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Preface

Cyanobacteria are an interesting group of bacteria for their unique characteristics 
and potential biotechnological applications. They are very important for life on 
Earth because they are oxygenic organisms that also play crucial roles in the cycles 
of carbon, nitrogen, and oxygen. Interestingly, they have unique specialized cells 
called heterocysts for nitrogen fixation. Therefore, they are ideal model organisms 
for studying photosynthesis, nitrogen fixation, and other biological processes. 
In addition, cyanobacteria are well recognized for their potential for a variety 
of biotechnological applications. They were reported to produce a wide array of 
biologically active compounds that are attracting interest from the pharmaceutical 
industry for drug development. Also, they have various applications in agriculture 
as potential biofertilizers or in the industry for biofuel production, in addition to 
many other biotechnological applications. 

Due to the increasing interest in this group of microorganisms, this book discusses 
recent advances in taxonomy and applications of cyanobacteria. It is a useful 
resource for students starting their research work on cyanobacteria, researchers 
interested in the recent advancements in their research field, and teachers involved 
in teaching topics related to cyanobacteria. The book contains five chapters. 

Chapter 1 discusses the molecular methods applied for identifying freshwater toxi-
genic cyanobacteria, reviewing recent methods to rapidly and accurately identify 
toxic cyanobacteria, which is difficult due to the lack of discernable morphological 
difference between toxic and non-toxic strains within the same cyanobacterial 
species or genus. This information is important for students and researchers to 
understand the methods they are going to use in their research. 

Chapter 2 outlines the diverse industrial applications of cyanobacteria in the 
pharmaceutical, agricultural, and health sectors. The applications include the 
production of bioplastics, biofuels, biofertilizers, foods, nutraceuticals, and phar-
maceuticals. Additionally, the metabolic pathways that lead to the production of 
some important cyanobacterial bioactive compounds are outlined in this chapter 
along with examples of the commercial products from cyanobacteria currently 
available on the market.

Chapter 3 reviews the potential of cyanobacteria in wound healing. It is clearly 
shown that these organisms have immense potential to be utilized for the develop-
ment of bioactive wound dressings. 

Chapter 4 introduces a very interesting and special application for Synechocystis 
sp. PCC 6803, which is the production of a novel hemoglobin. The chapter sheds 
light on the structure–function relationship and potential applications of this novel 
hemoglobin. It has been reported that cyanobacterial hemoglobins have displayed 
unprecedented stability, unique heme coordination, and other properties that are 
not often observed in the globin superfamily. Therefore, this chapter provides an 
overview of the unique globin from Synechocystis sp. PCC 6803 and its biotechno-
logical implications, including potential in the field of artificial oxygen carriers.
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Chapter 5 highlights the diversity, distribution, and applications of cyanobacteria 
in the Brazilian coastline in order to fill a gap in cyanoflora knowledge. Recognition 
of the Brazilian cyanoflora contributes to the understanding of the functioning and 
monitoring of marine ecosystems and provides data for the construction of future 
public policies.

I would like to thank all the contributors for sharing their excellent research work 
and for their academic integrity. I would also like to thank the staff at IntechOpen, 
particularly Author Service Manager Ms. Sara Debeuc for her commitment, 
patience, and keen assistance in making this book possible. 

Finally, I hope that readers will find this book interesting and use the information 
contained herein to positively contribute to the research community. 

Wael N. Hozzein
Botany and Microbiology Department, 

Faculty of Science,
Beni-Suef University,

Beni-Suef, Egypt
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Chapter 1

Overview of PCR Methods 
Applied for the Identification 
of Freshwater Toxigenic 
Cyanobacteria
Jian Yuan and Kyoung-Jin Yoon

Abstract

Although cyanobacteria are essential microorganisms on earth, some  
cyanobacteria produce toxins known as cyanotoxins, threatening humans and 
animals’ health. Hence, it is imperative to rapidly and accurately identify those toxic 
cyanobacteria. Unfortunately, traditional microscopic methods have limitations 
for accurate identification due to the lack of discernable morphological difference 
between toxic and non-toxic strains within the same cyanobacterial species or 
genus. In contrast, their genetic profiles are inherently conserved; therefore, nucleic 
acid-based assays can be more reliable for precise identification. Furthermore, 
molecular assays can provide high throughput and significantly reduce the turn-
around time of test results. Such advantages make those assays a preferred method 
for rapid detection and early warning of potential toxicity. Toxigenic cyanobacterial 
species have synthetase genes (DNAs) for toxin production, which can be excellent 
marker genes. Numerous molecular assays targeting cyanotoxin synthetase genes 
have been developed for the identification of toxigenic cyanobacteria at various 
taxonomic levels. Polymerase chain reaction (PCR)-based assays are the most 
prevailing. Among different versions of PCR assays, the real-time quantitative PCR 
can be utilized to quantify the genes of interest in samples, fulfilling the purpose of 
both taxonomic recognition and biomass estimation. Reverse transcription (RT)-
PCR assays can be used to detect transcripts (i.e., mRNAs) from toxin synthetase 
genes, probably enhancing the predictive value of PCR detection for toxin produc-
tion from observed cyanobacterial species. Nevertheless, the utility of toxin syn-
thetase gene- or its transcript-based PCR assays for routine cyanotoxin monitoring 
needs to be further evaluated on a large scale.

Keywords: cyanobacteria, cyanotoxins, toxin synthetase genes, molecular techniques, 
polymerase chain reaction

1. Introduction

Cyanobacteria are essential microorganisms on earth as they produce oxygen 
and account for a large part of primary aquatic productivity. Simultaneously, some 
freshwater cyanobacteria can produce various toxins, named cyanotoxins, some of 
which are potently poisonous to humans and animals. A well-known cyanotoxicosis 
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in humans was reported from Brazil in association with medical malpractice in 
1996. In this incident, 126 patients in a hemodialysis unit were affected, and 60 of 
them died due to using microcystin-contaminated water from a local reservoir. A 
cyanobacterial bloom was found in that reservoir concurrently [1]. Besides, there 
have been reports concerning human cyanotoxin poisoning by drinking water or via 
injury after contacting recreational water [2]. Apart from humans, numerous ani-
mal poisoning cases have also taken place because they can reach the unprocessed 
natural water directly so that the risk of being poisoned becomes higher. These 
cases involve livestock, pets, and wildlife [3–10].

Cyanobacterial blooms occurred more frequently in recent years, which may have 
been attributed to the aggravating eutrophication in freshwater and global warm-
ing. As such, cyanotoxin poisoning incidents have also been increasingly reported. 
Nowadays, freshwater cyanobacterial blooms have broader geographical and tem-
poral impacts on local water bodies that act as vital municipal or agricultural water 
supplies. With the possibility of cyanotoxin contamination, humans and animals 
residing in surrounding areas continue to be threatened. Therefore, testing for toxic 
cyanobacteria or cyanotoxins is imperative for detection and preventive measures.

Although cyanobacteria can be observed under a microscope, their toxigenicity 
cannot be determined by microscopy because the toxigenic cyanobacteria do not 
have unique morphological characteristics. Some laboratories have adopted a testing 
strategy that combines microscopic observation and cyanotoxin detection to indicate 
the existence of toxigenic cyanobacteria in samples. Although this strategy may 
seem reasonable and pragmatic, it needs collaboration between chemical analysts 
and microalgal biologists to reach an agreement on the conclusion. Furthermore, it 
neglects the complex phenomena of the same toxin production by different species 
or genera, leading to an incorrect judgment of the truly culpable toxin producers.

Cyanotoxin testing has been in place. Yet, available tests have shortcomings. 
For example, commercial enzyme-linked immunosorbent assays (ELISAs) have 
been widely employed in water testing for cyanotoxins. However, it still has 
issues, such as low sensitivity [11] or inaccuracy. Erroneous detection is due to the 
cross-reactivity of isomorphic substances with targets. False-positive results can 
occur in a worst-case scenario [12]. The high performance liquid chromatography 
(HPLC) and liquid chromatography-mass spectrometry (LC–MS) are the most 
accurate analytical methods and have been often employed in cyanotoxin testing 
[11, 13–16]. But they require exquisite instruments and complicated operations, 
making them not as affordable as ELISA-based testing. Aside from these limitations, 
chemical testing can only tell the presence and/or quantity of cyanotoxins without 
identifying the toxin producer(s). However, it is crucial to recognize the existence 
of toxigenic cyanobacteria in water bodies for monitoring and early warning of 
cyanotoxin poisoning incidents.

It is known that cyanotoxin synthesis is catalyzed by a string of relevant enzymes 
encoded by toxin synthetase genes [17–23]. Lack of essential genes for forming a 
toxin backbone or disruption of the enzymatic cascade toward toxin production 
results in the failure of toxin synthesis. Therefore, the detection of toxin synthetase 
genes in samples by a molecular test can disclose the presence or absence of toxigenic 
cyanobacteria. In this chapter, we review the application of molecular techniques, 
particularly PCR-based assays, for detecting toxigenic cyanobacteria in freshwater.

2. General genomic organization of toxigenic cyanobacteria

Like other bacteria, cyanobacteria often have one circular chromosome and a 
few plasmids that consist of the whole genome. The cyanobacterial chromosome is 
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a few megabases in size and contains most of the genes, while plasmids play a role in 
transferring DNA elements. Compared to the eukaryotic microalgae, the cyanobac-
terial genome is highly compressed but still contains all genes essential for aquatic 
and photosynthetic life. Some species even have genes that can facilitate competitive 
superiority in the environment. For example, gas vesicle genes in Planktothrix spp. 
encode structural proteins that can form gas vesicles, endowing the cells with more 
buoyancy to the water’s surface to gain more sunlight (i.e., solar energy) [24]. In 
addition, cyanotoxins were found effective in suppressing the growth of non-toxic 
species so that the toxigenic cyanobacteria have more survival advantages [25].

Cyanotoxin synthetase genes often cluster together in the genome and constitute 
one or more operons that are transcribed in identical or opposite directions [19, 
21–23, 26]. The reason for such an arrangement is likely that the transcription can 
be well regulated so that all pertaining genes are transcribed simultaneously. This 
process may ensure that all necessary enzymes/proteins are present for subsequent 
toxin synthesis. The whole-genome sequencing of toxic cyanobacteria to date has 
demonstrated only a single copy of the toxin gene cluster in the cyanobacterial 
genome [27–29]. The toxin synthetase genes have conserved sequences encoding 
conserved domains/motifs in the corresponding proteins with specific functions 
during toxin syntheses, such as polyketide synthesis, adenylation, and methyla-
tion. The genes are always clustered closely with whose proteins conduct successive 
functions in a cascade reaction. It should be reiterated that the synthetase genes are 
indispensable for toxin production, making them the ideal targets for molecular 
detection.

Cyanotoxins are traditionally named after the first identified toxin-producing 
genus, as in the case of microcystin (Microcystis), anatoxin-a (Anabaena), cylin-
drospermopsin (Cylindrospermopsis), and so on. However, many different genera 
can produce the same cyanotoxin, indicative of the fact that these intergeneric toxic 
species have similar genetic elements for toxin production. For example, micro-
cystin and microcystin synthetase genes (mcy) are reportedly found in Microcystis, 
Anabaena, Planktothrix, and Aphanizomenon [30]. Nevertheless, the gene clusters 
are disparate between genera regarding sequences, gene numbers, constitutions, 
and relative loci [17, 20, 26, 31, 32]. Such a characteristic is believed to be caused by 
divergent evolution from the common ancestors [33] or horizontal gene transfer 
[34]. Therefore, PCR identification of toxigenic cyanobacteria is usually designed 
at the genus level, although there have been reports of detecting multiple genera 
producing the same cyanotoxin based on the conserved intergeneric sequences [35].

3. Cyanotoxins and toxin biosynthesis

3.1 Microcystin

Microcystin is the most common cyanotoxin implicated in human and animal 
poisoning incidents [36–38]. It is a hepatotoxin and thus can cause severe impair-
ment in the liver when ingested by the casualties. The toxin is known to be produced 
by several genera of cyanobacteria, such as Microcystis, Anabaena, and Planktothrix, 
to name a few.

Microcystin is a cyclic heptapeptide that inhibits the eukaryotic protein phos-
phatase type 1 and 2A in humans and animals by forming an irreversible covalent 
bond to a cysteine in the catalytic domain of these enzymes. It consists of the 
following amino acids: D-alanine, X, D-MeAsp (D-erythro-ß-methyl-aspartic 
acid), Z, Adda ((2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-
4,6-dienoic acid), D-glutamic acid, and Mdha (N-methyldehydroalanine). X and Z 
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represent variable L amino acids. It has reportedly over 80 variants, mostly differ-
ing in amino acids at the positions X and Z [39].

Microcystin is a non-ribosomal oligopeptide, which means unlike most of the 
peptides and proteins, it is not synthesized by cellular ribosomes. The enzymes 
responsible for its synthesis contain the non-ribosomal peptide synthetases 
(NRPS) and polyketide synthases (PKS) modules as well as tailoring functional 
domains. All the enzymes are the protein products encoded by the microcystin 
synthetase genes (mcy) that cluster together in the genome (Table 1, Figure 1). 
In Microcystis, ten mcy genes (mcyA-J) span 55 kb near the center of its 5.8 Mb 
circular chromosome and form two operons (mcyABC and mcyD-J) of which 
the transcription proceeds in discretely opposite directions [26, 40]. The 55.4 kb 
mcyA-J gene cluster in Anabaena also form two operons (mcyABC and mcyG-
DJEFIH), one of which the gene order differs from Microcystis [31]. In contrast, 
Planktothrix has a 55.6 kb mcy cluster including eight essential genes (mcyABC-
DEGHJ) that form a single operon and one unique gene (mcyT), and the arrange-
ment and sequence of specific domains in the gene products differ from those in 
other genera [17].

Per annotation of mcy genes, microcystin biosynthesis is initiated by McyG to 
covalently bind a phenylacetate precursor that is then methylated by McyJ. Next, 
McyD elongates the growing chain by accepting a malonyl-CoA, and McyE intro-
duces another malonyl-CoA and further extends the backbone of microcystin. As 
a racemase, McyF is involved in either the supply of D-glutamate or D-MeAsp, or 
the peptidyl epimerization of L-glutamate. Then McyA captures an L-serine and 
installs it into the growing chain, and the Mdha moiety is synthesized by McyI. 
Following the addition of an amino acid into position X and a D-MeAsp by McyB, 
McyC adds the last amino acid into position Z. Finally, mature microcystin is 
formed by the cyclization of the linear precursor. McyH, as an ATP-binding cas-
sette (ABC) transporter, may be accountable for the transmembrane export of 

Gene Size (bp)1 Encoded domain or function2 Existence in different genera

Microcystis Anabaena Planktothrix

mcyA 8838 NRPS, C, NMT, E yes yes yes

mcyB 6318 NRPS, A, T, C yes yes yes

mcyC 3876 NRPS, C, A, TE yes yes yes

mcyD 11721 PKS, KS, AT, KR, DH, ACP, CM yes yes yes

mcyE 10464 PKS, NRPS, KS, AT, ACP, CM, AMT yes yes yes

mcyF 756 Racemase yes yes no

mcyG 7896 NRPS, PKS, KS, AT, CM, DH, KR, ACP yes yes yes

mcyH 1617 Transporter yes yes yes

mcyI 1014 Dehydrogenase yes yes no

mcyJ 837 OM yes yes yes

mcyT < 1000 TE no no yes
1Values are from Microcystis aeruginosa PCC7806 [26] except mcyT from Planktothrix agardhii CYA 126 [17].
2NRPS, non-ribosomal peptide synthetase; C, condensation; NMT, N-methyltransferase; E, epimerization; T, 
thiolation; TE, thioesterase; PKS, polyketide synthase; KS, β-ketoacyl synthase; AT, acyltransferase; KR, β-ketoacyl 
reductase; DH, dehydratase; ACP, acyl carrier protein; CM, C-methyltransferase; AMT, aminotransferase; OM, 
O-methyltransferase.

Table 1. 
Comparison of microcystin synthetase genes.
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microcystin. The Planktothrix-exclusive McyT is a putative thioesterase that may 
edit the synthesis by removing mis-primed amino acids from the NRPS and PKS 
enzymes.

3.2 Anatoxin-a

The cyanobacterial alkaloid anatoxin-a has been found in different genera, 
such as Anabaena, Oscillatoria, Phormidium, and Cylindrospermum [30, 41]. It is 
a neurotoxin that can bind to the neuronal nicotinic acetylcholine receptors and 
affect signal transmission between neurons and muscles as a nicotinic agonist [42]. 
By persistently stimulating the receptors to release signals for muscular contraction, 
the toxin eventually leads to respiratory arrest until victims’ death in a few minutes. 
Homoanatoxin-a, in which a methyl group displaces a hydrogen atom at the end 
of the straight chain of anatoxin-a, is a natural analog of anatoxin-a and is also a 
potent nicotinic agonist.

Although anatoxin-a doesn’t look structurally complicated, its synthesis still 
requires a cascade of many enzymes whose genes known as anatoxin-a synthe-
tase genes (ana) have distinctive arrangements and sequences across genera like 
mcy genes (Table 2, Figure 2). For example, the toxic Anabaena has two clusters 
(20.3 kb anaBCDEFG and 1.7 kb anaIAJ) located 6.9 kb apart and transcribed 
in head-to-head opposite directions. The first cluster contains two operons 
(anaBCDEF and anaG) with a 288 bp gap between the operons [19, 32]. In contrast, 
the ana genes in Oscillatoria compose a ~ 23 kb cluster anaJABCDEFGH and a single 
upstream anaI gene transcribed in the opposite direction [32, 43]. Cylindrospermum 
has the most complicated arrangement of ana genes. The anaIAHJ and anaBCD-
KEFG are clustered together and are transcribed in oppositely separative directions. 
The anaH, however, is transcribed reversely in the small anaIAHJ cluster.

To start the anatoxin-a synthesis, AnaC activates and tethers the precursor 
proline to AnaD, which covalently combines with the proline. Then AnaB dehy-
drogenates the heterocyclic ring of proline to form a “C=N” double bond. AnaE 
introduces a carbonyl group into its connection with the heterocycle passed from 
AnaD. Then AnaJ catalyzes a cyclization step to form the characteristic bicyclic 
ring structure of anatoxin-a by connecting the heterocyclic ring with the backbone. 
At the same time, the growing chain is bound to the acyl carrier protein domain 
of AnaF. Finally, the bicyclic thioester is transferred to AnaG for chain extension 

Figure 1. 
The microcystin synthetase gene (mcy) clusters of Microcystis aeruginosa PCC7806, Anabaena sp. strain 90, 
and Planktothrix agardhii CYA 126. Each gene is indicated by its designated letter above the arrows, and genes 
shorter than 500 bp are drawn as an arrowhead only. The diagram only exhibits the size and position of each 
gene without the distances between two adjacent genes. The measuring scale arrow represents 10 kb.
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by adding an acyl group, followed by the enzymatic reaction of AnaA to break the 
single “SCO-C” covalent bond connecting the enzyme (AnaG) and final product 
for the completion and releasing of anatoxin-a. Similar to its counterpart McyH 
in microcystin-producing cyanobacteria, AnaI transports the toxin through the 
cytomembrane. The rest of the Ana proteins are not commonly shared across 
different genera and have their own functions. AnaH is a transposase only found 
in Oscillatoria and Cylindrospermum instead of Anabaena, implicating the toxic 
cyanobacteria in the former two genera were endowed with the toxin genes by 
intergeneric replicative transposition mechanism. Cylindrospermum has a unique 
AnaK that functions in further modification of anatoxin-a into dihydroanatoxin-a. 
The whole process is inferred as per the functional annotation of ana genes.

Gene Size (bp)1 Encoded domain or function2 Existence in different genera

Anabaena Oscillatoria Cylindrospermum

anaA 750 TE yes yes yes

anaB 1143 Proline-ACP oxidase yes yes yes

anaC 1596 Proline adenylation yes yes yes

anaD 273 Acyl carrier yes yes yes

anaE 6438 PKS, KS, AT, DH, ER, KR, ACP yes yes yes

anaF 5619 PKS, KS, AT, DH, KR, ACP yes yes yes

anaG 4896 PKS, KS, AT, CM, ACP yes yes yes

anaH < 1000 Transposase no yes yes

anaI < 2000 Transporter yes yes yes

anaJ 723 Cyclase yes yes yes

anaK <1000 Reductase no no yes
1Values are from Anabaena sp. Strain 37 [19] except anaH from Oscillatoria sp. PCC 6506 [32] and anaK from 
Cylindrospermum stagnale PCC 7417 [41].
2TE, thioesterase; ACP, acyl carrier protein; PKS, polyketide synthase; KS, β-ketoacyl synthase; AT, acyltransferase; 
DH, dehydratase; ER, enoylreductase; KR, ketoreductase; CM, C-methyltransferase.

Table 2. 
Comparison of anatoxin-a synthetase genes.

Figure 2. 
The anatoxin-a synthetase gene (ana) clusters of Anabaena sp. strain 37, Oscillatoria sp. PCC 6506, and 
Cylindrospermum stagnale PCC 7417. Each gene is indicated by its designated letter above the arrows, and 
genes shorter than 250 bp are drawn as an arrowhead only. The diagram only exhibits the size and position of 
each gene without the distances between two adjacent genes. The measuring scale arrow represents 5 kb.
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3.3 Cylindrospermopsin

Cylindrospermopsin can be produced by various cyanobacterial genera, such 
as Cylindrospermopsis, Aphanizomenon, Anabaena, and Oscillatoria [20, 30]. It is 
a cyclic sulfated guanidine alkaloid and can lead to cytotoxic, hepatotoxic, and 
neurotoxic impacts. Its molecule contains a central functional guanidino moiety, a 
hydroxymethyluracil ring, and a hetero tricyclic ring. The mechanism of its toxicity 
lies in many aspects, including the inhibition of glutathione and protein synthesis, 
the inhibition of cytochrome P450, and direct interaction with DNA [44–47].

Cylindrospermopsin is synthesized via a string of NRPS/PKS reactions con-
ducted by up to over a dozen Cyr proteins (Table 3, Figure 3). The cylindrosper-
mopsin synthetase genes (cyr) are clustered together but are also distinctive with 
respect to numbers, sequences, and organization in different genera. The toxic 
Cylindrospermopsis has the cluster cyrDFGIKLHJABECMNO in which cyrK, cyrM, 
and cyrN are transcribed in the opposite direction of the rest genes [22]. The cyr 
cluster in toxic Aphanizomenon and Oscillatoria is cyrJMKIGFDCABE and cyrDC-
orf1-cyrH-trp1-cyrKAB-trp2-cyrEJFGIN, respectively [20, 48].

