
RSC
Sustainability

CRITICAL REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

0/
07

/2
5 

13
:1

6:
29

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Cyanobacterial g
Department of Botany, Institute of

Varanasi-221005, UP, India. E-mail: spsingh

† Joint rst authors contributed equally t

Cite this: RSC Sustainability, 2025, 3,
661

Received 7th August 2024
Accepted 27th December 2024

DOI: 10.1039/d4su00448e

rsc.li/rscsus

© 2025 The Author(s). Published by
reen chemistry: a blue-green
approach for a sustainable environment, energy,
and chemical production

Priyul Pandey,† Deepa Pandey,† Anjali Gupta, Rinkesh Gupta, Sapna Tiwari
and Shailendra Pratap Singh *

Increased human activity due to the ever-increasing global population has necessitated the urgent need for

a sustainable environment, food, and energy. Cyanobacteria, classically known as blue-green algae, are

oxygen-producing photosynthetic organisms that are emerging as an option to achieve sustainable

development goals. These Gram-negative prokaryotes can efficiently sequester atmospheric CO2 due to

an efficient carbon concentrating mechanism and divert it to the production of energy-rich compounds,

i.e., biofuel, and other valuable chemicals, using their flexible metabolic chassis. Additionally,

cyanobacteria also minimize the emission of methane, which is another greenhouse gas, by providing

oxygen to methane-oxidizing bacteria. In recent years, several genetically engineered strains of

cyanobacteria have been developed that can produce biofuels and several other valuable chemicals.

Strains have also been engineered for bioplastic production and bioremediation purposes. These

organisms have gained attention as biofertilizers and can increase the quality and fertility of soil. Thus,

cyanobacteria are promising CO2 sinks that can contribute to global efforts in carbon capture and

storage initiatives while producing bioenergy, cosmetics, pharmaceuticals, and several other valuable

chemicals. Therefore, these blue-green cells can be used for green chemistry while minimizing the

atmospheric CO2 concentration. In this review, we present various applications of cyanobacterial

biomass to achieve sustainable development goals. We also discuss challenges associated with the wide

application of cyanobacteria and the future direction to make full use of these robust organisms to fulfill

our future demands in an environment-friendly manner.
Sustainability spotlight

The sustainability of the environment, energy, and food is a major challenge associated with the continuous increase in global population. The greenhouse gas
emissions due to fossil fuel burning and other industrial processes require a carbon-neutral society. The overexploitation of chemical fertilizers and other
industrial contaminants is compromising the health of air, water, and soil. Also, the continuous piling of plastic waste, resistant to natural breakdown, is
another environmental challenge. To overcome these challenges, greener ways of CO2 sequestration, fertilizers, chemicals, and energy production are required
without causing any negative impact on air, water, and soil. Cyanobacteria and microalgae are emerging biosystems that have the potential to fulll future
demands of sustainable food, energy, and the environment. In this work, we have discussed different features of cyanobacteria that can be used to sequester
CO2, and sequestered CO2 can be diverted through their versatile metabolic chassis using synthetic and molecular biology tools to produce food, energy,
valuable chemicals, bioplastics, and water treatment systems. This work emphasizes the importance of the following UN sustainable development goals: zero
hunger (SDG 2), good health and wellbeing (SDG 3), clean water and sanitation (SDG 6), affordable and clean energy (SDG 7), industry, innovation, and
infrastructure (SDG 9), climate action (SDG 13), and life on land (SDG 15).
1 Introduction

The global population is continuously increasing and recently
India has become the most populated country on the planet
Earth.1 The ever-increasing population has both advantages and
disadvantages. The advantage is to become a vast and growing
Science, Banaras Hindu University,
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consumer market to attract investment, increased workforce,
and domestic production. However, along with these advan-
tages, there are several disadvantages such as unemployment,
poverty, scarcity of food, environmental degradation, over-
exploitation of natural resources, global warming, and envi-
ronmental uctuations, i.e., climate change.2 Climate change
presents a multifaceted threat to global ecologies, societies, and
economies and affects various environmental aspects such as
extreme weather events, ice sheet melting, and sea level rise.3–5

In response to the abovementioned environmental crisis, the
RSC Sustainability, 2025, 3, 661–675 | 661
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Paris Agreement 2015 aimed to combat climate change and
accelerate investments and actions to achieve a low-carbon
sustainable future. Therefore, the rise in global temperature
due to carbon dioxide (CO2) emissions and other anthropogenic
gases underscores the urgent need for action to combat the
negative effects of climate change.6

In order to avoid damages from global warming and climate
change, it is urgently required to limit greenhouse gas (GHG)
emissions, particularly CO2, from various sources, in addition
to sequestering it into biomass.7 In the last two decades, cya-
nobacteria, classically known as blue-green algae due to their
characteristic blue-green color, have emerged as promising
organisms for the sustainability of the environment, agricul-
ture, and energy.7–9 Cyanobacteria play a crucial role in miti-
gating GHG emissions, mainly through CO2 sequestration. As
oxygenic photosynthetic Gram-negative prokaryotes, cyanobac-
teria utilize sunlight to convert CO2 into organic compounds
(Fig. 1), thereby controlling its concentration in the atmo-
sphere.10,11 Thus, cyanobacteria can act as a CO2 sink due to the
presence of a very effective carbon-concentrating mechanism
(Fig. 1). These organisms accumulate inorganic carbon in the
Fig. 1 Cyanobacterial biofactory for the production of valuable chemic
gration of the photosynthetic light reactions and the Calvin–Benson–Ba
diverting fixed carbon in cyanobacteria. Photosystem II (PSII) and photosy
in the lumen (p-side) and cytosol (n-side) using radiant energy. The proto
in conjunction with the carboxysome. 3-phosphoglycerate (3PGA), which
pyruvate. Pyruvate serves as a precursor for the synthesis of several ch
propanol. Additionally, acetyl-CoA derived from pyruvate is fed into the p
i.e., PHB. For the synthesis of various chemicals using cyanobacterial met
a proteinaceous microcompartment called a carboxysome in the form
biosynthesis of various important chemicals by cyanobacterial metaboli
produced by cyanobacteria or can be installed into the cyanobacterial
biology tools.

