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Abstract

Phototrophic microorganisms (microbial phototrophs) use light as an energy source to carry

out various metabolic processes producing biomaterials and bioenergy and supporting their own
growth. Among them, microalgae and cyanobacteria have been utilized extensively for bioenergy,
biomaterials, and environmental applications. Their superior photosynthetic efficiency, lipid
content, and shorter cultivation time compared to terrestrial biomass make them more suitable for
efficient production of bioenergy and biomaterials. Other phototrophic microorganisms, especially
anoxygenic phototrophs, demonstrated the ability to survive and flourish while producing
renewable energy and high-value products under harsh environmental conditions. This review
presents a comprehensive overview of microbial phototrophs on their (i) production of bioenergy
and biomaterials, (ii) emerging and innovative applications for environmental conservation,
mitigation, and remediation, and (iii) physical, genetic, and metabolic pathways to improve

light harvesting and biomass/biofuel/biomaterial production. Both physical (e.g., incremental
irradiation) and genetic approaches (e.g., truncated antenna) are implemented to increase the
light-harvesting efficiency. Increases in biomass yield and metabolic products are possible through
the manipulation of metabolic pathways and selection of a proper strain under optimal cultivation
conditions and downstream processing, including harvesting, extraction, and purification. Finally,
the current barriers in harnessing solar energy using phototrophic microorganisms are presented,
and future research perspectives are discussed, such as integrating phototrophic microorganisms
with emerging technologies.
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1. Introduction

A sustainable and renewable water-energy-food nexus system is highly desirable for modern
societies and harnessing the solar energy can be an integral factor to that system. It is
estimated that the total incident solar power at the Earth’s surface is 124,000 terrawatt, and
a small fraction (~0.07%) of it is utilized by all photosynthetic organisms [1]. Phototrophic
microorganisms (microbial phototrophs) can be a potential tool for efficient conversion

of the virtually unlimited supply of solar energy into bioenergy and renewable materials
[12], [31, [41] (Fig. 1). These microorganisms have a photosynthetic efficiency (~12%)

that is much higher than terrestrial biomass (1.8-2.2%) [5,6]. Moreover, microalgae and
cyanobacteria have a 10-fold higher lipid content while requiring one-fourth cultivation
time compared to conventional terrestrial plants [7]. They are highly adaptive to dynamic
environmental conditions and do not compete for food-producing land [8]. Therefore, unlike
the current practices of producing biofuels from crops and edible vegetable oils, they
generally do not pose any threat to food security [2]. Also, it is possible to offset production
costs (i.e., cost of nutrients) through the use of wastewater during cultivation [9]. The

high yield of lipid and biomass makes them economically more suitable for bioenergy and
biomaterial production.

Not only is the growth potential for microbial phototrophs impressive, but different forms of
energy and materials can be derived from the same biomass [8,10,11]. The biomass of these
microorganisms is used for extracting numerous high-value compounds such as pigments,
nutraceuticals, pharmaceuticals, and antioxidants [12,13]. They have been proven useful for
environmental applications such as environmental monitoring and early warning, wastewater
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treatment, heavy metal removal, greenhouse gas sequestration, and emerging contaminant
removal [[14], [15], [16], [17]].

The unique photosynthetic activities of microbial phototrophs allow them to convert
sunlight to bioenergy and biomaterials. The presence of the photosensitive pigment known
as chlorophyll allows them to capture light for their growth. Unlike plants that mostly

use visible sunlight, some phototrophic microorganisms have developed the ability to
convert a much broader spectrum of light energy (visible and/or infrared) into sugars

[18]. One of the most attractive features of aquatic phototrophic microorganisms is their
inducible CO2-concentrating mechanisms that allow them to optimize carbon acquisition
[19]. Both cyanobacteria and eukaryotic microalgae can accumulate bicarbonate to use as

a source of CO2. They can increase internal CO2 concentration through the dehydration of
accumulated bicarbonate [19]. During photosynthesis, the production of oxygen depends on
the type of microorganisms. Microbial phototrophs capable of producing oxygen during the
photosynthesis process are known as oxygenic phototrophs (e.g., cyanobacteria), otherwise
known as anoxygenic phototrophs (e.g., green and purple sulfur bacteria) [20].

1.1. Anoxygenic phototrophs

Two and half billion years ago, with little atmospheric oxygen, the photosynthetic niche

was mostly populated by anoxygenic phototrophs [21,22]. Anoxygenic phototrophs contain
bacteriochlorophyll(s) instead of chlorophyll as the oxygenic phototrophs and require only

a single type of photochemical reaction center (RCI or RCII) for conducting photosynthesis
[23]. Phototrophs of seven phyla (Proteobacteria, Acidobacteria, Chloroflexi, Cyanobacteria,
Chlorobi, Firmicutes, and Gemmatimonadetes) have the ability to perform anoxygenic
photosynthesis [20]. They are capable of growing at low light conditions using specialized
pigments that can absorb sunlight from spectral regions usually unavailable to oxygenic
phototrophs [24]. Almost all the species of phyla Chlorobi, Chloroflexi, and Acidobacteria
contain a unique light-harvesting pigment known as chlorosome to absorb sunlight at 740-
750 nm, while the purple phototrophic bacteria (PPB) harvest sunlight from the infrared
region (800-1020 nm) of the light spectrum [18]. Thus, different anoxygenic entities may
co-exist in the same environment without competing for the same light source. Unlike
oxygenic phototrophs, anoxygenic phototrophs can harness energy from both the visible and
infrared regions (Table 1).

The growth and metabolisms in anoxygenic phototrophs are dependent on their light-
harvesting capability and tolerance to oxygen [20]. Both green and purple sulfur bacteria
are anaerobic and mostly live in sunlit and sulfidic conditions. A group of anoxygenic
phototrophs, known as aerobic anoxygenic phototrophs (AAP), is unique in their ability
to grow in the presence of oxygen owing to their photoheterotrophic nature [28]. While
oxygenic phototrophs convert inorganic carbon, in the form of carbon dioxide, into
biomass using electrons from water, anoxygenic phototrophs get electrons from a wide
range of external electron donors like elemental sulfur, sulfide, thiosulphate, ferrous iron,
and hydrogen [24,32]. According to one study, the purple sulfur bacterium Thiocapsa
roseopersicina has a maximum specific growth rate of 0.07 h—1 (1.63 d-1) on dimethyl
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sulfide culture [33]. AAP can grow even faster, with a reported maximum specific growth
rate of 5.86 d-1 [29].

The unique growth features of anoxygenic phototrophs compared to oxygenic phototrophs
(Table 1) make them a suitable candidate for cultivating in a wide range of inclement
environmental conditions. Depending on their level of tolerance to extreme conditions,
anoxygenic phototrophs can be thermophilic, acidophilic, alkaliphilic, halophilic, and so on.
Chloroflexus, Heliothrix, and Roseiflexus are the most renowned thermophilic anoxygenic
phototrophs. Notably, Chloroflexus aurantiacus is abundant in Yellowstone hot springs
(USA), grows best at 55 °C, and is capable of surviving at temperatures up to 70 °C [34].
They adapt to high temperatures either through structural adaptation of their cell components
or by accumulating compatible solutes to protect cellular structures [34]. By contrast,
Rhodoferax antarcticus found in Antarctic lakes and fjords grow best at 15-18 °C and
cannot tolerate temperatures above 25 °C. Acidiphilium can grow aerobically at a pH as low
as 1.5 [34]. Anoxygenic phototrophs are generally rich in lipids, proteins, and carbohydrates,
especially, purple phototrophic bacteria, which can be utilized to produce biofuels (e.g.,
biodiesel, hydrogen) and valuable biomaterials (e.g., pharmaceuticals, nutraceuticals) via
internal electron recycling.

