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extreme utilization of fossil fuels. This accelerated release of CO, acts as a major source for climatic
change due to the greenhouse gas effect resulting in global warming and melting of polar ice caps, alter-
ation in biogeochemical cycles, altered rainfall, ocean acidification, eutrophication of lakes, imbalance in
the ecological communities and extinction of some species, effects on soil fertility, changes in the meta-
bolism and at the molecular level. Reduce, reuse and recycle strategy can be applied to control elevated
CO, levels by preventing deforestation, using renewable energy as an alternative for fossil fuels and reus-
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Utilization ing the atmospheric CO,. Carbon capture and storage (CCS), Carbon capture and utilization (CCU) are the
Storage two technologies adapted to capture the atmospheric CO,, utilize it, and focus on permanent storage in
Sequestration the geological sites. Captured CO, is used to produce many value added products such as polymers, bio-

fuels, reactants etc. Plants and microorganisms act as a natural CO, filter. Several biomolecules such as
carbohydrates, proteins, and lipids are produced due to the biological carbon fixation process using pho-
tosynthesis. Six different photosynthetic pathways and some non-photosynthetic pathways to fix atmo-
spheric CO, have been reported in diverse species of plants and microbes such as bacteria, fungi, yeast,
algae etc. Algae are the most potent microbe in CO, utilization and biological carbon fixation compared
to other microbes and used widely on a large industrial scale for biofuel production. Algal biofuel produc-
tion using captured CO, is the best productive method to recycle and reduce atmospheric CO,.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Carbon dioxide is a gas present in the atmosphere at negligible
amounts (0.03%). CO, is significant for plants to synthesize carbo-
hydrates (polysaccharides), proteins, and lipids through photosyn-
thesis. It is a key component of the carbon cycle. The various
ecosystems of the earth naturally balance the CO, to O, ratio in
the atmosphere. CO, plays a vital role in the cellular organization
of living animals. The CO, is incorporated into the cells in the form
of organic carbon molecules. Photosynthesis plays an important
role in the formation of biomass in plants and animals; it is trans-
ferred through the food chain; hence CO, is directly involved in the
energy budget of the biosphere. The CO, is radioactive in nature
due to the absorption of infrared rays from the solar radiation
and thus plays an important role in maintaining the earth’s tem-
perature. For the past 100 years, the earth’s temperature has been
increased abruptly due to elevated CO, level in the atmosphere.
During the year 1800, less than 250 ppm of atmospheric CO, has
been reported. From 1900 CO, had been gradually increased from
280 ppm to 360 ppm in 2005 and 419 ppm in 2019 has been
reported. This elevated level of CO, in the atmosphere is a key rea-
son for global level climatic changes due to imbalanced atmo-
spheric oxygen to carbon dioxide ratio. Since the carbon cycle is
disturbed, it indirectly influences the biogeochemical cycles of var-
ious components that directly disturb the formation ozone in the
oxygen cycle, thus chiefly affecting the ozone layer. The burning
of fossil fuels has been reported as one of the principal causes of
elevated emission of CO, into the atmosphere. About 80-82% of
greenhouse gas (GHG) has been reported to be the CO,. It has been
predicted that the rise in global surface temperature will range
from 1.5 °C to 5.9 °C for the next 25 years due to high atmospheric
CO,. This directly upsets the balanced cycles of both the biotic and
abiotic communities of the earth’s various ecosystems. The CO,
that has been already emitted into the atmosphere should be
removed and further emission of CO, must be reduced. To achieve
this goal, the excess CO, present in the atmosphere should be cap-
tured, stored, reused to produce many Carbon-based products and
further CO, emission must be reduced by avoiding fossil fuel and

replacing it with eco-friendly products such as biofuels. The best
way to reuse the captured and stored CO, is to utilize it as a feed-
stock to produce biofuels (Tokgoz, 2010).

2. Causes for CO, emission

The emission of CO, into the atmosphere occurs in both natural
and artificial ways.

2.1. Natural emission of CO»

Natural emission of CO, includes chiefly carbon cycle (soil,
ocean, air), emission of ashes from volcanic eruption, removal of
forest covers due to natural calamities such as forest fire, cyclone,
hurricane, volcanic eruption, tectonic plate movements (Bradshaw
and Bradshaw, 2005).

