. N
[environments|

Review

Cyanobacteria: Review of Current Potentials
and Applications

| Zahra Zahra !, Da Hyun Choo 2, Heayyean Lee 1> and Amna Parveen 3* |

1 | College of Pharmacy, Chung-Ang University, Seoul 06974, Korea; zahra.nust@gmail.com (Z.Z.);
claire.heayyean.lee@gmail.com (H.L.)|
Plamica Labs, Batten Hall, 125 Western Ave, Allston, MA 02163, USA; diannechoo0224@gmail.co
College of Pharmacy, Gachon University, Hambakmoero, Yeonsu-gu, Incheon 406-799, Korea

Correspondence: amnaparvin@gmail.com; ﬁ|+_&110-5925-2733

|Received: 26 December 2019; Accepted: 10 February 2020; Published: 12 February 2020 %I

Abstract: Continual increases in the human population and growing concerns related to the energv!
crisis, food security, disease outbreakLglobal warming, and other environmental issues require
a sustainable solution from nature. One of the promising resources is cyanobacteria, also known
[as blue-green algae. They require simple ingredients to grow and possess a relatively simple
[ genome. Cyanobacteria are known to produce a wide variety of bioactive compounds. In addition,
cyanobacteria’s remarkable growth rate enables its potential use in a wide range of applications in
the fields of bioenergy, biotechnology, natural products, medicine, agriculture, and the environment.
In this review, we have summarized the potential applications of cyanobacteria in different areas of
science and development, especially related to their use in producing biofuels and other valuable
| co-products. We have also discussed the challenges that hinder such development at an industrial
[level and ways to overcome such obstacles.|
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| 1. Introduction|

|The continual increase in the human population and environmental pollution from numerous
anthropogenic activities have resulted in various efforts to meet sustainability goals. Growing concerns
over energy crisis, food security, disease outbreaks, global warming, and other environmental concerns
require a solution that is economically viable, sustainable, as well as feasible [1]. Cyanobacteria are
known to be the first oxygenic photosynthetic microorganisms on Earth and have contributed to
oxygen production in the Earth’s atmosphere over the past 3 billion years [2]. They are also known
as blue-green algae, and are considered primary photosynthetic microorganisms, found in various
environments including freshwater, oceans, soil, and bare rock [3]. These microorganisms exist in the
form of individual cells, colonies, or filaments. Although cyanobacteria are microscopic in nature,
they can be visible when they exist in the form of colonies, such as crusts or blooms [4] |

|Cyanobacteria possess cellular mechanisms that make them adaptable to environmental changes
and grow easily as a dense population with remarkable speed. However, their fast growth rate depends
on variations in nutrient levels, biotic factors, climate change, or global warming [5,6]. There are
numerous unique characteristics of cyanobacteria that have prompted researchers and scientists to
think about their potential adoption at an industrial scale around the globe. For example, cyanobacteria
can produce molecular oxygen as a byproduct of oxygenic photosynthesis. In addition, they can
erow at a faster rate and have higher yield potential per-acre, relative to traditional food crops.
They do not compete with land-based food or feedstock resources for cultivation and can be grown on
non-productive and non-arable lands. They can grow in different types of water resources such as

|Environments 2020, 7, 13; doi:10.3390/environments7020013| |www.mdpi.com/journal/environments|



http://www.mdpi.com/journal/environments
http://www.mdpi.com
http://dx.doi.org/10.3390/environments7020013
http://www.mdpi.com/journal/environments
https://www.mdpi.com/2076-3298/7/2/13?type=check_update&version=2

|Environments 2020, 7,13 2 of 17

freshwater, brackish water, and industrial wastewater [7]. The rise of the cyanobacterial population and
its invasion in freshwater and marine environments are increasing at a rapid pace. The incredible growth
rate of cyanobacteria is one of the major aspects to think about when considering their management in
different ways. Cyanobacteria are also renowned for producing a wide variety of bioactive compounds,
including some toxins, also known as cyanotoxins, such as microcystins, anatoxins, and saxitoxins,
etc. [8,9]. Due to this remarkable attribute, cyanobacteria produce toxic blooms, which generate
potential human health concerns [10]. Several studies have been performed to develop monitoring
tools for such blooms [11,12] or effective mitigation strategies for their overgrowth [13]. On the
other hand, some cyanotoxins also showed the potential to be used in drug development for certain
cancer therapies [14]. One of the promising applications of cyanobacteria is as an energy resource.
Due to increased pollution concerns caused by fossil fuels, scientists are seeking ways to explore
environment-friendly energy resources from nature. Biofuel production from cyanobacteria has also
become a popular topic among scientists [15]. Cyanobacteria possess a relatively simple genome;
therefore, it is easier for scientists to modify their genes to explore and identify more useful constituents
for biofuel extraction. Hence, huge mass cultivation of cyanobacteria could be possible in the near
future at a commercial scale for tremendous benefits, as they can be used to produce biofuels [16] and
other valuable co-products, including antioxidants, biofertilizers, biodegradable polymers, nutrient
supplements, and color substances. Due to their numerous application potentials on a wide range
of 1ssues, here we primarily discuss the current potential of cyanobacteria that can result in greater i
sustainability. This review summarizes current the potential for cyanobacteria in different areas of]
science and development shown in Figure 1.|
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|Figure 1. Overview of the potential of cyanobacteria in different fields of science and development.

