ity for a particular bacterial species. The mechanism of
action of bacteriocins differs from commonly used anti-
biotics. Therefore, their effectiveness can be high even
against strains resistant to other antibiotics. For exam-
ple, lisostaphin is a bacteriocin that is a peptidoglycan
hydrolase that specifically binds to S. aureus cells due to
its C-terminal sequence targeting the cell wall. However,
it should be noted that the mechanism of the targeted
action of bacteriocin B135CC may explain such potent
activity against S. aureus, but has not yet been confirmed
(63, 64].

Other compounds that are worth noting for their
potential in eradicating MRSA are carbamidocyclo-
phanes. These compounds, have been isolated from
Vietnamese cyanobacterium Nostoc sp. CAVN2 and are
able to effectively inhibit MRSA growth at very low con-
centrations, i.e. MIC of 0.1-1.0 pM. Moreover, it was
emphasized that such strong antibacterial activity is due
to the presence of one or two carbamoyl groups in the
structure of these compounds [65].

Examples of the most promising compounds isolated
from Cyanobacteria with anti-staphylococcal activity are
presented in Table 1.

Functional metal nanoparticles have a strong bac-
tericidal effect. Recently, Cyanobacteria have been
increasingly used to synthesize these compounds. These
microorganisms have C-phycocyanin, C-phycoerythrin,
and R-phycoerythrin pigments in their cells, which are
able to synthesize metal nanoparticles and stabilize them
[77]. A variety of molecules are also involved in the pro-
cess, including peptides, enzymes, carboxylic acids, alde-
hydes and ketones. These compounds contribute to the
reduction of metal ions, but can also stabilize nanopar-
ticles and prevent their agglomeration [78]. Moreover, it
has also been shown that the presence of amino, sulfate
or carboxyl groups in cyanobacterial proteins improves
the bioreduction process of nanoparticles [79]. Namely,
amino groups can donate electrons to metal ions, facili-
tating their reduction to metallic nanoparticles, while
carboxyl groups are involved in electron transfer pro-
cesses crucial for the reduction of metal ions. Moreover,
these groups are then capable of stabilizing them and
preventing their agglomeration. On the other hand, sul-
fate groups, although they do not directly regulate the
reduction of metal ions, create an acidic pH environment
that facilitates ion reduction by other cyanobacterial mol-
ecules. Moreover, these groups are negatively charged
and can adsorb on the surface of nanoparticles, providing
a repulsive force that prevents nanoparticle aggregation
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Table 1 The metabolites of Cyanobacteria showing anti-staphylococcal activity

Name of metabolite Target Source Effective concentration Reference

12-epi-hapalindole E isonitrile S.aureus Fischerella sp. ND [66]

Aeruginazole DA1497 Microcystis aeruginosa 25 pg/disk [67,68]
(zone of inhibition 7 mm)

Anaephene B VPG 16-59 MIC value [69]

(Oscillatoriales) 6.1 pg/mL

Hapalindole T Fischerella sp. MIC value [70]
0.25 pg/mL

Kawaguchipeptins Microcystis aeruginosa MIC value [71]

A&B NIES-88 1 pg/mL

Laxaphycin A Unidentified cyanobacterium MIC value [72]
125 pg/mL

Malyngolide Lyngbya majuscula ND (73]

Crossbyanol B S. aureus (MRSA) Leptolyngbya crossbyana MIC value [74]
20-3.9 pug/mL

Comnostins A-E S. epidermidis Nostoc commune MICs values [75]
4-32 ppm

Diterpenoid noscomin Nostoc commune EAWAG 122b MIC value [76]
8 ppm

ND not determined

[79-81]. Moreover, some cyanopeptides have been
shown to possess hydrolytic activity, which enables ion
reduction and nanoparticle coating [77]. Cyanopeptides
can also affect the biological properties of nanoparticles
including antibacterial properties and cytotoxicity. Cyan-
opeptides can increase the biocompatibility of nanopar-
ticles, making them safer for medical applications. Silver
compounds are widely used in wound care due to their
antimicrobial properties, but high concentrations of sil-
ver are toxic to mammalian cells. A cyanopeptide which
binds silver and releases the small amounts necessary to
fight bacterial infection, has been shown to reduce the
problem of silver toxicity to fibroblasts [82]. In addition,
an important aspect affected by cyanopeptides is the
enhancement of antibacterial activity. This is significantly
influenced by the small size of the nanoparticles and their
high surface-to-volume ratio [83]. They can bind to the
surface of nanoparticles, facilitating targeted delivery or
increasing interaction with bacterial membranes, thereby
improving their enhanced antimicrobial activity [84]. The
biosynthesis of nanoparticles is definitely more ecologi-
cal method, shortens the synthesis time, and also reduces
energy consumption and high synthesis costs [77]. More-
over, this process allows obtaining particles of the same
shape and size [85]. One of the most frequently synthe-
sized nanoparticles using Cyanobacteria and having anti-
bacterial properties are gold (AuNP) and silver (AgNP)
nanoparticles [86].

Sunganya et al. used Spirulina platensis to synthe-
size gold nanoparticles. As a result of the reduction of
gold ions Au** to Au® by a cyanobacterial protein, the

formation of functional AuNP particles was reported.
Moreover, the antibacterial activity of the nanoparti-
cles obtained in this way was tested against S. aureus. It
was observed that at a concentration of 150 pug/mL, the
number of bacteria (CFU) was reduced by more than
80%, while increasing the AuNP concentration to 200 pg/
mL reduced the number of bacteria by 99%. In addition,
using transmission electron microscopy, the authors
showed that silver nanoparticles caused a change in the
shape of bacteria, as well as damage to the cytoplasmic
membrane [84].

In another work, Younis et al. used Phormidium sp. as a
bioreactor to synthesize silver nanoparticles. A schematic
presentation of the experiment is shown in Fig. 1. The
reduction of Ag™ ions to Ag® by Cyanobacteria resulted
in the formation of functional AgNP nanoparticles. Sub-
sequently, the synthesized particles, at a concentration of
20 pg/mL, were shown to effectively inhibit the growth
of MRSA (inhibition zone 20 mm), and combining them
with 0.5% chloramphenicol increased the zone of inhibi-
tion to 28 mm. Moreover, in in vivo experiments, employ-
ing a rat model of skin infections caused by MRSA, it was
shown that the application of AgNPs (at concentrations
of 10, 30 and 50 pg/mL) led to a significant decrease in
bacterial counts, wound healing, as well as a decrease in
serum levels of the pro-inflammatory cytokines IL-6 and
IFN-y [87].

Moreover, Cyanobacteria can be used as a platform
to synthesize antibacterial compounds. Astaxanthin is
a natural carotenoid that inhibits bacterial growth and
also inhibits bacterial biofilm formation, particularly by
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Fig. 1 Synthesis of silver nanoparticles with anti-staphylococcal potential using Phormidium sp. as a bioreactor (based on results summarized

and discussed by Younis et al. [87])

MRSA, as well as by Staphylococcus epidermidis [88].
Diao et al. used Symechocystis sp. PCC 6803 and con-
structed an efficient biosynthetic pathway for this com-
pound. Indeed, they found that such a system could
efficiently synthesize more than 29.6 mg/g of astaxanthin,
which was the highest result reported in the literature
[89].

Other Gram-positive bacteria

Rajabpour et al. studied the effects of four extracts from
Fischerella sp., Nostoc sp., Calothrix sp., and Spirulina sp.
on the survival of Streptococcus pneumoniae. The authors
observed antibacterial effects of the Cyanobacteria as
early as at 18 h post treatment, with inhibition growth
zones of 15.1 mm, 13.9 mm, 13.9 mm, and 8 mm, respec-
tively. However, it should be noted that compounds
responsible for the antibacterial effect have not been iso-
lated, nor is the mechanism of this phenomenon known
[90].

Interestingly, cyanobacterial extracts may have immu-
nomodulatory effects in addition to their antibacte-
rial activities. Phormidium papyraceum extract showed
a broad antibacterial spectrum against Gram-positive

bacteria such as Bacillus cereus, Bacillus subtilis and S.
aureus, resulting in zones of inhibition of 17 mm, 16.5
mm, and 10.9 mm, respectively. Moreover, the extract
also affected the immunophenotype of human leuko-
cytes. Particular changes were observed in CD4+ T cells,
where the activation levels of CD4+CD152+ T cells
and TCD4+CD25+ regulatory cells were significantly
increased. In addition, elevated efficiencies of synthe-
sis of two pro-inflammatory interleukins, IL-2 and IL-6,
were noted in cells treated with the extract. Analysis of
the chemical profile of the extract using LC-ESI-MS/MS
identified 112 putative compounds. It is presumed that
the antibacterial activity of the extract was due to the
presence of diversonol, thorularhodin, tanicolide, oligo-
mycin C, and azithromycin, while betulin or azithromy-
cin were perhaps responsible for the immunomodulatory
activities [91].