1.2. Oxygenic phototrophs

Oxygenic phototrophs such as cyanobacteria, green algae, and diatoms are capable of
producing oxygen during photosynthesis using water as the electron donor [1,20]. While
most oxygenic microbial phototrophs are championed for their metabolites, some other
species, such as diatoms, have also been proven to be very useful owing to their diverse
cellular patterns and structures. More than 120,000 diatom species have been identified,
with each species having unique structural features such as patterns, shape, spikes, and
nano-scale pore size [35]. Most oxygenic phototrophs absorb solar energy from the visible
light region of the solar spectrum (400-700 nm), while anoxygenic phototrophs can perform
photosynthesis with light from both visible and infrared regions [27]. Oxygenic phototrophs
require more input energy for photosynthesis (shorter wavelength light) compared to
anoxygenic phototrophs (longer wavelength light) owing to the inverse relationship between
photon energy and wavelength. The purple bacteria Blastochloris viridis, for example,

can use wavelengths beyond 1000 nm for photosynthesis [27]. The maximum wavelength
(corresponding to its threshold energy) for the oxygenic photosynthesis process has been
identified in the cyanobacterium Acaryochloris marina, which extends to 740 nm [27].

The key elements of oxygenic photosynthesis are photosystem | (PSI), photosystem Il
(PSI1), adenosine triphosphate (ATP) synthase, and cytochrome b6f complex [36]. Both
the photosystems (PSI and PSII) play essential roles in photosynthesis, involving an
electron transport system in the thylakoid membranes of the microorganisms [31]. During
oxygenic photosynthesis, the light-harvesting pigments (chlorophyll) photo-oxidize the
reaction centers (P700 and P680). Electrons are transferred from PSII to oxidized P700
in PSI via plastoquinone in this process and involve generating a proton gradient across
the membranes, which allows the production of ATP via ATP synthase. In addition,
NADP+ is reduced to NADPH in PSI using the electrons from P700 via ferredoxin and
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ferredoxin-NADP+ reductase. Oxygen is produced during the oxidation of water (as electron
donor) through oxidized P680 in PSII. These photosynthetic electron transport reactions
collectively provide energy in the form of ATP and NADPH for carbon dioxide assimilation
in the Calvin-Benson-Bassham cycle [31]. However, an excess supply of ATP and NADPH
can facilitate the production of reactive oxygen species (ROS), which can cause oxidative
damage to PSI and PSII [31]. Excess light or high proton irradiance also contributes to the
oxidative damage of PSI and PSII. More photosynthesis-limiting factors will be reviewed in
the later sections of this article.

2. Using phototrophic microorganisms for bioenergy and electricity

production

2.1.

Phototrophic microorganisms are capable of harnessing solar energy in the form of biodiesel
[2], bio-oil [37], bio-alcohol [38], hydrogen [39], biogas [40], as well as electricity [10].
Some species can be utilized for energy storage as well due to their unique structural
properties [41]. This section discusses significant findings on the production of biofuels
(liquid and gaseous), electricity, as well as energy storage systems using microbial
phototrophs.

Liquid biofuels

Owing to their high lipid and carbohydrate contents, phototrophic microorganisms are
considered a promising source for producing biodiesel, bio-oil, and bioethanol. While
high lipid content in algal cells is desirable for bio-oil and biodiesel production, high
carbohydrate content is sought for bio-alcohol production. Transesterification, pyrolysis,
and fermentation techniques are most commonly used to produce biodiesel, bio-oil, and
bio-alcohol, respectively [37,42,43].

2.1.1. Biodiesel—Phototrophic microorganisms such as microalgae are a promising
source of biodiesel as some of the species have the lipid content of up to 60% of their
dry weight [44]. Biodiesel has very similar physical and chemical properties (carbon
chain length, energy density, and viscosity) to that of crude oil-derived diesel and can be
potentially used as a “drop-in” fuel in the existing internal combustion engines [45].

Algal strain selection is crucial to achieve desired biodiesel production. High lipid content,
environmental tolerance, high growth rate, and ease of harvesting and extraction are the
decisive factors when selecting a proper microalgal strain [2]. Algae from the genera
Botryococcus, Chlorella, Scenedesmus, Chlamydomonas, Dunuliella, and Nannochloropsis
are preferable for biodiesel production due to their high internal lipid content [46]. For
example, Nannochloropsis salina cultivated in a batch photobioreactor (PBR) can achieve a
lipid content of 50% by dry weight and an average annual growth rate of 25 g/(m2-day).
The net energy ratio (NER) for algal biodiesel is 0.93 MJ of energy consumed per MJ of
energy produced. Microalgae biodiesel has 30% less energy input per unit of product than
conventional soybean-based biodiesel, which has the NER of 1.64 MJ/MJ [47].
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Biomass pretreatments such as dewatering and cell disruption are frequently used before
lipid extraction to enhance lipid production [48]. Lipid extraction from dry biomass is
typically done using the organic solvent extraction method. In one study, lipids were
extracted from the dry biomass of Chlorococcum sp. Using a hexane/isopropanol mixture
(3:2 v/v) under vigorous mixing (800 rpm) for 450 min at 25 °C [37]. The extracted lipids
were then converted into biodiesel and glycerol through transesterification in methanol.
The lipid mixed with potassium hydroxide (catalyst) was stirred for 3 h at 60 °C during
this transesterification process. Biodiesel was finally separated from the biodiesel/glycerol
mixture through phase separation [49]. An exhaustive list of different microalgal species
and their corresponding lipid, protein, and carbohydrate contents, as well as their potential
bioenergy vyields, are presented in Table 2.

Many studies have described metabolic and genetic improvements of different algal

species to enhance biodiesel production. The green alga Chlamydomonas reinhardtii

has been studied extensively due to its known genome [50]. Metabolic engineering
strategies such as manipulating acylation of diacylglycerol and recycling of membrane
lipids during triacylglycerol derivation have been attempted to increase the metabolic

flux of triacylglycerol production. It has been reported that inactivation of ADP-glucose
pyrophosphorylase can increase triacylglycerols production tenfold [51]. Both acetyl CoA
carboxylase and type-II fatty acid synthase have been identified as the rate-limiting enzymes
during fatty acid synthesis [52]. Lipid production can be enhanced by genetically modifying
those enzymes. It was also reported that the targeted knockdown of a multifunctional lipase/
phospholipase/acyltransferase of diatom Thalassiosira pseudonana could result in a lipid
yield that is three-fold higher than wildtype diatoms [53]. Moreover, nitrogen deficiency
and higher initial iron concentration in the medium, along with metabolic engineering, lead
to higher lipid content [54]. Nevertheless, algae-based biodiesel production is currently not
economically viable. The cost of biodiesel production is 4.4-times higher, and the process is
2.5-times as energy-intensive compared to petroleum-based diesel [2, 55].

2.1.2. Bio-alcohol—Algae-based alcohols, namely ethanol and butanol, have been
attracting much attention due to their impressive fuel quality and heating values (bioethanol
19.6 MJ/L, biobutanol 29.2 MJ/L) [43]. With their similar ranges of energy density,
biobutanol can be used as a “drop-in” product replacing diesel and gasoline [43].

In bioethanol production, algal biomass is less resistant to conversion into simple sugars
compared to the plant biomass with plant cell wall containing lignin that is difficult

for industrial processing [38]. Also, the algal cellulose has a unique crystalline structure
(triclinic crystalline form) compared to plant cell structure (monoclinic crystalline form)
and, therefore, is easy to transform as it contains a weaker hydrogen bond [38]. For
bioethanol production, it is very critical to select algae with a high content of carbohydrates
(e.g., 40-57% wiw from Porphyridium cruentum) [45]. Chlorella vulgaris has been reported
to yield 40% wi/w ethanol owing to its high carbohydrate content [56]. The most commonly
used microalgal species for bioethanol production are Chlamydomonas reinhardtif UTEX
90, Porphyridium cruentum, Scenedesmus obliquus, Chlorella vulgaris, Chlorococcum sp.
owing to their high starch accumulation capability [57].