Gene Size (bp)1 Encoded domain or 
function2

Existence in different genera

Cylindrospermopsis Aphanizomenon Oscillatoria

cyrA 1176 AMT yes yes yes

cyrB 8754 NRPS, PKS, PCP, KS, AT, 
DH, MT, KR, ACP

yes yes yes

cyrC 5005 PKS, KS, AT, KR, ACP yes yes yes

cyrD 5631 PKS, KS, AT, DH, KR, 
ACP

yes yes yes

cyrE 5667 PKS, KS, AT, DH, KR, 
ACP

yes yes yes

cyrF 4074 PKS, KS, AT, ACP yes yes yes

cyrG 1437 Uracil ring formation yes yes yes

cyrH 1431 Uracil ring formation yes yes yes

cyrI 831 Hydroxylation yes yes yes

cyrJ 780 Sulfotransferase yes yes yes

cyrK 1398 Exporter yes yes yes

cyrL 750 Transposase yes no no

cyrM 318 Transposase yes no no

cyrN 600 Adenylylsulfate kinase yes no yes

cyrO 1548 Regulator yes no yes

orf1 152 ATP-grasp protein no no yes

trp1 404 Transposase no no yes

trp2 299 Transposase no no yes
1Values are from Cylindrospermopsis raciborskii AWT205 [22] except orf1, trp1, and trp2 from Oscillatoria sp. 
Strain PCC 6506 [20].
2AMT, aminotransferase; NRPS, non-ribosomal peptide synthetase; PKS, polyketide synthase; PCP, peptidyl carrier 
protein; AT, acyltransferase; DH, dehydratase; MT, methyl transferase; KR, ketoreductase; ACP, acyl carrier protein; 
KS, β-ketoacyl synthase.

Table 3. 
Comparison of cylindrospermopsin synthetase genes.
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As cyr genes have been annotated with exact biological functions, the cylindro-
spermopsin biosynthesis is inferred as follows. CyrA conducts the transamidina-
tion of an L-arginine to a glycine to form a guanidinoacetate. Then the product is 
activated by CyrB, and the first ring of the tricyclic structure is formed in the end. 
CyrC elongates the growing chain by an acetate via activation of a malonyl-CoA 
and its condensation with the chain. CyrD and CyrE catalyze the formation of the 
second and third rings of the tricyclic rings. CyrF accepts and extends the grow-
ing chain by adding an acetate. Next, CyrG and CyrH carry out the formation of 
the uracil ring, and CyrJ and CyrN together catalyze the sulfation at the hydroxyl 
group in the hetero tricyclic ring. At last, CyrI completes cylindrospermopsin 
synthesis by introducing a hydroxyl group to the carbon atom between the rings. 
In addition, CyrK is an exporter and resembles the function of McyH and AnaI. 
CyrO has diverse regulatory and signal transduction roles. The transposases CyrL 
and CyrM are exclusively found in Cylindrospermopsis. In comparison, trp1 and trp2 
genes encode unique transposases in Oscillatoria, and the orf1 gene, that is unique in 
Oscillatoria, codes for an ATP-grasp protein.

3.4 Nodularin

Nodularin is a cyclic pentapeptide and has the identical chemical structure as 
microcystin except the lack of D-alanine and the amino acid at position X. The 
mechanism of its toxicity is the same as microcystin’s, i.e., inhibiting the eukaryotic 
protein phosphatase catalytic subunit type 1 and 2A and leading to severe liver 
damage. Different from the three aforementioned cyanotoxins, nodularin is solely 
found in Nodularia and synthesized by the nodularin synthetase gene (nda) cluster 
that contains two operons, ndaAB and ndaDEFGHI, transcribed in opposite direc-
tions (Table 4, Figure 4) [23]. Because of the remarkable resemblance with mcy 
clusters with a few missing regions and genes, nda genes could be regarded as the 
degenerative mcy genes.

Nodularin synthesis is conducted putatively according to the annotated func-
tions of each Nda protein. NdaC activates the starter unit as phenylalanine or 
phenylacetate, and then NdaE catalyzes the transfer of a methyl group to the 
growing chain. NdaD is involved in two further polyketide extension steps, and 
NdaF facilitates the final round of polyketide extension and the biosynthesis of 

Figure 3. 
The cylindrospermopsin synthetase gene (cyr) clusters of Cylindrospermopsis raciborskii AWT205, 
Aphanizomenon sp. strain 10E6, and Oscillatoria sp. strain PCC 6506. Each gene is indicated by its designated 
letter above the arrows, and genes shorter than 500 bp are drawn as an arrowhead only. The diagram only 
exhibits the size and position of each gene without the distances between two adjacent genes. The measuring 
scale arrow represents 10 kb.
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Adda. Next, epimerization of L-glutamic acid is catalyzed by NdaG, followed by 
the peptide condensation carried out by NdaA and NdaB. During the condensa-
tion, NdaH participates in the conversion of N-methyl-L-threonine (MeThr) to 
N-methyldehydrobutyrine (MeDhb) with a cofactor nicotinamide adenine dinucle-
otide (NADH). Finally, the mature peptide chain is cyclized by NdaB and released 
from the enzyme-substrate complex. As an ABC-transporter, NdaI is responsible 
for the transmembrane transportation of nodularin for extracellular excretion.

4. PCR detection of toxic cyanobacteria

PCR-based assays have been most commonly utilized in molecular identification 
studies because the assays are able to recognize targets accurately. The assays incor-
porate oligonucleotide primers explicitly designed for complementary sequences 
of the target gene(s). Two types of PCR methods have been used: conventional gel-
based PCR and real-time PCR. In general, the real-time PCR has higher sensitivity 
(i.e., detect a low amount of the target) than the conventional PCR. The real-time 
PCR also offers better specificity than the conventional PCR since it uses an addi-
tional oligonucleotide known as a probe, which is complementary to sequences 
between primer-binding sequences.

Gene Size (bp)1 Encoded domain or function2

ndaA 2607 NRPS, A, NM, PCP, C

ndaB 1299 C, A, PCP, TE

ndaC 2640 NRPS, PKS, A, PCP, KS, AT, CM, KR, ACP

ndaD 3872 PKS, KS, AT, CM, DH, KR, ACP

ndaE 927 OM

ndaF 3475 PKS, NRPS, KS, AT, CM, ACP, AMT, C, A, PCP

ndaG 235 Racemase

ndaH 341 D-3-phosphoglycerate dehydrogenase

ndaI 601 ABC transporter
1Values are from Nodularia spumigena strain NSOR10 [23].
2NRPS, non-ribosomal peptide synthetase; A, adenylation; NM, N-methyltransferase; PCP, peptidyl carrier 
protein; C, condensation; TE, thioesterase; PKS, polyketide synthase; KS, ketosynthase; AT, acyltransferase; CM, 
C-methyltransferase; KR, ketoreductase; ACP, acyl carrier protein; DH, dehydratase; OM, O-methyltransferase; 
AMT, aminotransferase.

Table 4. 
Comparison of nodularin synthetase genes.

Figure 4. 
The nodularin synthetase gene (nda) clusters of Nodularia spumigena strain NSOR10. Each gene is indicated 
by its designated letter above the arrows, and genes shorter than 250 bp are drawn as an arrowhead only. The 
diagram only exhibits the size and position of each gene without the distances between two adjacent genes. The 
measuring scale arrow represents 5 kb.
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Furthermore, the real-time PCR allows estimating the number of the intended 
target in samples when performed with standards with a known copy number of 
the target sequences. This procedure is referred to as quantitative real-time PCR 
(qPCR). In addition, reverse transcription (RT)-PCR or RT-qPCR platforms have 
been utilized for specifically detecting transcripts (i.e., mRNAs) from the target 
genes of cyanobacteria. Typically, PCR can be completed within one or two hours, 
much shorter than the traditional analytical methods and microscopy men-
tioned above.

4.1 Microcystin-producing cyanobacteria

The molecular identification of microcystin-producing cyanobacteria has been 
conducted using nearly all mcy genes; nonetheless, most studies have selected 
mcyA, B, D, and E as the target genes for Microcystis. Tillett et al. designed PCR 
primers from the N-methyltransferase domain of mcyA gene of Microcystis, evalu-
ated those primers on 37 Microcystis strains with and without toxin production and 
found the molecular outcomes were significantly in concordance with the toxicity 
of each strain [49]. Kurmayer et al. designed Microcystis-specific primers based on 
mcyB gene and observed that the proportion of toxic cells in the overall Microcystis 
population correlated positively with the size of Microcystis colonies [50]. Using 
mcyD as an indicator, Kaebernick et al. reported that light had a positive effect on 
the transcriptional response of mcy gene cluster in Microcystis over specific thresh-
old intensities [51].

Although most publications have been concerned about toxic/toxigenic 
Microcystis, there are reports of identifying other toxigenic genera with their mcy 
genes. Toxic Planktothrix in a French lake was identified and quantified by qPCR 
using primers devised in the condensation and adenylation domains of mcyA gene 
but was accounted for only 54% of the variation in microcystin levels [52]. Mbedi 
et al. reported the use of a highly variable region in mcyE encoding the adenylation 
domain to design primers specific to Planktothrix, which were validated by 46 
Planktothrix strains in a conventional PCR assay [53]. Vaitomaa et al. developed two 
mcyE-based qPCR assays specific to Anabaena and Microcystis, respectively, and uti-
lized them to investigate the two toxic genera in two Finnish lakes. They concluded 
the microcystin concentrations correlated positively with the sum of Anabaena 
and Microcystis mcyE gene copy numbers [54]. Ngwa et al. also applied mcyE-based 
primers to specific detection of Planktothrix and Microcystis, respectively, using the 
qPCR and RT-qPCR assays and found a significant positive correlation between 
microcystin concentrations and abundances of mcyE genes rather than transcripts 
from the mcyE genes [55].

The rest of the mcy genes have been less often used for molecular detection 
in comparison to the four genes above. Yuan et al. developed a conventional PCR 
method for detecting toxigenic Microcystis based on mcyC. They demonstrated 
a good correlation between the presence of this gene and microcystin in water 
samples from farm ponds [56]. Mbedi et al. and Ouahid et al. used mcyG with a 
few other mcy genes as the targets for the recognition of toxigenic Planktothrix and 
Microcystis, respectively. They performed a multiplex PCR using the primers target-
ing mcyG and mcyD on field colonies and showed the same outcome as lab cultures, 
suggesting that simultaneous amplification of several gene regions was feasible [53, 
57]. mcyJ has been used for the quantification of microcystin-producing Microcystis 
genotypes via qPCR in ecological investigations in China and Korea. Interestingly, 
Zhang et al. reported a weak correlation of gene numbers versus toxin concentra-
tions, whereas Joung et al. found a strong correlation [58–60]. Although mcyT was 
chosen in the specific detection of toxigenic Planktothrix due to its uniqueness, 
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the gene was also found in non-toxigenic strains in the same study, negating its 
candidacy for specific molecular detection of toxigenic Planktothrix [53]. No reports 
of using mcyF and mcyI as a target for a molecular assay have been made yet. These 
genes are not common in all mcy clusters disclosed to date, thus not good candi-
dates for the detection purpose to cover a wide range of microcystin-producing 
cyanobacteria. As mcyH codes for a transporter that is not necessary for microcystin 
biosynthesis, the gene has not been generally considered as a suitable target for the 
identification of toxigenic cyanobacteria.

With increased bioinformatic data related to mcy genes in multiple cyanobacte-
rial genera, the molecular identification of microcystin-producing cyanobacteria 
has proceeded to multi-genera detection. Conserved domains in mcy genes pro-
vide adequate genetic information for searching out consensus sequences across 
different toxic genera for multi-generic molecular identification. Hisbergues 
et al. designed a pair of primers from the condensation domain of mcyA that 
could facilitate the detection of microcystin-producing cyanobacteria including 
Anabaena, Microcystis, and Planktothrix by PCR, and the toxin producer could 
be recognized at the genus level by combining PCR with the restriction fragment 
length polymorphism assay [61]. Hautala et al. found consensus sequences in mcyB 
among Anabaena, Microcystis, and Planktothrix, devised specific primers and 
genus-specific probes for qPCR assays and demonstrated the positive correlation 
between gene copy numbers and toxin concentrations [62]. On the contrary, Ye et 
al. employed these primers in a survey of the cyanobacterial population produc-
ing microcystin to assess their dynamics and concentrations in a lake in China and 
found no correlation between gene copies and toxin concentrations [63]. Beversdorf 
et al. selected mcyE and mcyA as the genes of interest for designing primers specific 
for Microcystis, Planktothrix, and Anabaena in their qPCR assay and concluded mcy 
genes were not a good indicator of microcystin in the environment [35].

There are a few unidentified open reading frames (ORFs) flanking the mcy 
cluster, which may have relevant functions in microcystin synthesis, such as the 
dnaN and uma in Microcystis [26]. Nevertheless, these ORFs have not been used 
as targets for detecting the toxigenic cyanobacteria, probably due to their unde-
termined roles. The only example is that Tillet et al. obtained the corresponding 
amplicons by a PCR using uma1 primers from 20 Microcystis strains and found the 
physical distances in the genome were consistent between uma1 and mcyC across all 
strains [49].

4.2 Anatoxin-a-producing cyanobacteria

The ana genes have been widely used for genus-specific detection of anatoxin-a 
producing cyanobacteria via PCR. For Anabaena, Legrand et al. set up a nested-PCR 
assay based on anaC gene for detecting the toxigenic planktonic Dolichospermum 
(previously known as Anabaena) and averted possible none-amplification in 
a few anatoxin-a-producing strains due to less stringent specificity [64]. For 
Aphanizomenon, Ballot et al. confirmed the discovery of an anatoxin-a-producing 
strain in a German lake by detecting the production of the toxin from and the exis-
tence of anaF in the cyanobacteria using a PCR with the primers designed out of the 
gene [65]. For Oscillatoria, the anaG region encoding the methylation domain was 
amplified and sequenced for the strains producing anatoxin-a and homoanatoxin-a 
isolated from a French river [66]. For Phormidium, Wood et al. detected anaF gene 
in 20 strains isolated from two rivers in New Zealand tested positive for anatoxin-a, 
homoanatoxin-a, dihydroanatoxin-a, or dihydrohomoanatoxin-a, disclosing a total 
agreement between the presence of toxins and the existence of genes [67]. However, 
such an agreement was not observed in all toxigenic strains when Rantala-Ylinen 
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et al. chose anaC as the gene of interest and designed genus-specific primers for 
Oscillatoria and Anabaena, respectively [19].

Like mcy gene cluster, ana has also been used for multi-generic detection for 
anatoxin-a-producing cyanobacteria by PCR. For instance, Rantala-Ylinen et al. 
designed anaC primers specific for three toxigenic genera, Anabaena, Oscillatoria, 
and Aphanizomenon. They revealed the presence of both Anabaena and Oscillatoria 
as potential anatoxin-a producers in Finnish freshwaters and the Baltic Sea [19].

4.3 Cylindrospermopsin-producing cyanobacteria

Molecular detection of cylindrospermopsin-producing cyanobacteria has been 
mostly reported for Cylindrospermopsis. Burford et al. established a qPCR method 
based on the cyrA gene to detect the toxigenic Cylindrospermopsis in field blooms in 
an Australian reservoir. They found the increase in cell quotas (i.e., toxin amount 
per cell) of cylindrospermopsin correlated with the increase in the proportion 
of cyrA/16S rDNA in the blooms [68]. Moreira et al. directly applied the K18/M4 
primer set that Fergusson et al. [69] designed based on cyrC to evaluate toxigenic 
Cylindrospermopsis abundance and toxicological potential by qPCR in a lake in 
Portugal. They found only one out of ten samples were positive for cyrC and 
cylindrospermopsin [70]. Another pair of cyrC primers cyl2/cyl14 was designed to 
recognize toxigenic Cylindrospermopsis via PCR by Wilson et al. [71]. That primer 
set was utilized by Marbun et al. in the on-site monitoring of the toxic cyanobacte-
ria in reservoirs in Taiwan using qPCR [72]. The authors revealed good accordance 
between cylindrospermopsin concentrations and toxigenic Cylindrospermopsis cell 
numbers.

Multi-generic detection of cylindrospermopsin-producing cyanobacteria was 
reported as well. Campo et al. found that cyrJ is the gene suitable for designing 
primers and probes and established a Taqman qPCR assay for specific detection of 
toxigenic Aphanizomenon and Cylindrospermopsis. The presence of the cyrJ gene in 
cyanobacteria was in concordance with the toxin production, as revealed by testing 
11 experimental strains [73]. Fergusson et al. designed primers out of cyrC regions 
encoding polyketide synthase and peptide synthetase and combined them into a 
multiplex PCR. The PCR was able to identify the cylindrospermopsin-producing 
Cylindrospermopsis, Anabaena, and Aphanizomenon. In their study, the complete 
matching of positive/negative detection of gene versus toxin was shown by testing 
of 39 related strains [69].

There are also a few ORFs flanking the cyr cluster that encode proteins related 
to cylindrospermopsin synthesis, as shown with microcystin. Nevertheless, these 
ORFs have not been evaluated in detecting the toxic cyanobacteria due to their 
unidentified or unnecessary roles in toxin biosynthesis.

4.4 Nodularin-producing cyanobacteria

Since nda gene clusters are only found in Nodularia, all molecular identification 
studies were developed for this genus. Kruger et al. devised 11 pairs of primers for 
all nine nda genes in a comparative PCR study with toxigenic and non-toxigenic 
Nodularia strains and discovered that the lack of toxicity was caused by the absence 
of all the nda genes [74]. Koskenniemi et al. aimed at ndaF gene for primer design 
and set up a qPCR method for the detection of toxigenic Nodularia spp. in the Baltic 
Sea. A significant positive correlation was found between ndaF gene copy numbers 
and nodularin concentrations, referring to a relatively constant toxin production 
[75]. To investigate the expression of nda genes in a bloom-forming Nodularia strain 
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from the Baltic Sea, Jonasson et al. designed nine pairs of primers for the nine nda 
genes and used them in an RT-qPCR assay. They observed that all genes were contin-
uously expressed during growth. Still, the intracellular and extracellular nodularin 
concentrations did not vary significantly in contrast to the shifts in gene expression, 
indicating unknown regulatory mechanisms acting on the enzyme activity level and 
regulating the biosynthesis and/or the maturation of nodularin [76].

5. Other cyanotoxins and PCR detection of the toxic cyanobacteria

Apart from the four most commonly reported cyanotoxins mentioned above, 
there are a few other cyanotoxins, such as saxitoxin, lyngbyatoxin, guanitoxin, β-N-
methylamino-L-alanin (BMAA), aplysiatoxin, and lipopolysaccharide [18, 77, 78]. 
Hitherto, only the gene clusters for the biosynthesis of saxitoxin and lyngbyatoxin 
have been characterized.

Saxitoxin belongs to the group of carbamate alkaloid toxins composed of a 
tetrahydropurine group and two guanidinium moieties [79] and can also be pro-
duced by marine phytoplankton [80]. It can cause paralytic shellfish poisoning 
syndrome and afflict human health via bioaccumulation. At least 30 clustered 
saxitoxin synthesis genes (sxt) have been reported to be involved in the biosynthesis 
of saxitoxin, which might be the most complicated within all known cyanotoxins 
[81]. Saxitoxin production has been found in multiple cyanobacteria genera, such 
as Cylindrospermopsis, Anabaena, Aphanizomenon, and Lyngbya, putatively due to 
frequent horizontal gene transfer [21, 34].

The sxtA gene of Anabaena was used as the template for primer designing in a 
qPCR assay. Still, the amplicon was also produced from three other saxitoxin-pro-
ducing genera, demonstrating its multi-generic detection capacity [82]. The study 
also revealed that the saxitoxin concentrations correlated positively with stx gene 
copy numbers, indicating the latter can be used as a measure of potential toxigenic-
ity in Anabaena and other cyanobacterial blooms. Al-Tebrineh et al. employed the 
primers by aligning sxtA and cyrA genes from four genera in both conventional PCR 
and qPCR for a field survey along an Australian river [83]. They found cyanobacte-
ria with the genes were widespread and massive in the surveyed areas. The authors 
also suggested that the molecular method may be used as a proxy for bloom risk 
assessment due to the positive correlation between concentrations of each cyano-
toxin and respective toxin gene copy numbers.

Lyngbyatoxin is characterized as a potent skin irritant produced by Lyngbya 
which has been found in estuarine and coastal waters in tropical and subtropical 
regions [18]. Its biosynthesis reportedly involves four lyngbyatoxin synthetase 
genes (ltxA-D). However, molecular detection of lyngbyatoxin-producing cyano-
bacteria using these genes has not been documented in the public domain to date.

No literature regarding molecular detection of cyanobacteria producing the rest 
of the toxins mentioned above could be searched. It is most likely because there are 
few reports as to the molecular mechanisms of their biosynthesis. Nevertheless, it 
is worthwhile to briefly introduce guanitoxin, previously known as anatoxin-a(S), 
to emphasize its difference from anatoxin-a. Guanitoxin was recently renamed due 
to its structural and toxicological disparities from anatoxin-a [77]. It is a guanidino 
organophosphate neurotoxin that irreversibly inhibits acetylcholinesterase’s active 
site, leading to excess acetylcholine, which causes severe salvation and chromod-
acryorrhea, so-called “bloody tears” before respiratory arrest [84]. Up to now, it 
was only found in planktonic Dolichospermum that was previously designated as 
Anabaena.
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6. Perspectives

As various cyanobacterial genera can produce the same cyanotoxin, the develop-
ment of toxigenic cyanobacteria identification needs to be multi-generic detection. 
Furthermore, as many genes for different toxins have sequences for the same 
conserved domains, designing PCR methods for all the cyanobacteria producing 
multiple toxins would be ideal.

Although most publications have focused on the selected cyanotoxins and their 
producers, more attention should be paid to other cyanotoxins and producers due to 
their potential of posing a significant threat to animal and human health. However, 
many cyanotoxin-producing cyanobacteria still lack bioinformation for the 
synthesis-related genes (e.g., guanitoxin), and it is thereby urgent to make further 
exploration to enrich the gene pools and their sequences so that a much more 
comprehensive understanding of the molecular mechanisms and the development 
of nucleic acid-based identification methods can be facilitated.

With the technical advance in PCR, researchers have been able to develop mul-
tiplex PCR methods in which many cyanotoxin biosynthesis genes can be detected 
simultaneously. For example, Ouahid et al. devised a multiplex PCR assay to detect 
six mcy genes (mcyA-E, G) at the same time for the typing of toxigenic Microcystis 
[85]. Rasmussen et al. developed a duplex qPCR for the detection of toxigenic 
Cylindrospermopsis using cyrA, cyrB, and cyrC genes [86]. Al-Tebrineh et al. estab-
lished a quadruplex qPCR assay that could concurrently detect mcyE, ndaF, cyrA, 
and sxtA genes for most of the toxin-producing genera in a single reaction [87] and 
successfully employed the assay in an investigation of a cyanobacterial bloom that 
occurred along a river in Australia [83]. The invention of multiplex PCR assays has 
enhanced the throughput significantly for toxigenic cyanobacteria detection and 
can provide great aid to large-scale ecological surveys.

Cyanobacteria with cyanotoxin synthetase genes in their genome are clearly 
equipped with the ability of toxin production. However, transcription of toxin bio-
synthesis genes is triggered by various environmental factors [88–90]; hence, toxin 
production is not consistently ongoing. It means the presence of genes itself may 
not always translate into the appearance of toxins unless they are inter- or extra-cel-
lularly accumulated and detectable. Furthermore, the significant positive correla-
tion between gene copies and toxin levels is still controversial, as described in this 
chapter and another review [91]. Instead, the presence of mRNA transcripts from 
cyanotoxin synthase genes may be more closely associated with toxin production. 
Consequently, cDNA detection is justifiable to indicate an ongoing toxin synthesis, 
which is more critical and useful for monitoring the toxin-producing cyanobacteria. 
For this purpose, genes located at the end of operons should be good candidates for 
two reasons. One, primers designed from those genes can be directly used in cDNA 
testing like other genes because cyanobacteria lack introns. Two, the appearance 
of those genes in cDNA form signifies the successful cascade transcription of the 
clustered genes, gearing up all pertinent proteins for toxin synthesis. For example, 
mcyC and mcyJ located at the 3′ terminals of each operon in toxigenic Microcystis 
would be more useful in this respect than mcyA, B, D, and E which are more often 
used. However, it should be noted that a significant positive correlation might not 
exist between cDNA copies and toxin levels, likely due to the incomplete transcrip-
tion or complex regulation of transcription and the elusive fate of toxins [55].