Undoubtedly, the antibacterial properties of alginate,
an extracellular polymer extracted from the newly iso-
lated Symechocystis algini MNE ON864447, are also
noteworthy. This compound acted at concentrations
of 2.5-10 mg/mL on a wide range of Gram-positive
and Gram-negative bacteria, with the most effective
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inhibition of Streptococcus mutans growth (zone of inhi-
bition 21.5-34 mm) [92].

Examples of other compounds showing antibacterial
activities against Gram-positive bacteria are shown in
Table 2.

Gram-negative bacteria

The inappropriate use and overuse of antibiotics in
medicine and veterinary medicine has led to the rapid
emergence of multidrug-resistant strains of bacteria,
accounting for about 15.5% of all hospital-acquired infec-
tions worldwide. According to WHO and the U.S. Cent-
ers for Disease Control and Prevention (CDC), infections
with these pathogens generate healthcare costs of $4.7
billion in the U.S., and $1.5 billion in Europe [100, 101].
The Infectious Diseases Society of America (IDSA) has
classified six bacterial species as particularly dangerous
due to their potential multidrug resistance mechanisms
and pathogenicity. These pathogens, known as ESKAPE
(consisting of Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter bauman-
nii, Pseudomonas aeruginosa, and Enterobacter spp.), are
particularly dangerous to children and the elderly, and
immunocompromised individuals [102].

Cyanobacterial metabolites are able to inhibit the
growth of Gram-negative bacteria, including Pseu-
domonas aeruginosa. One of the mechanisms playing a
key role in regulating the pathogenesis of P aeruginosa
is the so-called quorum-sensing (QS) system [103]. This
mechanism involves intercellular communication, in
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which extracellular molecules are produced, accumu-
lating as the density of the bacterial cells increases. The
expression of many P. aeruginosa virulence genes, includ-
ing those encoding pyrocyanin and elastase, is activated
by QS [104]. Therefore, QS pathways may be molecular
targets for potential antibacterial compounds [105].

Liang et al. isolated a newly identified metabolite, called
Doscadenamide A, from Moorea bouillonii. The authors
showed that this compound has structural similarities
with the QS signalling molecule and at a concentration
of 10 uM is able to effectively interfere with the QS of P
aeruginosa in a LasR-dependent manner. The mechanism
of action of this compound is to artificially regulate the
production of virulence factors when fewer bacterial cells
are present, which stimulates the host immune system to
remove the pathogen [106].

Another metabolite that disrupts the QS system is pit-
inoic acid A, a metabolite isolated from Lyngbya sp. This
compound effectively reduces transcript levels of genes
involved in pyrocyanin biosynthesis at concentrations
of 10 uM and 1 mM. Moreover, the chlorinated ester
of this metabolite (pitinoic acid B), at a concentration
of 100 uM, was shown to prevent the induction of the
expression genes encoding pro-inflammatory cytokines
TNF-a and IL-6 in LPS-induced THP-1 macrophages
[107].

Benderadiene and lyngbyoic acid, isolated from Lyng-
bya sp., are examples of cyclopropane-containing metab-
olites. These compounds inhibit QS-regulated gene
expression at IC;, of 20.4 uM for lyngbyoic acid and ICg,

Table 2 Metabolites of Cyanobacteria showing activity against some Gram-positive bacteria

Name of metabolite Target

Carbamidocyclophane F Mycobacterium tuberculosis
Lyngbic acid

Pitipeptolide F
Scytoscalarol

Bromoanaindolone B. cereus
Isomalyngamide A

Tiahuramide C M. luteus

Malyngolide Streptococcus pyogenes

B. subtilis

Cybastacine B Enterococcus spp.

Tsukamurella pulmonis

Source Effective concentration Reference

Nostoc sp. UIC 10274 MIC value [93]
0.8 uM

Moorea producens MIC value [94]
12.5 pg/mL

Lyngbya majuscula ND [95]

Scytonema sp. (UTEX 1163) MIC value [96]
110 uM

Anabaena constricta MIC value [97]
128 pg/mL

Padina sp. and Ulva sp. MIC value [72]
7.8 pg/mL

Lyngbya MIC value [98]

majuscula 17 uM

Lyngbya majuscula ND [73]

Nostoc sp. MIC value [99]
<4 ug/mL
MIC value
<2 ug/mL

ND not determined
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of 89.9 uM for benderadiene. Indeed, these metabolites
were shown to be deposited within the ligand-binding
domain of LasR in a similar way to the native autoin-
ducer. Moreover, lyngbyoic acid, at concentrations above
500 uM, is able to inhibit biofilm synthesis, another
important factor in P. aeruginosa pathogenesis [108].

Examples of other compounds produced by Cyanobac-
teria and showing antibacterial activities against Gram-
negative bacteria are shown in Table 3.

The future of cyanobacterial metabolites

Without a doubt, Cyanobacteria are a source of com-
pounds that may in the future be used in the treatment
of diseases caused by bacteria and viruses. In recent
years, there has been a significant increase in the inter-
est in the medical use of cyanobacterial metabolites. This
translates into the number of publications related to this
topic. After entering the phrase "Cyanobacteria antibac-
terial activity” in the PubMed database (https://pubmed.
ncbinlm.nih.gov; last accession 21/02/2024), one could
see 932 records, while when we search for information on
the antiviral properties of these metabolites, the database
contained 301 results.

In addition to Cyanobacteria, yeast, plants, fungi and
Actinomycetes are also used in green synthesis [77].
However, compared to other organisms, the use of
Cyanobacteria as bioreactors to produce compounds
with antibacterial potential has several key advantages.
It should be noted that Cyanobacteria produce a wide
spectrum of metabolites, showing antibacterial activ-
ity. Such an ability is a consequence of their develop-
ment of mechanisms and adaptations for survival in the
extreme ecosystems they inhabit [114]. Importantly,
these compounds are extremely diverse in chemical
structure. This natural diversity can be used to discover
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new antimicrobial agents [13]. Moreover, the method of
biosynthesizing compounds using Cyanobacteria is con-
sidered eco-friendly. These bacteria, as photosynthetic
microorganisms, are able to convert CO, into valuable
metabolites, and are also capable of eliminating heavy
metal ions from the surrounding environment [11]. An
indisputable advantage of using Cyanobacteria to syn-
thesize antibacterial agents is their rapid growth rate,
compared to higher organisms, which facilitates the
production of large biomass in a short time. In addi-
tion, Cyanobacteria can grow in simple, low-cost media,
such as saline water, industrial wastewater or freshwater,
which can further reduce the cost of biosynthesizing such
compounds [21]. Cyanobacteria also have considerable
plasticity and genetic variability, making many strains
easy to transform, which may influence the optimization
of the efficiency of synthesis of antimicrobial compounds
[115].

However, it should be taken into account that some of
the published results of studies on antimicrobial effects
of cyanobacterial compounds are subject to certain
weaknesses. When searching for potential drugs, a num-
ber of factors must be taken into account that can affect
the effectiveness of the process. Figure 2 shows the most
important factors affecting the efficiency of the extrac-
tion process of cyanobacterial metabolites with antimi-
crobial and antiviral potential. The first challenges arise
already at the stage of laboratory work. This is because
the activities of cyanobacterial compounds and extracts
depend on the strain of Cyanobacteria, the target patho-
gens, as well as the method of preparing extracts and iso-
lating specific compounds. At the same time, it should
be noted that the antibacterial activity of extracts is gen-
erally higher against Gram-positive bacteria relative to
Gram-negative species [116]. Therefore, in the process

Table 3 Antibacterial activities of cyanobacterial metabolites against Gram-negative bacteria

Name of metabolite Target Source Effective concentration Reference

Peptide SP-1 E. coli Spirulina platensis MIC value [109]
8 mg/mL

Cyanobacterial peptide Limnospira maxima ND (inhibition zone 27 mm) [110]

(sequence KLENCNYAVELGK)

Crude extract P aeruginosa Oscillatoria sp. 100 mg/mL (zone of inhibition [111]
15.4 mm)

Portoamide Pseudoalteromonas atlantica Phormidium sp. 6.5 UM [112]
(inhibition of 21.5%)

20-nor-3a-acetoxyabieta- Salmonella typhi Microcoleus lacustris MIC value [113]

5,7,9,11,13-pentaene 46.2 pg/mtL

Tiahuramide C Aeromonas salmonicida Lyngbya MIC value [98]

majuscula 6.7 UM

12-epi-hapalindole E Proteus mirabilis Fischerella sp. MIC value [66]

23 uM

ND not determined
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Fig. 2 Physicochemical factors affecting the efficiency of extraction of cyanobacterial compounds with antiviral and antibacterial potential

of identifying new cyanobacterial metabolites, basic
research is so important. Such basic studies should help
to optimize cyanobacterial culture methods, as well as to
increase the efficiency of extraction of metabolites from
these microorganisms.