|2. Potentials of Cyanobacteria|

[2.1. As a Resource for Biofuel Production|

|The term biofuel research is not limited to just finding out the right choice of material and
its conversion to biofuel, but it must also encompass the use of byproducts generated during the
processing and production of these biofuels in an environmentally safe and economically sustainable

way [17]. Currently, we have an urgent need for new energy fuel sources, as the current fuel supplies
are mostly dependent on fossil fuels across the globe. Among the most challenging tasks, the discovery
of sustainable and clean energy resources for future supplies is ultimately linked with economic
success and stability, along with a better standard of life on a global scale [18]. These fossil fuels
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demand has raised the need to explore other energy sources [19]. Therefore, biofuels have attracted
the fuel market at a larger scale, and so their scope in the future will pave the way for maintaining
energy security. However, most of the bioenergy options have failed on both ends, whereas several
microorganism-based options could serve the purpose of producing large amounts of renewable
energy without such limitations. Cyanobacteria with their unique and superior photosynthesis
capabilities, shorter growth period, and high oil contents can convert up to|10%| of solar energy
Uptake into biomass, relafive to the| 17| conversion done by fraditional energy crops like sugarcane
or corn. Overall, cyanobacteria have higher photosynthetic efficiency than plants and algae, but oil
production in algae is much higher. Model cyanobacterial species such as Synechococcus elongatus
PCC 7942 and Synechocystis sp. PCC 6803 are commonly used species, and are observed to be
the future resource of biofuels [15]. Recently an in-silico study reported that the highest level of
ethanol production in Synechocystis sp. PCC 6803 is|235%|more than that experimentally obtained at
the lab scale. The researchers achieved this improvement by designing a coupled ethanol/biomass
mutant with 13 genetic interventions [20]. Cyanobacteria also possess significant potential for lipid
production, which can be used as biofuel feedstock [21]. Therefore, photosynthetic microorganisms
such as cyanobacteria can better serve the purpose of biofuel production in a more economical and
environmentally sustainable way and may substitute the major proportion of fossil fuel usage.

|2.2. As a Source of Co—Productsl

[Cyanobacteria have been considered as a source of different value-added co-products such as
biocatalysts for] CO,|conversion into chemicals and fuels, production of secondary metabolites from
natural products, and production of vitamins, pigments, enzymes, etc. Examples include carotenoids
and phycobiliproteins, which are two important cyanobacterial pigments that are used largely in
bioindustry. These two cyanobacterial pigments have high commercial value. The major cyanobacterial
carotenoids such as canthaxanthin, beta-carotene, nostoxanthin, and zeaxanthin are commonly used as
supplements for animal and human feeds, food additives, and food colorants. These carotenoids are
antioxidants that can play a role in preventing diseases and control of human health conditions such
as cataracts, cardiovascular diseases, and cancer [22]. Being a valuable source of vitamin production,
different marine cyanobacteria have also gained much attention. For example, Spirulina (Arthrospira) is

considered to be a rich source of riboflavin, thiamine, beta-carotene, and vitamin B12, and is available
in the market in the form of capsules, granules, and tablets [23].|