Although qPCR is preferred due to its many advantages, conventional PCR 
should also be considered for assessing the presence or absence of toxigenic cyano-
bacteria in water samples, as previously reported [49, 56]. In addition, the simplic-
ity and cheaper operation may make conventional PCRs a more cost-effective tool 
for molecular detection of toxigenic cyanobacteria in comparison to qPCRs.
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Besides PCR-based assays, there are other molecular technologies applicable to 
the identification and/or characterization of toxigenic cyanobacteria. A noteworthy 
method is the next-generation sequencing (NGS) technology. The technology 
has been widely used to identify previously unrecognized agents, non-culturable 
microorganisms, and/or variants because of its advanced and hypothesis-free 
sequencing ability [92] and has been applied to cyanobacteria research. Although 
most NGS studies have been investigations of taxonomic diversities using repre-
sentative cyanobacterial genetic markers such as 16S rDNA [93, 94], the potential 
toxigenicity of cyanobacteria can be disclosed by sequencing the pooled libraries of 
toxin biosynthesis associated genes. Casero et al. revealed the existence of multiple 
toxigenic taxa in a summer bloom in a Spanish reservoir using mcyE, anaF, and stxI 
genes, and the relative abundance of toxigenic cyanobacteria in those populations 
correlated with the respective toxin concentrations [94]. Another method worth-
while to mention is DNA microarray/chip technology which has also been employed 
in the identification of toxigenic cyanobacteria. For example, four microcystin-
producing genera were detected by a genus-specific DNA chip assay based on 
mcyE gene by Rantala et al. [95]. These high-throughput technologies can serve 
the purpose of molecular identification of toxigenic cyanobacteria in conjunction 
with PCR.

7. Conclusions

Nowadays, freshwater cyanobacterial blooms are seen more frequently than 
ever before because of increased eutrophication of their habitats and climate 
changes (e.g., global warming), which are utterly favorable to the overgrowth of 
cyanobacteria. Even though toxic cyanobacterial species are not always the mere 
culprit for these ecological disasters, they are often the dominant organisms and 
cause more destructive consequences because they can produce potent cyanotoxins 
into the water. There is no doubt that the toxic freshwater cyanobacteria pose a 
grave threat to human and animal health, agricultural production, tourism, to 
name a few. Hence, advancing techniques and technologies for rapid and reliable 
identification and monitoring of toxic cyanobacteria is an inevitable mission for 
healthcare, economy, and environmental conservation. To date, molecular assays, 
especially PCR-based tests, have been employed in toxic cyanobacterial identifica-
tion, but their utilization should be further expanded into large-scale and long-term 
detection tasks and routine monitoring programs for not only the acute poisoning 
incidents but also the chronic impacts and preventative measures.
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Abstract

Cyanobacteria also known as blue-green algae are oxygenic photoautotrophs, 
which evolved ca. 3.5 billion years ago. Because cyanobacteria are rich sources of 
bioactive compounds, they have diverse industrial applications such as algaecides, 
antibacterial, antiviral and antifungal agents, hence, their wide use in the agricul-
tural and health sectors. Cyanobacterial secondary metabolites are also important 
sources of enzymes, toxins, vitamins, and other pharmaceuticals. Polyhydroxy- 
alkanoates (PHA) which accumulate intracellularly in some cyanobacteria species 
can be used in the production of bioplastics that have properties comparable to 
polypropylene and polyethylene. Some cyanobacteria are also employed in bio-
remediation as they are capable of oxidizing oil components and other complex 
organic compounds. There are many more possible industrial applications of 
cyanobacteria such as biofuel, biofertilizer, food, nutraceuticals, and pharmaceuti-
cals. Additionally, the metabolic pathways that lead to the production of important 
cyanobacterial bioactive compounds are outlined in the chapter along with com-
mercial products currently available on the market.

Keywords: agricultural applications, bioactive compounds, biofuels, bioplastics, 
cosmetics, cyanobacteria, environmental remediation, pharmaceuticals

1. Introduction

Cyanobacteria are one of the oldest organisms on earth, based on the evidence 
of 3.5 million year-old fossilized records [1]. These ancient organisms are ubiquitous 
photoautotrophic microorganisms found in fresh, brackish, marine or wastewater 
[2]. They are able to adapt to a wide range of conditions (salinities, temperatures, 
pH factors, light intensities, and so on). Oxygenic photosynthesis is believed to 
have started with these microbes, making them a big contributor to the oxygen-rich 
atmosphere we enjoy today. Cyanobacteria are by far, the only known prokaryotes 
that perform oxygen-evolving photosynthesis [3] and the concentration of CO2 in 
the atmosphere would be twice as high had it not been for cyanobacteria [4]. Thus, 
cyanobacteria have helped to shape the evolutionary trajectory of the earth. It has 
been suggested that the oil-producing gene in plant chloroplasts originated from 
cyanobacteria. According to [5] a primordial plant cell “engulfed” a cyanobacterium 
about a billion years ago. The bacterium lived in the cell and supplied it with photo-
synthetic products. Thus, implying that the oil synthesis enzyme (acyltranferase) of 
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the chloroplasts originated from cyanobacteria. Similarly, according to [6] ethylene 
production existed before land plants colonized the earth as evidenced by unam-
biguously homologous ethylene-signaling pathways in Spirogyra and Arabidopsis; 
implying that cell elongation was possibly an ancestral ethylene production 
response.

Nearly 2,700 species of cyanobacteria have been described, however, prediction 
models suggest that between 2,000 and 8,000 cyanobacteria species exist in nature 
[7]. Some of the described species have been studied and known to have potential 
applications in agriculture, energy, food and pharmaceutical industries because of 
their ability to produce oil, fix atmospheric nitrogen, and also have high vitamin, 
mineral and protein contents among others [8].

Eutrophic water bodies facilitate the proliferation of cyanobacteria cells into 
blooms. Some of the blooms consist of cyanotoxin-producing species. The cyano-
toxins are poisonous to humankind, animals and aquatic life. This has led to the 
closure of recreational centres and caused huge economic losses [9]. It is, therefore, 
imperative to understand the actions of these metabolites, their biosynthesis and 
possible applications in industry. This review will discuss the mechanisms involved 
in the cellular production of important metabolites and address the far-reaching 
industrial applications of these cyanobacteria compounds. Commercial products 
and companies producing cyanobacteria products are highlighted.

2. Biology of cyanobacteria

The composition of the earth’s earlier environment may have influenced the 
evolution of the metal resistance features and the metal-utilizing proteins in 
cyanobacteria during a period when the atmosphere was limited in oxygen. Thus, 
some cyanobacteria still thrive in low oxygen conditions and some strains are highly 
tolerant to free sulfide [10]. Additionally, cyanobacteria have a high tolerance to 
ultraviolet-B and -C radiations along with high temperature tolerance, as high as 
73°C [10]. Their tolerance to radiation is likely to have been crucial in the early 
evolution of the cyanobacteria.

Morphologically, cyanobacteria cells are coccoid, filamentous (filamentous 
non-heterocyst forming, and heterocyst forming) forms [10, 11]. Cyanobacterial 
cells have an outermost peptidoglycan layer composed mainly of proteins and 
lipopolysaccharides. Other minor components of the peptidoglycan cell wall 
include carotenoids and lipids that enhance permeability, mechanical stability and 
resistance toward chemical substances [12]. Despite their overall gram-negative 
structure, the peptidoglycan layer in cyanobacteria is significantly thicker than that 
of most gram-negative bacteria [12]. Outside the cell wall is a carbohydrate-rich gly-
cocalyx with varying proportion of three distinct layers; a closely associated sheath, 
a well-defined capsule, and loosely attached slime [13]. These three layers protect 
cyanobacteria cells from desiccation and possibly from predators and phages, mak-
ing their applications in biotechnology more feasible due to their robust nature.

Cyanobacteria cells divide by fission (binary or multiple), fragmentation or 
spore-formation processes. The doubling time of cells can occur between 2.1 hours 
and 72 hours under optimal conditions and as long as 10,000 years under stress 
conditions such as Chroococcidiopsis in dry deserts of Antarctica [10]. Their presence 
in such dry conditions confirms their ability to tolerate desiccation and water stress, 
allowing their use in biological processes under arid conditions. The fast doubling 
time of cyanobacteria cells leads to rapid growth rate which makes their application 
in industry economically sustainable.
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In addition to their fast growth rate, cyanobacteria possess superior photo-
synthetic capabilities that enables them to convert about 10% of the solar energy 
received, into biomass which is relative to the 1% conversion done by traditional 
energy crops like sugarcane or corn, grown for biofuel production [14]. Some 
cyanobacteria cells possess gas-filled cavities that allow them to float on water 
surfaces, enhancing light capture for better photosynthetic efficiency. Internal 
thylakoid membranes are the site of photosynthetic reactions in cyanobacteria. The 
presence of chlorophyll and phycobilins increase the capture and conversion of light 
energy during photosynthesis. Other pigments including xanthophylls, carotenes, 
c-phycoerythrin and c-phycocyanin are present in cyanobacteria. C-phycoerythrin 
and c-phycocyanin are unique to blue-green algae.

Circadian rhythms are very important in cyanobacteria. These rhythms are 
fundamental adaptations to the earth’s daily light and temperature fluctuations that 
lead to proper metabolic activity [15]. For example, nitrogen fixation is common 
in many species of cyanobacteria. However, oxygenic photosynthesis and nitrogen 
fixation are discordant processes because the nitrogenase enzyme is inactivated by 
oxygen. Two mechanisms are used to separate these activities. First, a biological 
circadian clock separates them temporally and cellular differentiation separates 
them spatially. For instance, a unicellular species such as Cyanothece strain ATCC 
51142 stores glycogen at daytime and fixes nitrogen at night [15], whereas the 
filamentous strain, Trichodesmium erythraeum IMS101 fixes nitrogen during 
the day in groups of specialized cells known as heterocysts [16]. Based on this, 
heterocyst-forming cyanobacteria are able to differentiate highly specialized cells 
to provide fixed nitrogen to the vegetative cells in a filament. This property allows 
cyanobacteria to be used as bio-fertilizers in agriculture because of their ability to 
fix atmospheric nitrogen [14].

Fluctuation in environmental conditions causes oxidative stress to cells which 
inevitably lead to increased reactive oxygen species (ROS) production. As a form 
of defense, photosynthetic microorganisms including cyanobacteria have devel-
oped several mechanisms to evade the negative effects of ROS. Antioxidants and 
polyunsaturated fatty acids (PUFAs) are known to provide protection to the cell 
against oxidative stress by stabilizing free radicals [17]. Among the many fatty 
acids, PUFAs are of great interest due to their numerous health benefits and increas-
ing global demand [18]. Additionally, they help regulate various cellular processes 
such as oxygen and electron transport, membrane fluidity, and heat adaptation 
[19]. Cyanobacteria lack organelles such as endoplasmic reticulum, mitochondria, 
chloroplasts and Golgi apparatus typically found in eukaryotic cells. However, 
ribonucleic acid (RNA)-containing organelles known as ribosomes are widespread 
in cyanobacterial cells. Ribosomes are responsible for protein synthesis that enables 
cells to perform efficient metabolic activities.

3. Metabolic activities and the production of bioactive compounds

Cellular metabolic processes lead to the production of valuable primary and 
secondary metabolites. Photosynthesis and carotenogenesis are examples of 
metabolic processes that lead to the production of primary metabolites like lipids 
(e.g., PUFAs), antioxidants (e.g., carotenoids) and some proteins (e.g., primary 
proteins). Primary metabolites are directly involved in normal developmental 
processes such as cell division, growth and reproduction [20]; and can also be trans-
formed into products such as bio-fertilizers, bio-plastics, nutrient supplements, 
and dyes. These are beneficial in industrial applications (Figure 1). Secondary 
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metabolites on the other hand, are not utilized by the cells for their primary needs. 
These include hormonal compounds and antibiotics, or toxins [21].

Cyanobacteria possess a relatively simple genome [14], making it easy for gene 
modification and manipulations for the exploration of novel metabolites. From 
a nutritional perspective, microbes can alter their cellular metabolism naturally 
through stress response such as nutrient deficiency [22]. Growth conditions can 
be manipulated to promote the production of biomass rich in valuable secondary 
metabolites of economic value. This is usually achieved through a two-stage culture 
technique where in the first step the cells are grown under optimal conditions to 
maximize biomass production. The second step involves the introduction of stress 
factors, such as nutrient deprivation or high light intensity, to induce the produc-
tion of valuable secondary metabolites. Although a deficiency in nitrogen is known 
to inhibit cell cycle processes and the production of several cellular components, 
surprisingly, lipid and biopolymer (PHB) syntheses rather increase under these 
conditions [23]. This leads to the accumulation of oil droplets and starch granules 
in starved cells [22, 24]. These adaptive responses help to ensure the cell’s survival 
during stressful conditions. Both metabolites (lipids and starch granules) serve as 
energy stores coupled with the special role of the starch granules in osmotic bal-
ance, heat, freezing, and ultraviolet (UV) rays [22, 23].

The methylerythritol 4-phosphate (MEP) pathway, known to occur in algae, 
bacteria, and plants, is a classic example of a metabolic pathway that is exploited 
for drug discoveries. In cyanobacteria, the MEP pathway leads to chlorophyll and 
hormone production [17]. It is observed that secondary metabolite production is 
species-specific and environmental conditions can influence their production. For 
instance, microalgae growing under stress conditions are more likely to produce 
secondary metabolites with antibacterial activity. In cyanobacteria, fatty acid 
synthesis (FAS) is performed by a type II fatty acid synthase complex and these 

Figure 1. 
Industrial applications of cyanobacteria from laboratory to up-scaled production and the extraction of 
metabolites of commercial value for the production of pharmaceuticals, biofertilizers, biofuels, biopolymers 
and cosmetics.
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fatty acids have anticarcinogenic, antibiotic, antifungal, and antiviral [25] proper-
ties that facilitates their use in pharmaceutical applications.

The shikimate pathway has been proposed to be responsible for mycosporine-
like amino acids (MAAs) and scytonemin biosynthesis [26, 27]. These compounds 
have the potential to be used as natural UV blockers in product formulations such as 
cosmetic creams or paints, and varnishes (Figure 1).

4. Industrial applications of bioactive compounds

4.1 Bio-plastics

Cyanobacteria, have the potential to produce renewable biopolymers from 
natural resources such as, solar energy, water and CO2, reducing the need for 
fertile soils, fertilizers, herbicides and potable water for crop production. 
Biodegradable polymers such as PHAs are produced as inclusion bodies within 
cells via the beta-oxidation pathway [28]. Arthrospira (Spirulina), Synechococcus, 
and Synechocystis, are examples of cyanobacteria species widely employed in 
biopolymer production [23, 29]. Currently majority of commercial bioplastics 
produced from biologically-derived polymers are sourced from first generation 
feedstock through fermentation processes. Companies like Tianjin GreenBio 
(China), Metabolix (USA), Biocycle (Brazil) and Polyferm (Canada) produce 
biopolymers from sugars and vegetable oils. Some biopolymers are also produced 
by microorganisms like methanotrophs as in the case of Mango Materials 
(USA). Although the potential for biopolymer production from cyanobacteria 
exists, commercialization on an industrial scale is yet to be achieved. Research is 
currently geared towards optimization of cultivation and genetic modification 
approaches for enhanced biopolymer production [23, 30, 31].

4.2 Agricultural applications and environmental remediation

Cyanobacteria are known to play a key role in maintaining the stability of the 
surface crusts of dry lands. Thus, to combat desertification, cyanobacteria can be 
used in conjunction with bacteria, algae, mosses, lichens, or fungi, which form 
the biological soil crusts in unique geographical regions [32]. These biological 
soil crusts help primary succession in arid regions by improving the nutrient and 
moisture contents [32]. Cyanobacteria help to form a complex of heavy metals and 
xenobiotics to limit their mobility and transport in plants. Additionally, they offer 
protection to plants from disease-carrying insects, act as bio-control agents as well 
as enhance the mineralization of simpler organic molecules for easy assimilation. 
Additionally, cyanobacteria have been extensively applied in the area of environ-
mental bioremediation through wastewater treatment processes [33, 34].

Arthrospira maxima and A. platensis, generically referred to as Spirulina are 
widely used as dietary supplements in feed for the poultry and aquaculture 
industries for their nutritional benefits due to their protein, vitamin and fatty acid 
content. Species such as Anabaena, Aulosira, Calothrix, Nostoc, and Plectonema 
are also used for agricultural purposes because of their nitrogen-fixing capabili-
ties. They are able to fix atmospheric nitrogen (N2) by the conversion of nitrogen 
to ammonia (N2 + 3H2 → 2NH3) also reducing soil salinity and controlling weed 
growth [35, 36]. Additionally, they increase soil phosphates [32] by converting 
insoluble phosphorus in the soil to phytoavailable forms [37], making them an 
excellent choice as bio-fertilizers. Studies have shown that endophytic cyanobac-
teria strains such as Nostoc strains have the ability to produce phytohormones, 
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indole-3-acetic acid and cytokinins in root cells of both rice and wheat for their 
growth and development [38]. In Asian regions for instance, Azolla is either 
mixed into soil prior to rice planting or grown as a mixed crop along with rice 
in rice fields due to the presence of a cyanobacterium endosymbiont, Anabaena 
azollae, which fixes nitrogen [39].

Cyanobacteria also have other agriculture potential. Some cyanotoxins 
demonstrate biocidal activity. These biocides inhibit the growth of microorgan-
isms such as viruses, bacteria and fungi; they also affect invertebrates including 
crustaceans, bivalves and vertebrates such as fish, birds, and mammals [40–44]. 
Thus, cyanobacteria toxins could be developed into active biological compounds 
and applied in crop fields as algaecides, fungicides, herbicides and insecticides 
because of their allelopathic effects [17, 43, 44]. Biocides have low environmen-
tal risks and are thus preferable to synthetic pesticides negatively affect the 
environment [17].

4.3 Biofuels

Our reliance on petroleum products has resulted in polluting the environment. 
Aside the release of toxic fumes including green-house gasses, into the atmosphere, 
the process of obtaining the fuel in itself presents potential environmental hazards. 
Cyanobacteria hold great promise as sources of renewable by-products (biodiesel) 
especially for the energy sector [45]. Cyanobacteria cells can be engineered to 
convert CO2 and water into biofuels through photosynthesis. In a study [46] four 
modules were optimized to achieve high titer values (4.8 g/L−1) of a petroleum 
substitute, 1-butanol. Firstly, 1-butanol biosynthesis was introduced and re-cast by 
systematic screening of genes and pathways. Module 2 involved the optimization 
of the 5′-regions of expression units to tune protein expression levels. Module 3 
rewired carbon flux by editing acetate metabolism. In module 4, photosynthetic 
central carbon metabolism was rewritten by installing a phosphoketolase (PK) 
pathway. Several other biofuels have been produced from engineered cyanobacteria 
e.g., acetone, 2,3-butanediol ethanol, ethylene, isobutanol, 2-methyl-1-butanol 
from Synechocystis sp. [47]. Algenol, and JouleUnlimited are USA-based companies 
that use genetically modified cyanobacteria capable of growing in brackish or 
saltwater to produce a range of biofuels such as ethanol, biodiesel, gasoline and jet 
fuel in addition to other valuable chemicals [48–50]. Their ability to grow in salt-
water makes their industrial application more economically and environmentally 
sustainable as it reduces the burden of using limited freshwater resources for their 
cultivation.

4.4 Cosmetics

Numerous cyanobacteria species have been used in the cosmetics industry for 
many decades because of their anti-inflammatory, antioxidant, and detoxifying 
properties [15, 17]. The cosmetic industry has evolved from just topical skin prod-
ucts to a more invasive approach of beautifying from within. This booming industry 
seeks to address skin-related issues by resolving internal problems at the cellular 
level. Skin aging, wrinkling, drying and other skin conditions occur as a result of 
loss of elasticity to the skin. In the cosmetic industry, for instance, a novel extract, 
extracellular polysaccharide (EPS), extracted from Pseudomonas fluorescens PGM37 
has been found to have higher moisturizing retention ability and has the potential 
to be used in cosmetics and medicinal products [46]. Similarly, sacran a known 
cyanobacteria gel extracted from Aphanothece sacrum can be used as a moisturizing 
and anti-inflammatory agent [51, 52].
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Again, microalgae strains with high amino acid content are great for improving 
skin texture and elasticity. Other strains rich in lipids help soothe and moisturize 
skin tissues, while antioxidant-rich algae with chlorophyll are ideal for detoxify-
ing. Many Spirulina-infused cosmetic products are already on the market in the 
form of tablets, lotions and facial masks. Skin perfection has garnered so much 
attention in recent years. For instance, skin whitening has become a common 
practice world-wide, with a booming market in Asia and Africa [47]. Tyrosinase 
inhibition is the most common approach to achieving skin hypo-pigmentation as 
this enzyme catalyzes the rate-limiting step of pigmentation. Tyrosinase inhibitors 
have been isolated from numerous marine macroalgae species such as Ecklonia cava, 
Laminaria japonica and Sargassum silquastrum [47]. Oscillapeptin G, is an example 
of a tyrosinase inhibitor isolated from toxic cyanobacteria, Oscillatoria agardhii 
[48]. There is a huge potential for commercialization of cyanobacteria since their 
cells grow faster than that of marine macroalgae and thus would be more economi-
cally efficient at industrial scale.

4.5 Food

Food supplements, animal feed, food additives, and colorants produced from 
cyanobacterial carotenoids such as canthaxanthin, beta-carotene, nostoxanthin, and 
zeaxanthin are on the rise. Spirulina is a cyanobacterial specie rich in riboflavin, thi-
amine, β-carotene, and vitamin B12. These supplements are sold as capsules, granules 
and tablets on the market. A carotenoid such as the ketocarotenoid, astaxanthin is 
known to be a more powerful antioxidant than vitamin C and A or other carotenoids 
which play a vital role in preventing damage in human cells through photooxidation 
[17]. Astaxanthin obtained from Haematococcus pluvialis contains protease inhibi-
tors that may be used to treat diseases, such as HIV [17]. These food supplements 
are usually made from cyanobacterial biomass and consumed whole unlike extracts 
used in the production of pharmaceuticals [53].