The effectiveness of the anti-microbial action of
extracts can vary due to the isolation method used. The
whole procedure begins with culturing Cyanobacteria in
the appropriate medium. During the cultivation process,
the values of physicochemical parameters such as light
intensity, temperature, access to CO,, and access to inor-
ganic components should be optimized. Then, biomass
can be extracted from the supernatant, containing com-
pounds whose antibacterial activity is verified by in vitro
tests such as agar diffusion test or well plate test [117].

The process begins with drying the cyanobacterial bio-
mass, and for this purpose lyophilization is most often
used to avoid possible degradation of compounds that are
not heat-resistant [117]. According to Strieth et al., the
most commonly used extraction method is solid-liquid
extraction, which involves immersing the dried biomass
in an extraction solvent [117]. Other extraction methods
used are microwave or sonic-assisted extraction and Sox-
hlet extraction. The first of these methods disrupts the

cells, leading to high extraction efficiency [117, 118]. The
second allows continuous contact between the matrix
and the solvent, which is passed through boiling and
condensation, with the sample being collected in the hot
solvent [119]. Extraction of active compounds can also
be carried out from the supernatant of cyanobacterial
cultures. Liquid-liquid or solid-phase extraction (SPE)
using resins are employed for this purpose [117]. Other
extraction methods used are pressurized liquid extrac-
tion (PLE), supercritical fluid extraction (SFE), solvent
microextraction (SME) [117, 120, 121].

The efficiency of metabolite synthesis depends on the
cyanobacterial culture temperature used, which can
be problematic from a laboratory perspective. Indeed,
Assuncdo et al, showed that the synthesis of not all
metabolites is positively correlated with the optimal bac-
terial growth temperature. Those authors showed that
the greatest increase in Synechocystis salina biomass, as
well as most metabolites, was obtained at 25 °C, while
the increase in levels of phycoerythrin and antioxidants
was most effective at lower temperatures, i.e. 15 °C and
15-19 °C, respectively [122]. Mohanty et al., on the other
hand, showed that the use of different temperatures (25,
28, 33 and 38 °C) in the culture of Hapalosiphon sp.
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affects its metabolome, but does not negatively affect the
growth rate of these Cyanobacteria. In response to the
effect of temperature, they identified an increase in the
mass of many secondary metabolites associated with the
biosynthesis of carotenoids, terpenoids and quinones,
polyketide sugar units or monobactams [123].

The most commonly used solvents are organic com-
pounds, such as methanol, acetone, ether, and chlo-
roform-methanol, with methanol and ethyl acetate
appearing to be the most effective solvents. However,
the choice of solvent for extraction depends on the prop-
erties of the target compound and should always be
optimized [124—126]. Thus, it was showed that the appli-
cation of crude extract of Oscillatoria sp. worked most
effectively against S. aureus at a concentration of 100 mg/
mL, with an inhibition zone area of 14.1 mm. At the same
time, it was indicated that the use of methanolic extract
showed antibacterial activity against this pathogen at a
concentration of 0.2 mg/mL, with an inhibition zone of
12 mm [111, 127]. On the other hand, Ostensvik et al.
compared antibacterial activities of aqueous and metha-
nolic extracts of five different Cyanobacteria. The experi-
ments showed that the methanolic extracts exhibited
significantly more pronounced zones of inhibition than
the aqueous extracts, for Escherichia coli, Aeromonas
hydrophila, B. cereus and B. subtilis [128].

Another factor that may affect the extraction efficiency
is the use of appropriate pressure in the pressurized lig-
uid extraction technique [129]. Indeed, it has been shown
that techniques of cell disruption operating by high pres-
sure allow high extraction efficiency and can be used on
an industrial scale [130]. Marzorati et al. showed that
pressures up to 300 Ba are necessary for efficient extrac-
tion of bioactive cyanobacterial compounds [131], while
Imbimbo et al., on the other hand, optimized a method
for metabolite extraction at 350 Ba [132].

One of the main problems of research on the antibacte-
rial effects of cyanobacterial metabolites is the indetermi-
nacy of the role of single metabolites from the extracts,
on bacterial viability. Many reports have examined the
effects of extracts, while their antibacterial effects might
be due to the synergistic action of several or even more
than a dozen compounds. For example, Gutiérrez-del-
Rio et al. isolated 4 esters of (mono-, di- or tri)chlorin-
ated lauric acid and lactic acid, from a methanolic extract
of Sphaerospermopsis sp. Those authors showed that the
isolated compounds inhibited the growth of S. aureus at
concentrations of 2.7-6.0 mM, however, the effect was
not as significant as that of the extract. A plausible expla-
nation for this phenomenon could be the presence of
other antibacterial compounds in the extract, such as pal-
mitic acid and glycerolipids, which acted together with
chlorosphaerolactylates [133]. Here, attention should
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also be given to the techniques used to determine the
antibacterial potential of extracts and metabolites. The
most common methods used for this purpose are the
agar diffusion and microdilution assay. The techniques
used should be inexpensive and rapid, and should have
high sensitivity and reproducibility [117]. However, many
factors must be taken into account, so that the results
obtained are not affected by error, for example, the opti-
mized amount of extract used, as well as the concentra-
tion of antibacterial compounds in the crude extract
[117]. Therefore, further research should focus on iden-
tifying individual active metabolites in the extracts, as
well as developing microbiological tests that reliably and
reproducibly prove their antimicrobial potential [134].

Another weakness of the studies conducted with
Cyanobacteria is the failure to define the molecular
mechanisms of action of different metabolites. The mech-
anism of action of any therapeutic allows one to know its
molecular interaction with a biological target, resulting
in a physiological response [135]. Therefore, future stud-
ies should clearly define such mechanisms of actions of
the active compounds, which will allow understanding
and exploiting the kinetics of binding, and designing
and discovery of new molecules that can show a greater
antibacterial and antiviral effects [136]. Today, this target
screening is facilitated by application of advanced in sil-
ico methods [36, 137]. Moreover, knowledge of a mecha-
nism of action is essential for regulatory approval and
successful pharmaceutical application [136].

However, it should be remembered that the safety
of antibacterial and antiviral agents synthesized by
Cyanobacteria cannot be guaranteed. Before using such
compounds, a comprehensive analysis of their toxic-
ity, potential interactions with other drugs, and an
assessment of possible environmental effects should be
conducted. In fact, it has been shown that some antibac-
terial agents synthesized by Cyanobacteria can interact
with cells of the immune system, and can also be toxic
to eukaryotic cells [115]. Moreover, the purity of the
obtained compounds should be investigated, so as to
exclude potential contamination with heavy metals, tox-
ins, as well as substances that may be immunogenic [77].

The very process of commercializing and regulating the
use of cyanobacterial metabolites can be problematic. In
order for a drug to be registered for medical use, it must
undergo a series of in vitro and in vivo tests using various
animal models, as well as preclinical and clinical stud-
ies, and then it must be approved by the relevant regu-
latory body. Therefore, in order to increase the chances
of commercialization of drug-like compounds, a num-
ber of pharmacokinetic properties of such a compound
known as LADME (Liberation-Absorption-Distribution-
Metabolism-Excretion) should be thoroughly understood
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Table 4 Summary of studies on the antiviral and antibacterial properties of Cyanobacteria and their metabolites against the most

significant pathogens

No Target

Compound

Class of compound

Source

Effect

Reference

1 SARS-CoV-2

6 HSV-1

9  Influenza A virus

11 HV

14 Coxsackievirus B
15 Rotavirus

16 HCV

17 Ebola virus

18  Chikungunya virus

CP978

Gallinamide A

Cyanovirin-N

mycosporine—glycine—

valine and shinorine

ND

oscillatorial lectin

lyngabyal lectin

calcium spirulanate

extract

PEG20k-L Cyanovirin-N

Oscillatoria agardhii agglu-
tinin homolog (OAAH)
proteins

microvirin

C-Phycocyanin

extracts

microvirin and di-, tri-
and tetramers

scytovirin

debromoaplysiatoxin &
3-methoxydebromoaply-
siatoxin

cyanopeptolin

depsipeptide

lectin

mycosporine-like amino

acids

putative antiviral lectin

lectin

polysaccharide

ND

modified lectin

lectin

lectin

protein-bound pigment

ND

lectin

lectin

macrolide

N. edaphicum

Schizothrix sp.