[Furthermore, a wide variety of such products are also being used for research in the field of
| cosmetics, pharmaceuticals, and different industrial applications. For example, a novel extracellular
| polysaccharide (EPS) extracted from Pseudomonas fluorescens PGM37 was found to have higher
moisturizing retention ability and has the potential to be used in cosmetics and medicinal products [24].
Similarly, Sacran is known as cyanobacteria gel extracted from Aphanothece sacrum that can be used as
| a moisturizing agent [25,26]. However, advanced technologies must be employed to effectively and
efficiently convert the primary components of cyanobacteria, including carbohydrates, proteins, fats,l
and a variety of organic and inorganic molecules, into biofuels and other co-products. |

|2.3. Nutrition/Food Supplementl

[Cyanobacteria are considered as a source of food and nutritional supplements such as complex
sugar, proteins, amino acids, active enzymes, phycocyanin, chlorophyll, beta-carotene, essential fatty
acids, minerals, carbohydrate, and vitamins. Arthrospira maxima and A. platensis are commonly known
as Spirulina. A. platensisis is commonly used as a whole food or dietary supplements. It is cultivated
worldwide and used as a feed supplement in poultry, aquariums, and aquaculture industries. Dried
Spirulina consists ofl 24%j carbohydrate, 51-71%| protein, 8% fat, and| 5% water. It is a rich source of
various essential nutrients and dietary minerals, such as vitamin B12 and iron, respectively. It is known
that vitamin B12 is a valuable nutrient that helps to maintain the nervous system. It is important fo
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DNA synthesis and takes part in hemoglobin production [23,27]. A recent study reported that in the
United States, numerous dietary supplements containing cyanobacterial species such as Aphanizomenon
flos-aguae, Spirulina, and chlorophyte Chlorella are available in the consumer markets [28]. Microcystis
and Oscillatoria are also present at the source; both these genera are known to produce microcystins
and nodularins (toxic cyclic peptides) that can contaminate the raw materials. These microcystins
are potent hepatotoxin and liver carcinogens that are harmful to both humans and livestock when

exposed through contaminated recreational and drinking waters [29]. Therefore, exploring alternative

sources of vitamins from cganobacterial species is a success of science. However, contamination of|
these species with other toxins can mark a question on their safety and toxicology.

| 2.4. Biofertilizers |

| Anthropogenic activities may result in soil infertility, deterioration, and salinization, that in return,
have the potential to reduce the area of arable lands and threaten food security [30]. Cyanobacteria can

be used as natural biofertilizers and contribute to enhanced productivity in a variety of agricultural and
ecological conditions [31]. In the agricultural sector, phosphorus is the second most important element
that is required for plant growth and development. Cyanobacteria can increase soil phosphate due to
their improved organic acid production [32]. Globally, there are about 1 billion ha of soils affected by
salinization, which can be reclaimed by using biological, physical, and chemical remediation methods.
Cyanobacterial species, for example, Nostoc and Anabaena, have outstanding capabilities to treat the soil
salinization issue by fixing atmospheric nitrogen and producing an extracellular matrix and compatible

solutes [30]. Cyanobacteria can help reduce soil salinity, weed growth and decay, and increase soil
biomass [33].|
|Cyanobacteria possess a unique attribute of nitrogen fixation in paddy fields and consequently|

increase rice growth and productivity. Their agricultural importance in rice cultivation is based on
their nitrogen-fixing ability and other positive impacts on soil and plants. For example, Anabaena, |
Aulosira, Nostoc, Calothrix, and Plectonema, etc. are the main nitrogen-fixing species. These species
play the role of biofertilizers and help maintain long-term soil fertility and sustainability by fixing
atmospheric dinitrogen and allowing for conversion to ammonium, solubilization of fixed nutrients,
or conversion of insoluble phosphorus in the soil to phytoavailable forms [34]. In a recent study,
Spirulina platensis filtrates were observed to increase the chlorophyll content and elemental constituents

in radish seedlings. These findings proved the potential of algal extracts for application in future
horticulture and agriculture. The products derived from Spirulina species could pave the way toward
sustainable agriculture, thus ensuring food production to meet the demands of increasing population
and environmental protection [35]. Cyanobacteria play an important role in the soil microbial
community and help to restore the soil deterioration effect in biological ways [36]. Cyanobacterial and
microalgal biomass is applied to soils as fertilizer that helps to improve the water-binding capacity
and nutrient composition of exhausted soils [37]. Overall, biofertilizers like cyanobacteria are an

environmentally and economically sustainable option to be used for agricultural purposes because of
their lesser input of capital and energy compared to conventional synthetic fertilizers like urea. On the
contrary, we have to consider the exposure of cyanotoxins in agriculture soils due to the removal of a
huge quantity of cyanobacterial biomass (approximately up to million tons) from water, and without
treatment, being applied to croplands [38]. This can be a possible source of pollution with cyanotoxin:
in agricultural soils that needs to be addressed. This kind of direct application of cyanobacterial
biomass as an organic fertilizer is practiced in China [39,40]}

|2.5. Biomolecules and Polyunsaturated Fatty Acids (PLIPAs)l

| Cyanobacteria produce a variety of protein biomolecules such as phycobiliproteins, phycoerythrin,