662 | RSC Sustainability, 2025, 3, 661–675
form of bicarbonate inside the cells in a proteinaceous micro-
compartment called a carboxysome.11–13

The special feature of efficiently sequestering atmospheric
CO2 makes cyanobacteria valuable allies in combating climate
change and promoting environmental sustainability. In addi-
tion to CO2, cyanobacteria can also mitigate methane produc-
tion, which is another GHG, viamodulating microbial methane
metabolism. Cyanobacteria promote the growth of methane
oxidizing microorganisms (MOB) and utilize their metabolites.
The physicochemical properties of soil are improved by cyano-
bacteria that can further promote methane mitigation by
MOB.14 In the context of climate change mitigation, cyano-
bacterial role as a potent CO2 sink provides a valuable tool for
reducing atmospheric carbon levels. The efficient photosyn-
thetic conversion of CO2 coupled with high biomass production
by cyanobacteria makes these organisms a key player in bio-
logical carbon sequestration efforts.7,11,15

In the last few decades, efforts have been made to enhance the
usage of cyanobacteria by using genetic manipulation and
synthetic and metabolic engineering approaches.16 Through
genetic engineering, cyanobacteria produce various kinds of
als by sequestering atmospheric CO2. The diagram depicts the inte-
ssham (CBB) cycle (C3 cycle) for the synthesis of various chemicals by
stem I (PSI) generate a proton gradient across the thylakoid membrane
n gradient is utilized to generate ATP and NADPH that drive the C3 cycle
is produced in the carboxysome after fixation of CO2, is converted into
emicals, including ethanol, lactic acid, isobutanol, ethylene, and iso-
olyhydroxybutyrate (PHB) biosynthetic pathway to produce bioplastic,
abolic chassis, the source of carbon is CO2 which is sequestered inside
of bicarbonate (HCO3

−). The whole process of sequestering CO2 and
c chassis involves several enzymes. These enzymes can be inherently
genome from distantly or closely related organisms using synthetic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Cyanobacterial role in achieving green chemistry and environmental sustainability. Cyanobacterial cells use solar radiation, CO2, water,
and nutrients to produce cell biomass that can be used for various purposes. Cyanobacteria can divert atmospheric CO2 to produce bioplastics,
biofuels, biofertilizers, and other valuable chemicals. Cyanobacteria act as a CO2 sink and can assist in bioremediation and aerobic methane
oxidation by methanotrophs.
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chemicals, including alcohols, hydrocarbons, proteins, carbohy-
drates, carboxylic acids, isoprenes, toxins, antioxidants, pigments,
vitamins, and methane. These chemicals have different applica-
tions in the biofuel, food, pharmaceutical, and cosmetic indus-
tries. Cyanobacteria are also useful in bioremediation and
industrial biotechnology.16,17Moreover, the use of cyanobacteria as
biofertilizers offers a sustainable approach to enhancing crop
yields by improving soil fertility and decreasing methane emis-
sions in agricultural ecosystems such as rice elds. By leveraging
the unique nitrogen-xing abilities of cyanobacteria, farmers can
enhance soil health, reduce the need for chemical fertilizers, and
therefore, can contribute to environment-friendly agricultural
practices.18,19 These approaches not only benet food security but
also help in mitigating GHG emissions associated with conven-
tional farming practices.

Cyanobacteria, with their unique capabilities and diverse
applications particularly in environmental sustainability along
with industrial biotechnology, hold signicant promise for
addressing critical global challenges such as climate change,
food security, GHG emissions, and bioenergy production
(Fig. 2). Thus, this review highlights the multifaceted role of
cyanobacteria in achieving sustainability of the environment,
energy, and chemical production while minimizing the levels of
CO2 and methane and xing atmospheric dinitrogen.
2 Cyanobacterial relevance in
reducing greenhouse gas emissions

Cyanobacteria play a signicant role in reducing GHG emissions
through their unique metabolic processes. These photosynthetic
microorganisms play a crucial role in carbon sequestration by
absorbing atmospheric CO2 during photosynthesis, converting it
into organic molecules and biomass (Fig. 1 and 2), and releasing
oxygen as a byproduct. Additionally, several cyanobacteria are
© 2025 The Author(s). Published by the Royal Society of Chemistry
capable of nitrogen xation, and therefore, these organisms can
enhance soil fertility and support plant growth while contributing
to global carbon xation.20 Also, cyanobacteria and their geneti-
cally engineered strains have been explored for their potential in
biofuel production to offer a renewable and carbon-neutral
alternative to fossil fuels.7,8 By harnessing their capabilities in
biofertilizers, methane reduction, carbon sequestration and xa-
tion, and sustainable bioenergy production, cyanobacteria offer
promising avenues for mitigating GHG emissions and addressing
problems associated with global climate change (Fig. 2).

2.1 Cyanobacterial oxygenation boosts methanotroph-
driven methane oxidation in wetland rice cultivars

In present days, the discussion and research on methane
production, release, and usage have gained signicant attention
due to its impact on global warming and atmospheric chem-
istry.21 Agricultural elds such as wetland rice elds, rivers,
estuaries, oceans, wildres, vegetation, and animals are iden-
tied as major natural sources of methane emission. In addi-
tion to natural sources, the majority of anthropogenic activities
such as biomass burning and landlling, animal rearing, and
consumption of fossil fuels contribute to global methane
emission.22 Also, methane emissions in the atmosphere can
increase as a result of population growth, waste production, and
increased demand for food and fossil fuels. Nonetheless,
methanogenesis in anaerobic ooded rice elds makes these
agroecosystems one of the most important contributors to
methane production.23

Agriculture is essential for both nancial and food security,
but it needs to be environment friendly. Therefore, to feed the
increasing global population, the production of rice grains in
the future will require the use of environment-friendly fertil-
izers and genetically engineered rice cultivars that can trap
more carbon in the grains to minimize the emission of
RSC Sustainability, 2025, 3, 661–675 | 663
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methane.24 It is imperative to increase agricultural productivity
without sacricing the sustainability of the environment, and
therefore, even a simple strategy can make a signicant differ-
ence. According to Cuellar-Bermudez (2019),25 cyanobacteria
hold great promise for addressing the problem of global
warming which is caused by GHG released due to natural and
human activities. In addition to lowering the required quantity
of nitrogen fertilizers, cyanobacteria can increase rice produc-
tion with a simultaneous reduction in the amount of methane
generated during rice cultivation.26

Thus, in the agricultural ecosystem, the applications of
cyanobacteria can increase the production of grains, maintain
the fertility and texture of the soil, and decrease methane yield.
The methane produced by methanogenic bacteria in rice elds
is utilized by methanotrophs which are obligate aerobic auto-
trophic microorganisms.27 Methanotrophs convert methane
into CO2 to obtain energy from its oxidation.28 The CO2

produced during the oxidation of methane can be consumed by
cyanobacteria. Thus, methanotrophs play an important role in
eliminating methane produced during rice cultivation or from
any other sources. However, the oxidation of methane in water-
logged habitats is limited by the availability of oxygen.29

Therefore, inoculation of cyanobacteria and/or algae in water-
logged conditions, particularly in rice elds, can overcome the
limitation of oxygen and promote the oxidation of methane by
methanotrophs. In addition to promoting the oxidation of
methane, the use of Anabaena sp., Nostoc sp., Calothrix sp., and
Tolypothrix sp. as cyanobacteria-based biofertilizers enriches
the soil quality and fertility by secreting several chemicals and
xing atmospheric nitrogen.7,30 However, excessive use of
chemical fertilizers can limit the growth of microorganisms
and, therefore, can negatively impact soil quality as well as
consumption of methane by methanotrophs.