Renew Sustain Energy Rev. Author manuscript; available in PMC 2022 August 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Tanvir et al.

Page 7

The bioethanol production process generally requires hydrolysis as the first step

to breakdown carbohydrate biomass into monosaccharides [42]. One study utilized
separate hydrolysis and fermentation processes to produce bioethanol from Chlorococcum
infusionum biomass [42]. After hydrolyzing the biomass with NaOH, fermentation was
carried out using Saccharomyeces cerevisiae under vigorous mixing (200 rpm) at 30 °C

for 72 hours. This whole process resulted in a bioethanol yield of 26.1 wt% (g ethanol/g
biomass) when pre-treated with 0.75% (w/v) NaOH at 120°C for 30 min [42]. The

same hydrolysis process can be used for biobutanol production. After hydrolysis, Acetone-
Butanol-Ethanol fermentation can be carried out using saccharolytic butyric acid-producing
microorganisms such as Clostridium acetobutylicum [58].

Genetic engineering and manipulation approaches have been applied to enhance bioethanol
production. Researchers have cloned the code of bacterium Zymomonas mobiliz into a
vector and then used it to transform the cyanobacterium Synechococcus sp. so that it can
create a metabolic pathway for carbon utilization and directly synthesize ethanol without
fermentation [59]. A similar study created a Synechocystis sp. PCC 6803 strain that is
capable of self-production of bioethanol [60]. This self-production can increase overall
energy efficiency and make the process more cost-effective. However, such manipulations
can inhibit the growth of many algal species.

Other methods, such as using acid pre-treatment of the algal biomass, are proven to enhance
ethanol production by chain depolymerization [61]. One major drawback of bioethanol
production is that it produces CO» as a byproduct, which can accelerate the greenhouse
effect if it is not correctly contained. Besides, acid hydrolysis can produce byproducts,
including 5-hydroxy-methyl-furfural and levulinic acid, which can significantly reduce
ethanol production efficiency [62]. If enzymatic hydrolysis is utilized, recovering the
enzyme from the product can also be challenging [63].

2.1.3. Bio-oil—Phototrophic microorganisms can be used to produce bio-oil with proper
thermochemical conversion techniques (e.g., pyrolysis). While it has some similarities to
biodiesel, bio-oil is a dark, renewable fuel derived from biomass through the thermal
cracking of molecules. Bio-oil can be used directly as a “drop-in” fuel or as a blend [8].
Pyrolysis and liquefaction are widely used for bio-oil production from biomass [64, 65].
Both processes are performed at a high temperature in the absence of oxygen [8]. While
liquefaction is carried out at 200-400 °C, pyrolysis usually requires a temperature above
400 °C and under pressure [43]. Algal species such as Cladophora fractaand Chlorella
protothecoides can produce bio-oil up to 48.2 and 55.3 wt%, respectively, at a temperature
of 750-775 °C [65]. An exhaustive list of hydrocarbon (mostly bio-oil and bio-crude) yields
from corresponding microalgal species and associated conversion techniques can be found
elsewhere [65, 66].

2.2. Gaseous biofuels

Both anoxygenic and oxygenic phototrophs can be utilized to produce hydrogen gas [67,
68]. For other biogas production, either fresh or lipid-extracted biomass can be used as the
raw materials [8].
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2.2.1. Hydrogen—Photosynthetic production of molecular hydrogen is considered one
of the most promising approaches to producing renewable energy. Hydrogen gas is highly
portable and contains a heating value of 142 MJ/kg, equivalent to 10.1 MJ/L (liquefied).
When combusted, it emits only water as the end product [39]. Both anoxygenic and
oxygenic phototrophic microorganisms can produce hydrogen using solar energy through
either photofermentation or co-metabolism of N,-fixation [67, 68]. Oxygen produced

during oxygenic photosynthesis inhibits hydrogen production [58], making anoxygenic
phototrophs (e.g., Rhodobacter sphaeroides CIP 60.6 with a maximum rate of H, production
at 40 mL/L-h) preferable for hydrogen production [69]. Two enzymes, hydrogenase, and
nitrogenase are mainly responsible for hydrogen production through biophotolysis during
the co-metabolism of N,-fixing. Many cyanobacterial species convert atmospheric nitrogen
into ammonia (NH3) and discharge H» as a by-product as part of the nitrogen-fixing process.
Cyanobacteria use carbohydrates for H, production if atmaospheric nitrogen is not available
[70]. One study used the purple photosynthetic bacteria Rhodobacter capsulatus to produce
hydrogen through single-stage photofermentation of glucose with a maximum hydrogen
yield of 5.5+0.15 mol Hy/mol glucose under optimal cultivation conditions with a light
intensity of 175 W/m2, 35 mM glucose, and 4.5 mM glutamate [71]. More information

on direct and indirect biophotolysis, photofermentation, and dark fermentation is available
elsewhere [72].

The hydrogen production potential in phototrophic microorganisms is dependent on strain-
specific enzymatic activities and environmental conditions [39]. The most commonly used
microalgae and cyanobacteria for photobiological hydrogen production are from the genera
Botryococcus, Chlamydomonas, Chlorococcum, Chlorella, Scenedesmus, Synechocystis,
Tetraspora, Anabaena, and Nostoc due to significant presences of hydrogenase enzyme in
their cells [73]. Among these diverse species, Chlamydomonas reinhardtii, and Anabaena
spp. are reported to have the highest hydrogen production [50, 65]. Generally, nitrogen-
fixing species (Anabaena and Nostoc) can produce more hydrogen than the non-nitrogen
fixing microorganisms (e.g., Synechocystis) due to the higher presence of enzymes
responsible for hydrogen production [74].

Metabolic and genetic engineering approaches have been utilized to increase hydrogen
production. For example, to enhance hydrogen production, the hydrogen-uptake
hydrogenase (Hup-hydrogenase) is inactivated since the Hup-hydrogenase reduces the net
hydrogen production in nitrogen-fixing cyanobacteria [39]. Higher hydrogen production
can also be achieved in hydrogen-uptake deficient mutants of Anabaena and Nostoc (e.g.,
Anabaena variabilis AVM13 (AhupSL), Nostoc punctiforme NHMS5 (Ahupl)) compared
to the wild types [39]. Similarly, another study has reported that hydrogen production
could be increased five-fold by redirecting the electrons to the hydrogenase enzyme

using targeted ferredoxin and ferredoxin-NADP™*-oxidoreductase variants [75]. Hydrogen
production can also be enhanced by eliminating pathways competing for electrons (viz;
carbon fixation, nitrate assimilation, and respiratory electron transport system) [39]. Since
biological hydrogen production is often inhibited due to the extreme oxygen sensitivity of
hydrogen synthesizing enzymes [50], a sulfur-deprived condition can increase the respiration
rate in order to reduce oxygen sensitivity [11, 76].
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Other techniques such as immobilization of phototrophic microorganisms are reported to
increase hydrogen production. For instance, alginate films can immobilize the hydrogen-
producing microalgae for higher output [77]. This enhanced hydrogen output is mainly
attributed to higher cell density, favorable kinetics, and the capability of the alginate polymer
to effectively restrict oxygen diffusion into the matrix. Furthermore, manipulating the light
conditions of algal cultures can affect hydrogen production [76]. A shift from continuous
light to a train of light pulses interrupted by longer dark phases is reported to have higher
hydrogen production [78]. Also, it has been reported that Chlamydomonas reinhardltii

tlal strain, CC-4169, with truncated light-harvesting antenna produced 4—6 times more
hydrogen than the parental CC-425 strain [79]. CC-4169 exhibited 4-times higher maximum
specific growth rate at 285 pEm~2 s~1 and an 8.5-times higher rate at 350 yEm™2 s71

when immobilized at the same cell density as compared with CC-425 strain [79]. Despite
numerous attempts, biological hydrogen production is still not commercially attractive.