N. ellipsosporum

Molecular analysis

Alkalinema sp. CACIAM

70d

O. acuminate

L. confervoides

S.platensis

Leptolyngbya sp

Molecular construct

O. agardhii

M. aeruginosa PCC7806

Synechococcus sp.
PCC7002

L. boryana
A. platensis

M. aeruginosa and molec-
ular constructs

S.varium

T. erythraeum

Inhibition of viral infection
by binding to coronavirus
S protein

Direct interaction
with cathepsin L inhibits
virus entry

Inhibition of viral infection
by binding to coronavirus
S protein

Inhibition of human
angiotensin-converting
enzyme (ACE2)

Inhibition of infection
by sialic acid and N-acetyl-
glucosamine

Neutralization of virions
and inhibition of their
replication

Directly interaction

with HSV-1 virions, leading
to the inhibiting of entry
into cells

Inhibition of infection
atan ICq, value of 0.05-
0.5 pg/mL

Inhibition of neuramini-
dase activity

a) Inhibition of the H3N2
influenza virus prolifera-

tion

b) Increasing the survival
rate of mice

Inhibition of virus replica-
tion

Inhibition of the for-
mation of syncytium
between HIV-1-infected
T cells and uninfected
CD4(+) T cells

Inhibition of HIV-1 reverse
transcriptase and protease

Inhibition of bind-
ing to the receptor
on the host cell surface

Effective neutralization
of the virus (94-100%
efficiency)

a) Interaction with mucin-
rich protein domain

of virus and inhibition

of virus replication

b) Increasing of mouse
survival by 90%

Inhibition of CHIVK virus
growth at EC50 values

of 1.3 and 2.7 uM, respec-
tively

(28]

[53]

(57]

(601
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Table 4 (continued)

No Target Compound Class of compound Source Effect Reference
19 S auricularis bacteriocin B135CC peptide C. cubana Completly inhibition [63]

20

21

22

23

24

25

26

27

28

29

S. aureus (MRSA)

S. aureus

S. aureus (MRSA)

S. epidermidis

S.pneumoniae

B. cereus,

B. subtilis & S. aureus

S.mutans

P aeruginosa

carbamidocyclophanes

gold nanoparticles

silver nanoparticles

astaxanthin

extracts

extract

alginate

doscadenamide A

pitinoic acid A

pitinoic acid B

[7.7] paracyclophanes

synthesized nanoparticles

synthesized nanoparticles

carotenoid

ND

ND

extracellular polymer

non-homoserine lactone

lipid

Nostoc sp. CAVN2

S. platensis

Phormidium sp.

Synechocystis sp. PCC 6803

Fischerella sp.,
Nostoc sp., Calothrix sp. &
Spirulina sp.

P papyraceum

S.algini MNE ON864447

M. bouillonii

Lyngbya sp.

of bacterial growth at con-
centration
6.25 pg/mL

Inhibition of MRSA growth
at MIC
0.1-1.0 uM

Synthesis of gold
nanoparticles, inhibiting
bacteria growth by 99%
in concentration 200 pg/
mL

Synthesis of silver nano-
particles, inhibiting bacte-
ria growth in concentra-
tion 20 pug/mL (inhibition
zone20 mm)

Inhibition of bacterial
growth and biofilm
formation

Inhibition of bacterial
growth (inhibition growth
zones 15.1 mm, 13.9 mm,
13.9mm and 8 mm,
respectively)

a) Inhibition of bacterial
growth (inhibition growth
zones 17 mm,

16.5 mm and 10.9 mm,
respectively)

b) Increasing

of CD4+CD152+T cells
and TCD4 + CD25 +regu-
latory cells counts,

and elevated levels of IL-2
&IL-6

Inhibition of bacte-

rial growth (inhibition
growth zone 21.5-34 mm,
depending on concentra-
tion)

a) Effective interference
with QS P geruginosa

b) stimulation of the host
immune system to eradi-
cation bacteria

Inhibition of gene
transcription involved
in biosynthesis of viru-
lence factor

Induction of the expres-
sion of pro-inflammatory
cytokines

TNF-atand IL-6 in mac-
rophages

(87]

[106]
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Table 4 (continued)
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No Target Compound Class of compound Source Effect Reference
30 P aeruginosa Benderadiene ester derivative of lyng- Lyngbya sp. Inhibition of QS-regulated  [108]
byoic acid gene expression at ICs,
of 89.9 uM
31 lyngbyoic acid fatty acid a) Inhibition of QS-reg-
ulated gene expression
atICy, of 204 uM
b) Inhibition of biofilm
synthesis at concentra-
tions above 500 uM
ND not determined
[138]. According to available data, it appears that only a  N2a Neural crest-derived cell line
. . . . OAAH Oscillatoria agardhii agglutinin homolog
fey c.yanobz?c‘.cerlal compounds §h‘ow1ng. antibacterial or .00 | PEGylated linkered Cyanovirin-N
antiviral activity have entered clinical trials, but to date,  pipro Papainlike protease of SARS-CoV-2
none of them have been approved for use by the Food  RdRp RNA-dependent RNA polymerase
and Drug Administration [14]. ROS Reactive oxygen species
RV Rotavirus
SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2
C lusi SSRNA Single-stranded RNA
onclusions QS system Quorum-sensing system
This review summarizes previous reports regarding the  wHO World Health Organization

antibacterial and antiviral potential of Cyanobacteria and
their metabolites. In Table 4, we summarize all literature
reports included in this work. Without a doubt, Cyano-
bacteria are a source of metabolites that can be used in
the future as drugs to combat the most dangerous viral
and bacterial infections. However, in order for these
compounds to be used in pharmacy and medicine, fur-
ther research should focus on optimizing their syntheses,
as well as improving their stabilities, understanding the
molecular mechanisms of actions of these compounds,
and determining the potential adverse effects of the use
of the identified biologically active molecules.

Abbreviations
AIDS Acquired Immunodeficiency Syndrome

ACE2 Against human angiotensin-converting enzyme 2

AgNP Silver nanoparticles

AuNP Gold nanoparticles

cDC U.S. Center for Disease Control and Prevention

CFU Colony-forming unit

CHIKV Chikungunya virus

CVvB Coxsackieviruses B

DC-SIGN Dendritic cell-specific ICAM-3 grabbing non-integrin

ECs, Half maximal effective concentration

EVD Ebola virus disease

HCV Hepatitis C virus

HIV Human Immunodeficiency Virus

HSV-1 Herpes Simplex Virus 1

ICs Half maximal inhibitory concentration

LC-ESI-MS/MS  Liquid Chromatography Electrospray lonization Tandem
Mass Spectrometric

IDSA Infectious Diseases Society of America

MIC Minimum inhibitory concentration

Mpro Main Protease of SARS-CoV-2

MRSA Methicillin-resistant S. aureus

Acknowledgements
The authors thank Joanna Morcinek-Ortowska for her help in preparing
figures. Figures were made using BioRender.com.

Authors’ contributions

+G conceived the manuscript, wrote the initial and final drafts of the manu-
script, conducted the bibliographic research on the antiviral and antibacterial
properties of metabolites, prepared the figures. KW & MZ conducted initial
bibliographic research on the antibacterial properties of metabolites. MK

& MZ conducted initial bibliographic research on the antiviral properties

of metabolites. ER, ZC, LG & KP provided critical comments and revised the
manuscript. HMM led and supervised the project and revised the manuscript.
GW provided critical comments, revised the manuscript and contributed to
writing the final version. All the authors read and approved the final version of
the manuscript.

Funding
This work was supported by the National Science Centre (Poland) within
project grant no. 2022/45/B/NZ9/02024.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

The authors declare no competing interests.

Received: 12 March 2024 Accepted: 27 May 2024
Published online: 12 August 2024



Grabowski et al. Blue Biotechnology

(2024) 1:4

References

1.

20.

21

22.

23.

Narayanan SA, Jamison DA, Guarnieri JW, Zaksas V, Topper M, Koutnik
AP, et al. A comprehensive SARS-CoV-2 and COVID-19 review, Part 2:
host extracellular to systemic effects of SARS-CoV-2 infection. Eur J
Hum Genet. 2024;32(1):10-20.

Bekker LG, Beyrer C, Mgodi N, Lewin SR, Delany-Moretlwe S, Taiwo B,
et al. HIV infection. Nat Rev Dis Primers. 2023;9(1):1-21.

Deeks SG, Overbaugh J, Phillips A, Buchbinder S. HIV infection. Nat Rev
Dis Primers. 2015;1(1):1-22.

World Health Organization. 10 global health issues to track in 2021.
2020. https://www.who.int/news-room/spotlight/10-global-health-
issues-to-track-in-2021. Accessed 05 Feb 2024.

Antimicrobial Resistance Collaborators. Global burden of bacte-

rial antimicrobial resistance in 2019: a systematic analysis. Lancet.
2022,399(10325):629-55.

tojewska E, Sakowicz T. An Alternative to Antibiotics: Selected Methods
to Combat Zoonotic Foodborne Bacterial Infections. Curr Microbiol.
2021;78(12):4037-49.