4.6 Pharmaceuticals

Natural products have become important contributing sources of semi-synthetic 
and synthetic drugs in all major disease fields; predominantly in antibiotic thera-
pies, immunoregulation and oncology [54–56]. Most of these bio-medical natural 
products or metabolites have been derived from cyanobacteria. These cyanobacte-
rial metabolites have exhibited both interesting and exciting biological activities 
including antibacterial, anticancer, antifungal, antimicrobial, and antiviral 
activities. Others are anticoagulant, anti-HIV, anti-inflammatory, anti-malarial, 
 antiprotozoal, antituberculosis, antitumor, and immunosuppressant activities  
[54, 55]. Some of these bioactive compounds are Borophycin from Nostoc sp. against 
human carcinoma, Calothrix from Calothrix sp. against human HELa cancer 
cells and inhibition of growth of chloroquine-resistant strain of malaria parasite 
Plasmodium falciparum [8, 54]. Extracts from Lyngbya lagerhaimanni has anti-HIV 
activity, whilst Lyngbyatoxin A from toxic strains of Lyngbya majuscula is highly 
 inflammatory [56, 57].

4.7 Bio-pigments

Phycobilisomes are phycobiliproteins accumulated by cyanobacteria and 
these include phycocyanin (blue), phycoerythrin (red), and allophycocyanin 
(blue-gray). They are major light-harvesting complexes in cyanobacteria [58, 59]. 
These compounds are used as bio-pigments in industrial applications. Linablue® 
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is an example of such bio-pigments approved by the USFDA [60] for use in food 
products. After extraction of phycocyanin the waste biomass is used as the start-
ing material for the production of black ink, Algae Black. In the past, charcoal 
and carbon-derived soot were the ingredients required to make black ink. These 
petrochemically-derived materials generated a significant carbon footprint, and 
listed as a class 2b carcinogen [61]. Currently, however, a product extracted from 
Spirulina is used as the base material to create the renewable, bio-based carbon 
black ink known as AlgaeBlack by the Living Ink company whose aim is to create 
a sustainable alternative to traditional carbon-black ink pigment. A summary of 
major cyanobacteria product-related companies along with their founding years are 
provided in Table 1. Chlorophylls for instance have been used as a textile dye with 
antimicrobial properties and also as a biomordant to enhance dyeing processes in 
textile production [8].

4.8 Research and development

Other applications of cyanobacterial extracts include their use in scientific 
research experiments. For instance, phycobiliproteins have fluorescent properties 
that can be used in flow cytometry and in immunoassay techniques [61]. Among 
these numerous bioactive compounds are terpenoids such as terpenes, diterpenes 

Company/Country 
(founding year)

Focus area Industrial applications Reference

LG Sonic/Netherlands 
(1999)

Algal blooms Effective ultrasonic frequencies 
for algae control on large water 
surface areas

[62]

Cyano Biotech/Germany 
(2004)

Development of 
novel cyanobacteria 
products

Discovery and development 
of novel structures based on 
cyanobacterial natural products

[63]

Photanol/Netherlands 
(2008)

Genetic 
modification of 
cyanobacteria

Produces broad range of 
biochemicals from cyanobacteria

[64]

Algae Biotechnologia/Brazil 
(2009)

Technological 
development of 
microalgae and 
cyanobacteria 
cultivation systems

Treatment of liquid and gaseous 
agro-industrial effluents. 
Production of ingredients and 
additives for animal nutrition. 
Production of human food 
supplements and production of 
biofuels.

[65]

Algenuity/United Kingdom 
(2009)

Synthetic 
biotechnology

Produces lab scale 
photobioreactor for algae and 
cyanobacteria research and 
also harness specific microalgal 
strains for synthetic biology 
applications

[66]

Living Ink Technology/USA 
(2013)

Production of 
ecofriendly ink 
products

Develops a variety of ink 
products and colors, including 
digital ink

[67]

Spira Inc./USA  
(2016)

Incorporation 
of algae-based 
ingredients into 
everyday products

Extract high-value compounds 
from algae.

[68]

Table 1. 
Major industrial companies involved in the production of cyanobacterial metabolites.
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and sesquiterpenes. These organic compounds are widely found in cyanobacteria 
and are used as natural ingredients in flavors and perfumes. Such applications are 
recently gaining grounds in therapeutic and pesticide industries [17]. Terpenoid 
type compounds such as carotenoids and phytols are crucial for chlorophyll and 
hormone biosynthesis through the methylerythritol 4-phosphate (MEP) pathway in 
cyanobacteria that was discussed in Section 3.

The rapid development of molecular tools for whole genome sequences promotes 
the use of omics technology i.e. transcriptomics, proteomics, and system biology 
approaches to manipulate metabolic pathways for producing valuable products [8].

Experimental approaches that require fluorescent probes such as fluorescence 
microscopy for diagnostics and biomedical research utilizes the autofluorescent 
properties of cyanobacteria pigments such as phycobiliproteins. Among these, the 
most widely exploited fluorescent probe is phycoerythrin utilized in biomedical 
research [8].

5. Conclusions

Bioactive compounds synthesized by cyanobacteria are innumerable coupled 
with their vast industrial applications. More of these natural compounds are being 
discovered on a regular basis through research and development. There also exists 
an untapped pool of bioactive compounds that genetic engineering techniques 
can unfold. Current process engineering strategies in cyanobacteria research is 
centered on the regulation of metabolic pathways for the production of bioactive 
compounds. Such exploitations are feasible due to the small and simple genome 
of cyanobacteria species. Considering the fact that cyanobacteria are a promising 
feedstock for a circular economy, it is important to develop robust strains suitable 
for industrial applications.

The possibility of producing novel biopolymer blends, biofuel components, and 
pharmaceutical compounds that are capable of meeting the demands of a biotech-
nologically-driven society is vast. Thus, cyanobacteria will continue to play crucial 
roles in terms of health, energy, food, and many other aspects of our lives.

To achieve great strides in the cyanobacteria production sector, a synergistic 
approach should be adopted by cyanobacteria-related companies. Collaboratively, 
companies dealing in products such as biofuels, and bioplastics that involve extrac-
tion of compounds from cyanobacteria cell biomass, could supply their waste 
biomass to other companies that require the waste biomass as raw materials for 
production, such as algae ink or biochar for wastewater treatment. Thus, forming 
a biorefinery supply chain network that will essentially benefit both the producers 
and consumers from an economic and environmental point of view. Cyanobacteria 
industrial harmonization will ensure the valorization of production processes.
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Chapter 3

Potential of Cyanobacteria in 
Wound Healing
Laxmi Parwani, Mansi Shrivastava and Jaspreet Singh

Abstract

The wound care market is rapidly expanding due to the development of 
innumerable dressings that exhibit specific healing requirements for different 
wound types. The use of biomaterials as suitable wound dressing material is highly 
advantageous due to their biocompatibility, biodegradability, and non-toxicity. 
Cyanobacteria have been widely explored for their potential applications in wound 
healing, as they are the rich source of bioactive compounds with antibacterial, anti-
tumor, antiviral, antioxidant, and antifungal activities. In recent years this group 
of organisms has been widely studied due to their immense potential in biomedical 
applications. Although their different bioactivities can support wound healing 
in different ways, very few forms have proven utility as a wound-healing agent. 
This chapter gives an insight into the potential of cyanobacteria in wound healing. 
Different bioactive compounds present in variable forms of cyanobacteria and their 
associated activities were reported to support tissue regeneration and wound heal-
ing acceleration. As the demand for cost-effective, bioactive wound care products 
is ever increasing, these organisms have immense potential to be utilized for the 
development of bioactive wound dressings. Hence, various bioactive compounds 
of cyanobacteria, their associated activities, and roles in wound healing have been 
briefly reviewed in this chapter.

Keywords: Cyanobacteria, wound healing, bioactive compounds, hemostatic, 
antioxidant activities

1. Introduction

Wound healing involves various interactions between cellular, molecular, bio-
chemical, and physiological activities, making the process very complex, dynamic, 
and precisely programmed. Wound healing involves four phases: hemostasis, inflam-
mation, proliferation, and remodeling to restore the structural, functional, and 
physiological integrities of injured tissues [1]. This process results in the regeneration 
and replacement of injured tissue at the wound site [2]. Several nutritional factors 
are required for proper cellular differentiation, immune functioning, and collagen 
formation [3]. Any interruption, aberrance, or prolongation in the healing process 
would extend the tissue damage and thus prolong the repair process, contributing to 
chronic wound healing [4]. In recent years there has been accelerating demand for 
various wound dressings, each with specific characteristics, considering the distinc-
tive healing requirements of various wound types. Various synthetic and natural 
products have been widely explored for their efficiency and accelerating wound heal-
ing abilities to accomplish the need for suitable dressing for a particular wound type.
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The nonabsorbent and non-biodegradable nature of synthetic products makes 
these products unsuitable for healing purposes [5]. Medicinal plants are widely 
being explored for their utility in wound healing, and the ancient knowledge of 
medicinally essential plants, their increased popularity and utility further raised 
interest in exploring new natural products useful for the healing process. Various 
studies confirmed the anti-inflammatory, pro-collagen synthesis, antioxidant and 
antibacterial activities of natural products from plants and microbes, potentially 
beneficial for healing purposes. Biocompatibility and the presence of various bioac-
tive phytochemicals in natural products efficiently promote the healing process 
and make them economically suitable for designing and fabricating dressings 
[6]. To satisfy the demand for new natural therapeutic agents for wound healing 
and to decrease the average costs involved in their development, researchers are 
screening organisms from overlooked microbial sources having the potential to be 
used as effective wound healing agents such as proteobacteria, bacterioidetes, and 
cyanobacteria.

Cyanobacteria are ubiquitous, oxygenic photosynthetic bacteria having diverse 
nature and can be found in various forms like unicellular and filamentous, marine 
and freshwater, free-living symbiotic, edible, and poisonous [7, 8]. This group of 
organisms has immense potential to produce many primary and secondary metabo-
lites thus are known to perform potent biological activities. Produced secondary 
metabolites are low molecular weight, natural organic compounds, essential for 
average growth and development of these organisms. These metabolites have a wide 
range of applications in the field of medicines, industries, and biotechnology. These 
metabolites are a rich source of bioactive compounds, and cyanobacteria are the 
most promising organisms to produce them. In the last few decades, cyanobacteria 
have gained lots of attention for their medicinal values and wound healing proper-
ties. They are the choice of organisms due to their easy availability, fast regenera-
tion, and huge diversity which have further expanded interest of researchers in 
their values as medicine and functional foods [9]. Thus, their potential as a good 
source of new therapeutic lead compounds has been realized during the last two 
decades. Cyanobacterial secondary metabolites show different medicinally essential 
activities such as antitumor, antibacterial, antifungal, antiviral, anti-inflammatory, 
immunomodulatory effects, and protease inhibition [10]. These biological activi-
ties are helpful to promote wound healing in different ways. Despite their potent 
biological activities, very few cyanobacterial forms are known to be useful in 
wound healing acceleration. Thus, this chapter presents an overview of bioactive 
compounds of cyanobacteria responsible for their various biological activities that 
promote the wound healing process by affecting different phases and factors of 
wound healing.

2. Important wound healing properties of cyanobacteria

2.1 Antibacterial activity

Antibacterial compounds are the molecules that kill or inhibit the growth of 
bacteria by affecting their physiological processes. Increased temperature due to 
inflammation caused by immune response and humidity caused by accumulation of 
fluid at the wound surface, make the wounds more vulnerable for bacterial infec-
tions. Once the wounded site came in contact with bacteria, they can penetrate 
underlying tissues, leading to life-threatening infections. To deal with such patho-
logical conditions, effective wound management practices are essentially required. 
To improve the healing process and to reduce the wound bacterial colonization as 
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well as infection at the wound site, the use of systematic antibiotics and the applica-
tion of antimicrobial-loaded wound dressings are viable options to overcome the 
issue of infection and associated delay in healing. Considering the fact that usage 
of antibiotics has led to the increasing emergence of multidrug-resistant (MDR) 
strains of bacteria which negatively affects the healing process and worsens this 
issue [11]. Thus, there is a need to develop/discover an effective wound manage-
ment material which can efficiently cure wound in such conditions. Several cyano-
bacteria are known to produce intracellular and extracellular bioactive compounds 
that possess antibacterial activities [12]. These compounds are effective against 
various bacterial strains like Staphylococcus epidermidis, Bacillus cereus, Escherichia 
coli, Staphylococcus aureus, Salmonella typhi, Staphylococcus albus, Micrococcus flavus, 
Bacillus subtilis, Pseudomonas aeruginosa, Serratia marcescens, Mycobacterium smeg-
matis, Streptococcus pyogenes, and some other Gram-positive and Gram-negative 
bacteria [13–19]. However, the production of antibacterial agents depends upon 
the composition of the culture medium, incubation period, pH, temperature, and 
light intensity during the growth of the selected cyanobacteria [20]. Table 1 shows 
the bioactive compounds produced by different cyanobacterial strains, potentially 
useful for their antibacterial activity.

2.2 Antifungal activity

Devastating chronic wound infection is a significant reason for trauma world-
wide, which causes serious public health problems. Majorly bacteria are responsible 
for infections in wounds, but very few recent studies analyzed both fungal and 
bacterial communities in the microbiome of chronic wounds, suggesting the role of 
fungi as underappreciated agents that leads to complications at the wound site [33]. 

Cyanobacterial Strain Bioactive Compounds Reference

Nostoc commune Noscomin,Comnostins [13, 21]

Nostoc sp. Comnostin, Muscoride A, Dodecahydrophenanthrene, 
4-methylchrysazin, Norharmane and 4-hydroxy-7-
methylindan-1,carbamidocyclophane, Nostocarboline

[13, 16, 22]

Nostoc muscorum Muscoride A [23]

Lyngbya majuscula Tanikolide [24]

Microcoleus lacustris Abietane [25]

Oscillatoria redekei Coriolic acid [14]

Lyngbya sp. Lyngbyazothrin, pahayokolide A [26, 27]

Scytonema ocellatum, 
Tolypothrix conglutinate

Tolytoxin [28]

Lyngbya majuscula Pitipeptolides, malyngolid [29, 30]

Scytonema sp. Scytonemin [31]

Nostocspongiaeforme Tenuecyclamides [31]

Micrococcus lacustris Norbietane [32]

Fischerella sp. hapalindole T, ambiguine-I isonitrile [14, 18]

Anabaena Exopolysaccharide [32]

Tolypothrix tenuis Exopolysaccharide [32]

Table 1. 
Bioactive compounds of cyanobacterial strains possess antibacterial activity.
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Hard to heal wounds like diabetic foot ulcers (DFUs) are majorly infected by mem-
bers of the genus Candida [34, 35]. Prolong infection along with delayed healing 
makes these wound types chronic and challenging to manage. Over 75% Candida 
species were isolated by DFUs. In allergic rhinitis, respiratory disease, diabetic foot 
ulcers, other allergic fungi such as Cladosporium spp., Aspergillus spp., Penicillium 
spp., Alternaria spp., Pleospora spp., and Fusarium spp. are reported as critical 
infection-causing agents. Pathogenic and opportunistic fungi such as Candida 
spp., Trichosporon asahii, and Rhodotorula spp. are reported to associate with stalled 
open wounds or wounds resulting in an amputation [33]. Antifungal drugs to cure 
infected wounds are limited due to their high cost and side effects. So there is an 
emerging need to discover a new natural fungicidal agent. Many cyanobacterial 
compounds have been reported to possess inhibitory effects against different patho-
genic strains of fungi [36]. They are an excellent source of various bioactive com-
pounds that belong to several different chemical classes like peptides, polyketides, 
and alkaloids [37]. Bioactive antifungal compounds like nostodione, nostocy-
clamide, carazostatin, scytophycins, tolytoxin, phytoalexin, fisherellin, hapalindole 
are isolated from different strains of cyanobacteria [38]. Organic extracts of several 
cyanobacteria like Oscillatoria latevirens, Chrococcus minor, Phormidium corium, 
Lyngbya martensiana, Lyngbya aestuarii, Aphanothece bullosacrude and Microcystis 
aeruginosa have potential antifungal activity against Candida albicans and Aspergillus 
flavus [19]. Table 2 shows various bioactive compounds of cyanobacteria possessing 
antifungal activity.

2.3 Antioxidant activity

Antioxidants are substances that prevent oxidation. They balance oxidative stress 
by eliminating free radicals and allowing the regeneration of tissue by repairing the 
cells [50]. Respiratory burst generates oxidants during wound healing; production 
of these oxidants supports acceleration in healing. These produced oxidants act as a 
messenger and thus promote healing. However, a delicate balance between oxidants 
and antioxidants required to control the progress of the wound. For normal wounds, 
low physiology levels of reactive oxygen species and oxidative stress are required at 
wound sites. Whereas oxidative stress and impaired wound healing led by their over-
exposure. To improve the level of oxidative stress, increased level of antioxidants is 
expected, which further help in healing acceleration [51]. Antioxidants also preserve 

Cyanobacterial Strain Bioactive Compounds Reference

Scytonema hofmanni Cyanobacterin [39]

Calothrix fusca Calophycin [40]

Hapalosiphon fontinalis Fontonamide, hapalindole [38, 41]

Tolypothrix tenuis Toyocamycin, Tubercidin [42, 43]

Lyngbya majuscula Majusculamide C, Hectochlorin, Tanikolide [24, 44, 45]

Hyella caespitosa Carazostatin [46]

Nostoc sp. Nostocyclamide [47]

Nostoc commune Nostofungicidine, Nostodione [48, 49]

Scytonema sp. tolytoxin, phytoalexin, scytophycins [38]

Fischerella muscicola fisherellin [38]

Table 2. 
Antifungal activity of bioactive compounds isolated from different cyanobacterial strains.
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and stimulate the function of immune cells against homeostatic disorders. Therefore, 
their increased levels can improve the immune response and accelerate wound 
healing [52]. Accumulation of low molecular weight iron at the wound site also 
increases inflammation and microbial invasion of the wound [53], suggesting the 
requirement of a chelating agent to achieve proper healing. Production of various, 
chemically diverse groups of secondary metabolites from cyanobacteria established 
their industrial significance and made them an excellent source of antioxidants that 
facilitate the formation of the body’s defense mechanism against free radical induced 
damages to cells. Their antioxidant and metal chelating ability are reportedly due to 
phytonutrients and pigments present in them [54]. Their cell-free extracts possess 
free radical scavenging property, metal chelating activity, and deoxyribose protec-
tion [55]. The antioxidant properties of the cyanobacterial cell extracts are imparted 
by the total phenol and total flavonoid content present in the extracts. The free 
radical scavenging, metal chelating, and antioxidative damage protecting proper-
ties of cyanobacterial cell extracts are presumably linked with varied quantities of 
polyphenolics, gallic, chlorogenic, caffeic, vanillic, and ferulic acids, flavonoids, 
quercetin, and kaempferol present in them. Exopolysaccharides of cyanobacteria also 
exhibit good antioxidant and anticoagulant activities. They can also induce oxidants 
and antioxidant enzymes and are known as immunostimulators [56]. Exopolymers 
of three strains of Anabaena and Tolypothrix tenuis exhibited antioxidant activities 
against O2·, H2O2, OH·, and NO·. These polymers also possess Fe2+ chelating activity, 
helps in preventing the invasion of pathogenic organisms at the wound site. A strong 
correlation of sulfate content against superoxide and nitric oxide radicals scavenging 
activity of exopolymers was found, whereas H2O2 scavenging ability and reducing 
power were contributed by phenols present in them. The overall reducing power and 
superoxide control strongly related to their iron chelation ability [57]. The high-
est phenolic, flavanoid, and phycobiliprotein content in Lyngbya sp. possessed the 
highest 2,2-diphenyl-1-picrylhydrazyl (DPPH) activity. The antioxidant potential 
of Spirulina sp. was presumable related to the presence of alcoholic and phenolic 
OH groups in the cellular structure of the organism [54]. Phenolic content in metha-
nolic extracts of Anabaena sp., Nostoc sp., Nostoc commune, Nodularia spumigena, 
Leptolyngbya protospira, Phormidiochaete sp. and Arthrospira platensis reported higher 
antioxidant activity than their aqueous extracts [58, 59]. Similarly, ethanolic extracts 
of Phormidium fragile, Lyngbya limnetica, Scytonema bohnerii and Calothrix fusca 
possess antioxidant ability [60]. Cyanobacterial pigments also possess antioxidant 
activities. In Lyngbya and Phormidium sp. peroxyl and hydroxyl radicals, scavenging 
ability was reported to be linked with the presence of covalently linked tetrapyrrole 
chromophore with phycocyanobilin [61]. Phycocyanin, a type of phycobiliprotein 
isolated from Spirulina platensis and Geitlerinema sp., reported to have antioxidant 
and anti-inflammatory properties and ability to scavenge peroxyl, hydroxyl, and 
superoxide radicals [62]. Phytonutrients, pigments, and polysaccharides of cyano-
bacteria exhibit good antioxidant, anticoagulant, and metal chelating ability [54, 
56]. Polysaccharidic exopolymers of three strains of Anabaena and Tolypothrix tenuis 
possessed antiradical and Fe2+ chelating activity. All these exopolymers exhibited 
antioxidant activities against O2

•, H2O2, OH•, and NO•, thus helps in the rapid healing 
of the wound [57].