2.2. Artificial emission of CO,

The artificial source of CO, emission due to human activities
includes power plants, textiles, industries, plastic production,
paper industry, metal factories, automobiles, waste disposal, incin-
eration, deforestation, urbanization, burning of wood, burning of
plastics waste, among these, burning of fossil fuels were the chief
source for high emission CO,. From 1940 to 2005, the emission
of CO, has increased by more than 60% in addition to the natural
emission of CO, (Bazzaz, 1990). The power generation sector was
the major source for release of CO,, contributing nearly 146% in
the world level. About 121% of CO, release from the automobile
sector, 66% from industries, 45% due to urbanization, forest con-
tributes 41%, deforestation and conversion of forest area into agri-
cultural land 45%, 28% were reported from agriculture, 27% from
the construction of buildings, due to power consumption during
the construction of buildings which gives out around 76% of CO,
indirectly into the atmosphere. Due to an increased population,
61% of CO, released based on their daily needs, which indirectly
acts as a source of high CO, into the air. It is estimated to be
111% of CO, emission in 2030 due to utilization of fossil fuels
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alone. The gas used in the energy sector gives out 22% of CO, and
coal utilization releases 44% and 22% from the automobile
(Colliver, 2012).

3. Effects of increased CO, on earth

Increased emission of CO, into the atmosphere is the key com-
ponent for climatic changes over the years. The natural equilibrium
has been upset due to high CO, component in the air.

3.1. Impact of CO, on plants

High CO, has both beneficial as well as negative effects on
plants. Under proper nutrient and water supply, the rate of photo-
synthesis may increase in plants. The negative effects of increased
CO, on plants follows: alteration in the rate of transpiration, stom-
atal conductance, decreased area of leaf, reduced leaf size, lowered
nitrogen and phosphorous content their leaves, there is a huge
alteration in flowering seasons and reproductive activities of plants
depend on high CO, stress, some species show decreased flowering
duration, number of flowers, number of seedlings and time dura-
tion of seedling were found to be decreased, some species of plants
produced thick capsule in fruit which prevents the entry of insects
involved in pollination. Some plants showed positive effects like an
increased number of flowers and seeds. However, the negative
effects are larger than the positive effects.

3.2. Impact of CO, on animals

The CO, concentration greatly influences the plants, which act
as the primary producers of the ecosystem. Seasonal changes in
flowering and fruit production affect the insects, birds and other
animals which consumes it and the reproductive rate of plant spe-
cies decreases due to less access of pollination through insects and
dispersal of seeds based on animals, particular plant population
begins to decrease in number which directly affects the animals
feeding on it leading to food scarcity which ultimately alters the
food chain and food web causing an imbalance in predator to prey
ratio, in severe cases the entire community may disappear. Ecolog-
ical succession of new plant and animal species may occur due to a
high regeneration rate on plants due to increased CO,. Molecular-
level changes also take place due to high CO, on animals. CO,
directly affects various metabolic activities of animals. Respiration
becomes difficult. The acid-base balance is disturbed, bicarbonate
buffer of body fluid is highly altered, difficulties while urinating
due high Ca deposits in kidney, pH of becoming acidic, calcium
metabolism alteration with increased CO, uptake with bones
which result in increased bicarbonate with loss of bone Ca and P,
increased bone Ca and P with decreased carbonates, increase in
age directly accelerate the rate of CO, binding with the bones along
with the elimination of H,0. Alteration in RBC electrolytes was
reported with increased plasma Na with decreased K in RBC,
increased gastric acidity, kidney damage due to electrolyte
changes, the primary target organs are lungs, kidney, bones, and
it affects the activity of parathyroid glands.

3.3. Impact of CO, on humans

The normal level CO, that a human body can tolerate is around
0.5% or 5000 parts per million for about less than 8.5 h. Hypercap-
nia is a clinical condition that occurs due to increased acidity in the
blood due to inhaling a high level of CO, results in acidosis. Fall in
tissue pH results in the following conditions such as abnormal
activities in respiration, blood circulation to the heart, and neural
damage in the central nervous system (shock, headache, hyperven-
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tilation, visual impairment, and CNS impairment) high CO, expo-
sure can affect the attentiveness and problem associated memory
and capacity to learn, headaches, giddiness tachycardia, difficulty
breathing, etc. Short duration CO, exposures under a range of 1-
5% CO, produces altered lung activities including reduced duration
of breath, alveolar damage, rise in blood acidity, elevate blood
pressure, brain shock, impaired vision, changes in the proportion
of chemical components of urine and blood, degeneration and
decalcification of bones, increased renal calcification, unpre-
dictable behaviour, panic attack, altered mitosis, and altered
enzyme metabolism (Schaefer et al., 1963; Colasanti et al., 2008;
Abolhassani et al., 2009). Around 40,000 ppm of CO, for nearly
¥ h is hazardous and 50,000 ppm will be intoxicating, 70,000
causes catalepsy/unconsciousness, and acute toxic effect of CO, is
a lethal dose of about 9% or 90,000 ppm for less than 6 min and
infantile death have been reported under 80,000 ppm. The follow-
ing clinical conditions have been recorded and reported from
patients exposed to high CO, concentration for varying time peri-
ods, including fall in the number of neurons, decreased sensitivity
of neurons to neuroreceptors, altered sleep cycle, and psychologi-
cal alterations emotional irritation.