As a proof-of-concept, it has been shown that methane
emission can be decreased by the use of cyanobacterial/algal
biofertilizers due to the availability of oxygen produced during
photosynthesis by these organisms to increase the oxidation of
methane.30 Thus, the integrated approach of using
cyanobacterium-based biofertilizers not only improves the
quality and fertility of the soil but also decreases the net
production of methane from the agricultural eld to attain
sustainable agricultural practices.
2.2 Harnessing cyanobacteria as CO2 sinks: an approach to
climate sustainability

The primary cause of increasing CO2 levels in the atmosphere is
the burning of fossil fuels such as petroleum, coal, and natural
gas which ultimately leads to global warming and climate
change.7,31,32 Human activities, particularly industrialization
and excessive fossil fuel burning mainly due to transportation,
have signicantly increased GHG emissions.7 To address the
problems associated with global warming and climate change,
various physical and biological methods have been employed to
mitigate CO2 levels.

Physical means of CO2 sequestration have many disadvan-
tages: having high costs associated with capturing,
664 | RSC Sustainability, 2025, 3, 661–675
transporting, and storing CO2. However, biological sequestra-
tion of CO2 using cyanobacteria has been proposed to be
a highly effective approach for decreasing the level of atmo-
spheric CO2.7,33,34 The CO2 sequestered by cyanobacteria can be
diverted for the production of valuable green chemicals,
nitrogen or protein-rich biomass, and biofuels using exible
metabolic chassis of wild-type or genetically engineered strains
(Fig. 1).7,8,15 Cyanobacteria are selected primarily due to their
efficient CO2 sequestration ability and photosynthetic conver-
sion of CO2 to sugar, various industrially important bioactive
molecules, and biomass production.8,11,15,35

Cyanobacteria are found in diverse habitats, including
marine and freshwater ecosystems, and possess a carbon-
concentrating mechanism (CCM) that enables them to accu-
mulate a ∼1000 times higher concentration of CO2 than the
ambient level.11,12,35,36 The absorbed CO2 is accumulated around
the Rubisco enzyme in a proteinaceous microcompartment
called a carboxysome where its further reduction takes place to
lock the sequestered CO2 into simple sugar.15,37 The cyano-
bacterial CCM involves transporters for inorganic forms of
carbon (Ci) such as CO2 and HCO3

− along with carboxysomes
that encapsulate Rubisco and carbonic anhydrase (CA)
enzymes.11,12,38 It is believed that the cyanobacterial CCM
evolved to minimize photorespiration that came into effect due
to changes in the absolute and relative levels of CO2 and oxygen
in the environment aer the evolution of oxygenic
photosynthesis.11,12

The cyanobacterial genome codes for Ci transporters as
single-gene products (e.g., BicA and SbtA) and some of the
operons coding for transport machinery (e.g., BCT1, NDH-13,
and NDH-14). Cyanobacteria have two CO2 absorption systems
located in the thylakoid membrane and three transporters in
the plasma membrane.11–13 Together, these ve distinct inor-
ganic carbon transporters make the CO2 acquisition system of
cyanobacteria. However, all cyanobacteria may not have all ve
transporters that differ from each other in terms of their unique
net affinity and uptake ux capacity for CO2 sequestration
inside the cell.12,13 In order to mitigate the impact of growing
CO2 concentrations in the atmosphere, the potential of cyano-
bacteria to sequester CO2 due to the presence of an efficient
CCM is getting recognition. Cyanobacteria play a signicant
role in the overall photosynthetic conversion of solar energy and
CO2 assimilation which is almost ten to y times faster than in
terrestrial plants.39 Therefore, using the potential of these bio-
logical systems is one of the most promising ways to lower the
atmospheric CO2 level to mitigate the negative impacts of global
warming.7 Currently, trees are a potential carbon capture solu-
tion in cities; however, their usage to capture CO2 may be
restricted due to their density, rate of growth, and availability of
space.

Also, the high levels of atmospheric CO2 together with other
contaminants can promote stomatal closure to affect the uptake
of CO2 by plants.39 The availability of green space is continu-
ously decreasing in urban areas due to increasing population
density, buildings, and other constructions. Therefore, an
alternative approach must be taken to ensure that cities have
a zero-carbon balance. The method of utilizing cyanobacteria/
© 2025 The Author(s). Published by the Royal Society of Chemistry
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algae to capture CO2 and other toxins from air, soil, and water
into their biomass is called bio-capture or phyco-capture of
CO2.7,40,41 As an alternative to large areas occupied by trees, the
growth of cyanobacteria in photobioreactors has gained atten-
tion as an alternative approach to capturing carbon.42

It is estimated that almost half of the oxygen available in the
atmosphere is produced by cyanobacteria and microalgae
which is released during the conversion of CO2 and solar radi-
ation into chemical energy in the form of sugars.15,36 According
to Farrelly et al. 2013,43 these organisms can absorb up to 2.35
gigatons (Gt) of CO2 per 100 000 km3 culture area. It is also
suggested that carbon xation by microalgae could be a signif-
icant proportion of the remaining unidentied carbon sink.44

Thus, cyanobacteria together with other microalgae have the
potential for CO2 sequestration to tackle side-effects of global
warming due to CO2 emission.
3 Cyanobacteria can promote
sustainable agricultural practices

The Green Revolution entered the global economy in 1965 and
opened up new avenues for the agriculture sector which is now
regarded as the backbone of the economy and provides several
opportunities to a large portion of the population.45 While
excessive use of chemical fertilizers has a positive effect on crop
productivity, it could negatively impact the structure and
physiochemical properties of the soil as well as the biotic and
abiotic components of an ecosystem. These chemicals affect
benecial microbes along with nematodes and insects that are
known to improve soil properties.45,46 However, in the current
scenario of continuous increase in global population, there is
a need to further increase global food production without
compromising the environment. Therefore, microbe-based
biofertilizers present an excellent alternative to chemical-
based fertilizers for sustainable agricultural practices.19

Microbe-based fertilizers can reduce the usage of chemical
fertilizers and increase crop production by improving the
quality and fertility of soil. Among microbe-based fertilizers,
several cyanobacteria are considered potent biofertilizers
because of their ability to x atmospheric nitrogen, secrete
secondary metabolites, and improve soil fertility and struc-
ture.19,47 Cyanobacterial biomass enhances the physico-
chemical properties of deteriorated soil and increases soil
water-holding capacity and mineral nutrient status.48 By natu-
rally xing atmospheric nitrogen, solubilizing phosphates, and
producing chemicals that promote plant growth, biofertilizers
supplement soil with additional nutrients. Biofertilizers are
substances that hold microbial inoculants, articially multi-
plied cultures of certain soil microbes that colonize the rhizo-
sphere. However, by increasing the supplement or availability of
primary micro- and macronutrients and growth-stimulating
agents on the target crop, these microbial inoculants enhance
soil fertility and crop productivity.49