2.4 Immunomodulatory and anti-inflammatory effects

Inflammation is a local, protective and physiological response to microbial inva-
sion or injury. The magnitude of the inflammatory response is crucial: insufficient 
responses result in immunodeficiency, whereas excessive responses cause morbidity 
and mortality. Therefore, homeostasis and health are restored when inflammation 
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is limited by anti-inflammatory responses [63]. Natural compounds have gained 
lots of attention in treating various types of inflammations to reduce the reaction 
of the immune system against pathogens, toxic compounds, and damaged cells. 
The immune system actively participates in homeostasis, re-establishment, fol-
lowing tissue injury via multiple mechanisms, and plays a critical role throughout 
the wound healing process. Immune system control to promote tissue repair and 
regeneration is an attractive approach when designing regenerative strategies. 
Now a day, the multifunctional immunomodulatory properties of cyanobacteria 
are gaining much attention in the field of medicine. Cyanobacteria produce vari-
ous metabolites with different chemical structures, including small molecules of 
peptides and proteins, polysaccharides, fatty acids, and their derivatives, pos-
sessing anti-inflammatory activities [64]. Different cyanobacterial components 
control the release of certain cytokines from human monocytes and macrophages. 
Depending on the wound microenvironment, they also can reduce or activate the 
production of reactive oxygen species from neutrophils [65]. Immunomodulatory 
effects of cyanobacteria highly induce activation of both types of immune cells 
which could promote wound debridement, accelerate re-epithelization, and 
wound closure [66]. Edible cyanobacterial forms are known for their immune-
boosting abilities, and many studies have proven their immunomodulatory and 
anti-inflammatory effects. Spirulina is a widely consumed cyanobacterial strain 
because of its extraordinary neutraceutical and pharmaceutical values. Dietary 
effects of Spirulina platensis showed increased phagocytic and increased antigen 
production and increased natural killer cell-mediated antitumor activity in the test 
animals under study [67]. Daily consumption of Spirulina stimulates and promotes 
the immune system by increasing the phagocytic activity of macrophages, induces 
antibodies and cytokines production, increases accumulation of natural killer cells 
into tissues, and activates T and B cells [68]. Daily consumption of Spirulina for 
16 consecutive weeks reported a significant rise in plasma IL- 2 concentration and 
a significant reduction in IL-6 concentration in humans [69]. Nonadecane and 
9-Eicosyne in Spirulina were supposed to be responsible for the anti-inflammatory 
effects [70]. A high-molecular-weight polysaccharide extracted from the cyano-
bacterium Spirulina is known as Immulina®, a potent activator of innate immune 
cells and exerts inhibitory effects in the induced allergic inflammatory response 
[71, 72]. It also exhibits anti-inflammatory properties and can inhibit the release 
of histamine from mast cells [47]. Gama and alpha-linolenic acid are the fatty 
substances extracted from Spirulina and Aphanizomenon flos-aquae, respectively, 
which inhibit the formation of inflammatory mediators [48]. Similarly, Nostoc is an 
edible, largely consumed cyanobacterial form after Spirulina. Polysaccharide-rich 
extracts of Nostoc commune could be potentially used for macrophage activation 
and consequently inhibit the leukemic cell growth and induce monocytes/macro-
phages when used to treat human monoblastoid leukemia U937 cells [73]. Different 
immunomodulating activities of Microcystis aeruginosa, Synechocystis aquatilis, 
Oscillatoria redekei, Anabaena flos-aque, Aphanizomenon flos-aquae, Oscillatoria 
rubescens, Oscillatoria tenuis have also been reported [74] their different cell extracts 
variably promote the proliferation of lymphocytes. On the other hand, some spe-
cies of cyanobacteria that contain cytotoxic metabolites (cyanotoxins) can cause 
immunotoxicity and immunosuppression. The property of immunotoxicity is well 
reported in cyanobacterial bloom extracts containing microcystin [75]. Treatment 
with microcystin showed inhibition of lipopolysaccharide-induced lymphopro-
liferation and decreased numbers of antibody-forming cells; this results in immu-
nosuppression in mice that were immunized using T-dependent antigen sheep red 
blood cells. A form of cyanobacterial toxin, cylindrospermopsin, is an important 
water pollutant having broad biological activity. Cylindrospermopsin promotes 
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significant production of pro-inflammatory mediator tumor necrosis factor α and 
reactive oxygen species when introduced in macrophages cells [76]. Effmert in 1991 
reported aqueous extracts of different cyanobacterial species Microcystis aeruginosa, 
Synechocystis aquatilis, Oscillatoria redekei, Anabaena flos-aque, Aphanizomenon 
flos-aquae, Oscillatoria rubescens, Oscillatoria tenuis possess strong immunomodulat-
ing activities [74]. Aqueous extract of the marine cyanobacterium, Trichodesmium 
erythraeum, ethyl acetate extract of non-edible blue-green algae Geitlerinema 
splendidum exhibit anti-inflammatory activity [77, 78]. In chronic wounds where 
a coordinated wound healing cascade fails to progress beyond the inflammatory 
phase, the anti-inflammatory activity of cyanobacteria helps in the wound healing 
by proliferation, matrix deposition, and ultimately, wound resolution [79]. During 
the last decade, several bioactive compounds have been isolated from cyanobacteria 
having anti-inflammatory properties that suggest their importance and potential in 
developing a huge market of wound healing aids [10]. Different classes of cyano-
bacterial bioactive compounds like phycobilins, phenols, polysaccharides, steroids, 
and terpenoids possess potential anti-inflammatory effects. Selected anti-inflam-
matory compounds of different cyanobacterial strains are listed in Table 3.

2.5 Hemostatic activity

For people throughout the world, traumatic injuries have been a challenge. 
Considering technological advancements made through age’s trauma remains a leading 
cause of human morbidity and mortality [90]. Excess bleeding can cause delayed 
wound healing, hematoma formation, infection, dehiscence, and necrosis. Patients 
suffering from trauma and its consequent hemorrhage essentially require the estab-
lishment of hemostasis by topical wound dressings. Constriction of blood vessels, the 
activation of the coagulation cascade, and the formation of blood clots are essential 

Chemical group 
of bioactive 
compound

Bioactive Compound Cyanobacterial 
Strain

References

Amino acids and 
peptides

Aeruginosin Nostoc sp. [80]

Porphyra Aphanizomenon 
flos-aquae

[81]

Shinorine Anabaena variabilis [82]

Phycocyanin Spirulina sp [72]

Ethyl tumonoate A Oscillatoria 
margaritifera

[83]

Cyanopeptolin Microcystis spp [84]

Polysaccharide Sacran Aphanothece sacrum [85]

Lipids Monogalactosyl diacylglycerol, 
Digalactosyl diacylglycerol, 
Sulphoquinovosyl diacylglycerol, 
Phosphatidyl glycerol

Phormidium sp. [86]

Pigment Scytonemin Scytonema [87]

Others Coibacin A Oscillatoria sp. [88]

Honaucins A–C Leptolyngbya 
crossbyana

[89]

Table 3. 
Bioactive compounds of cyanobacterial strains possessing anti-inflammatory properties.
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and significant steps of hemostasis. Therefore, any effort made to accelerate any or 
all phases above can help achieve hemostasis [91]. The role of cyanobacteria and 
algae in hemostasis is significantly less known and identified. In the majority, their 
antithrombic activities useful to cure thrombosis-related diseases are reported. The 
antithrombic activity of Spirulan, a sulfated polysaccharide of Arthrospira platensis has 
been widely known. Spirulan is helpful to directly decrease the activity of thrombin 
and factor X activated, procoagulant proteins that can be used to prevent thrombus 
formation and partial lysis of thrombus [92]. Similarly, Microcystis aeruginosa and 
different cyanobacteria blooms produce probable fVIIa-soluble Tissue Factor (fVIIa-
sTF) inhibitors [93]. Vitamin-K-dependent clotting factors like thrombin and fVIIa 
are associated with bleeding, related complications, and disorders. These factors can 
induce excessive bleeding when treated with vitamin-K antagonists. M. aeruginosa 
produces bioactive compound Aeruginosin, which shows positive fVIIa-sTF inhibi-
tory activity. Daily consumption of aqueous extract of Spirulina platensis, containing 
a high dose of phycocyanin was found safe for when tried on the human to test its 
anticoagulant activity and platelet activation ability. The studied extract is also suit-
able for providing rapid and robust relief in chronic pain. The extract also improved 
the liver function and metabolism by reducing the activity of aspartate transaminase 
and alanine transaminase enzymes [94]. C-phycocyanins extracted from Spirulina 
platensis possess significant anticoagulation, antioxidant, and prevention of DNA 
damage activities [95]. Exopolysaccharides of A. platensis possess antiatherogenic and 
anti-thrombogenic activities [96]. Although the significant roles of cyanobacterial 
and algal polysaccharides as antioxidants, antiviral, antitumoral, and anticoagulant 
have been well-documented and reviewed [10] the single report was found to date 
mentioning the role of cyanobacterial exopolymers (EPs) isolated from four desert 
cyanobacteria (Tolypothrix tenuis and three species of Anabaena) in hemostasis. These 
exopolymers were potentially beneficial to reduce activated partial thromboplastin 
time (APTT, a measure of how long blood takes to clot) and prothrombin time (PT, a 
measure of how long blood plasma takes to clot) by 16–41% and 12–65% respectively. 
The gravimetric method of thrombogenicity assessment showed that the blood clot 
formed by the cyanobacterial EPs was heavier vis a vis glass (positive control) and thus 
was thrombogenic. Similar studies can open the treasure of hidden potential of bioac-
tive compounds of cyanobacteria in hemostasis which needs to be explored more.

2.6 Wound healing effect of cyanobacteria

Specific healing requirements of a wound widen the scope of identifying more 
natural, economic, and effective wound healing agents, which gave extraordinary 
rise to the development of many synthetic and natural products useful as suitable 
wound healing dressing materials. Various natural products obtained by plants are 
widely known for their medicinal properties, facilitating wound healing. Bioactive 
secondary metabolites like alkaloids, essential oils, flavonoids, tannins, terpenoids, 
saponins, and phenolics are present in plant-based natural products. These com-
pounds possess various activities like anti-inflammatory, antioxidant, antibacterial, 
procollagen synthesis, etc., and efficacy to modulate one or more phases of the 
wound healing process which further help in accelerated tissue regeneration dur-
ing healing [97]. Similarly, cyanobacterial bioactive compounds possess important 
medicinal properties like immunostimulating, antiviral, antioxidant, antibacterial, 
antifungal, antialgal, and anticancerous activities [38, 98] but very few are known for 
their wound healing potential. The blue-green microalgae Spirulina has been widely 
studied for its wound healing potential and possess antioxidant, antimutagenic, anti-
viral, anticancer, anti-allergic, immune-enhancing, hepatoprotective, blood vessel 
relaxing, and blood lipid-lowering activities [99, 100]. The C-phycocyanin pigment 
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of Spirulina promoted proliferation, regeneration, and migration of cells tested on 
cultured human keratinocytes. A similar set of experiments on Sprague–Dawley male 
rats showed re-epithelization, neovascularization, presence of inflammatory cells, 
granulation of tissue amount, and maturation during wound healing [101]. Aqueous 
extract of Spirulina platensis showed proliferation, migration, and enhanced closure 
rate of wound area within 24 hours when tested on human dermal fibroblast cells 
(HDF) [102]. Compounds like cinnamic acid, narigenin, kaempferol, temsirolimus, 
phosphatidylserine, and isomeric derivatives were presumably involved in the accel-
erated wound healing activity of the studied aqueous extract of Spirulina platensis. 
Antibacterial and antioxidant activities of Spirulina are useful to improve the immu-
nity of skin cells, and thus burn cream of ethanolic extract of Spirulina along with 
gold nanoparticles has been formulated. To reduce the pain by numbing the injured 
area, Lidocaine has been added to the cream as an anesthetic, sodium dodecyl sulfate, 
and glycerine used for skin moisturization [103]. Polylactic acid (PLA), polyethylene 
oxide, and PHB (polyhydroxybutyrate) extracted from Arthrospira LEB 18 strain 
used to prepare biodegradable, biocompatible nanofibrous scaffolds. Properties of 
prepared scaffolds like increased conductivity, higher mechanical durability with 
enhanced elasticity, tensile strength, and breaking elongation supported nutrient, 
growth factors, and metabolism byproducts distribution at the wound site [104]. 
Scaffolds of poly-D, L-lactic acid (PDLLA) associated with LEB 18 biomass showed 
better adherence to the wound, increased cell viability, and more moldable when 
compared with classic PDDLA [105]. Natural wound healing processes can be 
promoted by such biomatrices produced from Arthrospira, and also they can mini-
mize the risk of infection [104]. PCL nanofiber loaded with Spirulina extract was 
fabricated as a cutaneous wound dressing material. The designed dressing showed 
enhanced wound regeneration ability by modulating intra- and extracellular ROS 
with enhancing antioxidant mechanism and increased fibroblast viability under oxi-
dative stress [106]. Synechococcus elongatusa, a naturally occurring photoautotrophic 
cyanobacterium promoted angiogenesis and burn wound repair in mice. The pro-
motion of interleukin-6 expression and secretion of extracellular vesicles probably 
induced pro-angiogenic and wound healing effects in the studied animals [107]. In 
diverse marine, freshwater, and terrestrial organisms, ultraviolet-absorbing myco-
sporine-like amino acids (MAAs) are found as secondary metabolites. Nostoc flagel-
liforme and Nostoc commune, are widely known for their edible values and reported as 
natural resources of MAAs. These secondary metabolites possess several beneficial 
effects and are useful as sun-screening cosmetics, antioxidants, and pharmaceuticals 
[108]. In wound healing, MAAs modulate skin fibroblast proliferation and activate 
adhesion kinases, extracellular signal-regulated kinases that promote acceleration 
in wound healing. Extensive researches are conducting on MAAs to identify their 
potential as a new wound healing agent to be explored as a novel biomaterial for 
wound healing therapies [109]. Cyanobacterial glycans are known as hydrogels that 
imbibe large amounts of biofluids [110]. This property of glycans extremely use-
ful for targeted drug delivery in chronic wound cases [111], where they have been 
exploited for delivery of low molecular weight drugs and macro-molecular payloads 
(hormones, peptide, and protein drugs) [112]. Cyanobacteria have been widely 
explored and studied for their immense potential in various biomedical applications, 
but very few are reported for their accelerated wound healing abilities. Most of the 
studies have been conducted on Spirulina which is known for its extraordinary neu-
traceutical and pharmaceutical values. As these organisms are phototrophic and have 
minimal growth requirements, they can be easily regenerated, and also their huge 
diversity makes them suitable candidates for research, having hidden potential for 
wound healing. Further, they can be explored to develop bioactive and cost-effective 
wound dressing materials, suitable for all sections of society.
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3. Conclusions

The ever-increasing demand for effective bioactive dressings suitable for dif-
ferent types of wounds is rapidly expanding the wound care market at diverse 
levels. Cyanobacteria are known for their numerous biomedical applications; 
thus, recently, they are a widely explored group of organisms. The cyanobacterial 
bioactive compounds possess antiviral, antifungal, antibacterial, antitumor, anti-
inflammatory, and antioxidant activities suitable to accelerate wound healing even 
in chronic conditions by controlling different phases and factors of the wound. 
Cyanobacteria are known for the abundant availability of versatile bioactive com-
pounds and their associated properties, but unfortunately, very few forms of cyano-
bacteria are known for their role in wound healing. Their easy cultivation, colossal 
diversity, and different biological activities can make them suitable candidates for 
research. Further, they can be explored more in the field of biomaterials for design-
ing and fabrication of low-cost, biocompatible, and biodegradable wound dressings.

Acknowledgements

The authors are indebted to the Department of Science and Technology (DST), 
Govt. of India New Delhi, for providing opportunity and financial support  
(SP/YO/2019/1502) for interdisciplinary research work. The authors are also grate-
ful to Professor Ashish Bhatnagar and Professor Monica Bhatnagar, Department of 
Microbiology, M.D.S. University, Ajmer, India for their support in the subject study.

Conflict of interest

The authors declare no conflict of interest.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



51

Potential of Cyanobacteria in Wound Healing
DOI: http://dx.doi.org/10.5772/intechopen.98521

[1] Judith R, Nithya M, Rose C, 
Mandal AB. Application of a PDGF 
containing novel gel for cutaneous 
wound healing. Life Sciences. 2010;87: 
1-8. DOI: 10.1016/j.lfs.2010.05.003

[2] Velnar T, Bailey T, Smrkolj V. The 
wound healing process: an overview of 
the cellular and molecular mechanisms. 
Journal of International Medical 
Research. 2009;37(5):1528-1542. DOI: 
10.1177/147323000903700531

[3] Mackay D, Miller AL. Nutritional 
support for wound healing. Alternative 
Medicine Review. 2003;8:359-377. DOI: 
10.1002/jor.23656

[4] Kurahashi T, Fujii J. Roles of 
antioxidative enzymes in wound 
healing. Journal of Developmental 
Biology. 2015;3(2):57-70. DOI: https://
doi.org/10.3390/jdb3020057

[5] Mir M, Ali MN, Barakullah A, 
Gulzar A, Arshad M, Fatima S, Asad M. 
Synthetic polymeric biomaterials for 
wound healing: a review. Progress in 
biomaterials. 2018;7(1):1-21. DOI: 
10.1007/s40204-018-0083-4

[6] Thakur R, Jain N, Pathak R, 
Sandhu SS. Practices in wound healing 
studies of plants. Evidence-based 
complementary and alternative 
medicine. 2011;2011:1-17. DOI: https://
doi.org/10.1155/2011/438056

[7] Taton A, Grubisic S, Balthasart P, 
Hodgson DA, Laybourn-Parry J, 
Wilmotte A. Biogeographical 
distribution and ecological ranges of 
benthic cyanobacteria in East Antarctic 
lakes. FEMS microbiology ecology. 
2006;57(2):272-289. DOI: https://doi.
org/10.1111/j.1574-6941.2006.00110.x

[8] Dorador C, Vila I, Imhoff JF, 
Witzel KP. Cyanobacterial diversity in 
Salar de Huasco, a high altitude saline 
wetland in northern Chile: an example 

of geographical dispersion? FEMS 
microbiology ecology. 2008;64(3):419-
432. DOI: 10.1111/j.1574-6941.2008. 
00483.x

[9] Barrow C, Shahidi F. Marine 
nutraceuticals and functional foods.1st 
ed. CRC Press; 2007. 512 p. DOI: https://
doi.org/10.1201/9781420015812

[10] Singh R, Parihar P, Singh M, 
Bajguz A, Kumar J, Singh S, Singh VP, 
Prasad SM. Uncovering potential 
applications of cyanobacteria and algal 
metabolites in biology, agriculture and 
medicine: current status and future 
prospects. Frontiers in microbiology. 
2017;8:515. DOI: https://doi.org/10.3389/
fmicb.2017.00515

[11] Li B, Webster TJ. Bacteria antibiotic 
resistance: New challenges and 
opportunities for implant-associated 
orthopedic infections. Journal of 
Orthopaedic Research®. 2018;36(1):22-
32. DOI: 10.1002/jor.23656

[12] Schlegel I, Doan NT, de Chazal N, 
Smith GD. Antibiotic activity of new 
cyanobacterial isolates from Australia 
and Asia against green algae and 
cyanobacteria. Journal of Applied 
Phycology. 1998;10(5):471-479. DOI: 
https://doi.org/10.1023/A:10080426 
19686

[13] Ostensvik O, Skulberg OM, 
Underdal B, Hormazabal V. 
Antibacterial properties of extracts 
from selected planktonic freshwater 
cyanobacteria-A comparative study of 
bacterial bioassays. Journal of applied 
microbiology.1998;84(6):1117-1124. 
DOI: 10.1046/j.1365-2672.1998.00449.x

[14] Mundt S, Kreitlow S, Jansen R. Fatty 
acids with antibacterial activity from 
the cyanobacterium Oscillatoria redekei 
HUB 051. Journal of Applied Phycology. 
2003;15(2):263-267. DOI: https://doi.
org/10.1023/A:1023889813697

References



Cyanobacteria - Recent Advances in Taxonomy and Applications

52

[15] Bui HT, Jansen R, Pham HT, 
Mundt S. Carbamidocyclophanes A-E, 
chlorinated paracyclophanes with 
cytotoxic and antibiotic activity from 
the Vietnamese cyanobacterium Nostoc 
sp. Journal of natural products. 
2007;70(4):499-503. DOI: 10.1021/
np060324m

[16] Nowruzi B, Haghighat S, Fahimi H, 
Mohammadi E. Nostoc cyanobacteria 
species: a new and rich source of novel 
bioactive compounds with 
pharmaceutical potential. Journal of 
Pharmaceutical Health Services 
Research. 2018;9(1):5-12. DOI: https://
doi.org/10.1111/jphs.12202

[17] El-Sheekh MM, Osman ME, 
Dyab MA, Amer MS. Production and 
characterization of antimicrobial active 
substance from the cyanobacterium 
Nostoc muscorum. Environmental 
toxicology and pharmacology. 
2006;21(1):42-50. DOI: 10.1016/j.
etap.2005.06.006

[18] Raveh A, Carmeli S. Antimicrobial 
ambiguines from the cyanobacterium 
Fischerella sp. collected in Israel. Journal 
of natural products. 2007;70(2):196-
201. DOI: 10.1021/np060495r

[19] Ananya AK, Ahmad IZ. 
Cyanobacteria"the blue green algae" 
and its novel applications: A brief 
review. International Journal of 
Innovation and Applied Studies. 
2014;7(1):251-261

[20] Noaman NH, Fattah A, Khaleafa M, 
Zaky SH. Factors affecting antimicrobial 
activity of Synechococcus leopoliensis. 
Microbiological Research. 2004;159(4): 
395-402. DOI: 10.1016/j.micres.2004. 
09.001

[21] Jaki B, Orjala J, Heilmann J, 
Linden A, Vogler B, Sticher O. Novel 
extracellular diterpenoids with 
biological activity from the 
cyanobacterium Nostoc commune. 
Journal of natural products. 

2000;63(3):339-343. DOI: 10.1021/
np9903090

[22] Becher PG, Keller S, Jung G, 
Süssmuth RD, Jüttner F. Insecticidal 
activity of 12-epi-hapalindole J 
isonitrile. Phytochemistry. 
2007;68(19):2493-2497. DOI: 10.1016/j.
phytochem.2007.06.024

[23] Nagatsu A, Kajitani H, Sakakibara J. 
Muscoride A: A new oxazole peptide 
alkaloid from freshwater 
cyanobacterium Nostoc muscorum. 
Tetrahedron Letters. 1995;36(23):4097-
4100. DOI: https://doi.org/10.1016/ 
0040-4039(95)00724-Q

[24] Pandey VD. Cyanobacterial natural 
products as antimicrobial agents. 
International Journal of Current 
Microbiology and Applied Sciences. 
2015;4(1):310-317.