4. Methods to control the release of high CO, into the
atmosphere

Combined strategies are required to reduce atmospheric CO,
release (Alain Goeppert et al., 2012), which involves the following
steps:

i. The amount of CO, being released into the atmosphere must
be reduced
ii. Removal/elimination of high level of CO, already present in
the air.
iii. Utilization of atmospheric CO, to produce commercial
products

5. Carbon dioxide capture

A new technique was widely implemented for the reuse and
recycling of atmospheric CO,. Natural and artificial methods are
too used sequester carbon dioxide. To achieve this, the CO,, present
in the atmosphere should be captured, stored and utilized as a raw
material for producing various carbon-based products. CCS- Car-
bon Capture and Storage technology is a perfect method that can
be used to remove atmospheric CO,.

5.1. Artificial method to capture CO,

The CCS technology has 3 stages, including capturing the atmo-
spheric CO,, separating it from other gases, sealing and transport-
ing it for storage and final stages is the storage. Stage-1 includes
identifying proper CO, emission sources and adopting suitable
methods to separate CO, from other gases and impure substances.
The major sources that release higher of CO, into the atmosphere
are the power generation sector, the energy sector (thermal
energy), industries, some factories, and transport, including several
CO, emission sources e.g. land, water and air. To capture the CO,,
two methods can be used, the direct capture of CO, from emission
sources using various materials like absorbent, adsorbent or mem-
brane or metal catalyst to filter the flue gas for other sources
including vehicles, and the second method involves capturing
atmospheric air to separate CO, by launching CCS plants in highly
emitting sources or closer to that regions. Capturing CO, from
sources with nearly 20% has become indispensable, which leads
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to the implantation of materials to filter and prevent CO, from
being released in the flue gas.

5.2. Natural method to capture CO,

Biomass is the product of atmospheric CO, through a series of
biochemical reactions inside the photosynthetic organisms. Cur-
rently, 12% of global energy is provided by biomass. Plants act as
an infinite natural resource to obtain energy by replenishing it
with new plantation. Biomass has a benefit over other renewable
energy that it locks energy within biochemical bonds. Biomass
serves in various such wood, agricultural residues, biofuel and nat-
ural gas. Biomass is an alternate pathway to store the captured
CO,. Various species are involved in converting CO, into biomass
ranging from plants to microorganisms like bacteria, fungi, yeast
and algae. Food crops included in the first-generation biofuel have
a drawback of food scarcity, land availability, water, manure, and
difficulty handling with a limited amount of resources. Plants with
higher conversion potency, rapid growth rate, with minimal nutri-
ents and pesticide utilization and such crops must be grown to
restore wasteland. A large number of resources, such as are
required to produce biomass and energy from plants. The scope
of algal cultivation on small ponds, tanks, lakes, sea, etc. has
widened and unlocked a major pathway to producing bioenergy.
Algae are the high potential micro-sized factories to manufacture
biomass and energy with maximum yield.

6. Carbon dioxide sequestration

The natural method to sequester carbon involves plants and
microorganisms, including bacteria, algae, fungi and yeast (Nitin
Mistry et al., 2018) through two pathways, chiefly the photosyn-
thesis the other is non-photosynthetic pathways. Autotrophic
and heterotrophic organism incorporates CO, into various organic
carbon products like cellulose, lignocellulose, chitin, hemicellulose,
lignin etc (Sundquist et al., 2008; Cole et al., 2007). Eco-friendly
CO, sequestration can be achieved through the proper utilization
of these organisms for CCU. These organisms have different path-
ways, conversion mechanisms and the ability to produce bio-
mass/bioenergy (MacDowell et al., 2010).

6.1. Plants

The atmospheric CO, is integrated into the plant body through
photosynthesis. Chlorophyll is the factory where CO, is converted
into a biomolecule by absorbing radiant energy from the sun,
based on which dark and light reactions takes place. The light reac-
tion involves solar radiation to produce energy molecules such as
NADPH and ATP from NADP + and ADP. The dark reaction involves
Calvin-Benson cycle along with energy molecules from the light
reaction. Plants are classified into C3, C4, CAM, based on the adap-
tation to photosynthesis and various mechanism involved major to
lower the rate of photorespiration (Berry and Bjorkman, 1980;
Zelitch, 1992). In C4 plants, photorespiration is reduced by
increased CO, at RuBisCO activation site that inhibits oxygenase
function and CO, are incorporated with the help of cells in the bun-
dle sheath and mesophyll present in the leaf (Lara and Andreo,
2011; Ghannoum et al., 2011) the conversion efficiency of C3
plants is lower than C4 plants. Plants with Crassulacean Acid Meta-
bolism (CAM) pathway as an adaptation for efficient C sequestra-
tion are termed as CAM plants. This adaptation helps plants to
survive in the dry ecosystem and drought season.
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6.2. Microbe