There are approximately 1011 microbial cells per gram and
more than 30 000 prokaryotic species found in the rhizosphere
which is a narrow zone of soil that surrounds plant roots and
© 2025 The Author(s). Published by the Royal Society of Chemistry
generally contributes to plant productivity.49,50 In a natural agro-
ecosystem, the interaction between bacteria and plants in the
rhizosphere inuences crop health by offering many services to
crop plants such as decomposing organic matter, acquiring
nutrients, absorbing water, recycling nutrients, and controlling
weeds.19,51 In addition to cyanobacteria, plant growth-
promoting rhizobacteria (PGPR), phosphorus-solubilizers,
sulfur-oxidizers, mycorrhiza, bacteria that can suppress
diseases, endophytes that can withstand stress, and decom-
posers of organic matter are examples of other bioinoculants
that function as biofertilizers.52 Thus, cyanobacterial applica-
tion in agricultural elds can promote sustainable agricultural
practices by increasing soil quality and fertility without using
chemical fertilizers.
4 Cyanobacterial CO2 capture:
a green pathway to renewable energy
rich chemical production

The whole world is looking towards options for renewable
energy production to combat global climate change, limited
availability of conventional energy resources, and their impact
on GHG emissions. The recent G20 conference held in New
Delhi witnessed the creation of the India-led Global Biofuels
Alliance (GBA) in order to encourage the use of environment-
friendly biofuels. The aim of the GBA is to form a coalition
between governments, international organizations, and busi-
ness partners to promote the production and consumption of
biofuels. It is estimated that global biofuel production needs to
be increased three times to put the world energy system back on
track with net zero carbon emission by 2050.7,53

The rise in biofuel demand is driven by several factors,
including increasing oil prices, the urgent need to reduce GHG
emissions from fossil fuel burning, the quest for energy inde-
pendence among nations, and the opportunity for farmers to
make a prot by providing feedstock and agricultural waste for
biofuel production.54 Additionally, the production and utiliza-
tion of biofuels are recognized as a carbon-neutral approach as
they are produced from biomass that has sequestered
a substantial amount of CO2 from the atmosphere.7,55 Globally,
there is a growing trend in the production of biofuels from
diverse bioresources through the application of innovative
technology and biological processes. The utilization of agricul-
tural crop waste and biomass to produce biofuels has been
anticipated to lessen the negative impact of fossil fuel burning
on the environment and the disposal of agricultural waste.7,56

Therefore, the production of biofuels from plants and
microbial biomass has been the subject of investigation in the
last few decades.57,58 However, the production of biofuel from
agricultural crops or waste can result in competition for fertile
land to produce food and energy. To overcome this competition,
additional research has been conducted on cutting-edge tech-
nology for the production of biofuels from alternative feedstock.
Based on the type of feedstock used for the production of bio-
fuels, there are four categories of biofuels (Fig. 3), i.e., rst (1G),
second (2G), third (3G), and fourth (4G) generations of
RSC Sustainability, 2025, 3, 661–675 | 665
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Fig. 3 Diagram depicting the evolution of different generations of biofuels. The first generation of biofuel uses crops such as sugarcane, wheat,
beetroot, and sunflower, while the second generation biofuel utilizes wood, waste, and grass. The third generation of biofuel involves micro-
algae, macroalgae, and cyanobacteria, and the fourth generation employs genetically engineered strains of cyanobacteria and algae for
enhanced production of biofuel.
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biofuels.8,59 A range of both gaseous and liquid biofuels such as
biodiesel, ethanol, methanol, and methane are currently being
produced from different biomass feedstocks.60–62 Also, bio-
energy produced from biomass is anticipated to contribute
around 10–50% of the world's energy consumption by 2050.7

Therefore, biomass-based energy production together with
other sources of renewable energy such as solar and wind
energy will play a signicant role in fullling future global
energy demand in a sustainable and environment-friendly
manner.

The 1G biofuel is produced from edible food crops such as
sugarcane, potato, oilseed, corn, barley, wheat, sunower, and
soybean.7,8 Ethanol was the rst energy-rich chemical produced
from raw corn and sugarcane using fungal mycelia as a source
for fermentation of sugars.63,64 Fungi, e.g., Rhizopus sp. and
Saccharomyces cerevisiae, can produce ethanol by fermentation
of raw corn our, and consequently, bioethanol has been
produced on a large-scale from starch through enzymatic
hydrolysis.65,66 The 2G biofuel is produced from cellulose and
different organic waste materials such as wood, straw, and
switchgrass and non-food plants such as Jatropha seeds.7,8,67 3G
biofuels are produced from eukaryotic algae and cyanobacte-
rium feedstock, while the 4G biofuel production involves the
use of genetically engineered strains of algae and cyanobac-
teria.7,8 Genetically engineered strains having higher biomass
production than their native strains or any other phenotypic
alteration that gives them a competitive advantage over other
strains are better suited for bioenergy production.

The quest for new energy alternatives has been further fueled
by the urgent need to decrease the emission of CO2 from fossil
fuel burning. Therefore, genetically engineered strains of cya-
nobacteria and eukaryotic algae having higher CO2-sequestra-
tion efficiency can give an alternate option to energy sources
666 | RSC Sustainability, 2025, 3, 661–675
while sequestering atmospheric CO2.11,68 The algal or cyano-
bacterial biomass contains a large amount of carbohydrates,
lipids, proteins, and several other constituents that can be used
to produce different types of biofuels using physical and bio-
logical methods.7 However, compared to algae and other
photosynthetic organisms, cyanobacteria offer several advan-
tages in biofuel production due to high growth rates leading to
increased feedstock production, lower water, fertile land
demand, simple and cost-effective nutritional requirements,
and the ease of genetic manipulation through available trusted
and tested genetic engineering tools.7,8,62

Biofuels derived from cyanobacteria offer a blend of alkanes,
fatty acids, and fatty alcohols that closely resemble fossil fuels.
This similarity of energy-rich molecules suggests that these
biofuels could serve as excellent substitutes for transportation
fuels without requiring signicant alterations to vehicle
engines.58 Over the past few decades, several attempts have been
made to use photosynthetic organisms as living tools to convert
solar energy into renewable energy. The production of ethanol
by engineered Synechococcus elongatus PCC 7942, incorporating
pyruvate decarboxylase and alcohol dehydrogenase II encoding
genes from Zymomonas mobilis into its genome, marked
a signicant milestone in energy production using cyanobac-
teria.69,70 Algenol Biotech, which is an industrial biotechnology
company, established in 2009 in Fort Myers, FL, USA, uses
genetically engineered cyanobacterial strains to produce
bioethanol.