[25] Thajuddin N, Subramanian G. 
Cyanobacterial biodiversity and 
potential applications in biotechnology. 
Current science. 2005;89(1):47-57. DOI: 
https://www.jstor.org/stable/24110431

[26] Asthana RK, Srivastava A, Singh AP, 
Singh SP, Nath G, Srivastava R, 
Srivastava BS. Identification of an 
antimicrobial entity from the 
cyanobacterium Fischerella sp. isolated 
from bark of Azadirachta indica (Neem) 
tree. Journal of applied phycology. 
2006;18(1):33-39. DOI: https://doi.
org/10.1007/s10811-005-9011-9

[27] Zainuddin EN, Jansen R, Nimtz M, 
Wray V, Preisitsch M, Lalk M, Mundt S. 
Lyngbyazothrins A− D, Antimicrobial 
cyclic undecapeptides from the cultured 
cyanobacterium Lyngbya sp. Journal of 
natural products. 2009;72(8):1373-1378. 
DOI: 10.1021/np8007792

[28] Moore RE, Patterson GM, 
Mynderse JS, Barchi J, Norton TR, 
Furusawa E, Furusawa S. Toxins from 
cyanophytes belonging to the 
Scytonemataceae. Pure and Applied 



53

Potential of Cyanobacteria in Wound Healing
DOI: http://dx.doi.org/10.5772/intechopen.98521

Chemistry. 1986;58(2):263-271. DOI: 
10.1351/pac198658020263

[29] Berry JP, Gantar M, Gawley RE, 
Wang M, Rein KS. Pharmacology and 
toxicology of pahayokolide A, a 
bioactive metabolite from a freshwater 
species of Lyngbya isolated from the 
Florida Everglades. Comparative 
Biochemistry and Physiology Part C: 
Toxicology & Pharmacology. 
2004;139(4):231-238. DOI: 10.1016/j.
cca.2004.11.005

[30] Helms GL, Moore RE, 
Niemczura WP, Patterson GM, 
Tomer KB, Gross ML. Scytonemin A, a 
novel calcium antagonist from a blue-
green alga. The Journal of Organic 
Chemistry. 1988;53(6):1298-1307. DOI: 
https://doi.org/10.1021/jo00241a033

[31] Gutiérrez RM, Flores AM, Solís RV, 
Jimenez JC. Two new antibacterial 
norabietane diterpenoids from 
cyanobacteria, Microcoleous lacustris. 
Journal of natural medicines. 
2008;62(3):328-331. DOI: 10.1007/
s11418-008-0238-z

[32] Bhatnagar M, Parwani L, Sharma V, 
Ganguly J, Bhatnagar A. Exopolymers 
from Tolypothrix tenuis and three 
Anabaena sp. (Cyanobacteriaceae) as 
novel blood clotting agents for wound 
management. Carbohydrate polymers. 
2014;99:692-699. DOI: 10.1016/j.
carbpol.2013.09.005

[33] Kalan L, Grice EA. Fungi in the 
wound microbiome. Advances in wound 
care. 2018;7(7):247-255. DOI: 10.1089/
wound.2017.0756

[34] Chellan G, Shivaprakash S, 
Ramaiyar SK, Varma AK, Varma N, 
Sukumaran MT, Vasukutty JR, Bal A, 
Kumar H. Spectrum and prevalence of 
fungi infecting deep tissues of lower-
limb wounds in patients with type 2 
diabetes. Journal of clinical 
microbiology. 2010;48(6):2097-2102. 
DOI: 10.1128/JCM.02035-09

[35] Dowd SE, Delton Hanson J, Rees E, 
Wolcott RD, Zischau AM, Sun Y, 
White J, Smith DM, Kennedy J, 
Jones CE. Survey of fungi and yeast in 
polymicrobial infections in chronic 
wounds. Journal of wound care. 
2011;20(1):40-47. DOI: 10.12968/
jowc.2011.20.1.40

[36] Pawar ST, Puranik PR. Screening of 
terrestrial and freshwater halotolerant 
cyanobacteria for antifungal activities. 
World Journal of Microbiology and 
Biotechnology. 2008;24(7):1019-1025. 
DOI: 10.1007/s11274-007-9565-6

[37] Shishido TK, Humisto A, Jokela J, 
Liu L, Wahlsten M, Tamrakar A, 
Fewer DP, Permi P, Andreote AP, 
Fiore MF, Sivonen K. Antifungal 
compounds from cyanobacteria. Marine 
drugs. 2015;13(4):2124-2140. DOI: 
https://doi.org/10.3390/md13042124

[38] Abed RM, Dobretsov S, Sudesh K. 
Applications of cyanobacteria in 
biotechnology. Journal of applied 
microbiology. 2009;106(1):1-2. DOI: 
10.1111/j.1365-2672.2008.03918.x

[39] Mason CP, Edwards KR, 
Carlson RE, Pignatello J, Gleason FK, 
Wood JM. Isolation of chlorine-
containing antibiotic from the 
freshwater cyanobacterium Scytonema 
hofmanni. Science. 1982;215(4531):400-
402. DOI: 10.1126/science.6800032

[40] Moon SS, Chen JL, Moore RE, 
Patterson GM. Calophycin, a fungicidal 
cyclic decapeptide from the terrestrial 
blue-green alga Calothrix fusca. The 
Journal of Organic Chemistry. 
1992;57(4):1097-1103. DOI: https://doi.
org/10.1021/jo00030a013

[41] Moore RE, Yang XQ, Patterson GM. 
Fontonamide and anhydrohapaloxindole 
A, two new alkaloids from the blue-
green alga Hapalosiphon fontinalis. The 
Journal of Organic Chemistry. 
1987;52(17):3773-3777. DOI: https://doi.
org/10.1021/jo00226a009



Cyanobacteria - Recent Advances in Taxonomy and Applications

54

[42] Moore RE. Toxins, anticancer 
agents, and tumor promoters from 
marine prokaryotes. Pure and applied 
chemistry. 1982;54(10):1919-1934. DOI: 
https://doi.org/10.1351/pac198254 
101919

[43] Banker R, Carmeli S. 
Tenuecyclamides A− D, Cyclic 
Hexapeptides from the Cyanobacterium 
Nostoc s pongiaeforme var. t enue. Journal 
of natural products. 1998;61(10):1248-
1251. DOI: 10.1021/np980138j

[44] Swain SS, Paidesetty SK, Padhy RN. 
Antibacterial, antifungal and 
antimycobacterial compounds from 
cyanobacteria. Biomedicine & 
Pharmacotherapy. 2017;90:760-776. 
DOI: 10.1016/j.biopha.2017.04.030

[45] Singh IP, Milligan KE,  
Gerwick WH. Tanikolide, a toxic and 
antifungal lactone from the marine 
cyanobacterium Lyngbya m ajuscula. 
Journal of natural products. 
1999;62(9):1333-1335.DOI: https://doi.
org/10.1021/np990162c

[46] Burja AM, Banaigs B, 
Abou-Mansour E, Burgessd JG, 
Wrighta PC. Marine cyanobacteria - A 
prolific source of natural products. 
Tetrahedron. 2001;57:9347-9377. DOI: 
https://doi.org/10.1016/
S0040-4020(01)00931-0

[47] Moore RE, Patterson GM, 
Carmichael WW. New pharmaceuticals 
from cultured blue-green algae. 
Biomedical importance of marine 
organisms. 1988;13(1988):143-150. 
DOI: https://doi.org/10.1007/
BF00003544

[48] Kajiyama SI, Kanzaki H, Kawazu K, 
Kobayashi A. Nostofungicidine, an 
antifungal lipopeptide from the field-
grown terrestrial blue-green alga Nostoc 
commune. Tetrahedron letters. 
1998;39(22):3737-3740. DOI: https://
doi.org/10.1016/S0040-4039(98) 
00573-5

[49] Bhadury P, Wright PC. Exploitation 
of marine algae: biogenic compounds 
for potential antifouling applications. 
Planta. 2004;219(4):561-578. DOI: 
10.1007/s00425-004-1307-5

[50] Houghton PJ, Hylands PJ, 
Mensah AY, Hensel A, Deters AM. In 
vitro tests and ethnopharmacological 
investigations: wound healing as an 
example. Journal of Ethnopharmaco 
logy. 2005;100(1-2):100-107. DOI: 
10.1016/j.jep.2005.07.001

[51] Campa-Córdova AI, 
Hernández-Saavedra NY, Ascencio F. 
Superoxide dismutase as modulator of 
immune function in American white 
shrimp (Litopenaeus vannamei). 
Comparative biochemistry and 
physiology part C: Toxicology & 
pharmacology. 2002;133(4):557-565. 
DOI: 10.1016/s1532-0456(02)00125-4

[52] De la Fuente M, Victor VM. Anti-
oxidants as modulators of immune 
function. Immunology and cell  
biology. 2000;78(1):49-54. DOI: 
10.1046/j.1440-1711.2000.00884.x

[53] Weinberg ED. Iron withholding: a 
defense against infection and neoplasia. 
Physiological reviews. 1984;64(1):65-
102. DOI: 10.1152/physrev.1984.64.1.65

[54] Hossain MF, Ratnayake RR, 
Meerajini K, Wasantha Kumara KL. 
Antioxidant properties in some selected 
cyanobacteria isolated from fresh water 
bodies of Sri Lanka. Food science & 
nutrition. 2016;4(5):753-758. DOI: 
10.1002/fsn3.340

[55] Singh DP, Prabha R, Verma S, 
Meena KK, Yandigeri M. Antioxidant 
properties and polyphenolic content in 
terrestrial cyanobacteria. 3 Biotech. 
2017;7(2):1-4.

[56] Costa LS, Fidelis GP, Cordeiro SL, 
Oliveira RM, Sabry DD, Câmara RB, 
Nobre LT, Costa MS, Almeida-Lima J, 
Farias EH, Leite EL. Biological activities 



55

Potential of Cyanobacteria in Wound Healing
DOI: http://dx.doi.org/10.5772/intechopen.98521

of sulfated polysaccharides from 
tropical seaweeds. Biomedicine & 
Pharmacotherapy. 2010;64(1):21-28. 
DOI: 10.1016/j.biopha.2009.03.005

[57] Parwani L, Bhatnagar M, 
Bhatnagar A, Sharma V. Antioxidant 
and iron-chelating activities of 
cyanobacterial exopolymers with 
potential for wound healing. Journal of 
applied phycology. 2014;26(3):1473-
1482. DOI: 10.1007/s10811-013- 
0180-7

[58] Pant G, Kumar G, Karthik L, 
Prasuna RG, Rao KB. Antioxidant 
activity of methanolic extract of blue 
green algae Anabaena sp. (Nostocaceae). 
European Journal of Experimental 
Biology. 2011;1(1):156-162.

[59] Jerez-Martel I, García-Poza S, 
Rodríguez-Martel G, Rico M, 
Afonso-Olivares C, Gómez-Pinchetti JL. 
Phenolic profile and antioxidant activity 
of crude extracts from microalgae and 
cyanobacteria strains. Journal of Food 
Quality.2017;2017:1-8. DOI: https://doi.
org/10.1155/2017/2924508

[60] Sharathchandra K, Rajashekhar M. 
Antioxidant activity in the four species 
of cyanobacteria isolated from a sulfur 
spring in the Western Ghats of 
Karnataka. International Journal of 
Pharma and Bio Sciences. 
2013;4(1):275-285.

[61] Gerwick WH, Coates RC,  
Engene N, Gerwick L, Grindberg RV, 
Jones AC, Sorrels CM. Giant marine 
cyanobacteria produce exciting 
potential pharmaceuticals. Microbe-
American Society for Microbiology. 
2008;3(6):277-284. DOI: 10.1128/
microbe.3.277.1

[62] Bermejo P, Piñero E, Villar ÁM. 
Iron-chelating ability and antioxidant 
properties of phycocyanin isolated from 
a protean extract of Spirulina platensis. 
Food chemistry. 2008;110(2):436-445. 
DOI: 10.1016/j.foodchem.2008.02.021

[63] Tracey KJ. The inflammatory reflex. 
Nature. 2002;420(6917):853-859. DOI: 
10.1038/nature01321

[64] Tabarzad M, Atabaki V, 
Hosseinabadi T. Anti-inflammatory 
Activity of bioactive compounds from 
microalgae and cyanobacteria by 
focusing on the mechanisms of action. 
Molecular Biology Reports. 
2020;47(8):6193-6205. DOI: 10.1007/
s11033-020-05562-9

[65] Stewart I, Schluter PJ, Shaw GR. 
Cyanobacterial lipopolysaccharides and 
human health–a review. Environmental 
Health. 2006;5(1):1-23. DOI: 10.1186/ 
1476-069X-5-7

[66] Larouche J, Sheoran S, 
Maruyama K, Martino MM. Immune 
regulation of skin wound healing: 
mechanisms and novel therapeutic 
targets. Advances in Wound Care. 
2018;7(7):209-231. DOI: 10.1089/
wound.2017.0761

[67] Hayashi O, Katoh T, Okuwaki Y. 
Enhancement of antibody production in 
mice by dietary Spirulina platensis. 
Journal of Nutritional Science and 
Vitaminology. 1994;40(5):431-441. 
DOI: 10.3177/jnsv.40.431

[68] Khan Z, Bhadouria P, Bisen PS. 
Nutritional and therapeutic potential of 
Spirulina. Current pharmaceutical 
biotechnology. 2005;6(5):373-379. DOI: 
10.2174/138920105774370607

[69] Park HJ, Lee YJ, Ryu HK, Kim MH, 
Chung HW, Kim WY. A randomized 
double-blind, placebo-controlled study 
to establish the effects of Spirulina in 
elderly Koreans. Annals of Nutrition 
and Metabolism. 2008;52(4):322-328. 
DOI: 10.1159/000151486

[70] Punitha P, Bharathi V. In vitro 
anti-inflammatory activity in ethanolic 
extract of Spirulina plantensis and 
phytochemical analysis underneath 
GC-MS/MS. World Journal of 



Cyanobacteria - Recent Advances in Taxonomy and Applications

56

Pharmaceutical and Medical Research. 
2017;3(11):217-225.

[71] Appel K, Munoz E, Navarrete C, 
Cruz-Teno C, Biller A, Thiemann E. 
Immunomodulatory and inhibitory 
effect of Immulina®, and 
Immunloges® in the Ig-E mediated 
activation of RBL-2H3 cells. A new role 
in allergic inflammatory responses. 
Plants. 2018;7(1):13. DOI: 10.3390/
plants7010013

[72] Singh S, Kate BN, Banerjee UC. 
Bioactive compounds from 
cyanobacteria and microalgae: an 
overview. Critical reviews in 
biotechnology. 2005;25(3):73-95. DOI: 
10.1080/07388550500248498

[73] Liao HF, Wu TJ, Tai JL, Chi MC, 
Lin LL. Immunomodulatory potential of 
the polysaccharide-rich extract from 
edible cyanobacterium Nostoc 
commune. Medical Sciences. 
2015;3(4):112-123. Doi: 10.3390/
medsci3040112

[74] Effmert U, Mundt S,  
Teuscher E. Investigations of the 
immunomodulatory effect of 
cyanobacterial extracts. Allergie und 
Immunologie. 1991;37(2):97-102.

[75] Shen PP, Zhao SW, Zheng WJ, 
Hua ZC, Shi Q, Liu ZT. Effects of 
cyanobacteria bloom extract on some 
parameters of immune function in mice. 
Toxicology letters. 2003;143(1):27-36. 
DOI: https://doi.org/10.1016/
S0378-4274(03)00110-3

[76] Moosova Z, Pekarova M, 
Sindlerova LS, Vasicek O,  
Kubala L, Blaha L, Adamovsky O. 
Immunomodulatory effects of 
cyanobacterial toxin cylindro 
spermopsin on innate immune cells. 
Chemosphere. 2019;226:439-446. DOI: 
10.1016/j.chemosphere.2019.03.143

[77] Silambarasan G, Ramanathan T, 
Nabeel MA, Kalaichelvan VK, 

Kathiresan K, Balasubramanian T. 
Anti-inflammatory activity of the 
marine cyanobacterium Trichodesmium 
erythraeum against carrageenan-induced 
paw oedema in wistar albino rats. 
European Journal of Inflammation. 
2011;9(1):53-56. DOI: https://doi.org/10.
1177/1721727X1100900108

[78] Krishnaveni J, Alarmal MS, 
Jency M. In vitro antiinflammatory 
activity of blue-green algae-
Geitlerinema splendidum collected from 
Western Ghats, South India Asian 
Journal of Pharmaceutical and Clinical 
Research. 2018;11(5),407-409. DOI: 
https://doi.org/10.22159/ajpcr.2018.
v11i5.25301

[79] Eming SA, Koch M, Krieger A, 
Brachvogel B, Kreft S, 
Bruckner-Tuderman L, Krieg T, 
Shannon JD, Fox JW. Differential 
proteomic analysis distinguishes tissue 
repair biomarker signatures in wound 
exudates obtained from normal healing 
and chronic wounds. Journal of 
proteome research. 2010;9(9):4758-
4766. DOI: https://doi.org/10.1021/
pr100456d

[80] Kapuścik A, Hrouzek P, Kuzma M, 
Bártová S, Novák P, Jokela J, Pflüger M, 
Eger A, Hundsberger H, Kopecký J. 
Novel Aeruginosin-865 from Nostoc sp. 
as a Potent Anti-inflammatory Agent. 
ChemBioChem. 2013;14(17):2329-2337. 
DOI: 10.1002/cbic.201300246

[81] Torres A, Enk CD, Hochberg M, 
Srebnik M. Porphyra-334, a potential 
natural source for UVA protective 
sunscreens. Photochemical & 
Photobiological Sciences. 
2006;5(4):432-435. DOI: https://doi.
org/10.1039/B517330M

[82] Singh SP, Klisch M, Sinha RP, 
Häder DP. Effects of abiotic stressors on 
synthesis of the mycosporine-like amino 
acid shinorine in the cyanobacterium 
Anabaena variabilis PCC 7937. 
Photochemistry and Photobiology. 



57

Potential of Cyanobacteria in Wound Healing
DOI: http://dx.doi.org/10.5772/intechopen.98521

2008;84(6):1500-1505. DOI: https://doi.
org/10.1111/j.1751-1097.2008.00376.x

[83] Engene N, Choi H, Esquenazi E, 
Byrum T, Villa FA, Cao Z, Murray TF, 
Dorrestein PC, Gerwick L, 
Gerwick WH. Phylogeny-guided 
isolation of ethyl tumonoate A from the 
marine cyanobacterium cf. Oscillatoria 
margaritifera. Journal of natural 
products. 2011;74(8):1737-1743. DOI: 
https://doi.org/10.1021/np200236c

[84] Faltermann S, Hutter S, Christen V, 
Hettich T, Fent K. Anti-inflammatory 
activity of cyanobacterial serine 
protease inhibitors aeruginosin 828A 
and cyanopeptolin 1020 in human 
hepatoma cell line Huh7 and effects in 
Zebrafish (Danio rerio). Toxins. 
2016;8(219):1-14.DOI: https://doi.
org/10.3390/toxins8070219

[85] Motoyama K, Tanida Y, Hata K, 
Hayashi T, Hashim II, Higashi T, 
Ishitsuka Y, Kondo Y, Irie T, Kaneko S, 
Arima H. Anti-inflammatory effects of 
novel polysaccharide sacran extracted 
from cyanobacterium Aphanothece 
sacrum in various inflammatory animal 
models. Biological and Pharmaceutical 
Bulletin. 2016;39(7):1172-1178. DOI: 
10.1248/bpb.b16-00208

[86] Bruno A, Rossi C, Marcolongo G, Di 
Lena A, Venzo A, Berrie CP, Corda D. 
Selective in vivo anti-inflammatory 
action of the galactolipid 
monogalactosyl diacylglycerol. 
European Journal of Pharmacology. 
2005;524(1-3):159-168. DOI: 10.1016/j.
ejphar.2005.09.023

[87] Stevenson CS, Capper EA, 
Roshak AK, Marquez B, Grace K, 
Gerwick WH, Jacobs RS, Marshall LA. 
Scytonemin-a marine natural product 
inhibitor of kinases key in 
hyperproliferative inflammatory 
diseases. Inflammation Research. 
2002;51(2):112-114. DOI: 10.1007/
BF02684014

[88] Balunas MJ, Grosso MF, Villa FA, 
Engene N, McPhail KL, Tidgewell K, 
Pineda LM, Gerwick L, Spadafora C, 
Kyle DE, Gerwick WH. Coibacins A–D, 
antileishmanial marine cyanobacterial 
polyketides with intriguing biosynthetic 
origins. Organic letters. 2012;14(15): 
3878-3881. DOI: https://doi.org/10.1021/
ol301607q

[89] Choi H, Mascuch SJ, Villa FA, 
Byrum T, Teasdale ME, Smith JE, 
Preskitt LB, Rowley DC, Gerwick L, 
Gerwick WH. Honaucins A− C, potent 
inhibitors of inflammation and bacterial 
quorum sensing: synthetic derivatives 
and structure-activity relationships. 
Chemistry & Biology. 2012;19(5):589-
598. Doi: 10.1016/j.chembiol.2012.03.014

[90] Morrison CA. The prehospital 
treatment of the bleeding patient—Dare 
to dream. Journal of Surgical Research. 
2013;180(2):246-247. DOI: 10.1016/j.
jss.2011.12.022

[91] Dai C, Liu C, Wei J, Hong H, 
Zhao Q. Molecular imprinted 
macroporous chitosan coated 
mesoporous silica xerogels for 
hemorrhage control. Biomaterials. 
2010;31(30):7620-7630. DOI: 10.1016/j.
biomaterials.2010.06.049

[92] Choi JH, Kim S, Kim SJ. Spirulan 
from blue-green algae inhibits fibrin 
and blood clots: Its potent 
antithrombotic effects. Journal of 
Biochemical and Molecular Toxicology. 
2015;29(5):240-248. DOI: https://doi.
org/10.1002/jbt.21690

[93] Anas AR, Nakajima A, Naruse C, 
Tone M, Asukabe H, Harada KI. 
Determination of FVIIa-sTF Inhibitors 
in Toxic Microcystis Cyanobacteria by 
LC-MS Technique. Marine drugs. 
2016;14(1):7.DOI: https://doi.
org/10.3390/md14010007

[94] Jensen GS, Drapeau C, 
Lenninger M, Benson KF. Clinical safety 
of a high dose of Phycocyanin-enriched 



Cyanobacteria - Recent Advances in Taxonomy and Applications

58

aqueous extract from Arthrospira 
(Spirulina) platensis: Results from a 
randomized, double-blind, placebo-
controlled study with a focus on 
anticoagulant activity and platelet 
activation. Journal of Medicinal Food. 
2016;19(7):645-653. DOI: 10.1089/
jmf.2015.0143

[95] Kamble SP, Gaikar RB, Padalia RB, 
Shinde KD. Extraction and purification 
of C-phycocyanin from dry Spirulina 
powder and evaluating its antioxidant, 
anticoagulation and prevention of DNA 
damage activity. Journal of Applied 
Pharmaceutical Science. 2013;3(8):149. 
DOI: 10.7324/JAPS.2013.3826

[96] Kaji T, Okabe M, Shimada S, 
Yamamoto C, Fujiwara Y, Lee JB, 
Hayashi T. Sodium spirulan as a potent 
inhibitor of arterial smooth muscle cell 
proliferation in vitro. Life Sciences. 2004 
;74(19):2431-2439. DOI: 10.1016/j.
lfs.2003.09.061

[97] Harborne JB. Phytochemical 
methods; A guide to modern Techniques 
of plant analysis. Chapman and Hall. 
New York. 1998:1-98.