Most microbes potentially fix CO, from the air through various
mechanisms and pathways (Table. 1). Photosynthetic and non-
photosynthetic pathways are the microbial mechanism involved
to sequester atmospheric CO, into biomass and energy. The bene-
fits of CO, captured by microbes include the following; high pro-
duction maximum rate of bio fixation, high ability to
bioremediate atmospheric CO,, the capabilities to produce several
additives are extreme, no difficulties in genetic augmentations,
capable of being used in bioprocessing at industries, rapid growth
and continuous culture in bioreactors, no competition and food
scarcity. It includes bacteria, fungi, yeast and algae etc.

6.2.1. Bacteria

Bacteria are unicellular, a microscopic organism with 19 groups.
Most of them fall under the following groups: Actinomycetes, Myco-
plasma, Rickettsia’s, Archaebacteria, Cyanobacteria and Eubacteria
etc. Among these six groups, the Archaebacteria, Cyanobacteria,
and Eubacteria are autotrophic, which fixes CO, for organic carbon
production.

a. Clostridium

Anaerobic gram-negative bacteria were playing a substantial
role in degrading organic carbon materials, acid synthesis and car-
bon cycle (Migliardini et al., 2014). Various species are chiefly
involved in the bio-fixation of CO, such as Clostridium autoethano-
genum, Clostridium pasteurianum, C. formicoaceticum, Acetobac-
terium  woodi, Clostridium  thermoaceticum  incorporates
atmospheric carbon dioxide into acetyl-CoA through Wood-Ljung-
dahl pathway/Reductive acetyl CoA pathway which is the direct
and most effective thermodynamic pathways (Tracy et al., 2012).
The energy required for the fixation of CO, is obtained from the
hydrogen molecules. Carbon monoxide dehydrogenase and acetyl
CoA synthetase are the two enzymes that play a chief role in
acetyl-CoA synthesis by converting carbon monoxide into carbon

Table 1

Microbial carbon sequestration through various pathways.
Input Pathways Enzymes Organism
CO, Calvin-Benson- RuBisCO Plants, algae,

Bassham cycle (CCB) or
Reductive pentose
phosphate cycle

cyanobacteria,
proteobacteria,
mycobacteria

CO, Reductive tricarbocylic ~ PEP carboxylase 2- Proteobacteria,
Acid cycle (rTCA)/ Oxogluteratesynthase  green,sulfur,
Reductive citric acid Isocitrate bacteria,
cycle/Reverse Krebs Dehydrogenase quaficae bacteria
cycle/Arnon Buchanon  Pyruvate synthase
cycle

CO, Wood-Ljungdahl Formate Euryarchaeota,
pathway (W-L) or dehydrogenase proteobacteria,
Reductive acetyl-CoA Carbon monoxide plantomycetes,
pathway dehydrogenase spirochaetes

(CODH)
Formylmethanofuran
Dehydrogenase
(FMFD)

CO, 3-Hydroxypropionate Acetyl-CoA/ Aerobic
4- hydroxybutyrate PropionylCoA crenarcheota
cycle (3HP-4HB) carboxylase

CO, Dicarboxylate 4- Pyruvate synthase PEP  Anaerobic
hydroxybutyrate cycle  carboxylase crenarcheota
(DC-4HB)

CO, 3-Hydroxypropionate Acetyl-CoA Green non-sulfur
bi-cycle (3-HP)/Fuchs-  carboxylase bacteria

Holo cycle

Propionyl-CoA
carboxylase
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dioxide (Liew et al., 2016; Fast and Papoutsakis, 2012; Ezeji et al.,
2007; Ni and Sun, 2009). This bacterial sp. cannot survive atmo-
spheric O,, a major disadvantage (Qureshi et al., 2007). Clostridium
thermoaceticum was the first model used to study this pathway.