Even under currently optimized conditions, biologically derived hydrogen gas may cost 3-6
dollars/kg while conventional steam reforming of methane process costs about 1 dollar/kg (1
kg H, ~ 1-gallon gasoline in terms of energy content) [79, 80].

2.2.2. Biogas—Green energy in the form of biogas can be produced from phototrophic
microorganisms with established technologies such as anaerobic digestion. Both the virgin
biomass and the lipid-extracted biomass can be used for biogas production [8]. Biogas
typically consists of 45-70% methane, 20-55% CO,, as well as a small amount of H»S,
H»0, and hydrocarbons [40].

Potent biogas producing microbial phototrophs should have a high growth rate, thin cell wall
with low holocellulose content, higher environmental adaptability, and more cytoplasmic
components for improved digestion efficiency and gas content [81]. Anabaena cylindrica,
Chlorella sorokiniana, Scenedesmus obliquus, Spirulina platensis, and Synechococcus sp.
have been identified as the highest biogas yielding species based on the criteria mentioned
above [82]. Not surprisingly, the culture conditions affect their growth and biogas production
to a great extent. A comprehensive review of biogas from microalgae is available elsewhere
[40].

2.3. Electricity

Phototrophic microorganisms possess an excellent ability to facilitate direct/indirect transfer
of electrons outside of the cell, known as exoelectrogenic activity [83]. Accordingly,
bioelectrochemical systems (BESs) such as microbial fuel cells (MFCs) and microbial
electrolysis cells (MECs) are used to generate electricity that can power remote electronic
devices [84, 85]. A critical review of BESs integrated with membrane technologies

for harvesting energy and water treatment is available elsewhere [86]. Phototrophic
microorganisms used in MFCs are versatile. They can be introduced to the anodic chamber
to serve as a substrate (source of carbon), but mostly, they are present in the cathodic
chamber with roles that include CO» capture from the anode and simultaneous wastewater
treatment with electricity generation [10, 87]. The power generation of an MFC can be

as high as 1.78 W/m? when consisting of a dry algae biomass of 5 g/L (Scenedesmus
obliquus) and activated sludge used as the substrate [88]. Often, microalgae-bacteria
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consortia are also used in MFCs as well. For example, an MFC was constructed using
microalgae Chlamydomonas reinhardltii (catholyte) and sulfur-reducing bacteria Geobacter
sulferreducens (anolyte) [10]. This MFC exhibited a power output of 630 mW/m?2 when
acetate was used as the substrate. The microalgae-bacteria consortia-based MFCs may have
lower electricity generation than the pure microalgal cultures because of the adverse effects
posed by the oxygen generated in the anode as well as the low concentration of electron
donors [89].

Phototrophic microorganisms are reported to be used to develop biophotovoltaic systems
(BPVs) [83]. Unlike typical photovoltaic systems, the photosensitive components are living
organisms capable of reproduction, damage repair, as well as storing energy for power
generation in the absence of light [83]. Furthermore, photosynthetic proteins are emerging
photovoltaic materials due to their inherent delicate architecture and internal circuitry

[90]. While the conventional p—n junction solar cells have a conversion efficiency of

34%, the photosynthetic proteins demonstrated almost 100% quantum efficiency [91-93].
However, the power generation efficiency of these systems is still too low due to the weak
exoelectrogenic activity of photosynthetic microorganisms. Recently, researchers used an
energy carrier (D-lactate) to enhance the extracellular electron transport efficiency of the
system resulting in a power density (over 150 mW/m?) of at least one order of magnitude
higher than the conventional energy carrier-less BPVs [94]. The power density also could
be significantly enhanced by decoupling storage and power delivery in a BPV as well [95].
In this system, two chambers spatially separated the charging and power delivery operations
so that they can be optimized independently for enhanced power density. Despite clean
energy production along with synergistic activities, BESs come with limitations of low
power density, power intensity, and power generation efficiency, especially in scale-up of
such systems. The power intensity (W per m3 of reactor volume) from reactors with volumes
larger than 1 L is often much less than 1 kW/m3, a threshold for industrial application for
energy recovery from organic matter [96].

2.4. Energy storage

Supercapacitors with high power densities and fast charging rates have been developed
using diatoms and transitional metal oxides [97, 98]. One study reported achieving a
capacity of 202.6 Faraday per gram using hierarchical and porous MnO,-modified diatoms
[97]. The same material resulted in an even higher power capacity of 297.8 Fg1 after
etching the diatomite [97]. The highest capacitance of 425 Fg~1 was achieved when TiO,
nanospheres, diatom silica, and MnO, mesoporous nanosheets were combined [98]. Since
diatom silica is an inexpensive natural biomaterial, the potential of diatom as economical
and high-performance electrode material for supercapacitors is enormous. Diatomite with
small size, high sorption capacity, large surface area, and thermal stability is a perfect

fit for hydrogen storage [41]. Pristine diatomite has demonstrated a hydrogen adsorption
capacity of 0.46 wt% at 2.63 MPa and 298 K. The hydrogen adsorption capacity can be
further increased to 0.83 wt% through acid-thermal activation of diatomite [41]. Diatoms
are utilized as thermal energy storage as well due to their unique porous nanostructure. The
integration of diatomite with conventional phase change materials can improve the thermal
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storage capacity and stability as well [99]. A summary of diatom-based thermal storage
composites and the corresponding latent heats are reported elsewhere [41].

3. Using phototrophic microorganisms for value-added products and
biomaterials

Being rich in proteins and carbohydrates, phototrophic microorganisms have the potential
for food and feed [57], bioactive compounds [12], bioplastics [100], fertilizers [101, 102],
stable isotopes [103], and many more. This section of the review focuses on the production
of value-added products and high-value biomaterials using phototrophic microorganisms.

3.1. Pigments and bioactive compounds

One major high-value compound of nutritional and pharmaceutical importance is microalgal
pigments (mostly carotenoids) [13]. In phototrophic microorganisms, they mainly function
as accessory pigments during photosynthesis, CO, fixation, culture coloration, and
protection of photosystems from oxidative damage [104]. Carotenoids are hydrophobic
pigments having two major groups: carotenes (non-oxygenated molecules) and xanthophylls
(oxygenated molecules) [12]. Astaxanthin, B-carotene, and lutein are the three carotenoids
abundantly found in microalgae [13]. Many algal species can accumulate these carotenoids.
Dunaliella salina, Haematococcus pluvialis, Chlorella zofingiensis, and Chlorella vulgaris
are extensively studied due to their large-scale production capability [12]. The algal species
used for producing lutein and astaxanthin are summarized elsewhere [13].

Phycobiliproteins are another major group of pigments mainly found in cyanobacteria,
Rhodophyta, Glaucophyta, and cryptomonads [104, 105]. Four types of phycobiliproteins
(phycoerythrin, phycocyanin, phycoerythrocyanin, and allophycocyanin) are identified so
far [105]. Phycobiliproteins demonstrate significant efficacy in anti-oxidant, anti-cancer,
anti-inflammatory, anti-microbial, anti-tumor, anti-diabetes, and other essential bioactivities
[105].

Phototrophic microorganisms can also be used as the source of other high-value bioactive
compounds such as fatty acids, glycerol, vitamins, and polysaccharides [12, 100, 106].
Microalgal species such as Dunaliella tertiolecta, Nannochloropsis oculate, Spirulina
platensis, Tetraselmis suecica, and Euglena gracilis are capable of producing vitamins [12].
Genetically modified Syrnechocystis sp., PCC6803, can produce a higher content of fatty
acids (197 £ 14 mg/L) compared to its parental wild type (1.8 £ 0.06 mg/L) [106]. A
shortlist of high-value products produced from microalgae species and their applications are
presented in Fig. 2.