phycocyanin, and allophycocyanin that are used as dying pigments in food, cosmetics, and as fluorescent
substances in clinical or research centers [41-43]. On the other hand, the major phycobiliproteins
accumulated by cyanobacteria are phycobilisomes, including phycocyanin, phycoerythrin, and
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[allophycocyanin, which are considered as major light-harvesting complexes [44]. These phycobilisomes
can be used in detection techniques such as flow cytometry [45]. A number of other co-products
extracted from cyanobacteria can be used in a wide variety of applications, which include biopolymers
and biodegradable plastics [46], medicinal and bioactive substances [47], and polysaccharides and
polyunsaturated fatty acids (PUFAs) [48]. For example, the genus Arthrospira is enriched with nutrients
and has the potential to be used in a wide range of biomedical applications, such as the C-phycocyanin,

Hlinolenic acid (GLA), calcium spirulan, and immulina, which has been shown to have strong
biological activity [49]. Cyanobacteria and microalgae have been cultured in the past two decades
because of their high content in PUFAs, which can be added as a nutritional supplement in human
food and animal feed [48,50]. The most widely used PUFAs include c-linolenic acid (CLA) that has
been derived from Arthrospira [43].|

3. Metabolic and Genetic Engineeringl

Over the past decade, cyanobacteria have been recognized to have important metabolic engineering
applications. Different strains of cyanobacteria have been successfully engineered to produce biofuel
and numerous industrially related chemicals. Among designed principles, one of the key factors
in balancing flux via a pathway is by keeping in the view the kinetic efficiency of the pathway in
general [51]. To eradicate the bottlenecks, many things need to be optimized, such as the levels of

enzyme expression, availability of precursor metabolites, and cofactor equilibrium within the cell

system. A lot of effort is still required in lab-scale testing to reach up to commercial-scale production.
Although a key design component of metabolic engineering is the integration of exogenous genetic
elements, the broader spectrum of molecular intricacy and diversity is increasing in direct proportion

to innate metabolic pathways as per our consideration. Detailed insights of host metabolism and
further advancement in synthetic biology applications will help to achieve ultimate success [52-54].
Table 1 summarizes the studies performed on some cyanobacterial strains via metabolic and genetic
engineering to produce biofuels and chemicals in bulk.|

Table 1. Potentials of cyanobacterial strains to produce biofuel and other compounds using metabolicl

and genetic engineering tools. |

Types of Strains Compounds and Their Titers Reference
Acetone (36 mg/L) [55]
Ethanol (5.5 g/L) [56]
Ethylene (171 ug/L per day) [57]
Fatty acids (197 mg/L) [58]
Synechocystis sp. PCC6803 Fatty alcohols (2.9 g/g DCW) [59]
Isoprene (50 ug/g dry cell per day) [60]
L-Lactate (0.8 g/L) [61]
D-Lactate (1.1 g/L) [62]
Squalene (670 pg/L) [63]
Caffeic acid (0.7 mg/L) [64]
2,3 Butanediol (2.4 g/L) [65]
1-Butanol (30 mg/L) [66]
Isobutanol (450 mg/L) [67]
Synech I t . PCC 7942
YREcHococcus eiongatus sp Isobutyraldehyde (1.1 g/L) [67]
Isopropanol (0.2 g/L) [68]
2-Methyl-1-butanol (200 mg/L) [69]
Anabaena sp. PCC 7120 Farnesene (310 pg/L) [70]
Bisabolene (700 pg/L) [71]
Fatty acids (130 mg/L) [72]
Synechococcus sp. PCC 7002 Glycogen (3.5 g/L) [73]
Limonene (4 mg/L) [71]
]

Mannitol (1.1 g/L) [74
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|Relative to plants and eukaryotic microalgae, cyanobacteria are more open to genetic applications
for inducing biofuel-producing chemical pathways as the genetic engineering platform for cyanobacteria

is well known, and they possess an increased tolerance level toward foreign genes. Presently, about

290 draft genomes and 85 fully sequenced genomes are available online in the CyanoBase database

(http://genome.microbedb.jp/cyanobase) [75]. A large number of available data on cyanobacterial

genome sequencing have helped to promote the development of genome-scale models (GSMs) for

diverse species, ranging from model species like Synechocystis sp. PCC6803 to the industrially

promising strain Arthrospira platensis NIES-39 [76]. Subsequently, the genetics and metabolic regulation

mechanisms of cyanobacteria are well understood. This information has paved the way for genetic

engineering of cyanobacteria to produce biofuels, and some progress has been made to date. Recently,

cyanobacteria have been used as a model microbial system with a focus on the development of

different types of biofuels. Genetically engineered Synechococcus elongates PCC7942 have been reported

to produce ethanol at the rate of|54 nmol-OD730 nm/L| per day [77]. Likewise, the production of

ethylene and isobutyraldehyde in Synechococcus sp. PCC 7942 has been reported [67,78]. In the case

of Synechocystis sp. PCC6803, bioethanol production at a rate of|{5.2 mmol-OD730 nm/L] per day,

has been observed [79]. Another study reported the biosynthesis of isoprene in genetically engineered