a. Proterobacterium

Proteobacteria are large phyla which are capable of incorporat-
ing atmospheric carbon dioxide via various biological mechanism
such as the calvin cycle/reductive pentose phosphate cycle, TCA
cycle/Krebs cycle and also directly in the cytoplasm (Paoli and
Tabita, 1998; Ding and Yokota, 2004; Hiigler et al., 2003). Calvin
cycle is used by the following species Oligotropha carboxidovorans,
Rhodobacter sphaeroides, Xanthobacter flavus, Rhodobacter capsula-
tus, Beta proteobacter, Ralstonia eutropha, Herbaspirillum autotroph-
icum, and Gama proteobacter, Acidithiobacillus ferrooxidans,
Acidithiobacillus  thiooxidans, —Hydrogenovibrio marinus etc.
(Yoshizawa et al., 2004; Wang et al., 2008; Brigham et al., 2011;
Albuquerque et al., 2011). Some of the bacterial spp. are used to
synthesize commercial products such as biopolymers and medi-
cine (Hiigler et al., 2005; Willey et al., 2008). In the cytoplasm of
R. eutropha, polyhydroxy alkanes are produced by utilizing CO,.
Sulphur reducing bacteria such as Desulfobacter hydrogenophilus
(delta-proteobacteria) and Thiomicrospira denitrificans (epsilon-
proteobacteria) utilizes CO, and H,0 to produce organic materials
through the TCA cycle in which the ATP-citrate lyase splits acetyl-
coA and oxaloacetate.

6.2.2. Archaea

Archaea is a unicellular, prokaryotic microbe termed as extre-
mophiles and surviving under intense ecological extremities such
as high fluctuating temperature, pH, and absence of O,. Archaea
has three different groups, halophiles (ability to withstand higher
salt), thermoacidophiles and methanogens. The methanogens pro-
duce biofuel-methane under an anaerobic environment by utiliz-
ing CO, as raw material and energy obtained from hydrogen for
the bioconversion process (Rittmann et al.,, 2015; Demirel and
Scherer, 2008). Two types of methanogens are commercially used
to produce methane; they are the acetoclastic and hydrogeno-
trophic methanogens. These methanogens potentially bioremedi-
ate wastewater and capture CO,; hence they can be used to
generate methane from the sludge through the utilization of CO,
as well as to bioremediate wastewater for recycling and it includes
Methanobacteriaceae, Methanospirrillaceae, and Methanosarcinaceae
spp (Mohd Yasin et al., 2013, 2015). The 3-hydroxypropionate-4-
hydroxybutyrate cycle pathway is used to fix atmospheric CO, by
Cenarchaeum, Archaeoglobus, and Metallosphaera and Sulfolobus, sp
(Berg et al., 2007). Two acetyl-CoA and one bicarbonate molecule
are used to produce succinyl-CoA, which undergoes 4-
hydroxybutyrate pathway to generate two molecules of acetyl-
CoA. In this pathway, Acetyl-CoA/Propionyl-CoA carboxylase is
the enzyme that actively fixes atmospheric CO, into biomolecules.
Thermophilic methanogens produce carbonic anhydrase enzyme
to produce methane, which can be used in large scale industries
(Smith and Ferry, 2000; Henstra et al., 2007).

6.2.3. Cyanobacteria

Cyanobacteria are prokaryotic, blue-green bacteria or algae
serving as a connecting link between bacteria and green plants.
They are photoautotrophic gram negative bacteria present in both
microscopic and macroscopic forms. They possess carboxysomes in
their cytoplasm for carbon fixation. Some of the microorganisms,
such as photoautotrophs and chemoautotrophs, have car-
boxysomes e.g., Bacteria and all cyanobacteria, resulting from an
adaptation called the Carbon dioxide Concentration Mechanism
(CCM). It is involved in Calvin -Benson cycle. The two enzymes
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RuBisCO and carbonic anhydrase are enclosed in bacterial micro-
compartments called carboxysomes located in the cytosol. There
are two types of carboxysomes, the alpha carboxysomes with
RuBisCO form IA and beta carboxysomes with RuBisCO IB. The
alpha carboxysomes exist in all alpha-cyanobacteria, most of the
chemoautotrophs and in some purple bacteria, but the beta car-
boxysomes are only seen in beta-cyanobacteria.