Demay J, Bernard C, Reinhardt A, Marie B. Natural Products from Cyano-
bacteria: Focus on Beneficial Activities. Mar Drugs. 2019;17(6):320.
Demoulin CF, Lara YJ, Cornet L, Francois C, Baurain D, Wilmotte A, et al.
Cyanobacteria evolution: Insight from the fossil record. Free Radic Biol
Med. 2019;140:206-23.

Cassier-Chauvat C, Blanc-Garin V, Chauvat F. Genetic, Genomics, and
Responses to Stresses in Cyanobacteria: Biotechnological Implications.
Genes (Basel). 2021;12(4):500.

Ribeiro T, Jonsdottir K, Hernandez-Bautista R, Silva NG, Sdnchez-Astréin
B, Samadi A, et al. Metabolite profile characterization of cyanobacterial
strains with bioactivity on lipid metabolism using in vivo and in vitro
approaches. Mar Drugs. 2023;21(9):498.

Carpine R, Sieber S. Antibacterial and antiviral metabolites from Cyano-
bacteria: their application and their impact on human health. Curr Res
Biotechnol. 2021;3:65-81.

Arif JM, Farooqui A, Siddiqui MH, Al-Karrawi M, Al-Hazmi A, Al-Sagair OA.

Novel Bioactive Peptides from Cyanobacteria: Functional, Biochemi-
cal, and Biomedical Significance. In: Atta-ur-Rahman, editor. Studies in
Natural Products Chemistry. Amsterdam: Elsevier; 2012. 111-61.
Singh U, Gandhi HA, Nikita, Bhattacharya J, Tandon R, Tiwari GL, et al.
Cyanometabolites: molecules with immense antiviral potential. Arch
Microbiol. 2023;205(5):164.

Kar J, Ramrao DP, Zomuansangi R, Lalbiaktluangi C, Singh SM, Joshi
NG, et al. Revisiting the role of cyanobacteria-derived metabolites

as antimicrobial agent: A 21st century perspective. Front Microbiol.
2022;13:1034471.

Singh U, Gandhi HA, Nikita, Bhattacharya J, Tandon R, Tiwari GL, et al.
Cyanometabolites: molecules with immense antiviral potential. Arch
Microbiol. 2023;205(5):164.

Jafari Porzani S, Konur O, Nowruzi B. Cyanobacterial natural products as
sources for antiviral drug discovery against COVID-19. J Biomol Struct
Dyn. 2022;40(16):7629-44.

Singh RS, Tiwary AK, Kennedy JF. Lectins: sources, activities, and applica-
tions. Crit Rev Biotechnol. 1999;19(2):145-78.

Tripathi R, Shalini R, Singh RK. Prophyletic origin of algae as potential
repository of anticancer compounds. In: Srivastava AK, Kannaujiya

VK, Singh RK, Singh D, editors. Evolutionary Diversity as a Source for
Anticancer Molecules. Cambridge: Academic Press; 2021, 155-89.
Jadaun P, Seniya C, Pal SK, Kumar S, Kumar P, Nema V, et al. Elucida-
tion of antiviral and antioxidant potential of C-Phycocyanin against
HIV-1 infection through in silico and in vitro approaches. Antioxidants.
2022;11(10):1942.

Paige Stout E, Kubanek J. Marine Macroalgal Natural Products. In: Liu
HW, Mander L, editors. Comprehensive Natural Products II. Oxford:
Elsevier; 2010. p. 41-65.

Cock IE, Cheesman MJ. a review of the antimicrobial properties of
cyanobacterial natural products. Molecules. 2023;28(20):7127.
Hayashi T, Hayashi K, Maeda M, Kojima I. Calcium spirulan, an inhibitor
of enveloped virus replication, from a blue-green alga spirulina platen-
sis. J Nat Prod. 1996;59(1):83-7.

Férir G, Huskens D, Noppen S, Koharudin LMI, Gronenborn AM, Schols
D. Broad anti-HIV activity of the Oscillatoria agardhii agglutinin homo-
logue lectin family. J Antimicrob Chemother. 2014;69(10):2746-58.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

44,

Page 16 of 19

SatoY, Hirayama M, Morimoto K, Hori K. The OAAH Family: Anti-Influ-
enza Virus Lectins. In: Hirabayashi J, editor. Lectin Purification and Analy-
sis: Methods and Protocols. Springer, US: New York; 2020. p. 683-93.
Huskens D, Férir G, Vermeire K, Kehr JC, Balzarini J, Dittmann E, et al.
Microvirin, a novel a(1,2)-mannose-specific lectin isolated from
microcystis aeruginosa, has anti-HIV-1 activity comparable with

that of cyanovirin-N but a much higher safety profile. J Biol Chem.
2010;285(32):24845-54.

Tu YF, Chien CS, Yarmishyn AA, Lin YY, Luo YH, Lin YT, et al. A

review of SARS-CoV-2 and the ongoing clinical trials. Int J Mol Sci.
2020;21(7):2657.

Haque SKM, Ashwagq O, Sarief A, Azad John Mohamed AK. A compre-
hensive review about SARS-CoV-2. Future Virol. 2020;15(9):625-48.
Konkel R, Milewska A, Do NDT, Barreto Duran E, Szczepanski A, Plewka
J, et al. Anti-SARS-CoV-2 activity of cyanopeptolins produced by Nostoc
edaphicum CCNP1411. Antiviral Res. 2023;219:105731.

Krumm ZA, Lloyd GM, Francis CP, Nasif LH, Mitchell DA, Golde TE, et al.
Precision therapeutic targets for COVID-19. Virol J. 2021;18(1):66.

Taori K, Liu'Y, Paul VJ, Luesch H. Combinatorial strategies by marine
cyanobacteria: symplostatin 4, an antimitotic natural dolastatin
edi10/15 hybrid that synergizes with the coproduced HDAC inhibitor
largazole. ChemBioChem. 2009;10(10):1634-9.

Linington RG, Clark BR, Trimble EE, AlImanza A, Urefia LD, Kyle DE, et al.
Antimalarial peptides from marine cyanobacteria: isolation and struc-
tural elucidation of gallinamide A. J Nat Prod. 2009;72(1):14-7.

Milan Bonotto R, Mitrovi¢ A, Sosi¢ |, Martinez-Orellana P, Dattola F,
Gobec S, et al. Cathepsin inhibitors nitroxoline and its derivatives inhibit
SARS-CoV-2 infection. Antiviral Res. 2023;216:105655.

Ashhurst AS, Tang AH, Fajtové P, Yoon MC, Aggarwal A, Bedding MJ,

et al. Potent anti-SARS-CoV-2 activity by the natural product gal-
linamide A and analogues via inhibition of cathepsin L. J Med Chem.
2022,65(4):2956-70.

Naidoo D, Kar P, Roy A, Mutanda T, Bwapwa J, Sen A, et al. Structural
insight into the binding of cyanovirin-N with the spike glycoprotein,
Mpro and PLpro of SARS-CoV-2: protein-protein interactions, dynamics
simulations and free energy calculations. Molecules. 2021;26(17):5114.
Munoz-Basagoiti J, Monteiro FLL, Krumpe LRH, Armario-Najera V,
Shenoy SR, Perez-Zsolt D, et al. Cyanovirin-N binds to select SARS-
CoV-2 spike oligosaccharides outside of the receptor binding

domain and blocks infection by SARS-CoV-2. Proc Natl Acad Sci U S A.
2023;120(10):22214561120.

Sahu N, Mishra S, Kesheri M, Kanchan S, Sinha RP. Identification of
cyanobacteria-based natural inhibitors against SARS-CoV-2 druggable
target ACE2 using molecular docking study, ADME and toxicity analysis.
Ind J Clin Biochem. 2023;38(3):361-73.

Siqueira AS, Lima ARJ, Aguiar DCF, Santos AS, Vianez Junior JL da SG,
Gongalves EC. Genomic screening of new putative antiviral lectins
from Amazonian cyanobacteria based on a bioinformatics approach.
Proteins. 2018;86(10):1047-54.

Szczubiatka K, Pyr¢ K, Nowakowska M. In search for effective and defini-
tive treatment of herpes simplex virus type 1 (HSV-1) infections. RSC
Adv. 2016,6(2):1058-75.

Nicoll MP, Proenca JT, Efstathiou S. The molecular basis of herpes sim-
plex virus latency. FEMS Microbiol Rev. 2012;36(3):684-705.

Frobert E, Ooka T, Cortay JC, Lina B, Thouvenot D, Morfin F. Resistance
of herpes simplex virus type 1 to acyclovir: Thymidine kinase gene
mutagenesis study. Antiviral Res. 2007,73(2):147-50.

Saad MH, El-Fakharany EM, Salem MS, Sidkey NM. In vitro assessment
of dual (antiviral and antitumor) activity of a novel lectin produced by
the newly cyanobacterium isolate, Oscillatoria acuminate MHM-632
MK014210.1. J Biomol Struct Dyn. 2022;40(8):3560-80.