Synechocystis sp. PCC6803 [60]. Finally, a promising approach towards biofuellproduction was designed

based on the manipulation of cyanobacterial intermediary metabolism [80].|

[Cyanobacteria possess significant potential for the field of industrial biotechnology that deals

with the production of a wide range of bio-products, e.g., biofuels such as hydrogen, isoprenoids

alcohols, and other high-value bioactive compounds. Recently, several new techniques have been used

in the exploration and developmental phase for the application of cyanobacteria at the commercial

level. Exploring the technology for cyanobacterial “omics” research is the recent advancement, which

involved the improvement in the genetic engineering approach and synthetic biology. These approaches

facilitated the development of intricate metabolic engineering programs that aim to design strains

customized for different industrial biotechnology applications. Furthermore, there is a lot of

potential for applications of novel techniques like Clustered Regularly Interspaced Short Palindromic

Repeats(CRISPR) associated protein (CRISPR/Cas) and CRISPR interference (CRISPRi) research in
cyanobacteria [81].|

|4. Medicinal Applicationsl

|Cyanobacteria possess secondary metabolites that can be used in the field of medicine through
biotechnological applications. Recently, these microorganisms have gained more interest from

scientists due to the production of bioactive compounds with applications in commercial and medical

domains [82]. Although they produce some potent toxins, they also produce numerous compounds that

are important in terms of their antifungal, antibiotic, and anticancer properties [83,84]. Furthermore,

metabolites extracted from cyanobacteria also showed interesting bioactivities, such as antimicrobial, |

antibacterial, antiviral, anti-inflammatory, antitumor, antimalarial, immunosuppressant, and anti-HIV|

(human immunodeficiency virus) activities [85-87]. Scientists and researchers around the world have

explored various drugs for treatments of such diseases. For example, apratoxin and its derivatives,

derived from various varieties of cyanobacteria, have potential against a variety of cancer cell lines.

Curacin A derived from L. majusculata is potent against breast cancer [88]. Cryptophycin is considered|

as a potent anti-cancer drug as it recognizes various solid tumors such as breast, lungs, pancreas, |

prostate, ovarian, colon, and brain cancers. It can also terminate the cells of multi-drug resistant

tumors [89]. Cryptophycin is a natural analog isolated from Nostoc species and is currently being tested

in phase I clinical trials. Several synthetic cryptophycin analogs were created to explore the potent

anti-cancer substances. [90]. Moreover, various compounds and their potential effects are described in

| Figure 2.|
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| Figure 2. Novel bioactive agents from cyanobacteria and their potential effects.

[During the years 1983-1994, aboutl&%jof the approved antibacterial and anticancer drugs were
extracted from natural product sources. As cyanobacteria are enriched in valuable ingredients that
can be used as supplements to improve health. For example, the genus Arthrospira is enriched with
nutrients that make it potentially useful for a wide range of biomedical applications. For example,
one of the potent dietary supplements includes Spirulina, which is rich in iron, copper, vitamin B3, B2,
and B1, along with protein, it has strong antioxidant, anti-inflammatory, anticancer, and low density
lipopolysaccharide (LDL) and triglyceride-lowering effects. In addition, it has been reported to lower
blood pressure, improve allergic rhinitis, improve immune function, strengthen muscles, and control
blood sugar effects. It has also been reported to induce health-promoting benefits in cardiovascular
diseases. Some compounds possess potent immunomodulatory characteristics and play a role as an
antimicrobial and antiviral agent that promotes the growth of useful gut microflora [49]. Therefore,
among the natural resources, cyanobacteria serve as a promising resource offering a wide range of
substances for the discovery of new drugs, and their development in this area still needs to be further
explored [91]. Moreover, the use of pharmaceutical drugs derived from natural products will help to|
improve treatment therapies.l

|5. Environmental Implicationsl

[Cyanobacteria have the potential to be used for bioremediation of various contaminants like
heavy metals, crude oil, pesticides, phenanthrene, naphthalene, phenols, and xenobiotics [92-94].
Some species of cyanobacteria possess the characteristics to decontaminate specific pollutants; a list of
these potential bio-remediators is summarized in Table 2 below.|
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| Table 2. Cyanobacterial species that can have the potential for bioremediation of numerous contaminants.l