The genetic manipulation of basic cyanobacterial metabolic
chassis has produced a number of compounds valuable for the
energy sector (Fig. 1 and 4). The major advancement was made
by diverting the carbon ux towards the production of ethanol
in Synechococcus elongatus PCC 7942.69,71 However, ethanol is
not the greatest substitute for gasoline due to its lower energy
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Diagram illustrating the polyhydroxybutyrate (PHB) biosynthetic pathway within a cyanobacterial cell. The process begins with the
conversion of pyruvate to acetyl-CoA. The enzyme encoded by the phbA gene converts acetyl-CoA to acetoacetyl-CoA, which is then
transformed into 3-hydroxybutyryl-CoA by the phbB gene product. Finally, the product of phbC/E gene facilitates the polymerization of 3-
hydroxybutyryl-CoA into PHB. The synthesis of PHB requires 3-phosphoglycerate (3PGA) as a source for its biosynthesis, and it comes out from
the carboxysome after the reduction of CO2 by the RuBisCo enzyme. The carboxysome is the only microcompartment present in cyanobacteria
and helps in the carbon concentrating mechanism to minimize the oxygenase activity of the RuBisCo enzyme.
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content and ability to absorb water.72 Therefore, the focus has
been shied to developing energy-rich molecules with longer
carbon chains. For example, isobutyraldehyde, which is
a crucial ingredient for producing fuels from petroleum, has
been produced in an efficient manner by modifying the valine
biosynthetic pathway in S. elongatus PCC 7942.73 Despite these
advantages, there are environmental concerns associated with
the use of genetically modied (GM) cyanobacteria or any other
microalgal strain for biofuel production. Potential issues
include horizontal gene transfer and competition between GM
strains and other microorganisms which could impact the
natural balance of an ecosystem. However, large-scale cultiva-
tion of GM strains using closed photobioreactors can overcome
the abovementioned challenges, but the economic viability of
large-scale cultivation using expensive closed photobioreactors
only for biofuel production still needs to be achieved.7,8 There-
fore, an integrated approach for the production of bioenergy
and value-added molecules has been proposed to achieve
economic viability.8 Also, the policy related to the use of
genetically engineered strains of cyanobacteria and algae is still
not clear at the global level.
5 Cyanobacteria in wastewater
treatment: an eco-friendly approach
for bioremediation

The global concern for the environment and human well-being
has increased in the last few decades due to the addition of
different pollutants to waterways.74 Cyanobacteria exhibit
versatile capabilities in addressing environmental issues,
particularly in wastewater management and soil remediation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
These microorganisms contribute to removing excess levels of
nitrogen and heavy metals from water systems and, therefore,
have the ability to combat eutrophication. Cyanobacteria can
metabolize complex compounds such as hydrocarbons and
pesticides, and therefore, these organisms can be useful in
promoting soil and water restoration.75–77

Domestic wastewater containing paper, human excrement,
and synthetic detergent residues intermixes with industrial
effluents containing a variety of organic and inorganic pollut-
ants.78 Pesticides following their application permeate natural
basins through soil erosion or atmospheric precipitation.
Organic matter and suspended solids in wastewater impair light
penetration and, therefore, hamper photosynthesis, promote
sediment buildup, disrupt water self-purication processes,
and diminish dissolved oxygen levels, whereas surface-active
agents such as fatty acids and oils lower the oxygen content of
water by producing a lm layer.78

To address these issues, attention has been paid to biological
wastewater treatment using cyanobacteria.79 Cyanobacteria
exhibit the exceptional capacity to decompose oil constituents
and complex organics and sequester ions of zinc, cobalt, and
copper metal.77,80 Therefore, cyanobacteria exhibit promising
solutions for treating secondary effluents derived from urban,
agricultural, or industrial sectors. Thesemicroorganisms serve as
powerful agents for the restoration and cleaning of diverse
environmental settings as their distinctive metabolic character-
istics and adaptive mechanisms allow them to effectively handle
various pollutants.19,28 In aquatic ecosystems, cyanobacteria excel
in purifying contaminated water bodies by absorbing heavy
metals such as mercury, lead, and cadmium, and therefore, these
organisms can effectively minimize the hazardous consequences
of these toxic substances in aquatic ecosystems.77,81,82
RSC Sustainability, 2025, 3, 661–675 | 667
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However, optimization of cyanobacterial strains for specic
pollutants, ensuring ecological safety, and scaling up bioreme-
diation processes for large-scale applications still remain big
challenges. To fully harness the potential of cyanobacteria,
collaborative efforts involving genetic engineering and an
enhanced understanding of their physiology are essential.83 This
will permit the use of cyanobacteria in the ongoing ght against
environmental degradation and conservation efforts. Cyanobac-
teria such as Oscillatoria, Phormidium, Aphanocapsa, and West-
iellopsis have demonstrated their capability to eliminate nitrogen
and phosphate ions from wastewater.84 Additionally, Spirulina
strains possess diverse functional groups such as carboxyl,
hydroxyl, and sulfate, which facilitate metal binding. Thus, the
presence of these functional groups makes Spirulina strains
effective for controlling pollutants such as zinc and nickel.84

Also, research indicates that certain cyanobacteria such as
Synechocystis sp., Westiellopsis prolica, Nostoc hatei, and Ana-
baena sphaerica can break down organophosphorus or organo-
chlorine insecticides in aquatic environments.84 However,
widespread implementation of cyanobacteria in wastewater
treatment is limited due to the efficient removal of biomass
following treatment. Immobilization techniques using agarose,
carrageenan, chitosan, alginate, and polyurethane foam can
enhance the efficiency of nutrient or metal uptake with efficient
removal of biomass from treated water.85 In natural ecosystems,
several cyanobacterial species such as those belonging to genera
such as Oscillatoria, Synechocystis, and Pleurocapsa form
symbiotic associations with both aerobic and anaerobic
microorganisms.84 Notably, cyanobacterial communities
contribute to the breakdown of hydrocarbon pollutants found
in crude oil spillover.85 While cyanobacteria do not directly
decompose hydrocarbons, these organisms facilitate the
process by supplying essential resources such as oxygen and
nutrients to oil-degrading bacteria in a consortium.85

Therefore, to enhance the effective decomposition of
hydrocarbons, an engineered consortium consisting of multiple
cyanobacterial species, including Phormidium, Oscillatoria, and
Chroococcus and the oil-degrading bacterium Burkholderia
cepacia has been successfully developed and proven its effi-
ciency for decomposing petroleum compounds.86
6 Polyethylene biodegradation:
a sustainable approach to reducing
plastic pollution

Polyethylene is a widely used material due to its affordability,
durability, and versatility in various applications such as pack-
aging, textile transportation, and manufacturing. However, its
wide application is a major environmental challenge due to its
improper disposal, especially in marine and urban environ-
ments.87 Furthermore, its resistance to natural degradation is
yet another environmental challenge. Due to the challenges
encountered in the recycling of plastic waste, bioremediation
gives an alternative approach to the breakdown of polyethylene
by microorganisms.88 In this process, microalgae and cyano-
bacteria can adhere to the surface of submerged polyethylene
668 | RSC Sustainability, 2025, 3, 661–675
and promote biodegradation by secreting substances that aid in
the colonization of microorganisms.88 Some microorganisms
can even directly use polyethylene as the sole carbon source.89