6.2.4. Algae

Algae is the most efficient photosynthetic biofactories that
incorporate CO, into biomass and energy. They range from macro
to micro size. Macroalgae produce high lipid content; hence they
are directly used to extract for biodiesel production. Micro-sized
algae include cyanobacteria, diatoms, euglenoids, green, blue,
red, brown, golden, yellow coloured algal species and they have
huge potential to fix CO, enzymatically by using RuBisCO in the
Calvin-Benson cycle.eg. About 1 kg of micro-sized algae fixes
1.84 kg of atmospheric carbon dioxide. The carbon dioxide fixed
by anabaena is 1.46 g/L/d and 6.24 g/L/d by Chlorella vulgaris. They
utilize CO, to produce biomass and bioenergy (Chen et al., 2009).
Cultivating these algae very close to the emitting sources can
chiefly reduce elevated CO, levels and produce huge quantities of
biomass and bioenergy (Cheah et al., 2015). Selection of algal spe-
cies, optimal growth parameters and proper feedstock are the fac-
tors that should be taken into considerations before cultivation
practices to obtain the maximum yield (Ghorbani et al., 2014). Per-
fect algal species should possess the following characters to
achieve maximum CO, bio fixation and yield. The ability to capture
carbon and rate of incorporation should be extreme. It should tol-
erate maximum CO, stress, proper utilization of limited nutrients,
and tolerance to fluctuation in thermal and H+, OH— parameters
(Rahaman et al., 2011). Algae, which are ideal for maximum carbon
capture and fuel production like Botryococcus braunii, Scenedesmus
obliquus, Nannochloropsis oculate, Chlorella vulgaris (Pires et al.,
2012; Brilman et al., 2013; Singh and Ahluwalia, 2013). The algae
Scenedesmus dimorphus was found to be tolerating up to 20% (v/
v) of CO, stress even though its optimal level to biofix CO, was only
2%(v/v). This indicates that the amount of CO, to which the algae
were exposed would significantly reflect the bioconversion rate
and yield. This clearly showed that the tolerance to high CO, con-
tent by the Chlorella sp is remarkably extreme (Jiang et al., 2013).
They show extreme tolerance to CO, content, which is up to 40-
41% under the temperature and pH of 30 °C and 5-6, respectively
(Chen et al., 2014). Nannochloropsis spp. were found to be grown at
arate of 58% with a CO, stress of 15% (v/v) (Jiang et al., 2011). It has
been reported that a high concentration of carbon dioxide can sig-
nificantly endorse the rate of photosynthetic CO, bio fixation in a
short duration and more than 5% (v/v) becomes toxic. Also, the
Continuous injection of an elevated level of CO, in the culture
media inhibits the algal growth (Lee et al., 2000). Calvin Benson
pathways are used for carbon fixation in algae. Production of 3-
phosphoglycerate takes places through the carboxylation of ribu-
lose 1,5-biphosphate by the catalytic activity of RuBisCO enzyme
there by two molecules from which one enters the central metabo-
lism and the other is exploited to continue the cycle.

Microalgae have an adaptation to increase the CO, concentra-
tion in the surrounding of the enzyme RuBisCO to fix more inor-
ganic carbon and such adaption involves the Carbon
Concentration Mechanism CCM (Atomi, 2002). This mechanism is
majorly based on a key reaction in which carbon dioxide and bicar-
bonates’ transportation takes place actively there by separating the
RuBisCO through single to the multi-layered membrane. This adap-
tation is seen in all algae and cyanobacteria (Parry et al., 2003). In
Cyanobacteria, it involves the transportation of carbon dioxide or
bicarbonate inside the functional units of a chloroplast or cell
membrane (Kaplan and Reinhold, 1999). Bicarbonate molecules
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are transported into the cytoplasm cytosol through various carrier
molecules, taking place irrespectively to the periplasmic exclusion
of dissolved inorganic carbon (DIC). This is reaction is followed by
the diffusion of bicarbonates into carboxysomes where the car-
bonic anhydrase CA enzyme actively takes place in the cytosol
(Raven and Beardall, 2003). This mechanism facilitates increased
carboxylation activity of rubisco over the oxygenation reaction
resulting in photorespiration (Lane and Morel, 2000). In this mech-
anism, four subsequent reactions are involved and they are the
transportation and utilization of carbon dioxide and bicarbonates,
separation and concentration of RuBisCO in specific micro-
chamber and confined CA activity (Price et al., 2002; Wigmosta
etal, 2011; Venteris et al., 2013, 2014). Algal bio-refineries should
be located on wastewater bodies as recycling and restoration
(Gong and You, 2014).

The following species are the most promising algae used for
lipid-based biofuel production (Chisti, 2008; Damiani et al., 2010;
Mandal and Mallick, 2009) including Botryococcus, Neochloris
oleoabundans, Dunaliella, Chlorella, Scenedesmus spp, Haematococcus
pluvialis, Scenedesmus obliquus, Chlorella sorokiniana, Chlamy-
domonas reinhardtii, Botryococcus braunii and diatoms such as
Phaeodactylum tricornutum, Navicula pellicusa, Chaetoceros eg.
Chaetoceros muelleri, Chaetoceros gracilis, Cyclotella cryptica, Navic-
ula saprophila were noted for their high lipid content (Dayananda
et al., 2006; Hu et al., 2008; Pratiwi et al., 2009; Mata et al., 2010).