Potential Bio-Remediators Contaminants References
. Oxidize oil constituents and complexed organic
Cyanobacteria compounds, i.e., herbicides and surfactants [95,96]
Anabaena sp., Nostoc sp., Lyngya sp., Helpful in removing the contamination of [97,98]
Spirulina sp. and Microcystis sp. glyphosate herbicide from agricultural sites !
Cyanobacterl'a and chepl otrophic Wastewaters and oil-contaminated sites [99]
bacteria consortium
Synechococcus elongatus, Anacystics Removal of insecticides contaminants, i.e.,
4 . . . . [100]
nidulans, and Microcystis aeruginosa organo-chlorine and organo-phosphorus
Oscillatoria-Gammaproteo Phenanthrene, dibenzothiophene, [99]
bacteria consortium and n-octadecane
Nitrogen fixation, and degradation of aliphatic
Microcoleus chthonoplastes and heterocyclic organo-sulfur compounds and
. . ) . ; [101]
organotrophic bacteria consortium hydrocarbons, i.e., alkylated monocyclic and
polycyclic aromatic compounds
consortium of Anabaena oryzae and Biodegrade crude oil under [93]
Chlorella kessleri mixotrophic condition
Consortia of cyanobacteria and bacteria Wastewater treatment and help to reduce
(Aphanocapsa sp. BDU 16, Oscillatoria sp. calcium and chloride content in water bodies [102]
BDU 30501 and Halobacterium US 101) for fish survival
Oscillatoria boryana BDU 92181 Removal of melanoidin from distillery effluents [103]
Arthrospira genomes (Arthrospira maxima ~ Tolerance to various environmental conditions
(CS-328, Arthrospira sp. PCC8005, A. such as high temperature, alkalinity, [49]
platensis NIES-39, A. platensis Paraca P0) and salinization

|Cyanobacterial species could be used to degrade certain textile dyes, as dyes are complex
contaminants that are difficult to degrade using conventional biological treatments. Cyanobacterial
species including Anabaena flosaquae UTCC64, Phormidium autumnale UTEX1580, and Synechococcus

sp. PCC7942 were assessed for their ability to degrade the textile dyes such as indigo, Remazol
Brilliant Blue R (RBBR), and black sulfur. These cyanobacteria species showed the degradation of
the dyes present in a textile effluent; thus, they have the potential to be used in tertiary treatment of
wastewater effluents generated from textile industries. Interestingly, Phormidium autumnale UTEX1580
showed complete degradation of the indigo dye [104]. In another study, cyanobacterial cultures
of Gloeocapsa pleurocapsoides and Phormidium ceylanicum were used to decolorize cyclic azo dyes.
These cyanobacterial species showed more than|80%] decolorization of Acid Red 97 and FF Sky Blue .
dyes after 26 days. However, Chroococcus minutus species showed|55%| decolorization of Amido
Black 10B [105]. Other species of cyanobacteria like Spirulina can completely remove nitrogen from
wastewaters [106]. Phormidium tenue can decolorize wastewater up to|60-90%[107]. Cyanobacteri
could play a prominent role in decontaminating oil substances from wastewaters and help in the
degradation of hydrocarbons [108].|

|Cyanobacteria possess an excellent ability to adapt to different environments. Due to their increased
adaptability and ability to grow at a faster rate from one mode to another, cyanobacteria can be effectively|
used for the remediation of polluted environments. Both the physiological and genetic adaptation
paved the way for cyanobacteria survival under complex environmental pollution conditions [109].
This adaptability to varying environments is due to mixotrophic growth, an approach used for the
biodegradation of persistent organic pollutants (POPs). Cyanobacterial species, such as Anabaena
flosaquae strain 4054, can degrade the endocrine-disrupting pollutants, like phthalate esters [110].
Another common cyanobacterium, Anabaena azotica, can effectively decompose the organochlorinel
pesticidell/i-hexachlorocyclohexane (lindane) [11 1].|
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|Cvanobacteria1 species are also potential candidates for removing contaminants from soil and
water, thereby contributing to establish a sustainable agricultural practice. For example, the presence