While bacteria and fungi have been extensively studied for
polyethylene biodegradation, research on potential of cyano-
bacteria and other algae remains limited.90

Notably, cyanobacteria and algae such as Anabaena spiroides,
Scenedesmus dimorphus, and Navicula pupula have shown
potential in degrading polyethylene.90 According to Sarmah and
Rout 2018,88 two cyanobacterial species such as Phormidium
lucidum and Oscillatoria subbrevis found on algal-covered poly-
ethylene surfaces in sewage water are capable of utilizing
polyethylene as a carbon source without any additional treat-
ment. Thus, cyanobacteria together with microalgae offer
a promising avenue for developing eco-friendly polyethylene
degradation technology that is efficient, safe, and easy to
implement. However, further intensive work is required to
explore the possibility of using cyanobacteria and microalgae
for the biodegradation of polyethylene.
7 Polyhydroxybutyrate (bioplastic)
production and biodegradation

The degradation of polyethylene is extremely slow, and therefore,
biodegradable polymers can be an alternative to a polyethylene-
free environment. Polyhydroxybutyrate (PHB) is a biodegrad-
able polymer that has gained signicant attention due to its
potential application as a sustainable alternative to conventional
plastics in various industries.91 Cyanobacteria possess metabolic
pathways that enable them to synthesize PHB as an intracellular
carbon storage compound.92 PHB biosynthesis occurs via the
condensation of acetyl-CoA molecules into D-3-hydroxybutyryl-
CoA followed by polymerization and accumulation of PHB
granules within cyanobacterial cells.93 Understanding the
molecular mechanism and regulatory factors governing PHB
biosynthesis in cyanobacteria is crucial for optimizing PHB
production. Different cyanobacterial species such as Spirulina
platensis, Gloeothece sp., Oscillatoria limosa, Synechococcus sp.,
and Synechocystis sp. accumulate considerable amounts of PHB.91

PHB is produced by three enzymatic reactions that start from
acetyl coenzyme A (Fig. 1 and 4). Two acetyl-CoA molecules are
condensed and converted to one acetoacetyl-CoAmolecule by a 3-
ketothiolase enzyme encoded by the phbA gene.91 Furthermore,
acetoacetyl-CoA is converted to D-3-hydroxybutyryl-CoA by
NADPH-dependent acetoacetyl-CoA reductase which is encoded
by the phbB gene. The nal enzyme PHA synthase, encoded by
phaC/phaE, forms PHB and also catalyzes the ester bond-forming
process between the D-3-hydroxybutyryl moiety and an already-
existing PHB molecule.91 The enzymatic biodegradation of PHB
by microorganisms such as algae, fungi, and bacteria involves
a set of reactions that starts with the breaking of primary bonds
of the polymer. This results in a change in the chemical structure
of PHB and reduces its molar mass.92 The degradation of PHB
begins with the action of PHA depolymerase, encoded by the
phaZ gene, which acts on the PHB molecule and releases intra-
cellular D-3-hydroxybutyrate. Furthermore, this molecule is
© 2025 The Author(s). Published by the Royal Society of Chemistry
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oxidized by the action of 3-hydroxybutyrate dehydrogenase to
produce acetoacetate which is further esteried to acetoacetyl-
CoA.92 Acetoacetyl-CoA is hydrolyzed by the phaB gene product to
form acetyl-CoA which enters the tricarboxylic acid (TCA) cycle
and ultimately degrades to CO2 and H2O. The degradation of
PHB produces CO2 and H2O under aerobic conditions whereas
CO2 and CH4 are produced under anaerobic conditions.94

However, despite signicant progress, several challenges
remain to be addressed for the widespread commercialization of
cyanobacterium-derived PHB.95 These challenges include opti-
mizing the rate of PHB production, improving the robustness
and stability of cyanobacterial strains under dynamic environ-
mental conditions, and reducing its production cost. Addition-
ally, the development of scalable cultivation systems and
downstream processing methods is essential for the industrial-
scale production of PHB.96 Therefore, future research efforts
should focus on addressing the abovementioned challenges and
exploring novel strategies for enhancing PHB production using
cyanobacteria. Also, attention should be paid to screening new
cyanobacterial isolates capable of producing PHB.
8 Cyanobacteria are biofactories for
valuable chemical production (green
chemistry)

The potential of genetically engineered cyanobacterial strains to
directly convert CO2 into target compounds provides an
Fig. 5 The convergence of system biology and molecular biology highlig
welfare. System biology employs multiomics and computational analys
CRISPR or classical methods of genetic modification in cyanobacteria for
can help in developing new strains to sequester CO2 and produce biofu

© 2025 The Author(s). Published by the Royal Society of Chemistry
environment-friendly and sustainable approach for green
chemistry to produce various valuable chemicals (Fig. 1). Cya-
nobacteria offer an immense potential for genetic/metabolic
engineering to produce a range of chemicals due to their
unique features such as smaller genomes and genetic/
metabolic diversity, rapid growth rates, and efficient mecha-
nisms for CO2 absorption.8,97 Cyanobacteria are known to
naturally produce a variety of enzymes and chemicals required
for the functioning of their basic metabolic pathways. However,
ne-tuning of gene expression or installation of novel metabolic
pathways is crucial for the production of various chemicals on
a large scale.8,98

Also, the production of various chemicals by cyanobacterial
metabolic chassis can be designed in such a way that produced
chemicals are secreted into the surrounding medium.99 The
development of cyanobacterial strains for the production of
chemicals requires the integration of information obtained
from basic physiological studies into modern-day studies such
as biochemistry, molecular biology, synthetic biology, meta-
bolic engineering, and systems biology. As depicted in Fig. 5,
the developments in genetic tools, computational modeling,
and high-throughput screening and sequencing techniques are
continuously enhancing our capacity to engineer cyanobacteria
for a variety of sustainable biotechnological purposes.100–102

Recent advancements in synthetic biology tools have facili-
tated the development of intricate metabolic engineering
programs. A wide range of synthetic biology and metabolic
hts the broad impact of synthetic biology on various aspects of human
is, while molecular biology utilizes genetic engineering tools such as
the development of improved strains. Together, these two approaches
els, pharmaceuticals, cosmetics, and food supplements.
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engineering tools have already been developed for cyanobac-
teria.98 These methods include utilization of the commonly
used isopropyl-b-D-thiogalactopyranoside (IPTG)-controllable
trc promoter, native and synthetic promoters, riboswitches,
ribosome binding sites, selectable markers, suitable vectors for
stable chromosome integration, dynamic regulation of gene
expression, and genome-wide editing.88,103,104