[98] Dahms HU, Ying X, Pfeiffer C. 
Antifouling potential of cyanobacteria: 
a mini-review. Biofouling. 
2006;22(5):317-327. DOI: https://doi.
org/10.1080/08927010600967261

[99] Kim HM, Lee EH, Cho HH, 
Moon YH. Inhibitory effect of mastcell-
mediated immediate-type allergic 
reactions in rats by Spirulina, 
Biochemical Pharmacology 
1998;55:1071-1076 DOI: 10.1016/
s0006-2952(97)00678-3

[100] Subhashini J, Mahipal SV, 
Reddy MC, Reddy MM, Rachamallu A, 
Reddanna P. Molecular mechanisms in 
C-Phycocyanin induced apoptosis in 
human chronic myeloid leukemia cell 
line-K562. Biochemical pharmacology. 
2004;68(3):453-462. DOI: 10.1016/j.
bcp.2004.02.025

[101] Gur CS, Erdogan DK, Onbasılar I, 
Atilla P, Cakar N, Gurhan ID. In vitro 
and in vivo investigations of the wound 
healing effect of crude Spirulina extract 
and C-phycocyanin. Journal of 
Medicinal Plants Research. 
2013;7(8):425-433. DOI: https://doi.
org/10.5897/JMPR12.705

[102] Syarina PN, Karthivashan G, 
Abas F, Arulselvan P, Fakurazi S. Wound 
healing potential of Spirulina platensis 
extracts on human dermal fibroblast 
cells. EXCLI journal. 2015;14:385-393. 
DOI: 10.17179/excli2014-697

[103] Han SG, Song JM, Lee J. 
Formulating a therapeutic cream for 
burn injury using cyanobacterial 
extracts and gold nanoparticles. 
International Journal of Medical 
Research and Pharmaceutical Sciences. 
2017;4(3):45-53. DOI: 10.5281/
zenodo.376416

[104] Morais MG, Vaz BD, Morais EG, 
Costa JA. Biological effects of Spirulina 
(Arthrospira) biopolymers and biomass 
in the development of nanostructured 
scaffolds. BioMed Research 
International. 2014;2014. DOI: https://
doi.org/10.1155/2014/762705

[105] Steffens D, Leonardi D, da Luz 
Soster PR, Lersch M, Rosa A, Crestani T, 
Scher C, de Morais MG, Costa JA, 
Pranke P. Development of a new 
nanofiber scaffold for use with stem 
cells in a third degree burn animal 
model. Burns. 2014;40(8):1650-1660. 
DOI: 10.1016/j.burns.2014.03.008

[106] Jung SM, Min SK, Lee HC, 
Kwon YS, Jung MH, Shin HS. Spirulina-
PCL nanofiber wound dressing to 
improve cutaneous wound healing by 
enhancing antioxidative mechanism. 
Journal of Nanomaterials. 2016;2016 
DOI: https://doi.org/10.1155/2016/ 
6135727

[107] Yin H, Chen CY, Liu YW, Tan YJ, 
Deng ZL, Yang F, Huang FY, Wen C, 



59

Potential of Cyanobacteria in Wound Healing
DOI: http://dx.doi.org/10.5772/intechopen.98521

Rao SS, Luo MJ, Hu XK. Synechococcus 
elongatus PCC7942 secretes extracellular 
vesicles to accelerate cutaneous wound 
healing by promoting angiogenesis. 
Theranostics. 2019;9(9):2678-2693 DOI: 
10.7150/thno.31884

[108] Liu W, Xu H, Gao X. Mild Acid 
Hydrolysis-related Release of Water-
soluble Sunscreen Pigments from the 
Exopolysaccharide Matrix of Edible 
Terrestrial Cyanobacteria. Journal of 
Applied Biology & Biotechnology. 
2017;5(5):11-15. DOI: 10.7324/
JABB.2017.50502

[109] Choi YH, Yang DJ, Kulkarni A, 
Moh SH, Kim KW. Mycosporine-like 
amino acids promote wound healing 
through focal adhesion kinase (FAK) 
and mitogen-activated protein kinases 
(MAP kinases) signaling pathway in 
keratinocytes. Marine drugs. 
2015;13(12):7055-7066. DOI: 10.3390/
md13127056

[110] Peppas NA, Bures P, 
Leobandung WS, Ichikawa H. Hydrogels 
in pharmaceutical formulations. 
European Journal of Pharmaceutics and 
Biopharmaceutics. 2000;50(1):27-46. 
DOI: 10.1016/s0939-6411(00)00090-4

[111] Agnihotri SA, Mallikarjuna NN, 
Aminabhavi TM. Recent advances on 
chitosan-based micro-and nanoparticles 
in drug delivery. Journal of Controlled 
Release. 2004;100(1):5-28. DOI: 
10.1016/j.jconrel.2004.08.010

[112] Oh JK, Lee DI, Park JM. 
Biopolymer-based microgels/nanogels 
for drug delivery applications. Progress 
in polymer science. 2009;34(12):1261-
1282. DOI: 10.1016/j.progpolymsci. 
2009.08.001





61

Chapter 4

Novel Hemoglobin from 
Synechocystis sp. PCC 6803: 
Shedding Light on the  
Structure-Function Relationship 
and Its Biotechnological 
Applications
Mohd. Asim Khan, Sheetal Uppal and Suman Kundu

Abstract

Cyanobacteria are oxygenic photosynthetic prokaryotes, practically present in 
every plausible environment on the earth. In 1996, the first cyanobacterial genome 
was sequenced from Synechocystis sp. PCC 6803 and the cyanobacterial genome 
database has been continuously growing with genomes from more than 300 cyano-
bacterial and other related species, so far. Synechocystis sp. PCC 6803 is one of the 
best-characterized cyanobacteria and has developed into a model cyanobacterium 
that scientists are using throughout the world. At the same time, the field of hemo-
globin was undergoing a breakthrough with the identification of new globins in all 
three kingdoms of life including cyanobacteria. Since then, the newly identified 
globins in the cyanobacteria are raising intriguing questions about their structure 
and physiological functions, which are quite different from vertebrate’s hemoglobin 
and myoglobin. These hemoglobins have displayed unprecedented stability, unique 
heme coordination, novel conformational changes, and other properties that are 
not often observed in the globin superfamily. This chapter provides an overview of 
the unique globin from Synechocystis sp. PCC 6803, its interacting protein partners, 
proposed functions, and its biotechnological implications including potential in the 
field of artificial oxygen carriers.

Keywords: Cyanobacteria, Synechocystis sp. PCC 6803 hemoglobin, Structural 
features, Heme stability, Physiological function, Biotechnological application

1. Introduction

The ancient cyanobacteria played a fundamental role in changing the composi-
tion of the early, oxygen-poor reducing atmosphere into an oxidizing atmosphere of 
the earth. These tiny oxygenic phototrophs inhabit varied ecosystems and habitats 
ranging from oceans to hot springs and deserts [1]. They can also be found in 
extreme environments, such as acidic bogs and volcanoes. The plethora of available 
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information on the diversity and physiology of cyanobacteria provides an excellent 
base for exploring their application in biotechnology. Because of their ability to 
harvest solar energy and convert atmospheric CO2 to useful products like biofuels 
and bioactive compounds, they serve as a promising organism which is used for 
medical treatments and various industrial applications [2].

Oxygen provides an enormous source of energy for biological functions; 
however, it can also be toxic to organisms. It is believed that cyanobacteria 
were among the earliest prokaryotic organisms responsible for the oxygen-rich 
environment on the young planet earth and currently, nearly 99% of the oxy-
gen is contributed by the eukaryotic algae [3]. It has been revealed that all the 
eukaryotic phototrophic organisms derived the ability to produce oxygen during 
photosynthesis through endosymbiosis [4]. Later, it was discovered that the 
heme-containing protein that sequesters and protects the primitive cyanobacteria 
cells from toxic O2 is almost identical to the energy-generating apparatus in the 
photosynthetic bacteria [5]. The basic chemical apparatus became increasingly 
complex through time and evolution, however, the interaction between the metal 
atom in the porphyrin ring and the oxygen remains unchanged [6]. The heme-
containing proteins form a large class of macromolecules that have diverse and 
distinct biological functions. Comparative analysis of hemoproteins revealed that 
the changes in the amino acid sequence and their interaction with the porphyrin 
ring mainly involved in the multitude of different functions which include elec-
tron-transferring cytochromes, intracellular peroxidases, and lignin-degrading 
extracellular peroxidases. The well-studied heme-binding proteins are vertebrate 
hemoglobin (Hb) and myoglobin (Mb). The heterotetrameric hemoglobin is pres-
ent at high concentration (15 g/100 ml) in normal human blood and involved in 
the oxygen transport in the circulatory system whereas myoglobin is a monomeric 
oxygen storage protein mainly located in the cardiac and striated muscles [7].

Recent breakthroughs in molecular biology tools and genome sequencing 
techniques led to the identification of hemoglobin genes in almost all kingdoms 
of life including plants, animals, bacteria, and fungi. Extensive bioinformatics 
surveys of available genomes identified putative globins with several character-
istics that are distinct from the classical globins [8]. These distinct globins have 
been designated as “novel” or “new” globins to distinguish them from the tradi-
tional globins. These new Hbs display differences in the coordination chemistry 
of heme Fe atom in which all six coordination sites are occupied in the absence 
of exogenous ligand and referred to as “hexacoordinated hemoglobins (HxHbs)” 
compared to “pentacoordinated” heme Fe coordination chemistry of classi-
cal vertebrate Hb and Mb [9, 10]. Another set of novel hemoglobins have been 
discovered which are 20–40 amino acid residues shorter than the mammalian 
hemoglobins, resulted in modification of the canonical “3-on-3” globin fold and 
provided them with a shortened “2-on-2” globin fold [11–13]. These classes of 
hemoglobins are called “truncated hemoglobins (TrHbs)” and constitute a major 
class of the globin family [14].

In 1992, the identification of truncated hemoglobin in the nitrogen (N2)-fixing 
cyanobacterium Nostoc commune (N. commune) strain UTEX 584 opened the 
avenues for exploring and identification of hemoglobin gene in cyanobacteria and 
green algae [15]. Several years later, genome sequence analysis of the first photo-
synthetic non-N2 fixing Synechocystis sp. PCC 6803 (S6803) revealed a single copy 
of the globin gene [16]. Among all cyanobacterial species, S6803 is one of the most 
widely studied cyanobacteria. In this article, we will provide an overview of the his-
tory of Synechocystis hemoglobin (SynHb), its proposed physiological functions and 
interacting partners as well as the biotechnological applications of the cyanobacte-
rial hemoglobin in the designing of artificial oxygen carriers.
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2.  Synechocystis sp. PCC 6803 hemoglobin: an unusual hemoglobin from a 
cyanobacterium

S6803 was the third unicellular prokaryotic and first non-diazotrophic photosyn-
thetic organism whose genome is completely sequenced. The genome sequence analy-
sis showed the presence of a single hemoglobin gene (coded by slr2097 gene; named 
as glbN), encoding 123- amino acid polypeptide chain sharing 55% sequence identity 
with the cyanoglobin from N. commune [17]. Compared to N. commune, the location 
of the slr2097 gene in the genome does not provide any indication of a functional 
role for the protein. So, to uncover the physiological role, this cyanobacterial globin 
is being investigated worldwide and a series of research efforts by several pioneers 
provided the structural and functional understanding as outlined in Figure 1.

2.1 Biochemical and structural features of Synechocystis Hemoglobin

In the year 2000, two different groups reported the preliminary biochemical 
characterization by cloning and over-expressing the slr2097 globin gene in E.coli 
[17, 18, 32]. The molecular weight of SynHb protein is around ~13 kDa and was 
found to be a stable α-helical monomeric protein [33]. This cyanobacterial globin 
is “hexacoordinated” in which His46 (distal) and His70 (proximal) function as 
internal heme iron axial ligands [19]. Comparative sequence analysis of SynHb 
with pentacoordinated sperm whale Mb and other truncated hemoglobins (trHbs) 
showed that SynHb is a member of the truncated hemoglobin superfamily with 
“2-on-2” globin fold (Figure 2). The overall crystal structure of SynHb is almost 
similar to other trHbs and the NMR structure, however, some conformational 
changes were found, which was partly attributed to the presence of a unique third 
covalent linkage between the heme-2-vinyl and the Nε2 atom of His117 residue – a 
feature observed in crystal structure but not in the NMR structure. This unique 
post-translational modification with heme moiety is not detected in any other 
globins discovered so far. Interestingly, SynHb displays the characteristics features 
of both trHbs and HxHbs. It has been found that His46 residue covalently attached 
to the heme Fe atom on the distal side resulting in “hexacoordination”. However, 
unlike in other HxHbs whose structures are solved, His46 occupies E10 position 
compared to common E7 position and not involved in the stabilization of the bound 
ligand (Figure 3). Interestingly, structural comparison of SynHb with other trHbs 

Figure 1. 
Timeline of milestones in Synechocystis hemoglobin research [16–31].
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reveals the absence of a ligand tunnel, a characteristic feature of trHbs connecting 
the distal heme pocket to the solvent. The tunnel formation is observed post-ligand 
binding in SynHb and has been proposed to facilitate ligand escape from the heme 
pocket. SynHb provides the first crystal structure of a trHb in both unliganded and 
ligand-bound state [19, 34]. Among all the available hemoglobin structures, SynHb 
is the only globin which undergoes a significant conformational change in the 
tertiary structure upon ligand binding in hexacoordinated-SynHb [20].

2.2 Role of key residues in the stability and folding of Synechocystis Hemoglobin

Preliminary investigation of SynHb by Hoy et al. [35], and Nothnagel et al. [21], 
revealed that this cyanobacterial Hb is naturally a very stable Hb. Their work high-
lighted the role of the unusual third His (His117) in imparting extra heme stability 

Figure 3. 
A) Three dimensional structures of SynHb (PDB-1RTX) shows hexacoordinate heme coordination chemistry 
with distal his (E10) and proximal his (F8) covalently linked to heme Fe atom. B) Three dimensional 
structures of Mb (PDB- 5MBN) shows pentacoordinate heme coordination chemistry with distal his (E7) not 
directly bound to heme iron atom whereas proximal his (F8) covalently linked to heme Fe atom.

Figure 2. 
Three-dimensional structure showing globin fold. A) a typical truncated Synechocystis hemoglobin (PDB 
ID: 1RTX) showing “2-on-2” globin fold (BE (green)/GH (blue)). B) Three-dimensional structure of classical 
globin i.e. myoglobin (PDB ID: 5MBN) showing “3-on-3” globin fold (AEF (green)/BGH (blue)).
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in SynHb. Though the globin has been reported to be stable, negligible reports exist 
as to its relative stability, extent of stability, the factors that contribute to it and their 
applications and thus Synechocystis hemoglobin is being investigated worldwide. In 
the past few years, Kundu’s laboratory is intensively involved in studying this unique 
cyanobacterial globin to understand the biophysical traits that define this globin and 
structure–function relationship in comparison to classical Hbs. Extensive muta-
tional studies and heme loss assay reiterated and validated some earlier propositions 
that the third covalent linkage between heme-2-vinyl group and His117 residue is the 
major holding force for heme in SynHb [22, 32]. Several key residues near the heme 
pocket have identified that influence the structural integrity of protein and thus 
play vital role in the cyanobacterial globin expression and synergy of amino acid 
side chains in the heme and polypeptide stability (Figure 4) [33]. Their studies have 
revealed several interesting findings which include: 1) His117 is indispensable for 
heme retention, while either of distal His46 or proximal His70 is required for heme 
uptake by apo-SynHb (globin protein without heme); 2) Acid-induced denaturation 
studies showed that SynHb did not release heme from its protein matrix and dis-
played features of a molten globule state at pH 2.0; 3) Acid- and chemical-induced 
denaturation studies revealed that none of the heme pocket residues affect the 
polypeptide stability except His117 residue; 4) This cyanobacterial Hb is extremely 
thermostable compared to classical pentacoordinated Hbs and thermal unfolding 
is affected both by distal His46 and His117 residues. Based on these findings, it has 
been proposed that Synechocystis Hb could be used as a model system for under-
standing the protein folding and stability of a new class of hemoglobins.

2.3 Ligand binding kinetics in Synechocystis Hb

The reaction of SynHb with O2 and CO is quite unusual. The association rate 
constants for O2 and CO is partly similar to the hemoprotein (glbN) from the N. 
commune cyanobacterium [36]. Compared to other hemoglobins (Table 1), such as 
Mb and human Hb, soybean leghemoglobin (Lba), and non-symbiotic hemoglobin 
(nsHb) from rice, these two cyanobacterial proteins have remarkably large values 
for most rate constants [38–42]. The two cyanobacterial Hbs are different in their O2 

Figure 4. 
Structural representation of Synechocystis hemoglobin (PDB ID: 1RTX). The truncated globin fold (2-on-2) 
is represented in gray and the heme moiety in red. Several key residues in the heme pocket are displayed in 
color. The three histidines covalently associated with heme are shown in zoomed section. His46 and His70 
directly coordinate to heme iron and constitute “hexacoordination”. The third His (His117) is covalently 
associated to heme vinyl group.
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dissociation rate constants. The oxygen (O2) dissociation rate constant of SynHb is 
very low compared to faster O2 dissociation rate of glbN (Table 1). The low dissocia-
tion constant of SynHb is similar to other HxHbs like rice Hb1. All classical Hbs have 
a relatively higher off rate. SynHb exhibits large association rate constants for CO 
and O2 which is because of unusual reactive heme iron, suggesting that the ligand 
is trapped in the heme pocket which increases the chance of bond formation rather 
than escape (Table 1). Thus, bimolecular rate constants cannot surpass the rate 
constant for ligand entry through the protein matrix. It was observed that k’CO for 
SynHb is larger than kentry,CO for Mb and human Hb; thus indicating that the heme 
pocket of SynHb is highly solvent-exposed. The unusual ligand binding kinetics in 
SynHb may not support a role in O2 transport and storage. In trHbs, the conventional 
“histidine-gate” path for ligand binding is blocked [43]. It has been postulated that 
tunnels found in trHbs serve as an alternative diffusion path for ligands. In case of 
SynHb, there is no tunnel observed and subsequently, three possibilities are proposed 
for ligand entry and exit which includes: 1) Ligands enter and exit directly from the 
heme pocket through the solvent face. 2) Ligands enter through the solvent face of 
the heme pocket, and then a tunnel formation in the ligand bound state facilitate the 
ligand exit. 3) Ligand entry and exit pathways are not clear in SynHb structures.

3. Proposed physiological function of Synechocystis hemoglobin

The new class of Hb differs from the classical Hbs in their cellular location, pri-
mary sequence, expression pattern, three-dimensional fold, heme pocket architec-
ture, ligand binding characteristics, heme pocket electrostatics etc. and thus, forced 
the researchers worldwide to re-investigate their functions which might diverge 
widely during evolution of globins [11, 44]. Based on several reports, the oxygen 
transport and storage function which are usually associated with hemoglobins have 
been ruled out and various other functions including detection, scavenging, and 
detoxification of O2 and O2- derived species (e.g. NO and CO) have been proposed.

Despite numerous efforts, physiological function for SynHb is still not clear. Several 
functions have been proposed that vary from reversible binding of diatomic ligands to 
redox reactions, to peroxidase activity, and nitrite and hydroxylamine chemistry [23, 
24, 45–48]. The possibility for SynHb to function as an oxygen transporter protein is 
excluded as the oxygen dissociation rate constant of SynHb is too low for its involve-
ment in the facilitated diffusion of oxygen, thus suggesting that it may be involved in 

Hb k’O2

(μM−1 s−1)
kO2

(s−1)
k’CO2

(μM−1 s−1)
kentry, CO

(μM−1 s−1)

Synechocystis hyobin 240 0.014 90

Nostoc commune (glbN) 390 79 41

M. tuberculosis Hb (HbN) 25 0.2 6.8

Rice Hb (rHb1) 68 0.038 6

Sperm whale Mb 17 15 0.5 17

Human Hb α- chain 23 11 2.9 11

Human Hb β- chain 79 28 7.1 11

Soybean LegHb (Lba) 130 5.6 17 320

kO2 = association rate constant (on-rate); kO2 = dissociation rate constant (off-rate); k’CO2 = association rate constant 
(on-rate); kentry,CO = rate constant for entry through the protein matrix.

Table 1. 
Rate constants for ligand binding to several wild type hemoglobins [21, 37].
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O2 scavenging or sensing mechanism [25, 37]. In cyanobacteria, the metabolism of N2 
is different and assimilates nitrogen through the reduction of nitrate under conditions 
ranging from normoxic to hypoxic [24]. It has been shown that at low oxygen concen-
tration, cyanobacteria can accumulate nitrate and nitrite to a very high concentration in 
the range of millimolar [49]. Sturms et al., demonstrated that the ferrous SynHb showed 
nitrite reduction rate 10 times faster than the animal hemoglobins [24], which indicates 
that cyanobacterial Hb could serve as an anaerobic nitrite reductase in vivo. Similarly, 
the same group has shown that the hydroxylamine reduction rate to ammonia is 100–
2500 times faster than animal hemoglobins in vitro [23], which supports the hypothesis 
that it contribute to anaerobic nitrogen metabolism in support of anaerobic respiration 
and survival during hypoxia. Another existing study suggested that SynHb can serve as 
nitric oxide dioxygenase (NOD) enzyme by substituting for flavohemoglobins (FHbs) 
in E. coli during NO challenge [26]. In an artificial reduction system, oxyferrous-SynHb 
can react rapidly with NO and subsequently scavenge NO with a controlled reduction 
rate in vitro. Interestingly, it has been in Synechococcous sp. PCC 7002, the close relative 
of Synechocystis sp. PCC 6803, that globin null mutant strain experienced more stress 
under NO exposure compared to wild type strain [50]. These NO protection/scaveng-
ing functions would thus need the requirement of a suitable reduction mechanism that 
converts inactive ferric state of SynHb back to active ferrous state of SynHb to accom-
plish these functions in vivo. These studies prompted other researchers to search for 
related reductase protein for SynHb which can perform the proposed nitrite reductase 
function. Recently, Uppal et al., reported a protein in Synechocystis sp. PCC 6803 which 
was annotated as dihydrolipoamide dehydrogenase (DLDH) in the database. Their 
studies clearly showed that the putative cognate reductase “named as Synechocystis Hb 
reductase (SynHbRed)” interact and reduce the Fe3+-SynHb back to active Fe2+-SynHb in 
vitro [51]. Based on these results, we proposed a hypothetical Synechocystis hemoglobin-
reductase reduction system as shown in Figure 5.

4. Biotechnological applications of Synechocystis hemoglobin

4.1  In designing a stable hemoglobin-based blood substitute using protein 
engineering approach

In the last few decades, there is a significant progress in the development of 
oxygen-carrying blood substitutes. Since the 1980s, human blood substitutes have 

Figure 5. 
Proposed working model of Synechocystis hemoglobin-reductase complex.
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been in the pipeline in the medical and life science research fields [52]. Currently, 
there are none in the market because of scientific and political reasons. There are 
a few blood substitutes still progressing through clinical trials, and the academic 
community is still actively improving the products, also known as oxygen therapeu-
tics and hemoglobin-based oxygen carriers [53, 54]. Over the last few years, studies 
have focused on developing “recombinant hemoglobin-based oxygen carriers” 
(rHBOCs) which can be used as an alternative to blood during transfusion therapy. 
Recombinant human hemoglobin is produced in heterologous expression systems 
like E. coli to fulfill the need for artificial blood substitutes [55–59]. However, such 
hemoglobins suffer quite a few disadvantages like dissociation into dimers, poor sta-
bility, easy clearance from circulation, high blood pressure, poor expression yields, 
improper ligand affinities and fast heme dissociation [60]. Recently, protein engi-
neering approaches have been employed for designing more stable Hb-based blood 
substitutes, with several properties improved. Several laboratories are intensively 
involved to tackle the major remaining problems associated with artificial blood 
substitutes like stability and rapid heme dissociation [61]. Mb has been invariably 
used as a model protein for the commercial development of blood substitutes [62]. 
This small, stable, and well-studied Hb thus became a gold standard for protein 
engineering approaches.

The newly discovered truncated and hexacoordinate globins exhibit unique 
features that allow the exploration of a whole range of proteins, some of which 
might be more stable than Mb, thus allowing newer ways for comparative muta-
genesis strategies to improve stability. Synechocystis hemoglobin with its unique 
His-heme linkage and unparalleled stability serves as an excellent reference system. 
Thus, the major application of Synechocystis hemoglobin is in the designing of stable 
hemoglobin-based blood substitutes, an area of translational science in hemoglobin 
biotechnology. It has been assumed that introduction of extra covalent linkage via 
histidine to heme in other globin might allow a new strategy to enhance heme sta-
bility. Lecomte’s group was successful in engineering covalent linkage itself by sub-
stituting Leu79 to His and demonstrated that single variant L79H/H117A bound the 
heme weakly but nonetheless formed a covalent linkage between His79Nε2-heme 
2-vinyl atom, analogous to His117-heme 2-vinyl linkage [27]. Another successful 
attempt to engineer the heme stability was done by Uppal et al., in myoglobin as a 
first step toward the production of a stable hemoglobin-based oxygen carriers [22]. 
Their work clearly demonstrated that the Mb mutant (I107H) with the engineered 
covalent linkage holds heme tightly, stable to denaturants and exhibited ligand 
binding kinetics similar to wild-type protein. The future perspective of this work 
is to engineer the extra covalent linkage in recombinant human Hb, necessitating a 
step toward the production of stable hemoglobin-based oxygen carriers.