of Anabaena sp., Lyngya sp., Spirulina sp., Nostoc sp., or Microcystis sp. can help remove the glyphosate
herbicide effect from the agricultural fields. Furthermore, the potential for bioremediation can
be further improved by applying genetic engineering tools that can help develop a cost-effective
and environmentally friendly remediation approach with the increased production of valuable
biomass [112,113]. Another challenging issue in the agriculture domain is desertification that can be
reduced by applying cyanobacterial inoculums. Cyanobacteria can also help combat the desertification
in association with bacteria, algae, mosses, lichens, or fungi, which form the biological soil crusts in
distinct geographical regions [114]. These biological soil crusts build up the primary colonization in
deserted regions by improving the nutrient and moisture contents [114]. Therefore, cyanobacteria can
be used to sort out numerous environmental concerns. |

|6. Overall Challenges in the Development of Cyanobacteria at Industrial Scale

|Cyanobacteria1 platforms could contribute to sustainable bioenergy production, but there are
certain limitations that come in the way of their development at the industrial scale. These include
various technical, economic, and environmental challenges that need to be overcome before getting
bioenergy products from these systems. |

|6.1. Technical Challenges

|The major technical challenges addressed below include cultivation, harvesting, and genetic
engineering of cyanobacteria. Most of the cyanobacterial cultivation occurred in unsophisticated and
artificial open pond systems with low productivity [115]. In the case of open pond cultivation, only a
[imited number of cyanobacterial species like Spirulina can be produced successfully under specific|
conditions of high salinity or pH. Besides, closed systems are still required for the cultivation of other
species as they might not grow in highly selective environments. The idea of a closed system has

existed for a long time; however, the high costs have impeded its commercial application to date.
Even though cyanobacteria require very basic nutrients (such as light, water, and|CO,) to produce
biofuel, the challenge is to design the industrial bioreactor based on the light exposure and intensity
required. Therefore, cells must be provided with saturated amounts of light to obtain the maximum
photosynthetic efficiency [116]. Another challenge comes from the self-shading issue as the depth of
the culture medium increases [117]. While light is the main driver of energy for growth, too high of an
intensity can lead to photoinhibition or overheating. This is why the proper distribution of light is one
of the major challenges in designing a bioreactor for their cultivation [17]. Overall, we need to design
the industrial bioreactors and genetically engineered strains in a balanced way to capture the available
sunlight while using the smallest volume possible to make the purification process cost-effective.|

[Cyanobacterial cultures comprise diluted suspensions. Harvesting techniques such as
centrifugation, filtration, sedimentation, and flocculation are usually used, but all these methods are
costly and energy-intensive and are not applicable at a large scale, especially for low-cost harvesting to
get low-value energy products. Similarly, the extraction of lipid contents from cyanobacteria is another
challenge due to the strong cell wall that inhibits oil extraction. As a result, this extraction process also
requires a lot of energy. Another way to avoid this energy-intensive method is the use of supercritical
fluids, although this also adds further expenses [17].|

|The conversion of biomass into biofuel can be performed either by chemical or biological pathways
or by using both approaches. So far, both strategies have their own set of challenges that need to be
addressed for biofuel production with low economic and environmental costs. For instance, chemical
or enzyme-based catalysis can be used to extract the fatty acids from triacylglycerols (TAG) formed

in “oil” producing plants or microalgae for the usage of methyl or ethyl esters as biofuels. However,
one of the limitations is the inadequacy of TAG for biodiesel production. The main challenge for the
conversion of biomass to biofuels needs to be performed by designing an energy resource system with
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an efficient, environmentally and economically sound source of TAG or polysaccharides. Therefore,l
to establish a sustainable energy resource platform, solar energy must be captured and converted in
an efficient way that is suitable for large-scale production systems, so they can efficiently use solar
energy and fix carbon dioxide for the production of reduced hydrocarbons without competing for land
resources or using expensive chemicals [118].

Moreover, for the successful development of cyanobacteria as a platform to produce fatty|
acid-based biofuels, various challenges can be addressed using gene manipulation, enzyme, and
metabolic engineering or synthetic biology-based approaches. In this context, fatty acid-based biofuel
production from cyanobacteria might offer several potential benefits that pave the way for the possible
strategies that can be used to overcome such challenges. Further advances in biotechnology will
help adapt cyanobacteria to the artificial environment as well as at largce commercial scale and
enhance the photosynthetic efficiency of these organisms, which can be further improved through
genetic engineering]