Many studies have been conducted to increase the concentration of those compounds in
microalgae and cyanobacteria, especially under stress conditions [12]. One study reported
an increase in fatty acid yield when cultivating Chlorella vulgaris NIES-227 under nitrogen
starved conditions [107]. Higher glycerol content can be achieved in green algae Dunaliella
with increased salinity in the culture medium [108]. Alteration of the culture medium’s
chemical composition can affect biomass, pigments, and fatty acid production. For instance,
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a 2000-fold increase in the astaxanthin yield was observed when 5.6% (v/v) of ethanol was
used in the culture medium of Schizochytrium limacinum B4D1 [109].

3.2. Pharmaceutical and personal care products

Microalgae and cyanobacteria are promising sources of antibiotic, antimicrobial, neurotoxic,
hepatotoxic, anti-oxidant, anti-cancer, and anti-inflammatory compounds [104, 110]. They
can be a reliable source of many carotenoids (e.g., astaxanthin, lutein, canthaxanthin,

and zeaxanthin), which are medicinally beneficial as well. The most common species of
microalgae used for personal care products include Chlorella vulgaris, Spirulina platensis,
Dunaliella salina, and Nannochloropsis oculata[110]. Caution should be taken, however,

as some cyanobacteria contain various inherent toxins (dermatotoxins, hepatotoxins,
cytotoxins, neurotoxins) [113]. For instance, cyanobacterial species such as Anabaena flos-
aquae, Anabaena circinalis, Aphanizomenon sp., Cylindrospermum sp., Planktothrix sp., and
Microcystis aeruginosa can produce anatoxin-a, which can potentially impact the nervous
system [113].

Physical, genetic, and metabolic approaches have been employed to increase the

production of various pharmaceuticals compounds from microalgae. The use of organic
dye (Rhodamine 8G) can increase the chlorophyll and carotenoid concentrations in
Chlamydomonas reinhardtiiby 45 and 36 wt%, respectively [114]. Genetic and metabolic
approaches mainly deal with the rate-limiting steps of the high-value compound production
process to accelerate the process. For instance, a genetically modified Chlorella zofingiensis
can produce 32.1% more total carotenoids and 54.1% more astaxanthin than its wild

type [111]. In another study, down-regulation was used to enhance the lutein and
zeaxanthin production in Chlamydomonas reinhardltii. By knocking out the gene for
zeaxanthin epoxidase, the genetically modified Chlamydomonas reinhardtiihad a much
higher zeaxanthin content (56-fold) without interrupting lutein production [115]. Metabolic
pathway modification by introducing a bkt gene from Haematococcus pluvialis encoding
[B-carotene ketolase increases ketocarotenoids production with maximum astaxanthin and
canthaxanthin contents of 3.5 and 1.9 ug/g dry weight, respectively [112]. However,
sometimes even successful genetic and metabolic transformations do not guarantee long-
term stability. Also, modulation of carotenogenesis and its networking with other metabolic
processes need further study for successful and stable modification [116].

3.3. Bioplastics and biopolymers

Bioplastics can be produced from lipids, protein, and carbohydrates, which makes
phototrophic microorganisms the best fit because they are rich in those compounds [100].
The main bioplastic products with commercial-scale production are polyhydroxyalkanoates
(PHAS), polyhydroxybutyrates (PHBS), polylactic acid (PLA), protein plastics, starch
plastics, and cellulose plastics [100]. Spirulinasp., Nostoc sp., Oscillatoria sp.,
Synechocystis sp., and Calothrix sp. are recommended for PHA production, while
phototrophic microorganisms with high carbohydrate content (e.g., Chlorella sp.,
Scenedesmus sp., Synechococcus sp.) are good for PLA production [117].
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Accumulation of PHAs in different cyanobacterial and microalgal species under different
growth conditions is summarized elsewhere [118]. Enhanced PHA and PHB production
often occurs under nutrient-limiting conditions [119]. For instance, Nostoc muscorum
Agardh was reported to yield 69% PHAs under phosphate-limited conditions [120].
However, the nutrient limitation can potentially slow down algal growth since cellular
growth is directly related to the nutrient availability [119]. As such, genetic modification
can be an alternative to inducing nutrient-limiting conditions to enhance PHA and PHB
production without compromising the growth. In one study, overexpression of native
biosynthetic genes in strain Synechocystis sp. PCC 6803 resulted in an observed 2.6-fold
increase in PHB (26% of dry cell weight) compared to the wild type (10% of dry cell
weight) [121]. In another study, Synechocystis sp. PCC6714 strain had a higher PHB
yield (37 + 4% dry cell weight) compared to that of the wild-type (14 + 0.5% dry cell
weight) when point mutations in the phosphate-specific transport system integral membrane
protein-A and ABC-transport complex were introduced [122].

3.4. Other high-value products through phototrophic synthesis

Phototrophic microorganisms, including cyanobacteria and algae, are capable of
synthesizing noble metal nanoparticles such as silver, gold, platinum, palladium, zirconium,
titanium, and some of their oxides as well [123]. While conventional synthesis involves
energy-intensive processes and toxic solvents, phototrophic synthesis of these nanomaterials,
either extra- or intracellularly, can be a viable alternative [124, 125]. For instance, green
microalga Coccomyxa actinabiotis can uptake and survive at the silver concentration range
from 1077 to 1072 M Ag*, resulting in the accumulation of AgS and/or Ag nanoparticles
that are dependent on Ag* concentrations [126]. Even the lipid-extracted biomass has

been reported being useful in the synthesis of silver nanoparticles [127]. The intracellular
silver contents are 0.057 and 0.011 g/g biomass in Spirulina platensis and Nostoc linckia,
respectively, when exposed to AgNO3 suspension [124]. Similarly, the rapid biosynthesis
of gold nanoparticles with particle sizes ranging from 8 to 12 nm has been reported [128].
For example, Chlorella vulgaris can accumulate up to 0.014 g gold/g biomass per hour until
it reaches a total intracellular gold concentration of 0.042 g gold/g biomass [124]. Some
microalgal species demonstrated simultaneous accumulation of metallic nanomaterials,
including rhodium (Rh), palladium (Pd), and platinum (Pt) [129].

Phototrophic microorganisms are also used to produce stable isotopes of biogenic elements
(H, C, N, O, S, Mg, Se) [103]. These stable isotopes can later be extracted either chemically
or by hydrolysis of biomass [103]. While they provide a model for studying the effect of
isotopes on metabolic processes, deuterated algae can serve as a commercial source of fully
deuterated compounds, such as glucose, amino acids, chlorophylls, and carotenoids [103].

Microalgae-derived biofertilizer could be another high-value product for maintaining soil
fertility and sustainable crop production[130]. The application of N-fixing cyanobacteria and
microalgae enhances crop yields while reducing the use of chemical fertilizers [102].
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4. Emerging and innovative applications of phototrophic microorganisms
for environmental conservation, mitigation, and remediation

Phototrophic microorganisms have a broad range of applications in the environment.
Such applications include, but are not limited to, CO, sequestration [15], environmental
sensing and monitoring [131, 132], and wastewater treatment [17, 133]. This section of
the review discusses the emerging and innovative use of phototrophic microorganisms for
environmental conservation, mitigation, remediation, and other applications.

4.1. Environmental conservation

Phototrophic microorganisms have been used to develop tools for environmental
conservation such as biosensors (for contaminant detection and water quality monitoring)
and early warning of algal blooms [14, 131]. These emerging tools can further advance the
monitoring and management of natural environments and ecological communities.