El-Fakharany EM, Saad MH, Salem MS, Sidkey NM. Biochemical charac-
terization and application of a novel lectin from the cyanobacterium
Lyngabya confervoides MK012409 as an antiviral and anticancer agent.
Int J Biol Macromol. 2020;161:417-30.

Mader J, Gallo A, Schommartz T, Handke W, Nagel CH, Ginther P, et al.
Calcium spirulan derived from Spirulina platensis inhibits herpes sim-
plex virus 1 attachment to human keratinocytes and protects against
herpes labialis. J Allergy Clin Immunol. 2016;137(1):197-203.e3.

World Health Organization. Up to 650 000 people die of respiratory
diseases linked to seasonal flu each year. 2017. https://www.who.int/


https://www.who.int/news-room/spotlight/10-global-health-issues-to-track-in-2021
https://www.who.int/news-room/spotlight/10-global-health-issues-to-track-in-2021
https://www.who.int/news/item/13-12-2017-up-to-650-000-people-die-of-respiratory-diseases-linked-to-seasonal-flu-each-year

Grabowski et al. Blue Biotechnology

45.

46.

47.

48.
49.

50.

51
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

(2024) 1:4

news/item/13-12-2017-up-to-650-000-people-die-of-respiratory-disea
ses-linked-to-seasonal-flu-each-year . Accessed 4 Feb 2024.

Silva T, Salomon PS, Hamerski L, Walter J, Menezes RB, Siqueira JE, et al.
Inhibitory effect of microalgae and cyanobacteria extracts on influenza
virus replication and neuraminidase activity. PeerJ. 2018;6:e5716.
Matrosovich MN, Matrosovich TY, Gray T, Roberts NA, Klenk HD. Neu-
raminidase is important for the initiation of influenza virus infection in
human airway epithelium. J Virol. 2004;78(22):12665-7.

Wu C, Chen W, Chen J, Han B, Peng Z, Ge F, et al. Preparation of
monoPEGylated Cyanovirin-N's derivative and its anti-influenza A virus
bioactivity in vitro and in vivo. J Biochem. 2015;157(6):539-48.

Alhazmi A, Nekoua MP, Mercier A, Vergez |, Sane F, Alidjinou EK, et al.
Combating coxsackievirus B infections. Rev Med Virol. 2023;33(1):e2406.
Crawford SE, Ramani S, Tate JE, Parashar UD, Svensson L, Hagbom M,
et al. Rotavirus infection. Nat Rev Dis Primers. 2017;3(1):1-16.

Deyab M, Mofeed J, El-Bilawy E, Ward F. Antiviral activity of five fila-
mentous cyanobacteria against coxsackievirus B3 and rotavirus. Arch
Microbiol. 2020,202(2):213-23.

Martinello M, Solomon SS, Terrault NA, Dore GJ. Hepatitis C. The Lancet.
2023;402(10407):1085-96.

World Health Organization. Hepatitis C. 2023. https://www.who.int/
news-room/fact-sheets/detail/hepatitis-c. Accessed 27 Feb 2024.

Min YQ, Duan XC, Zhou YD, Kulinich A, Meng W, Cai ZP, et al. Effects of
microvirin monomers and oligomers on hepatitis C virus. Biosci Rep.
2017,37(3):BSR20170015.

Jacob ST, Crozier |, Fischer WA, Hewlett A, Kraft CS, Vega MA de L, et al.
Ebola virus disease. Nat Rev Dis Primers. 2020;6(1):1-31.

Simon-Loriere E, Faye O, Faye O, Koivogui L, Magassouba N, Keita S,

et al. Distinct lineages of Ebola virus in Guinea during the 2014 West
African epidemic. Nature. 2015;524(7563):102-4.

Bokesch HR, O'Keefe BR, McKee TC, Pannell LK, Patterson GML, Gardella
RS, et al. A potent novel anti-HIV protein from the cultured cyanobacte-
rium scytonema varium. Biochemistry. 2003;42(9):2578-84.

Garrison AR, Giomarelli BG, Lear-Rooney CM, Saucedo CJ, Yellayi S,
Krumpe LRH, et al. The cyanobacterial lectin scytovirin displays potent
in vitro and in vivo activity against Zaire Ebola virus. Antivir Res.
2014,112:1-7.

de Lima Cavalcanti TYV, Pereira MR, de Paula SO, Franca RF de O. A
review on Chikungunya virus epidemiology, pathogenesis and current
vaccine development. Viruses. 2022;14(5):969.

Constant LEC, Rajsfus BF, Carneiro PH, Sisnande T, Mohana-Borges R,
Allonso D. Overview on Chikungunya virus infection: from epide-
miology to state-of-the-art experimental models. Front Microbiol.
2021;12:744164.

Gupta DK, Kaur P, Leong ST, Tan LT, Prinsep MR, Chu JJH. Anti-
Chikungunya viral activities of aplysiatoxin-related compounds from
the marine cyanobacterium Trichodesmium erythraeum. Mar Drugs.
2014,12(1):115-27.

Rojas V, Rivas L, Cardenas C, Guzman F. Cyanobacteria and eukaryotic
microalgae as emerging sources of antibacterial peptides. Molecules.
2020;25(24):5804.

World Health Organization. WHO publishes list of bacteria for which
new antibiotics are urgently needed. 2017. https://www.who.int/news/
item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antib
iotics-are-urgently-needed . Accessed 20 Feb 2024.

Witthohn M, Strieth D, Eggert S, Kins S, Ulber R, Muffler K. Heterologous
production of a cyanobacterial bacteriocin with potent antibacterial
activity. Curr Res Biotechnol. 2021,3:281-7.

Baba T, Schneewind O. Target cell specificity of a bacteriocin molecule:
a C-terminal signal directs lysostaphin to the cell wall of Staphylococ-
cus aureus. EMBO J. 1996;15(18):4789-97.

Preisitsch M, Harmrolfs K, Pham HT, Heiden SE, Fussel A, Wiesner C, et al.
Anti-MRSA-acting carbamidocyclophanes H-L from the Vietnamese
cyanobacterium Nostoc sp. CAVN2. J Antibiot. 2015;68(3):165-77.
Thanh Doan N, Rickards RW, Rothschild JM, Smith GD. Allelopathic
actions of the alkaloid 12-epi-hapalindole E isonitrile and calothrixin

A from cyanobacteria of the genera Fischerella and Calothrix. J Appl
Phycol. 2000;12(3):409-16.

Adiv S, Aharonv-Nadborny R, Carmeli S. Micropeptins from Micro-
cystis aeruginosa collected in Dalton reservoir. Israel Tetrahedron.
2010,66(37):7429-36.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 17 of 19

Nagarajan M, Maruthanayagam V, Sundararaman M. SAR analysis and
bioactive potentials of freshwater and terrestrial cyanobacterial com-
pounds: a review. J Appl Toxicol. 2013;33(5):313-49.

Brumley D, Spencer KA, Gunasekera SP, Sauvage T, Biggs J, Paul VJ, et al.
Isolation and Characterization of Anaephenes A-C, Alkylphenols from

a Filamentous Cyanobacterium (Hormoscilla sp., Oscillatoriales). J Nat
Prod. 2018;81(12):2716-21.

Asthana RK; Srivastava A, Singh AP, Deepali, Singh SP, Nath G, et al. Iden-
tification of an antimicrobial entity from the cyanobacterium Fischerella
sp. isolated from bark of Azadirachta indica (Neem) tree. J Appl Phycol.
2006;18(1):33-9.

Ishida K, Matsuda H, Murakami M, Yamaguchi K. Kawaguchipeptin B, an
Antibacterial Cyclic Undecapeptide from the Cyanobacterium Micro-
cystis aeruginosa. J Nat Prod. 1997,60(7):724-6.

Dussault D, Vu KD, Vansach T, Horgen FD, Lacroix M. Antimicrobial
effects of marine algal extracts and cyanobacterial pure compounds
against five foodborne pathogens. Food Chem. 2016;199:114-8.
Cardellina JHI, Moore RE, Arnold EV, Clardy J. Structure and absolute
configuration of malyngolide, an antibiotic from the marine blue-green
alga Lyngbya majuscula Gomont. J Org Chem. 1979,44(23):4039-42.
Choi H, Engene N, Smith JE, Preskitt LB, Gerwick WH. Crossbyanols
A-D, Toxic Brominated Polyphenyl Ethers from the Hawai‘ian Bloom-
Forming Cyanobacterium Leptolyngbya crossbyana. J Nat Prod.
2010;73(4):517-22.

Jaki B, Orjala J, Heilmann J, Linden A, Vogler B, Sticher O. Novel extracel-
lular diterpenoids with biological activity from the cyanobacterium
Nostoc commune. J Nat Prod. 2000;63(3):339-43.