4.2  Synechocystis hemoglobin as a fusion tag for enhancing the expression, 
solubility and purification of other proteins

Recent years have witnessed tremendous increase in the number of tags and 
the development of fusion strategies to facilitate the expression, purification, and 
solubilization of recombinant proteins which can be used as industrial enzymes, 
for drug discovery, and biotherapeutics [63]. There are now a wide variety of 
fusion tags available in the market which are well-characterized and used in the 
biotechnological industry to obtain highly purified biologically active recombinant 
proteins [64]. However, these available tags have a major limitation, i.e., the absence 
of any color to facilitate the visualization of target protein during the expression 
and purification process. Hemoglobins because of their distinctive bright red color, 
high solubility and stability offer a unique advantage of tracking of the target 
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fused protein during expression and at different steps of purification and even in 
crystallization and thus minimizing the cost and time in fusion protein technology. 
Previous reports showed the use of visible tag systems such as flavoenzymes and 
hemeproteins that contain colored chromophores [65]. The Vitreoscilla hemoglobin 
(VHb) from the bacterium Vitreoscilla has been used successfully as a fusion expres-
sion vector for the production of many target proteins [66]. Based on recent bio-
chemical studies of newly discovered hemoglobins, it is revealed that Synechocystis 
hemoglobin is the well-suited protein for high-throughput protein expression and 
purification [67]. Since it is small, very stable, highly soluble with a high expression 
yield, it can improve the expression yield and solubility of the desired protein.

5. Conclusion

In the last few decades, an intense research effort from several researchers 
worldwide has enabled us to uncover the unique properties of Synechocystis hemo-
globin and shed the light on its physiological function. Despite extensive informa-
tion available for SynHb, there are still many unanswered questions that need to 
be investigated. Moreover, the evolutionary significance of the third His-heme 
covalent linkage and its role in the physiological function of SynHb is still unclear. 
However, Synechocystis Hb presents an important model system to understand 
protein folding and stability in general. Furthermore, the knowledge gained from 
mutational and expression studies in Synechocystis Hb can be applied to other 
globins e.g. human hemoglobin for designing an efficient oxygen delivery vehicle.
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Chapter 5

Brazilian Coast: A Significant Gap 
in the Knowledge of Cyanobacteria 
and Their Applications
Taiara A. Caires and Helen Michelle de J. Affe

Abstract

Brazil has 10.959 km of coastline which includes three ecoregions based on the 
biogeographic system, exhibiting a wide range of environments that favor the occur-
rence of numerous cyanobacterial morpho- and ecotypes. These organisms have a 
great adaptive capacity, which explains their occupancy in numerous environments 
and the high diversification of the group. Historically, the cyanobacteria have been 
classified only based on morphology, which makes their taxonomy quite challenging. 
There is usually little morphological variation between taxa, which makes it difficult 
to identify diacritical characteristics between some genera and species, making 
intergeneric and intraspecific delimitation tough. Thereby, the polyphasic approach 
based on different tools allows the identification of new taxa and the reassessment 
of those already established with more reliability, contributing to a better systematic 
resolution of the world ‘cyanoflora’, a term that we propose herein to describe the 
diversity of Cyanobacteria into Phycoflora area. However, the use of these tools is 
still not widely applied to most genera and species, especially those from tropical and 
subtropical environments, which has limited the real recognition of their biodiver-
sity, as well as the knowledge about the cyanobacteria’s evolutionary history and 
biogeography. In Brazil, even with the great development of phycological studies, the 
knowledge about Cyanobacteria from marine benthic environments has not evolved 
to the same degree. This phylum has been neglected in floristic surveys, presenting 
only 46 benthic species reported to the long Brazilian coastline, evidencing the still 
incipient knowledge about the diversity and distribution of this microorganism’s 
group. Furthermore, biotechnological properties of Brazilian marine cyanobacteria 
are still almost completely unknown, with only three studies carried out to date, 
underestimating one of the most diverse groups and with promising potential for 
the possibility of isolating new biochemically active compounds. The ten new taxa 
related to the Brazilian coast in the last decade emphasizes the challenge of conduct-
ing further floristic surveys in the underexplored marine environments in order to 
fill an important lacune in the cyanoflora knowledge, as well as their biogeographic 
distribution and biotechnological potential. Besides, the recognition of the Brazilian 
cyanoflora makes an important contribution to the understanding of the function-
ing and monitoring of marine ecosystems and provide data for the construction 
of future public policies, which is a goal of the United Nations Decade for Ocean 
Science for Sustainable Development.

Keywords: biodiversity, biotechnological prospection, Brazilian coast, cyanoflora, 
cyanobacteria, polyphasic approach, taxonomy
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1. Introduction

The phylum Cyanobacteria is a well-defined group of gram-negative oxygenic 
photosynthetic bacteria, responsible for the initial change of the Earth’s atmosphere 
from the reducing to the oxidizing condition [1–4]. The origin of this group is 
estimated between 2.7 to 3.5 billion years, based on fossil records and organic 
biomarkers. Cyanobacteria are highly adaptable and have colonized the most varied 
biotopes as terrestrial, freshwater, brackish, and marine environments, including 
those considered extreme, such as the poles, hot springs, and deserts, being 
considered excellent environmental colonizers [5–7].

The adaptive capacity and diversification of cyanobacteria, as well as the occu-
pation of the environments by these microorganisms can be explained by their great 
flexibility to acclimatize to a wide range of environmental conditions [1, 4, 8].  
This extraordinary adaptability is favored by a wide variety of morphological and 
physiological characteristics exhibited by different eco- and morphotypes into 
Cyanobacteria [7]. Besides their significant ecological importance as primary pro-
ducers, these organisms also are recognized as great fixers of atmospheric nitrogen, 
playing an important role in the bioavailability of the nitrogen compounds in the 
trophic chains of the most diverse environments, whether aquatic or terrestrial [9].

Cyanobacteria usually present phenotypic plasticity among the individuals 
of the same species. On the other hand, individuals from different species can 
represent cryptic taxa [10]. For marine environments, these morphological 
variations may be due to local environmental features, such as hydrodynamics, 
water temperature, shading, and substrate types [11]. According to Dvořák et 
al. [12], the difficulty of cyanobacteria identification stems from their cryptic 
diversity, as well as the poor knowledge about morphological variability of 
these organisms and the common convergent evolutionary events. Thus, the 
polymorphism presented by cyanobacteria makes it difficult to identify diacritical 
characteristics for species identification [11, 13].

Historically, the cyanobacteria have been classified only based on morphology, 
which makes their taxonomy quite challenging, especially on intergeneric and 
intraspecific delimitation. In that respect, the polyphasic approach has been widely 
used in taxonomic studies of cyanobacteria as an efficient method to identify 
new taxa and reassessing of those already established [4, 14]. This approach 
mainly integrates molecular data (e.g. 16S rRNA), morphology, ultrastructure, 
biochemistry and ecological aspects. The recent inclusion of new molecular 
biology tools has been particularly useful, as the secondary structure of the internal 
transcribed spacer (ITS) located between the 16S and 23S rRNA genes [15–18].

The integration of these tools has helped in the resolution of countless 
cryptogenera, which present distinct phylogenetically well-defined clades, but 
practically impossible to be separated only by morphology [4], clearly showing that 
genotypic diversity exceeds phenotypic diversity. Thereby, the polyphasic approach 
allows greater knowledge about polyphyletic genera [10, 19–26], contributing to a 
better systematic resolution of the world ‘cyanoflora’, a term that we propose herein 
to describe the diversity of Cyanobacteria into Phycoflora area.

However, the use of these tools is still not widely applied to most genera and 
species, especially those from tropical and subtropical environments, which 
has limited the real recognition of their biodiversity, as well as the knowledge 
about the cyanobacteria’s evolutionary history and biogeography. This group 
has been neglected in the Brazilian marine floristic surveys, mainly for benthic 
environments, which are still poorly understood. Besides the difficulties in 
carrying out taxonomic studies due to the great problem in the definition of 
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diacritic characteristics that assist in rapid and practical identification of taxa 
[27], it is important to highlight the small number of taxonomists working in this 
specific group in Brazil, which amplifies the significant knowledge gap about the 
cyanoflora.

2. Brazil: an extensive and environmentally diverse coastline

Brazil has 10.959 km of coastline (4°N to 33°S) which is bathed in its entire 
length by the Atlantic Ocean. Additionally, its coast has an Exclusive Economic 
Zone (EEZ) that includes up to 200 miles from the coast, encompassing the entire 
Continental Shelf and the oceanic islands [28]. The Brazilian coast is subdivided 
into three ecoregions based on the biogeographic system to classify the oceans: 
(1) Warm Temperate Southwestern Atlantic (South and Southeast regions); (2) 
Tropical Southwestern Atlantic (East and Northeast regions); and (3) North Brazil 
Shelf (Amazonia region) [29]. Included into the Tropical Southwestern Atlantic 
ecoregion are São Pedro & São Paulo Islands, Fernando de Noronha, Atoll das 
Rocas, Trindade and Martin Vaz Islands, and the Abrolhos Archipelago (Figure 1).

Horta et al. [30], based on the latitudinal temperature gradient occurring along 
the Brazilian coast, divided it into two large areas: (1) Tropical Region (covering 
the Northeast area); and (2) Warm Temperate Region (including the Southeast and 
South areas, with exception of Espírito Santo state, which is considered a transition 
zone) (Figure 1). The Tropical Region is characterized by the oligotrophic waters 
and its benthic phycoflora is found predominantly on sandy substrates. In the Warm 
Temperate Region, the benthic algae occur on rocky shores [30–32].

For macroalgae, the species richness presents a reduction in the north–south 
direction along the Brazilian coast [30]. The obtained data so far show this same 
pattern of species richness distribution for cyanobacteria. However, there are many 

Figure 1. 
Ecoregions (colored lines) based on Spalding et al. [29], and regions (gray scale bars) based on Horta et al. 
[30]. Green - North Brazil shelf; red - tropical southwestern Atlantic; blue - warm temperate southwestern 
Atlantic. AR – Atoll das Rocas; SS – São Pedro & São Paulo Islands; FN - Fernando de Noronha;  
TR - Trindade Island; MV - Martin Vaz Islands; AA - Abrolhos archipelago.
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knowledge gaps about this group in the Brazilian coastline, which can modify this 
pattern observed up to now. Golubic et al. [33] and Hoffmann [34] highlighted that 
large areas with different climates can present a high cyanobacteria biodiversity, 
notably in the tropical zone, in which the great part of the Brazilian coast is found.

The Brazilian coastal region varies considerably in shape and width, including 
3.000 km of coral reefs (0°50’S to 18°00’S) among which some are attached to the 
coast, and others are several kilometers offshore [35–37]. Charpy et al. [38] relate 
that benthic cyanobacteria constitute a major component of epiphytic, epilithic, 
and endolithic communities in reef ecosystems, performing an important role in 
these areas. Besides the coral reefs, the Brazilian coast presents several types of 
substrates, including beach rocky, sandstone formation, precambrian basement, 
and carbonate crusts, which can favor the occurrence of a great diversity of 
cyanobacteria (Figure 2).

In the marine benthic environments, the cyanobacteria can occupy the 
supralittoral, mediolitoral (intertidal zone) and infralittoral, which may grow in 
epilithic, epiphytic, and epizoic life forms [11, 39–41]. Cyanobacteria do not have 
specific morphological adaptations for fixation. Thus, these organisms typically 
occur associated with rough substrates, as beach rock which favors their adhesion, 
and microhabitats which present low hydrodynamics [41]. According to Taton and 
Hoffmann [42], these microorganisms can occur as endoliths in the locals with high 
water movement.

Regarding the vertical zonation in these environments, the morphophysiological 
characteristics of cyanobacteria play an important role in their distribution. Taton 
and Hoffmann [42] describe that these microorganisms can display zonation from 
supralittoral areas toward the intertidal zone, which is directly influenced by hydro-
dynamics, duration and frequency of subaerial exposure, and the type and amount 

Figure 2. 
General aspect of beaches on the Brazilian coast. A. Praia do Francês (TSA); B. Paripueira (TSA); C. 
Pirambúzios (TSA); D. Pipa (TSA); E. Porto de Galinhas (TSA); F. Gaibú (TSA); G. Caponga (TSA); 
H. Itaqui (TSA); I. Araçagi (NBS); J. Pontal de Guaibura (WTSA); K. Praia das Focas (WTSA); L. 
Praia de Tassimirim (TSA); M. Ponta do Mutá (TSA); N. Praia do Francês (TSA); O. Imbassaí (TSA); P. 
Praia dos Castelhanos (WTSA); Q. Ponta das Canas (WTSA); R. Ponta da Nhá Pina (WTSA); S. Praia 
Grande (WTSA); T. Búzios (WTSA). (WTSA) Warm Temperate Southwestern Atlantic ecoregion (south 
and southeast regions); (TSA) Tropical Southwestern Atlantic ecoregion (east and northeast regions); (NBS) 
North Brazil Shelf ecoregion (subregion Amazonia region).
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of sediments. In that respect, the presence of heterocytes can favor the survival 
of these microorganisms in microhabitats with limited nutrient availability, as the 
supralittoral. Tomitani et al. [43] and Sohm et al. [44] related the predominance of 
Nostocales taxa in this abovementioned microhabitat, which has limiting abiotic 
variables.

On the other hand, homocyted taxa present high success in several micro-
habitats in the mediolitoral region, which remain in contact with water for a 
period of the day [41]. Besides the aforementioned zones, the infralittoral region 
is also understudied in the Brazilian marine environments, with only one species 
described for this zone, Symploca infralitoralis, Caires et al. [40], highlighting the 
need for greater sampling and analysis efforts in this environment.

3. How much is Brazilian marine benthic cyanoflora known?

In Brazil, even with the great development of phycological studies, the 
knowledge about the phylum Cyanobacteria has not evolved to the same degree, 
especially regarding the marine benthic environments [41, 45]. According to 
Komárek [46], only 5 to 10% of the diversity of cyanobacteria is known in the 
world. Menezes et al. [47] carried out a data compilation and registered the 
following species richness for the Brazilian marine environments: North - one 
taxon; Northeast - 45 taxa; Southeast - 91 taxa; and South - 16 taxa. However, these 
numbers include the diversity of planktonic cyanobacteria, which are more widely 
known than benthic ones.

Regarding the benthic taxa for the Brazilian coastal region, only 46 species 
are reported by ‘Flora do Brasil 2020 Database’, which are distributed as fol-
lows: 25 species for Oscillatoriales (homocyted taxa); six species for Nostocales 
(heterocystous taxa); two for Spirulinales (homocyted taxa); seven for 
Synechococcales (five homocyted taxa; and two single-celled taxa); four spe-
cies for Chroococcales (single-celled taxa); and two species for Pleurocapsales 
(single-celled taxa) [48].

Cyanobacteria is a group of great ecological, health, economic and biotechno-
logical interest nevertheless studies approaching benthic marine cyanobacteria 
in Brazil are scarce (Figure 3). Among the realized studies, most of them were 
developed in the southeastern region, mainly in the coastal environments of the São 
Paulo and Rio de Janeiro states, both included in Warm Temperate Region [49–65].

For the other Brazil’s regions, the following studies are reported: South – 
Coutinho et al. [66] for Santa Catarina state, and Garcia-Baptista & Baptista [67] 
for Rio Grande do Sul state; and Northeast – Nogueira and Ferreira-Correia [68] 
for Maranhão, Branco et al. [69] for Pernambuco, and Caires et al. [10, 40, 41] for 
Bahia. Additionally, Caires et al. [70] described one new genus, Neolyngbya T.A. 
Caires, C.L. Sant’Anna et J.M.C. Nunes, which includes six species widespread for 
the Brazilian coast. Among them, N. granulosa T.A. Caires, C.L. Sant’Anna et J.M.C. 
Nunes was recently reevaluated based on genetic data by Lefler et al. [26], who 
proposed a new combination Affixifilum granulosum (Caires, Sant’Anna et Nunes) 
Lefler, D.E.Berthold et Laughinghouse.

Besides Neolyngbya, other two new genera were described for Brazilian coast 
in the last decade: Capilliphycus T.A. Caires, C.L. Sant’Anna et J.M.C. Nunes [10], 
including two species (C. salinus T.A. Caires, C.L. Sant’Anna et J.M.C. Nunes, 
and C. tropicalis T.A. Caires, C.L. Sant’Anna et J.M.C. Nunes); and Halotia D.B. 
Genuário et al., with one species for marine benthic environment (H. branconii 
D.B. Genuário et al.). The distribution of the ten new species, including Symploca 
infralitoralis described for the Brazilian infralittoral, is showed in Figure 4.
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Since the first published research about Brazilian marine benthic cyanobacteria 
which was carried out almost four decades ago, a limited number of studies was 
realized in this country (Figure 5). The number of studies and the interval among 
them demonstrate that the knowledge about the diversity and distribution of 
cyanobacteria are still incipient, especially when considering the coastal extension 
of Brazil and the great diversity of favorable habitats for the development of these 
organisms [41].

Figure 3. 
Number of papers about benthic cyanobacteria developed in each coastal region Brazilian coastline: Green 
- North Brazil shelf (one study); red - tropical southwestern Atlantic (eight studies); blue - warm temperate 
southwestern Atlantic (seventeen studies). Brazilian states: MA – Maranhão; PE – Pernambuco; BA – Bahia; 
RJ – Rio de Janeiro; SP – São Paulo; PR - Paraná; SC – Santa Catarina; RS – Rio Grande do Sul.

Figure 4. 
Spatial distribution along the Brazilian coast of the new described genera and species in the last decade. Data 
based on Caires et al. [10, 40, 70] and Genuário et al. [64]. Green - North Brazil shelf (no taxon); red - 
tropical southwestern Atlantic (six taxa); blue - warm temperate southwestern Atlantic (four taxa). Brazilian 
states: BA – Bahia; RJ – Rio de Janeiro; SP – São Paulo; PR - Paraná.
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Furthermore, Brazil has some islands, as São Pedro & São Paulo, Fernando de 
Noronha, Atoll das Rocas, and Trindade and Martin Vaz, which are completely 
unknown about their cyanoflora, underestimating the biodiversity of this group. 
For Abrolhos Archipelago, only the studies carried out by Walter et al. [71] and 
Walter et al. [72] describe a new genus, Adonisia Walter et al., and a new species 
Adonisia turfae Walter et al., respectively. However, the descriptions of new taxa 
are not valid according to the rules of the International Code of Nomenclature of 
Prokaryotes - ICNP [73] and the International Code of Nomenclature for Algae, 
Fungi and Plants - Shenzhen Code [74]. Therefore, these taxa were not included in 
our analyses about benthic cyanobacteria diversity.

Regarding the relevance of ecological aspects related to benthic cyanobacteria, 
it is important to highlight that these microorganisms also are responsible for the 
“Black Band Disease” in the reef-forming corals, causing a direct impact on the 
functioning of these systems, and affecting their entire associated biota [75]. 
Some filamentous species have formed recurrent blooms, as observed in Abrolhos 
Archipelago by Ribeiro et al. [76]. According to Taylor et al. [77], the frequency of 
these blooms tends to increase globally as marine ecosystems undergo a process of 
eutrophication and thermal anomalies, which can be associated with global climate 
changes. These factors make evident the importance of studies that contribute to 
the knowledge of cyanobacteria, as well as about the interactions between this 
group and other organisms that occurred in the Brazilian marine habitats, support-
ing initiatives for the conservation of the reef environments.

4. Underestimated biotechnological potential of the Brazilian cyanoflora

Cyanobacteria presents a great physiological ability to survive under several 
abiotic conditions. This capacity is possibly related to a large number of secondary 
metabolites biosynthesized by different biochemical routes in these individu-
als [78]. These compounds are distributed into 260 cyanobacterial metabolite 
families and in ten different chemical classes, like lipopeptides, peptides, lipids, 
terpenes, polysaccharides, alkaloids, polyketides, macrolides/lactones, and indole 
compounds, [79, 80]. Among marine cyanobacteria, the filamentous forms usu-
ally have a greater quantity of natural bioactive products, with approximately 800 
compounds [81].

Figure 5. 
Distribution of all studies carried out about marine benthic cyanobacteria in the Brazilian environments 
over time.
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Therefore, these microorganisms are evaluated as a rich source of biologically 
active secondary metabolites with potential biotechnological application [82, 83], 
especially in the pharmacological area, presenting substances with antitumor, 
antibacterial, antiviral, antifungal, antioxidant, anti-inflammatory and 
anticholinesterase activities [84–102].

According to Demay et al. [80], there are more than 90 genera of cyanobacteria 
that produce compounds with potential beneficial activities, most of them 
belonging to the orders Oscillatoriales, Nostocales, Chroococcales, and 
Synechococcales. However, the orders Pleurocapsales, Chroococcidiopsales, and 
Gloeobacterales remain poorly explored about their bioactivity potential. In that 
respect, the marine species, specifically the complex Lyngbya-Moorena genera stand 
out for the large production of bioactive metabolites.

Although Brazil has a long coastline, showing itself as a potential source of 
natural products, the biotechnological properties of Brazilian marine cyanobacteria 
are still almost completely unknown, underestimating one of the most diverse 
groups with promising potential for the possibility of isolating new biochemically 
active compounds. In Brazil, only the studies conducted by Caires et al. [103], 
Vaz [62], Silva et al. [65], and Armstrong et al. [104] deal with this theme, which 
demonstrated the great biotechnological potential of the Brazilian marine benthic 
cyanobacteria, highlighting the capacity of this group.

Approaches including biofertilization and nutraceutical applications have not 
yet been carried out with these Brazilian marine microorganisms. For biofuel 
production, only the study realized by Da Rós et al. [105] with a unicellular marine 
strain Chlorogloea sp. is registered. This research evaluated the chemical and 
physico-chemical properties of lipids obtained from distinct cyanobacterial strains 
for biodiesel production.

Therefore, the extensive Brazilian coastline is almost entirely unidentified 
regarding the biotechnological potential of the marine cyanobacteria occurring 
in this environment, underestimating the biochemiodiversity of one of the most 
promising groups concerning the possibility of isolating new biochemically 
active compounds with unprecedented molecular skeletons. Thus, the use of 
natural compounds, as those obtained from marine cyanobacteria, has become a 
viable alternative for the discovery of substances for the treatment of infections 
caused by resistant microorganisms [106], as well as the cyanobacterial biomass 
can become an important source to nutraceutical, biofertilization, and biofuel 
applications.

5. Future perspectives about Brazilian cyanoflora

The knowledge about the biodiversity of marine benthic cyanobacteria from the 
Brazilian coast is notoriously underestimated. The recognition of their cyanoflora 
makes an important contribution to the understanding of the functioning of 
marine ecosystems, as well as the ecological relationships in which cyanobacteria 
are present, such as coral reefs. Besides, the generation of scientific knowledge 
about marine biodiversity is one of the goals of the United Nations Decade for 
Ocean Science for Sustainable Development, providing data for monitoring and 
conservation of these environments, in addition to the construction of future public 
policies [107].

The number of new taxa related to the Brazilian coast in the last decade 
emphasizes the challenge of conducting further floristic surveys in the underex-
plored marine environments in order to fill an important lacune in the cyanoflora 
knowledge, as well as their biogeographic distribution. The future data set based on 
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a polyphasic approach about this group can contribute to the definition of morpho-
logical markers for better delimitation of marine species, providing the basis for 
understanding evolutionary relationships and sustaining systematic decisions into 
Cyanobacteria. Furthermore, the recognition of this diversity supports studies that 
can reveal new bioactive compounds through the biotechnological prospection, 
aggregating value to these microorganisms.
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