4.1.1. Biosensors for environmental monitoring—Biosensors are analytical
devices with a bioreceptor for biological sensing and a transducer to transform the
biochemical signal to optical-electrical interpretation [134]. A recent comprehensive review
of biosensors is available elsewhere [135]. The bioreceptor can be either based on the
whole cell or proteins, peptides, enzymes, nucleic acids, and antibodies [136]. Phototrophic
microorganisms-based biosensors have been developed to detect toxic heavy metals,
biocides, dioxin, volatile organic compounds (VOCSs), organophosphorus compounds,
endocrine disruptors, and monitor water quality [137-139].

Studies have reported the use of whole-cell microalgae Chlorella vulgaristo detect Cd2*,
Dictyosphaerium chlorelloides to detect Cu2*, and Chlamydomonas reinhardtiito detect
Ni2* [138]. A biosensor developed using red alga Porphyridium cruentum can detect arsenic
(11) at a concentration as low as 2.5 parts per billion [140]. More recently, a microalgae-
living sensor has been developed for the detection of metal ions with a breakthrough
detection limit of 50 nM using nanocavity-enhanced photoelectrochemical techniques [131].
Even BESs (more discussion in section 2.3) can be potential environmental biosensors
where phototrophic microbial metabolism acts to sense the signals from the environment,
and the decrease in the light-dependent electrical response via these microorganisms is
proportional to the concentration of toxicants, including heavy metals [141]. Overall, efforts
in developing biosensors using phototrophic microorganisms continue along with the use

of other emerging technologies, including bioluminescent [142], photoelectrochemical, and
bioelectrochemical processes. Details about the development of nucleic acid-based and
enzyme-based biosensorsare summarized elsewhere [136, 143].

Microalgal biosensors are also used for selective detection of pollutants such as pesticides
and herbicides [132, 144]. Specific oxygen production rate measurement is a powerful

tool for determining the toxicity to algae and cyanobacteria [145]. Similarly, a lab-on-chip
electrochemical biosensor has been developed based on oxygen production using a wild type
Chlamydomonas reinharaltii to measure the concentration of herbicides with a detection limit
of approximately 0.1 pM [137]. The marine green alga Ostreococcus tauriwas also used
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to develop a recombinant biosensor to detect two antifouling biocides (Diuron and Irgarol
1051) through luminescence monitoring [146]. While most biosensors are designed to detect
target compounds in an aqueous solution, some biosensors can also detect contaminants

in aerosol form. One study used Chlorella vulgaris cells immobilized on the membrane

of an oxygen electrode to detect perchloroethylene, a volatile organic compound. The
concentration of the perchloroethylene aerosol was estimated based on the modified oxygen
generation in the presence of perchloroethylene [134].

4.1.2. Early warning of harmful algal blooms—Harmful algal blooms (HABs) are
the result of eutrophication and are deemed as one of the most serious environmental
hazards [147, 148]. Early warning of the magnitude, timing, and location of HABs is
important to the environment and human health. However, the complex microbial growth
and dynamics of algal biomass in continuously changing environments make it challenging
to determine and predict HABs using traditional statistical models (e.g., multiple linear
regression, autoregressive moving average models) [149]. Nevertheless, while conventional
models use multiple input parameters, one study used algal biomass as the sole input
parameter to simplify the model and reduce cost. The developers claimed to predict algal
blooms 1-3 days in advance by combining wavelet analysis with artificial neural networks
[149]. Researchers have also developed phytoplankton models as well as phyco-pigment
remote sensing methods for HAB prediction [14, 150, 151]. However, the phytoplankton
models and remote sensing methods are unable to identify species composition, specific
microcystin producers, and toxin production.

Understanding the possible cyanobacterial community succession and their relationship with
cyanotoxin production remains a major challenge. Researchers have recently developed
molecular techniques using quantitative polymerase chain reaction (QPCR) and quantitative
reverse transcription PCR (RT-gPCR) to determine and predict toxic cyanobacteria,
including the producers of microcystin, anatoxin, saxitoxin, and cylindrospermopsin in
eutrophic waters. Based on the acquired data, an early warning method has been developed
with predictive powers of up to 50-60%, while a one-week early warning of microcystin
exceedance above the US Environmental Protection Agency allowable concentration can
be attained [14]. This molecular approach to determine cyanobacteria and their genes for
cyanotoxins is an attractive alternative method for the protection of source water as well as
an early warning tool to drinking water treatment plants [14].

4.2. Environmental mitigation and remediation

Other than atmospheric CO, sequestration (see Table 3 for details) [15], phototrophic
microorganisms are showing promise in mitigation and remediation activities such as
ammonia gas mitigation from swine and dairy farms [152], NO, and SO sequestration
from flue gas [153], antibiotic resistance abatement [17], and heavy metal removal [16].
Scenedesmus dimorphus can remove more than 95% of the ammonia gas from the inlet
stream of animal production operations at the ammonia mass loading rate of 42.4 mg/(L-d)
in a photobioreactor operated at the hydraulic retention time of 10 d [152]. Microalgae are
also used for removing NOy from flue gas and subsequently assimilating it as a nitrogen
source [153]. Dunaliella tertiolecta exhibited 96% (v/v) removal of NO, from flue gas
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containing 100 parts per million NOy in the inlet gas using a counter-flow tubular algae
column [154].

Microalgae are effective in removing organic pollutants, radionuclides, heavy metals, and
emerging contaminants from water as well [16, 161, 162]. They can remove antibiotics from
wastewater treatment plant effluent through assimilation, adsorption, and/or degradation
[17]. One study reported that the freshwater alga, Scenedesmus dimorphus, can remove

up to 93% of ciprofloxacin from impaired water. Scenedesmuswas capable of removing
more than 93% of 17 p-estradiol in both laboratory and pilot-plant photobioreactor

studies, although the bioremediation mechanisms such as bio-adsorption, bio-uptake, and
biodegradation and their relative importance are yet to be determined [161, 163].

Species of the genera Anabaena, Chlorella, Cladophora, Oscillatoria, and Scenedesmus are
known for their hyper-accumulation and hyper-adsorbing capabilities of heavy metals [161].
For example, a Chlorella strain can accumulate cadmium (Cd) up to 65% of its organic
mass from a Cd-rich suspension [164]. Owing to their high absorption capacity, algae

can be used to treat acid-mine drainage. For instance, copper (Cu) was mainly removed
(approximately 90%) through microalgal metabolism (e.g., metal ions transferred across the
membrane via particular organelles such as vacuoles and retained intracellularly) while the
remaining Cu (10.70 £ 1.92%) was removed by adsorption in a batch study of treating

acid mine water using the marine microalga Nannochloropsis oculata [165]. Similarly,
algae have shown promising results in arsenic (As) removal with high arsenic uptake
capacities (bioaccumulation factor of approximately 390 L/kg in 2 hours) [166]. Arsenic
accumulation in Chlorella pyrenoidosa is dependent on the species (e.g., As(l11), As (V))
and concentration of As with As (V) having higher uptake rate constants than As (I11) [166].
Extracellular polymeric substances produced by the algae enhances adsorption, reduces
intracellular As, and increases inorganic As tolerance of the algae [166].

New applications of phototrophic microorganisms for remediation and degradation of
pollutants continue to grow. For instance, phototrophic microorganisms are deployed to
treat reverse osmosis concentrate [167, 168]. The brackish water diatom Pseudostaurosira
trainorii PEWLO001 can remove 95% of reactive silica and 64% of calcium from the reverse
osmaosis concentrate [167]. Chlorellasp. ZTY4 and Scenedesmus sp. LX1 have been proven
to have higher adaptability to simultaneously remove nitrogen, phosphorous, and hardness
from reverse osmosis concentrate [168].