|6.2. Economic Challengesl

| Bioenergy production from cyanobacteria is in its initial phase of development. Therefore, it
[ seems critical to estimate the approximate cost in building and operating the bioenergy system to
| produce high-value products. A lot of energy is required to grow and process cyanobacteria both
at the development and the operational phase. Based on the cultivation and extraction methods
the energy inputs for biofuel production could surpass the output [18]. However, further research
in designing the bioreactor is promising and will result in economical and more energy-efficient
designs. Economics of biofuel production from cyanobacteria can be enhanced by taking additional
earnings from the co-production of food, nutrient supplements, high-value products, wastewater
treatment, etc. The establishment costs for initiating biofuel production from cyanobacteria might
include costs for infrastructure layout, bioreactor operations, personal, and many other expenses.|
To maintain the optimum output levels at a commercial scale, enormous funding in the research
field would still be required [17]. For this purpose, different protocols have been established by
several corporations and government institutes for the design and approximate cost estimation for
commercial-scale production [119]. |

|6.3. Environmental Concerns|

|Among environmental concerns, global warming is one of the alarming issues that is rising at a
rapid pace, and needs to be combatted by minimizing the net addition offCO,|into the atmosphere.
This could be done by reducing and ultimately reversing the already accumulated|CO,|by slowing
|down the use of fossil fuels. For this purpose, we need to use some sustainable resources that are carboi]
neutral and help to reduce greenhouse gas emissions. One of the best solutions for this is bioenergy,
which 1s based on harnessing solar energy as biomass and for 1ts conversion into other rorms ot energy.
There are two types of major challenge related to bioenergy production. One is the production of an
enormous amount of biofuel so that it can substitute a major portion of the energy generated from
current fossil fuel sources. Secondly, bioenergy production should not be at the cost of environmental
damage and damage to food webs. Although various bioenergy options are available today, most of
them do not meet both of these criteria, whereas bioenergy options derived from cyanobacteria have
the potential to yield renewable energy at a large scale without causing major environmental concerns. |

[Some of the cyanobacterial members like Nostocales species, including Aphanizomenon and
Cylindrospermopsis, have been known to form blooms causing toxicity. The distribution of
these cyanobacterial species to new environments has been observed in temperate freshwater
environments [5,6], and global expansion of these harmful cyanobacteria have occurred due to
climate change. The expansion of these cyanobacterial species to other regions could have a significant
effect on several components of the environmental system from primary to higher trophic levels.
Moreover, these cyanobacteria may deteriorate the quality of the aquatic ecosystem, disturbing its
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several environmental services [120]. For example, under nutrient-deficient conditions and high
temperature, some of the cyanobacterial species such as Cylindrospermopsis raciborskii, Dolichospermum
spp., Microcystis aeruginosa, Planktothrix agardhii, Trichodesmium sp., and Nodularia spumigena form
blooms and produce toxic compounds that degrade the water quality and threaten aquatic life [1].|
|Cyanotoxin production from certain cyanobacterial species is just an example of limitations of
an approach to risk management, which can be operated by monitoring compliance to standards.

For example, at national wetlands park lagoon, deaths of greater flamingo chicks occurred due to the
presence of microcystins after the sudden development of a bloom dominated by Microcystis aeruginosa
and Anabaena flos-aquae [121]. These Microcystis blooms also pose serious threats to water quality,
aquatic organisms, and human health [122] |

| 7. Future Perspectivel

[Although it is quite challenging to find out the sustainable substitute for fossil fuels, in this current

scenario, researchers and scientists must explore the potentials other than ethanol. Advancements in
the field of synthetic biology have paved the way for designing organisms like cyanobacteria that could
effectively use solar energy for producing valuable products. Cyanobacteria possess several attributes
and the most remarkable are their rapid growth (relative to plants), high photosynthetic activity, and
applicability for genetic engineering. They are outstanding bio-remediators for various environmental
pollutants such as herbicides, pesticides, and heavy metals [123]. Therefore, using genetic engineering
tools, the strains with high productivity need to be further studied in detail. Although these kinds of
studies are at the initial phases of exploration through advanced genome editing tools, there is a lot of
potential to be explored further in the near future [81]. In addition to product development, further
studies must be performed on strain upgrading to attain high productivity, maintenance of growth rate,

and cell potential improvement for survival in response to stressed conditions. Such studies will enable|
the leap from laboratory-based experiments to large-scale industrial and commercial production.|

| 8. Conclusionsl

[The findings in this review pave the way for developing an effective platform to use cyanobacteria|
in several applications, including environmental implications, sustainable agriculture practices,
pharmaceutical drugs, biofuels, and other valuable co-products. Considering the unique characteristics

and growing number of cyanobacteria in different geographical regions, cyanobacteria can be a
rich source of natural products. These conclusions are based on the potential of cyanobacteria that
can be used in a wide range of applications and used by researchers, scientists, and industrialists,
who must collectively work towards building a platform to further investigate the development of
cyanobacterial studies.|
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