Jaki B, Orjala J, Sticher O. A novel extracellular diterpenoid with antibac-
terial activity from the cyanobacterium Nostoc commune. J Nat Prod.
1999,62(3):502-3.

Hamida RS, Ali MA, Redhwan A, Bin-Meferij MM. Cyanobacteria - a
promising platform in green nanotechnology: a review on nanopar-
ticles fabrication and their prospective applications. Int J Nanomed.
2020;15:6033-66.

Mikhailova EO. Silver nanoparticles: mechanism of action and probable
bio-application. J Funct Biomater. 2020;11(4):84.

MubarakAli D, Sasikala M, Gunasekaran M, Thajuddin N. Biosynthesis
and characterization of silver nanoparticles using marine cyanobac-
terium, Oscillatoria willei NTDMO1. Dig J Nanomater Biostructures.
2011,6:385-90.

Lahiri D, Nag M, Sheikh HI, Sarkar T, Edinur HA, Pati S, et al. Microbiolog-
ically-synthesized nanoparticles and their role in silencing the biofilm
signaling cascade. Front Microbiol. 2021;12:636588.

Khalifa KS, Hamouda RA, Hanafy D, Hamza H. In vitro antitumor activity
of silver nanoparticles biosynthesized by marine algae. Dig J Nano-
mater Biostructures. 2016;11:213-21.

D'Souza A, Yoon JH, Beaman H, Gosavi P, Lengyel-Zhand Z, Sternisha A,
et al. Nine-residue peptide self-assembles in the presence of silver to
produce a self-healing, cytocompatible. Antimicrobial Hydrogel ACS
Appl Mater Interfaces. 2020;12(14):17091-9.

Pal S, Tak YK, Song JM. Does the antibacterial activity of silver nano-
particles depend on the shape of the nanoparticle? A Study of the
gram-negative bacterium Escherichia coli. Appl Environ Microbiol.
2007;73:1712-20.

Uma Suganya KS, Govindaraju K, Ganesh KumarV, Stalin Dhas T,
Karthick V, Singaravelu G, et al. Blue green alga mediated synthesis of
gold nanoparticles and its antibacterial efficacy against Gram positive
organisms. Mater Sci Eng C. 2015;47:351-6.

Kulal DK, Navale DN, Zote SW, Ranade PB, Kalambate PK. Cyanobacteria:
As a promising candidate for nanoparticles synthesis. In: Singh P, Fillat
M, Kumar A, editors. Cyanobacterial Lifestyle and its Applications in
Biotechnology. Cambridge: Academic Press; 2022. 351-60.

Brayner R, Barberousse H, Hemadi M, Djedjat C, Yéprémian C, Coradin T,
et al. Cyanobacteria as bioreactors for the synthesis of Au, Ag, Pd, and Pt
nanoparticles via an enzyme-mediated route. J Nanosci Nanotechnol.
2007,7(8):2696-708.

Younis NS, El Semary NA, Mohamed ME. Silver nanoparticles green
synthesis via cyanobacterium Phormidium sp.: characterization, wound
healing, antioxidant, antibacterial, and anti-inflammatory activities. Eur
Rev Med Pharmacol Sci. 2021;25(7):3083-96.


https://www.who.int/news/item/13-12-2017-up-to-650-000-people-die-of-respiratory-diseases-linked-to-seasonal-flu-each-year
https://www.who.int/news/item/13-12-2017-up-to-650-000-people-die-of-respiratory-diseases-linked-to-seasonal-flu-each-year
https://www.who.int/news-room/fact-sheets/detail/hepatitis-c
https://www.who.int/news-room/fact-sheets/detail/hepatitis-c
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed

Grabowski et al. Blue Biotechnology

88.

89.

90.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

103.

105.

106.

108.

(2024) 1:4

Weintraub S, Shpigel T, Harris GL, Schuster R, Lewis EC, Lewitus DY.
Astaxanthin-based polymers as new antimicrobial compounds. Polym
Chem. 2017;8(29):4182-9.

Diao J, Song X, Zhang L, Cui J, Chen L, Zhang W. Tailoring cyanobacteria
as a new platform for highly efficient synthesis of astaxanthin. Metab
Eng. 2020,61:275-87.

Rajabpour N, Nowruzi B, Ghobeh M. Investigation of the toxicity,
antioxidant and antimicrobial activities of some cyanobacterial strains
isolated from different habitats. Acta Biol Szeged. 2019,62:3-14.

. Teneva |, Batsalova T, Bardarov K, Moten D, Dzhambazov B. A novel

approach for fast screening of a complex cyanobacterial extract for
immunomodulatory properties and antibacterial activity. Appl Sci.
2022;12(6):2847.

Saad MH, Sidkey NM, El-Fakharany EM. Identification and statistical
optimization of a novel alginate polymer extracted from newly isolated
Synechocystis algini MNE ON864447 with antibacterial activity. Microb
Cell Factories. 2023;22(1):229.

Luo S, Kang HS, Krunic A, Chlipala GE, Cai G, Chen WL, et al. Carbamido-
cyclophanes F and G with anti-Mycobacterium tuberculosis activity from
the cultured freshwater cyanobacterium Nostoc sp. Tetrahedron Lett.
2014;55(3):686-9.

Shaala LA, Youssef DTA, McPhail KL, Elbandy M. Malyngamide 4, a new
lipopeptide from the Red Sea marine cyanobacterium Moorea produ-
cens (formerly Lyngbya majuscula). Phytochem Lett. 2013;6(2):183-8.
Montaser R, Paul VJ, Luesch H. Pitipeptolides C-F, antimycobacterial
cyclodepsipeptides from the marine cyanobacterium Lyngbya majus-
cula from Guam. Phytochemistry. 2011;72(16):2068-74.

Mo S, Krunic A, Pegan SD, Franzblau SG, Orjala J. An Antimicrobial
Guanidine-Bearing Sesterterpene from the Cultured Cyanobacterium
Scytonema sp. J Nat Prod. 2009;72(11):2043-5.

Volk RB, Girreser U, Al-Refai M, Laatsch H. Bromoanaindolone, a novel
antimicrobial exometabolite from the cyanobacterium Anabaena
constricta. Nat Prod Res. 2009;23(7).607-12.

Levert A, Alvarifio R, Bornancin L, Abou Mansour E, Burja AM, Geneviére
AM, et al. Structures and Activities of Tiahuramides A-C, Cyclic Dep-
sipeptides from a Tahitian Collection of the Marine Cyanobacterium
Lyngbya majuscula. J Nat Prod. 2018;81(6):1301-10.

Cabanillas AH, Tena Pérez V, Maderuelo Corral S, Rosero Valencia DF,
Martel Quintana A, Ortega Doménech M, et al. Cybastacines A and B:

Antibiotic Sesterterpenes from a Nostoc sp. Cyanobacterium J Nat Prod.

2018;81(2):410-3.

De Oliveira DMP, Forde BM, Kidd TJ, Harris PNA, Schembri MA, Beatson
SA, et al. Antimicrobial resistance in ESKAPE pathogens. Clin Microbiol
Rev. 2020;33(3):e00181-19.

Cassini A, Hogberg LD, Plachouras D, Quattrocchi A, Hoxha A, Simonsen
GS, et al. Attributable deaths and disability-adjusted life-years caused
by infections with antibiotic-resistant bacteria in the EU and the Euro-
pean Economic Area in 2015: a population-level modelling analysis.
Lancet Infect Dis. 2019;19(1):56-66.

Aloke C, Achilonu I. Coping with the ESKAPE pathogens: evolv-

ing strategies, challenges and future prospects. Microb Pathog.
2023;175:105963.

Kostylev M, Kim DY, Smalley NE, Salukhe I, Greenberg EP, Dandekar AA.
Evolution of the Pseudomonas aeruginosa quorum-sensing hierarchy.
Proc Natl Acad Sci U S A.2019;116(14):7027-32.

Jiang Q, Chen J,Yang C, Yin Y, Yao K. Quorum sensing: a prospec-

tive therapeutic target for bacterial diseases. Biomed Res Int.
2019;2019:2015978.

Simanek KA, Schumacher ML, Mallery CP, Shen S, Li L, Paczkowski JE.
Quorum-sensing synthase mutations re-calibrate autoinducer con-
centrations in clinical isolates of Pseudomonas aeruginosa to enhance
pathogenesis. Nat Commun. 2023;14(1):7986.

Liang X, Matthew S, Chen QY, Kwan JC, Paul VJ, Luesch H. Discovery
and total synthesis of doscadenamide A: A quorum sensing signaling
molecule from a marine cyanobacterium. Org Lett. 2019,21(18):7274-8.
Montaser R, Paul VJ, Luesch H. Modular strategies for structure and
function employed by marine cyanobacteria: characterization and
synthesis of pitinoic acids. Org Lett. 2013;15(16):4050-3.