Macroalgae or seaweed also utilizes a high amount of atmo-
spheric CO, to produce biomass and energy. They produce high
amounts of carbohydrates with low lipid content; hence they are
used as feedstock for biofuel based on fermentation process such
as bioethanol, methanol, and isobutanol etc. Laminaria sp were
found to produce carbohydrates over 65%, including Laminaria
hyperborea, Sacchorhiza polyschides, Laminaria digitata, Alaria escu-
lenta and Saccharina latissimi. Among different macroalgal species,
the Ulva and Laminaria were found to be the most potent bioenergy
producers Ulva lactuca, Enteromorpha intestinalis, and Catenella
repens, Sargassam wightii, Kappaphycus alverezzi, Ulva lactuca,
Gracilariopsis longissima, Chaetomorpha linum contains a high
amount of lipids (Bastianoni et al., 2008; Muralidhar et al., 2010).
As a result of CO, utilization, algae ranks first compared to any
other microorganism in carbon sequestration (Fig. 1).

6.2.5. Fungi

Fungi are the eukaryotic, multicellular organism with a rigid
cell wall. They are heterotrophic and serve as primary decom-
posers and chief organisms to capture carbon in the terrestrial
ecosystem. Based on decomposing organic matter, they are catego-
rized into two groups, saprophytic and mycorrhizal fungi. Sapro-
phytic fungi produce enzymes to decompose substances such as
cellulose, hemicellulose, pectin and lignin, etc which are responsi-
ble for mineralization and carbon cycle and the decomposition by
mycorrhizal fungi is low due to the lack of enzyme (Ahmed et al.,
2019). Mycorrhizal fungi form a symbiotic association with plants
and exist in three forms, including ectomycorrhizal, arbuscular
mycorrhizal form and ericoid mycorrhizas only found in plants
belonging to the order Ericales.

6.2.5.1. Mechanism. Fungi facilitate carbon sequestration in soil by
forming organic humus and maintain the carbon balance, thereby
contributing CCS largely in the terrestrial ecosystem when com-
pared to bacteria (Fig. 2); three methods involved in soil carbon
storage, including recalcitrant biomass and their secondary prod-
ucts, producing soil aggregate and incorporation of atmospheric
CO, into fungal biomass. The mycelium acts as a storage site for
the carbon. Thus a large amount of biomass is produced by effi-
ciently incorporating CO, at a higher percentage.
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Fig. 1. Microalgal carbon sequestration and its byproducts.
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Fig. 2. Carbon Sequestration of fungi in soil.

6.2.5.2. Role of mycelia in carbon capture. The vegetative tissue pro-
duced in fungi, the so-called mycelia, has a rapid growth rate and
spreads much faster in the soil by facilitating access to nutrients
and H,O. Fungal contribution to sequester carbon from CO, is
achieved through biomass formation and their secondary products
and degradation of their necromass. The rate of carbon sequestered
will depend upon the type of fungal species present in the soil and
its biomass produced- i,e the higher amount of mycelia produced,
the greater the percentage of carbon is incorporated, thus the
amount of fungal biomass produced will directly reflect on the per-
centage of CO, utilized. The mycelia serve as carbon sink in the soil.
Fungal necromass acts as a resource for humus production up to
71% compared to bacteria, with only 26%. The degradation of fun-
gal necromass is directly affected by the concentration of soil
nutrients such as nitrogen and chitin; the mycelial necromass is
decomposed within 8 days when the nitrogen and chitin are con-
centrated in the soil. Simultaneously, the decomposition of mycelia
is resisted in cells filled with melanin pigment. Therefore, the car-
bon is locked up within the cells for a prolonged period depending
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upon the melanin concentration present in it. Therefore, the
amount of necromass protected is directly correlated to the
amount of carbon sequestered (Fernandez and Koide, 2014). Even
soil aggregates also possess fully functional fungal necromass con-
tributing in soil carbon storage.

6.2.5.3. Role of glomalin protein and soil aggregate in carbon
capture. The mycorrhizal fungi produce a glomalin protein,
secreted from the fungal hyphae and spores as a thermal adapta-
tion. The glomalin is thick, sticky and acts as a recalcitrant to resist
decomposition. Glomalin promotes carbon capture via two pro-
cesses, making the fungal hyphae resist decomposition and
endorsing soil aggregation. Thus, the carbon is ceased within the
hyphae and soil aggregate for a prolonged period. Glomalin is
found to be the principal substance responsible for the formation
of stable soil clumps along with permeability to H,O and air (Pal
and Pandey, 2014). Its hydrophobic nature protects the soil clump
from microbial degradation and erosion. Hence, the organic carbon
and nutrients located within the clump remain protected for more
than 50 years. Thus, glomalin act as a carbon sequester in the ter-
restrial carbon pool and promotes soil quality. Fungal species pre-
sent in the following genera secretes glomalin protein; they are
Entrophospora, Gigaspora, Acaulospora, Scutellospora, Glomus, etc.
(Pal and Pandey, 2014).