4.3. Other environmental applications

Several critical reviews on phototrophic microorganisms such as algae and cyanobacteria
and their environmental applications are available [169-171]. More and more applications
of phototrophic microorganisms are blooming for environmentally friendly solutions and
sustainable development. For example, holistic approaches are now being adopted to
improve indoor air quality and energy efficiency. Bio-reactive fagade integrated into
buildings can facilitate the photosynthesis process by acting as solar-thermal cells, absorb
indoor air pollutants (including CO5), and produce renewable energy in the form of biomass
[172]. They also provide shade, insulation, and natural ventilation, along with energy
production. The BIQ building in Hamburg, Germany, is the first algae-powered building
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in the world. Since it’s inception, it has been closely monitored for performance and energy
efficiency. After the first year of operation, the fagade system of this building exhibited a
conversion efficiency of 58% (10% biogas and 48% heat), and approximately 4500 kWh of
electricity was generated by the 200 m? algae facade [172]. It can reduce carbon directly by
photosynthetic uptake and indirectly by reducing electrical demand. The reduction of CO,
by the 200 m? fagade of the BIQ building is estimated to be up to 6 tons/year [172]. Another
building (Marina City Towers, Chicago, Illinois) was also renovated to integrate an on-site
algal bioreactor that captures CO5 from the surrounding air using humidity swings [172].
However, one major challenge in adopting the microalgal facades and/or algae-urban system
is the on-site provision of bioreactors and biorefinery infrastructures. Supply of light, CO,,
nutrients, and water, as well as harvesting and extraction facilities, must be integrated as
on-site infrastructure to avoid energy loss during transportation. Also, the structural viability
and load of the microalgal facades needs to be considered during the architectural and
engineering design of the building.

5. Challenges and research perspectives for applying phototrophic

microorganisms and technologies

The challenges of using phototrophic microorganisms to harness solar energy for bioenergy;,
biomaterials, and environmental applications are substantial. The reported photosynthetic
energy conversion efficiencies in current operations (~1%) are much lower than the
theoretical maximum (~12%) [5]. In addition, low biomass yield and poor environmental
adaptability of many algal and cyanobacterial strains remain a concern [40, 110]. It is also
challenging to maintain a monospecific culture in the outdoor environment where it is prone
to contamination with other indigenous species [173]. Moreover, the growth and metabolism
of the phototrophic microorganisms are further affected by seasonal shifts [10, 174].

Perhaps the most critical barrier is the high cultivation, harvesting, and extraction

costs [64]. While large-scale open ponds offer low-cost, simple, and easy to maintain
cultivation of microalgae,they have limited utilization of CO, and light, poor mixing,

and prone to contamination [64]. By contrast, photobioreactors offer better control over
key microalgal cultivation parameters but at high capital and operational costs. Current
harvesting practices such as filtration, flotation, centrifugation, flocculation, and magnetic
separation are expensive and have a high energy requirement as well, which in turn adds
up to the production cost [175]. Hybrid refinery strategies such as combining biodiesel
production with bio-products may improve the marketability of microalgae as a viable
alternative and sustainable source [2, 110]. Also, the cultivation process integrated with
wastewater treatment can improve the economic feasibility and environmental sustainability
by reducing/eliminating the external nutrient requirements for cell growth and lowering
overall waste discharge costs [176, 177]. However, using wastewater as the nutrient
source can potentially be difficult due to high turbidity, fluctuating nutrient concentrations,
the presence of contaminants such as toxic metals, pesticides, antibiotics, and undesired
microorganisms [178].
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Developing a biomaterial extraction process without dewatering requirements can reduce
the production cost further but, there is still an ongoing debate about the potential

adverse environmental effects of biofuels (biodiesel) and their production process and
consumption [59, 179]. For instance, genetically modified strains can invade the natural
habitat and may produce harmful toxins harming other organisms in the ecosystem [180].
More research is thus needed to overcome these challenges while minimizing the adverse
effects of employing phototrophic microorganisms for bioenergy, biomaterial production,
and environmental applications. Research perspectives and some promising research fields
are discussed and described below.

New discoveries and applications of microbial phototrophs, particularly anoxygenic

phototrophs, for harnessing solar energy

While oxygenic phototrophs such as algae and cyanobacteria are studied extensively, much
less work has been done on anoxygenic phototrophs. For instance, AAP bacteria (see
discussion in Section 1.1) are photoheterotrophic species that exist in a variety of aquatic
environments [34, 181] and are critical to the cycling of both organic and inorganic carbon
in the ocean [182]. Anoxygenic phototrophs have the unique ability to live in extreme
conditions of temperature, pressure, pH, and salinity, can co-exist with oxygenic phototrophs
in the same environment, and survive under both light-anaerobic or dark-aerobic conditions
[183]. The light-derived energy facilitates their faster growth than heterotrophs [181], and
yet their ecological role and significant attributes remain to be fully understood.

Purple phototrophic bacteria (see information in Section 1.1) are capable of growing
photoheterotrophically with a high biomass yield (1 g COD biomass/g COD removed)
[184]. Their biomass is highly preferable as the protein-rich feed for animal (e.qg., livestock)
consumption. Like oxygenic phototrophs, anoxygenic phototrophs have also been used
for wastewater treatment to remove heavy metals, macro pollutants, dyes, as well as for
producing electricity, bioplastics, and other value-added products [133, 183, 185, 186].
Some anoxygenic phototrophs have azo-reductase activities to remove azo-dyes (textile
chemical) from wastewater. For example, Rhodopseudomonas palustris (AS1.2352) can
remove the azo-dye under anaerobic conditions at a pH of 8. Anoxygenic microorganisms
Rhodobacter blasticus, R. adriaticus, R. palustris, Rhodopseudomonas capsulatus, and
Rhodovulum strictrum can also remove 96% of the dye within 2 days under anaerobic
light conditions [183].

One possible way to improve the biomass yield is to co-culture both the oxygenic and
anoxygenic phototrophs as they do not compete for the same light spectrum. Researchers
have proposed a dichroic beam sharing technique for better light management [187].

They used this method to illuminate both RAodobacter sphaeroides (anoxygenic) and
Arthrospira platensis (oxygenic) at the same time and achieved a 71% increase in the
overall photosynthetic activities. As the oxygen generated by the oxygenic metabolism may
inhibit the growth of anoxygenic phototrophs, a process that separates oxygen-producing
photosynthesis from the oxygen-sensitive proton reduction reaction both spatially and
chronologically should be considered [188].
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Algae-bacteria consortia, especially for biological hydrogen production [189], promote (i)
direct biophotolysis (to split water molecules to hydrogen ion and oxygen via photosynthesis
followed by converting H* hydrogen gas by hydrogenase enzyme in microalgae such as
Chlamydomonas reinhardtii), (ii) photofermentation (by purple non-sulfur photosynthetic
bacteria that directly capture solar energy to drive H, production from organic compounds),
(iii) indirect biophotolysis (photosynthetic carbon fixation followed by the conversion of the
stored carbohydrate to hydrogen by cyanobacteria) [190], and (iv) dark fermentation (by
anaerobic fermentative bacteria) [190]. Recent research on bioelectrochemical systems that
separate fast-growing AAP bacteria (in the anodic chamber) from algae (in algae-assisted
MFCs) has shown great promise in improving energy and electricity production [191].

5.2. Genetic, metabolic, and process engineering to maximize the yield of phototrophic
biomass along with functional structures and metabolites

Enhancing phototrophic biomass yield and metabolite concentration is key to the
economical production of bioenergy and biomaterials [192]. From a research perspective,
developing new strains via genetic and metabolic engineering approaches that can be grown
easily and offer better environmental adaptability would be the first step toward enhancing
biomass yield and metabolite concentration [7, 193]. Novel genome editing tools such

as TALENs and CRISPR/Cas9 are used because of their rapid and precise mutagenesis
capability for the desired products [194, 195]. Multiple efforts have been made to increase
photosynthetic activity, light-harvesting efficiency, biomass accumulation, and concentration
of metabolites [50, 196, 197], along with omics approaches to help increase biorefinery
capabilities [194]. The truncated antenna size (see more discussion in Section 2.2.1)
resulted in 44.5% greater biomass productivity under high light conditions [197]. Truncated
chlorophyll antenna is capable of reducing the oxygen sensitivity of certain enzymes, such
as hydrogenase, for greater hydrogen production [50].