Salleh NF, Wang J, Kundukad B, Oluwabusola ET, Goh DXY, Phyo MY,

et al. Cyclopropane-containing specialized metabolites from the
marine cyanobacterium cf. Lyngbya sp Molecules. 2023;28(9):3965.

109.

110.

114.

115.

116.

117.

118.

120.

121.

122.

124.

125.

128.

129.

Page 18 of 19

Sun’, Chang R, Li Q, Li B. Isolation and characterization of an antibacte-
rial peptide from protein hydrolysates of Spirulina platensis. Eur Food
Res Technol. 2016;242(5).685-92.

Sathya R, MubarakAli D, Mehboob Nousheen MG, Vasimalai N, Thajud-
din N, Jung-Wan K. An investigation of pepsin hydrolysate of short
antibacterial peptides derived from Limnospira Sp. Appl Biochem
Biotechnol. 2022;194(11):5580-93.

Bhuyar P, Rahim MHAb, Maniam GP, Ramaraj R, Govindan N. Exploration
of bioactive compounds and antibacterial activity of marine blue-green
microalgae (Oscillatoria sp.) isolated from coastal region of west Malay-
sia. SN Appl Sci. 2020;2(11):1906.

Antunes J, Pereira S, Ribeiro T, Plowman JE, Thomas A, Clerens S,

et al. A multi-bioassay integrated approach to assess the antifouling
potential of the cyanobacterial metabolites portoamides. Mar Drugs.
2019;,17(2):111.

Pérez Gutiérrez RM, Martinez Flores A, Vargas Solfs R, Carmona JJ. Two
new antibacterial norabietane diterpenoids from cyanobacteria. Micro-
coleous lacustris J Nat Med. 2008;62(3):328-31.

Singh T, Basu P, Singh TA, Boudh S, Shukla P. Cyanobacteria as source of
novel antimicrobials: a boon to mankind. In: Chowdhary P, Raj A, Verma
D, Akhter Y, editors. Microorganisms for Sustainable Environment and
Health. Amsterdam: Elsevier; 2020 219-30.

Tiwari AK, Tiwari BS. Cyanotherapeutics: an emerging field for future
drug discovery. Appl Phycol. 2020;1(1):44-57.

Martins J, Peixe L, Vasconcelos VM. Unraveling cyanobacteria ecology in
Wastewater Treatment Plants (WWTP). Microb Ecol. 2011;62(2):241-56.
Strieth D, Lenz S, Ulber R. In vivo and in silico screening for antimicrobial
compounds from cyanobacteria. MicrobiologyOpen. 2022;11(2):e1268.
Esquivel-Herndndez DA, Rodriguez-Rodriguez J, Rostro-Alanis M,
Cuéllar-Bermudez SP. Mancera-Andrade El, NUnez-Echevarria JE, et al.
Advancement of green process through microwave-assisted extraction
of bioactive metabolites from Arthrospira Platensis and bioactivity
evaluation. Bioresour Technol. 2017;224:618-29.

Ridgway K, Smith RM, Lalljie SPD. Sample Preparation for Food Con-
taminant Analysis. In: Pawliszyn J, redactor. Comprehensive Sampling
and Sample Preparation. Cambridge: Academic Press; 2012. p. 819-33.
Perez-Vazquez A, Carpena M, Barciela P, Cassani L, Simal-Gandara J,
Prieto MA. Pressurized liquid extraction for the recovery of bioactive
compounds from seaweeds for food industry application: a review.
Antioxidants. 2023;12(3):612.

Klejdus B, Kopecky J, Benesova L, Vacek J. Solid-phase/supercritical-fluid
extraction for liquid chromatography of phenolic compounds in fresh-
water microalgae and selected cyanobacterial species. J Chromatogr A.
2009;1216(5):763-71.

Assuncao J, Amaro HM, Tavares T, Malcata FX, Guedes AC. Effects of
Temperature, pH, and NaCl concentration on biomass and bioactive
compound production by Synechocystis salina. Life. 2023;13(1):187.
Mohanty B, Majedi SM, Pavagadhi S, Te SH, Boo CY, Gin KYH, et al. Effects
of light and temperature on the metabolic profiling of two habitat-
dependent bloom-forming cyanobacteria. Metabolites. 2022;12(5):406.
Cordeiro RA, Gomes VM, Carvalho AFU, Melo VMM. Effect of proteins
from the red seaweed Hypnea musciformis (Wulfen) Lamouroux

on the growth of human pathogen yeasts. Braz Arch Biol Technol.
2006;49:915-21.

Sorna Kumari H, Anandhan S. Biorestraining potentials of marine
macroalgae collected from Rameshwaram, Tamil Nadu. J Biol Res.
2011;5:385-92.

Bhuyar P, Rahim MHAb, Sundararaju S, Ramaraj R, Maniam GP, Govindan
N. Synthesis of silver nanoparticles using marine macroalgae Padina

sp. and its antibacterial activity towards pathogenic bacteria. Beni-Suef
Univ J Basic Appl Sci. 2020;9(1):3.

Prakash JW, Antonisamy JM, Jeeva S. Antimicrobial activity of certain
fresh water microalgae from Thamirabarani River, Tamil Nadu, South
India. Asian Pac J Trop Biomed. 2011;1(2):5170-3.

Ostensvik O, Skulberg OM, Underdal B, Hormazabal V. Antibacterial
properties of extracts from selected planktonic freshwater cyano-
bacteria-a comparative study of bacterial bioassays. J Appl Microbiol.
1998;84(6):1117-24.

Kamo T, Eki T, Hirose Y. Pressurized liquid extraction of a phycocyano-
bilin chromophore and its reconstitution with a cyanobacteriochrome



Grabowski et al. Blue Biotechnology (2024) 1:4

130.

132.

133.

134.

136.

137.

138.

photosensor for efficient isotopic labeling. Plant Cell Physiol.
2021,62(2):334-47.

Pagels F, Pereira RN, Vicente AA, Guedes AC. Extraction of pigments
from microalgae and cyanobacteria—a review on current methodolo-
gies. Appl Sci. 2021;11(11):5187.

Marzorati S, Schievano A, Ida A, Verotta L. Carotenoids, chlorophylls
and phycocyanin from Spirulina: supercritical CO2 and water extrac-
tion methods for added value products cascade. Green Chem.
2020;22(1):187-96.

Imbimbo P, Bueno M, D'Elia L, Pollio A, Ibanez E, Olivieri G, et al. Green
compressed fluid technologies to extract antioxidants and lipids from
Galdieria phlegrea in a Biorefinery Approach. ACS Sustain Chem Eng.
2020;8(7):2939-47.

Gutiérrez-del-Rio I, Brugerolle de Fraissinette N, Castelo-Branco R,
Oliveira F, Morais J, Redondo-Blanco S, et al. Chlorosphaerolactylates
A-D: natural lactylates of chlorinated fatty acids isolated from the
cyanobacterium sphaerospermopsis sp. LEGE 00249. J Nat Prod.
2020;83(6):1885-90.

Gademann K, Portmann C. Secondary metabolites from cyanobac-
teria: complex structures and powerful bioactivities. Curr Org Chem.
2008;12(4):326-41.

Corréa JAF, Evangelista AG, Nazareth T de M, Luciano FB. Fundamen-
tals on the molecular mechanism of action of antimicrobial peptides.
Materialia. 2019;8:100494. https://doi.org/10.1016/j.mtla.2019.100494.
Swinney DC. Molecular Mechanism of Action (MMoA) in Drug Discov-
ery. In: Annual Reports in Medicinal Chemistry. Elsevier; 2011.301-17.
Dai Y, Ma H, Wu M, Welsch TA, Vora SR, Ren D, et al. Development of
the computational antibiotic screening platform (CLASP) to aid in the
discovery of new antibiotics. Soft Matter. 2021;17(10):2725-36.
Ruiz-Garcia A, Bermejo M, Moss A, Casabo VG. Pharmacokinetics in drug
discovery. J Pharm Sci. 2008;97(2):654-90.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19


https://doi.org/10.1016/j.mtla.2019.100494

	Cyanobacteria and their metabolites - can they be helpful in the fight against pathogenic microbes?
	Abstract 
	Introduction
	Antiviral properties of cyanobacterial metabolites
	Human Immunodeficiency Virus (HIV)
	Lectins
	Pigments

	SARS-CoV-2
	Depsipeptides
	Lectins

	Herpes Simplex Virus 1
	Lectins
	Carbohydrates

	Influenza A virus
	Cyanobacterial extracts
	Lectins

	Other viruses

	Antibacterial properties of cyanobacterial metabolites
	Gram-positive bacteria
	Staphylococcal infections
	Other Gram-positive bacteria

	Gram-negative bacteria

	The future of cyanobacterial metabolites
	Conclusions
	Acknowledgements
	References