6.2.6. Yeast

Yeast is a unicellular microorganism widely used for fermenta-
tion in the large-scale industries to obtain various commercial
products. Saccharomyces cerevisiae is the yeast strain widely used
for the fermentation process. During fermentation, carbon dioxide
is liberated as exhaust gas due to microbial respiration and a large
amount of O, is utilized. The mechanism observed in yeast was
Glyoxylate and Krebs cycle. Yeast absorb carbon from a variety of
carbon-based components such as sucrose, maltose, galactose, lac-
tate, glycerol, ethanol, acetate, and oleate etc, e.g., carbon from
glycerol is utilized with cytoplasmic kinase to form glycerol-3-
phosphate before reaching the mitochondria. It is further con-
verted into dihydroacetone phosphate in the mitochondria by
FAD-dependent glycerol-3-phosphate dehydrogenase enzyme,
which enters the glycolytic pathway.

6.3. CO, sequestration by the genetically modified microbe

The genetically engineered microorganism for effective CO, fix-
ation involves few yeast strains, E. coli bacteria, and some micro
and macroalgae.

6.3.1. Yeast

Few strains of yeast other than Saccharomyces cerevisiae were
found to be the understudy for genetic and metabolic modifica-
tions to improve CO, bio fixation. Methylotrophic yeast Pichia pas-
toris is a widely used yeast strain for protein and nucleic acid
production; it utilizes methanol as a substrate and the mechanism
involved is xylulose-5-phosphate pathway. This pathway occurs in
peroxisome and very analogous to the Calvin Benson cycle. The
xylulose-5-phosphate pathway has been genetically modified to
improvise the production of biomass through CO, fixation by
recombing it to the CO, fixation pathway. The modification
includes the deletion of three genes responsible for methanol uti-
lization and the integration of eight new genes to produce enzymes
such as RuBisCO and PRK (phosphoribulokinase) involved in CBB
pathway. Two genes, the DAS1 and DAS2 were removed to block
the methanol utilization metabolism. As a result, the methanol
would serve as an electron donor during the oxidation of formalde-
hyde. The yeast plasmid was genetically modified and the resulting
strain showed expected results positively through efficient CO, fix-
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ation. As a result, the nutrition of Pichia pastoris was modified into
chemoorganoautrophic from its original chemoheterotrophic
mode.

6.3.2. Bacteria

Gong and You (2014) experimented with quantifying the
amount of CO, bio fixated by the bacteria E. coli. For effective
CO, fixation, the bacteria E. coli was genetically modified. Hetero-
trophic nutrition is modified by integrating genes, resulting in a
CO2 fixing bypass pathway in the carbon central metabolic path-
way, after incorporating genes responsible for producing the
enzymes RuBisCO and PRK involved in Calvin Benson cycle. After
incorporation of the metabolic flux, recombinant plasmid into
E. coli strain, the CO, fixation was reported to be improved at a rate
of 13% compared to the central metabolism. After integrating
recombinant plasmid with carbonic anhydrase enzyme of CCM
mechanism, the resultant E. coli strain showed improved CO, fixa-
tion at a rate of 17%. The resultant amount of CO, fixed by this
E. coli was reported to be 19.6 mg CO, L~ 'h~" which is equal to
CO, fixated naturally by autotrophic algae and cyanobacteria.

6.3.3. Algae

Some of the autotrophic algae are recently understudies for
genetic modification to improve biomass production via improved
CO, bio fixation. The following algal species genome has been
sequenced and some of them are under the process of recombinant
studies to improve biomass production. It includes Chlamydomonas
reinhardtii, Phaeodactylum tricornutum, Thalassiosira pseudonana,
Cyanidioschyzon merolae, Ostreococcus lucimarinus, Ostreococcus
tauri, Micromonas pusilla. Fragilariopsis cylindrus, Pseudo nitzschia,
Thalassiosira rotula, Botryococcus braunii, Chlorella vulgaris, Duna-
liella salina, Micromonas pusilla, Galdieria sulphuraria, Porphyra pur-
purea, Volvox carteri, and Aureococcus anophageferrens are still
under research.

7. Conclusion

Biological carbon sequestration is important to be considered
for the improvement in the condition of climate change. Among
the various carbon sequestration microalgal fixation methods,
CO, has many advantages over others as the biomass can be uti-
lized to produce energy, which is considered beneficial due to eco-
nomic gains. This method is also considered to be a permanent
sequestration technique. Hence we are concluding the microalgal
CO, is economical and eco-friendly for biological carbon sequestra-
tion from point sources.
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