The availability of cyanobacterial genome sequencing data
has enabled the integration of transcriptomics, proteomics, and
metabolomics studies, leading to the development of genome-
scale models for various species such as Synechocystis sp. PCC
6803, Synechococcus sp. PCC 7002, Synechococcus elongatus PCC
7942, Anabaena sp. PCC 7120, and Arthrospira platensis NIES-
39.105–107 Additionally, synthetic biology tools such as CRISPR/
Cas9-mediated gene editing have been successfully applied in
cyanobacteria for precise modications of the genome.108,109 S.
elongatus PCC 7942 was one of the rst cyanobacteria, along
with Synechocystis sp. PCC 6803, Anabaena sp. PCC 7120, and
the fast-growing Synechococcus elongatus UTEX 2973 strain,
where CRISPR editing has been successfully used.108,109

However, CRISPR/Cas9-mediated gene editing in cyanobacteria,
which is otherwise well established for other organisms, is still
lagging behind due to the availability of more reliable and
efficient homologous recombination-based approaches for
genome editing using conjugation, natural transformation, or
electroporation.
8.1 Green chemistry using genetically engineered strains of
cyanobacteria

It is fascinating that S. elongatus PCC 7942 and Synechocystis sp.
PCC 6803 have been successfully engineered for the production
of energy-rich chemicals.69,110 As mentioned above, the
production of ethanol by cyanobacteria was for the rst time
achieved by installing two genes of a Gram-negative anaerobic
bacterium Zymomonas mobilis.111 Also, cellulose production in
cyanobacterium Synechococcus sp. leopoliensis strain UTCC 100
through incorporation of the cellulose synthase encoding gene
from Gluconobacter xylinus provides an alternative feedstock for
ethanol production.112

Another four-carbon alcohol, i.e., butanol (C4H10O), has
been produced through microbial fermentation and from
petrochemical propylene feedstock.113–115 Butanol and iso-
butanol are not naturally produced by cyanobacteria; however,
genetic engineering has enabled the modication of cyano-
bacteria Synechocystis sp. PCC 6803 and S. elongatus PCC 7942 to
produce these alcohols.108,116–118 The production of these energy-
rich molecules by cyanobacteria has been achieved by intro-
ducing the genes from bacteria Clostridium acetobutylicum,
Treponema denticola, and E. coli.108,118,119

The production of isoprene, which is another valuable
organic compound, has been accomplished by introducing the
gene encoding isoprene synthase from the kudzu vine into
Synechocystis sp. PCC 6803.120 Likewise, the production of
ethylene in Synechococcus sp. PCC 7942 and Synechocystis sp.
PCC 6803 has been successfully achieved using their genetically
engineered strains.121,122 Once ethylene is produced by
670 | RSC Sustainability, 2025, 3, 661–675
cyanobacteria, a combination of biological and chemical
conversion processes can be employed to transform ethylene
into a range of hydrocarbons and functional groups that can be
directly used as biofuels or as an intermediate for biofuel
production.123 Thus, metabolic/genetic engineering offers
potential means for utilizing renewable cyanobacterial feed-
stock to produce sustainable alternatives to conventional
petroleum-based fuels using captured CO2.

In the cyanobacterium Synechocystis sp. PCC 6803, the
production of isoprene was enhanced by introducing exogenous
prokaryotic mevalonic acid (MVA) pathway genes.124 Limonene,
a cyclic monoterpene present in citrus fruit rinds, has various
commercial uses in the avoring and pharmaceutical indus-
tries. It is also a potential candidate for blending into jet fuel.125

Limonene has been successfully produced using the cyano-
bacterium Anabaena sp. PCC 7120 by overexpressing key
enzymes, i.e., the limonene synthase gene from Schizonepeta
tenuifolia and three endogenous terpene biosynthesis genes of
Anabaena sp. PCC 7120.123 Caffeic acid, a natural phenyl-
propanoid with anticancer properties, was produced in the
cyanobacterium Synechocystis sp. PCC 6803 by heterologous
expression of a gene from Arabidopsis thaliana.126

The genetically engineered strains of cyanobacteria have also
been used to produce various valuable compounds such as
glycogen, mannitol, L-lactic acid, and D-lactic acid that are
promising feedstocks for the medical, pharmaceutical, chem-
ical, food, and biofuel industries.127,128 Cyanobacteria naturally
accumulate glycogen, which can be used as a feedstock for
biofuel production.129,130 Under specic conditions of high-light
intensity, CO2 concentration, nitrogen depletion, and moderate
salinity, Synechococcus sp. PCC 7002 can produce 3.5 g per L
glycogen with a productivity of 0.5 g per L per day.131 The same
organism has also been engineered to produce mannitol from
CO2 by overexpressing mannitol-1-phosphate dehydrogenase
(MtlD) and mannitol-1-phosphatase (Mlp) encoding genes of E.
coli and Eimeria tenella, respectively. The engineered strain can
produce 1.1 g L−1 of mannitol with a productivity of 0.15 g per L
per day.132

L-Lactic acid used in various industries can be produced
from pyruvate using an NADH-dependent lactate dehydroge-
nase (Ldh) from Lactococcus lactis.133 The optimization strate-
gies such as increased NADH-dependent lactate dehydrogenase
(ldh) gene dosage and overexpression of the Enterococcus faecalis
pyruvate kinase gene in Synechocystis sp. PCC 6803 has resulted
in 840 mg per L L-lactic acid with a productivity of 22 mg per g
dry cell weight per h.134–136 D-Lactic acid, which is valuable for
biodegradable plastics, can be produced by overexpressing the
D-lactate dehydrogenase (D-Ldh) encoding gene. Overexpression
of native and heterologous D-Ldh from Lactobacillus delbrueckii
and inactivation of native poly-3-hydroxybutyrate and acetate
pathways have resulted in an increased production of D-lactic
acid in Synechocystis sp. PCC 6803.137,138

The production of 3-hydroxypropionic acid (3HP) and poly-3-
hydroxybutyrate-co-4-hydroxybutyrate (P3HB4HB) has also been
achieved in engineered strains of cyanobacteria S. elongatus
PCC 7942 and Synechocystis sp. PCC 6803. In S. elongatus PCC
7942, two pathways, namely malonyl-CoA and b-alanine
© 2025 The Author(s). Published by the Royal Society of Chemistry
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dependent pathways, for 3HP production can be engineered.139

However, in Synechocystis sp. PCC 6803, a different pathway has
been engineered to directly reduce malonyl-CoA into 3HP by the
overexpression of the malonyl-CoA reductase encoding gene of
Chloroexus aurantiacus.140 In S. elongatus PCC 7002, P3HB4HB
production has been achieved by expressing a heterologous
poly-3HB synthesis operon (phaABEC operon of Chlorogloeopsis
fritschii PCC 9212). The genetically engineered strain gives the
production of approximately 4.5% P3HB4HB, containing 12%
4-hydroxybutyrate (4HB), of total dry cell weight.141 Thus,
genetic modication of wild-type cyanobacterial strains
demonstrates the potential of these prokaryotes to be used as
a host to produce biodegradable polymers using atmospheric
CO2.

Cyanobacteria produce a variety of secondary metabolites,
including peptides, alkaloids, and polyketides, exhibiting
a wide range of biological activities.8 These metabolites are
potential pharmaceuticals that can address the need for new
drugs amid increasing antibiotic resistance and emerging
diseases. Cyanobacterial peptides such as microcystins, nod-
ularins, cylindrospermopsin, and cyanopeptolins show potent
inhibitory activity against specic protein phosphatases and
serine proteases.8 Therefore, these chemicals pose signicant
health risks to humans and animals. However, their specicity
offers the potential for developing targeted therapies with fewer
side effects in comparison to traditional drugs. These metabo-
lites also contribute signicantly to scientic research, partic-
ularly in understanding cell signaling and cancer biology.142,143

Thus, cyanobacterial toxins are valuable candidates for drug
development and hold considerable potential for biotechno-
logical applications in medicine and agriculture.

Other cyanobacterial compounds exhibit diverse biological
activities such as antibacterial, antifungal, antimalarial, anti-
protozoal, and antiviral.144 Also, a few cyanobacteria show
antitumor activity and antimitotic activity by inhibiting micro-
tubule assembly and colchicine binding to tubulin.145 Thus,
cyanobacterial metabolites can be used to develop new phar-
maceuticals such as anticancerous agents to address some of
the most challenging health issues of the present day. The
ongoing research and discovery of new compounds from cya-
nobacteria could further lead to the development of novel
therapeutics with targeted mechanisms of action. Also, the
continued exploration and characterization of cyanobacterial
metabolites will be crucial in harnessing their full potential for
medical advancement in the future.

Cyanobacterial toxins also have commercial applications as
algaecides, herbicides, and insecticides. For example, the
indole alkaloid hapalindole A exhibits antialgal and antimycotic
properties, while norharmane from Nodularia harveyana shows
anticyanobacterial activity.146 Cyanobacterin, produced by Scy-
tonema sp., is a potent PSII inhibitor, and it is effective against
algal and cyanobacterial blooms at low concentrations.147

Similarly, cyanobacterins LU-1 and LU-2 from Nostoc linckia
inhibit PSII-dependent electron transport. Other notable
secondary metabolites that are effective against algal blooms
are nostocyclamide, nostocine A, and nostocarboline from
Nostoc species.148 Additionally, pentacyclic calothrixins from
© 2025 The Author(s). Published by the Royal Society of Chemistry
Calothrix sp. inhibit transcription and DNA synthesis, while
microcystin from Microcystis aeruginosa acts as a growth
inhibitor for several aquatic plants.148 Also, cyanobacteria are
rich sources of photoprotective compounds, mycosporine-like
amino acids (MAAs) and scytonemins.8 These compounds are
crucial for their application in the pharmaceutical, cosmetic,
and toiletries industries due to their stability under different
photophysical and photochemical conditions.149

In summary, while the primary focus on cyanobacterial
toxins has been on their detrimental effects, there is growing
interest in their potential advantages. These include their
application in medical research and their ecological signi-
cance in aquatic systems. Therefore, further understanding the
dual aspects of cyanobacterial toxins could lead to innovative
approaches in both environmental management and biomed-
ical science. This will also help in transforming a natural hazard
into a resource for medical and environmental advancement.

9 Conclusions and future directions

The potential of cyanobacterial metabolic chassis to sequester
CO2 and convert it into valuable chemicals is immense, and
genetically engineered strains can be designed for direct
secretion of synthesized chemicals into the medium. For
instance, as a proof-of-concept, Ducat et al. (2012)150 developed
an engineered strain of S. elongatus PCC 7942 that can produce
and secrete sucrose into the growth medium. The produced
sucrose can be directly harvested from the liquid medium
without the need for cell harvesting and downstream process-
ing, or it can also be used to establish a consortium between
cyanobacteria and heterotrophic organisms such as yeast or
eubacteria. Thus, a consortium between cyanobacteria and
heterotrophic organisms opens doors for sustainable biotech-
nological solutions where heterotrophic organisms can thrive
without needing an external carbon source. However, the
success of such a consortium relies on harnessing cyanobacte-
rial metabolic networks to either replace or enhance current
production systems for specic products. Fortunately,
advancements in bioprospecting and the development of plat-
form technologies have signicantly expanded our under-
standing of cyanobacterial metabolism to enable precise
manipulation and optimization for desired outcomes. These
studies underscore the potential for cyanobacteria to play
a pivotal role in sustainable bioproduction and, therefore, offer
commercially viable alternatives to traditional methods.

One key advantage of cyanobacteria lies in their highly effi-
cient CCM that enables them to effectively utilize bicarbonate
and overcome the limitations posed by the slow diffusion of
CO2 into water. By enhancing the efficiency of the cyanobacte-
rial CCM, future work should aim to increase the concentration
of CO2 around the enzyme Rubisco to improve photosynthetic
efficiency and reduction of photorespiration in cyanobacterial
strains targeted for chemical production. For example, an extra
bicarbonate transporter has been installed in Synechocystis PCC
6803 which leads to a 2-fold enhancement in the growth rate
and a higher biomass accumulation.151 Continued research into
optimizing the cyanobacterial CCM and exploring novel
RSC Sustainability, 2025, 3, 661–675 | 671
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applications in carbon-capture technologies will be crucial in
combating climate change and achieving a more sustainable
future. By further exploring their diverse applications,
advancement in genetic engineering techniques, and scaling up
their production processes, cyanobacteria can play a pivotal role
in shaping a more sustainable and environment-conscious
future. Therefore, continued interdisciplinary research efforts
and collaborations are essential in unlocking the full potential
of cyanobacteria to address global challenges and foster
a greener tomorrow.

The advancements in understanding and manipulating
cyanobacterial metabolism coupled with the development of
new platform technologies have signicantly expanded our
ability to harness these organisms for sustainable bio-
production. By combining the right tools with the right cyano-
bacterial strain, we can achieve viable productivity and pave the
way for the commercialization of cyanobacterium-based
biotechnological solutions. Looking ahead, the future of
cyanobacterium research and application presents exciting
opportunities for innovation and impact. By harnessing the
genetic and metabolic potential of these microorganisms,
researchers can further enhance biofuel and food production,
CO2 sequestration, and specic chemical production to achieve
sustainable developmental goals in a greener way. In conclu-
sion, cyanobacteria have immense potential to tackle global
concerns related to the sustainability of food, energy, and the
environment; however, the economic viability of such attempts
poses a major challenge. Therefore, governments need to
subsidize the costs associated with cyanobacterial and algal
cultivation to achieve a carbon-neutral environment.
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G. Peltier, Nature, 2022, 605, 366–371.

37 B. L. Montgomery, S. Lechno-Yossef and C. A. Kerfeld, J.
Exp. Bot., 2016, 67, 2931–2940.

38 L. Whitehead, B. M. Long, G. D. Price and M. R. Badger,
Plant Physiol., 2014, 165, 398–411.

39 J. Wolfenden and T. A. Manseld, Proc. R. Soc. Edinburgh,
Sect. B:Biol. Sci., 1990, 97, 117–138.
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