Enhancing lipid metabolism is the goal when producing biofuels [106, 107]. Genetic
transformation, including multi-gene manipulation and enzyme modification, is necessary
for improving lipid production [198]. Comprehensive reviews on genome engineering tools
for exploring and exploiting the metabolism of these organisms are available elsewhere [194,
195, 199, 200]. It is expected that more cutting-edge genome-editing technologies will be
developed towards improved product-based genetic modification. Caution should be made,
however, to avoid introducing genetically modified phototrophs into the natural ecosystem
through strict regulation, sterilization, and monitoring, as they can potentially emerge as
invasive species to that ecosystem.

Aside from cultivation, downstream processes such as harvesting, extraction, and
purification are the most expensive steps in producing high-value compounds. The
harvesting process is responsible for 20-30% of the total cost to produce microalgae [201].
Auto-flocculation can be a viable method for efficient harvesting, removing approximately
90% of suspended algal biomass [202]. It is mediated by the interaction of algal organic
matter and the residual salts present in the algal culture [203]. Co-culturing algae (Chlorella
vulgaris) and bioflocculant-producing bacteria (Rhizobium radiobacter) may be considered
to facilitate harvesting [204]. The conventional solvent extraction method based on the
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“like dissolves like” concept is cheap and easy but requires a longer time and additional
treatments. Super-/sub-critical solvent extraction can be a quick and efficient alternative. For
instance, sub-critical extraction is a convenient way to extract high-value compounds from
algal cells. Unlike supercritical extraction, it does not require high pressure to enhance the
diffusivity of the solvent. One major problem with sub-critical extraction is that the high
temperature may destroy the functional activity of the extracted compounds [205].

5.3. Integration of phototrophic microorganisms with emerging technologies

Emerging technologies will continue to drive future innovations for the growing microbial/
algae industry, with several important research topics listed below.

Prediction and control of HABS with machine learning techniques, geographic
information system (G1S), 5G wireless network technology, and molecular
technologies. The application of machine learning techniques, along with the use
of a historical record of HAB events obtained from GIS and physical monitoring,
can help developing state-of-the-art detection systems for spatial and temporal
characteristics of HAB events and the accurate prediction of HABs [206]. Along
with the use of other emerging technologies such as 5G and artificial intelligence
(Al), maximum detection and prediction accuracy can be achieved with this

new HAB detection and prediction system for implementing HAB control and
prevention measures.

Phototrophic microbial growth with membrane technology. Raceway ponds are
the most commonly used outdoor facilities for the cultivation of microalgae
and other phototrophic microorganisms. With the development of membrane
technology and decreasing the cost of membrane materials, membrane
bioreactors can decouple solids retention time (SRT) from hydraulic retention
time (HRT) for high-density algal cultivation with benefits including improved
biomass productivity, photosynthetic efficiency, and nutrient (phosphorus)
recovery [207-210].

Improving microalgal cultivation and harvesting using nanotechnology. Recent
efforts include supplementing nanoparticles as micronutrients, lipid inducer, and
protector of cells against hostile environments [211]. The use of nanoparticles
reportedly enhanced cell growth, biomass content, and biomethane potential

as well [212]. A 47.2% increased production of carotenoids was achieved

by internalizing gold nanoparticles into Chlorella zofingiensis cells [213].
High-efficiency (more than 95%) and low-cost magnetic harvesting were
achieved by in-situ formation of Fe nanoparticles on the microalgal surface
[214]. Integrating nanoparticles with membrane technology (i.e., cellulose-based
scaffolds modified with TiO, nanoparticles) can significantly increase microalgal
growth by improving scaffold properties [215]. However, nanoparticle stability,
cost-effective recycling procedures, and their environmental impacts are yet to be
fully understood [211].

The exploitation of diatom nanotechnology. As single-celled photosynthetic
microalgae, diatoms have species-specific cell walls (frustules) with distinct
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microporous to nanoporous siliceous structures. Diatoms are thus powerful
tools in nanotechnology to manufacture nanostructured smart biomaterials
such as DNA-silica hybrid materials with complex geometric structures

[216]. Diatoms and silica nanotechnology along with other technologies (e.g.,
microfluidic technologies) are utilized for biosensing, drug and gene delivery,
biopharmaceutical, and other value-added products [217, 218]. Also, titanium
incorporated hierarchical structures of diatoms have shown promising results
for selective removal of pharmaceuticals and personal care products from water
[219].

V. Novel uses of phototrophic microorganisms in wastewater treatment. Examples
of such innovative uses include, but are not limited to: (a) wastewater
treatment with PPB in a continuous photo anaerobic membrane bioreactor
[220], (b) forward osmosis with an algal draw solution to concentrate municipal
wastewater and recover resources [221], (c) protein production from wastewater
with phototrophic microorganisms by assimilating and up-cycling nutrients in
wastewater [222], and (d) a new generation of energy-neutral [223] or even
energy-positive wastewater treatment [224].

6. Conclusions

Phototrophic microorganisms have the potential to be a clean and sustainable means

for harnessing solar energy and converting it to bioenergy, biomaterials, and high-value
products. These microorganisms have broad environmental applications as well. However,
large-scale production of these products is still limited because of the low biomass yield
and high production costs of phototrophic microorganisms. Therefore, more research

and economically feasible strategies are needed for commercialization. Future research
perspectives, such as integrating phototrophic microorganisms with emerging technologies,
are proposed. Emphasis should be given to integrating phototrophic microorganisms with
nanotechnology to increase cell growth and metabolic contents and make downstream
processes (i.e., harvesting, extraction, purification) more cost-effective. The exploitation of
diatom nanotechnology is especially promising for not only manufacturing nanostructured
smart, cheap biomaterials, but also opening new directions for sustainability and
environmental solutions. Nonetheless, efforts to be made towards minimizing the adverse
environmental impacts when adapting to these new technologies.
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PHAs Polyhydroxyalkanoates
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Highlights

. Both oxygenic and anoxygenic phototrophs convert solar energy to renewable
energy.

. Microbial phototrophs are a source of biofuels, biomaterials, and high-value
products.

. Microbial phototrophs provide solutions for environmental conservation and
remediation.

. Barriers in harnessing solar energy using phototrophic microorganisms are
presented.

. Research to integrate microbial phototrophs with emerging technologies is
discussed.
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Energy conversion efficiencies from sunlight to biomass and associated geological and
biological factors (lateral flow diagram). The management strategies for efficient conversion
of solar energy into biomass and the value of different bioproducts are presented in bulleted
points and triangle shape, respectively. Reprinted with permission from Ref. [5]. Copyright

© Springer Nature.
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Microalgae species High-value products

Biomass, phycocyanin,
ascorbic acid, and
arachidonic acid

Spirulina platensis, Chlorella vulgaris,
Parietochloris incise

Dunaliella salina, Haematococcus Ascorbic acid, astaxanthin,
pluvialis, Aphanizomenon flos-aquae, y-linolenic acid, -
Spirulina sp., Chlorella sp., carotene, polysaccharides,
Porphyridium cruentum and fatty acids

Cylindrospermum sp., Tolypothrix
tenuis, Nostoc muscorum, Hapalosiphon
fontinalis, Hapalosiphon sp.

Vitamin B, and auxin like
indole-3-acetic acid

Fig. 2.
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Applications

Food and
food additives

Human and
animal
nutrition

Growth
promotion

High-value products produced from microalgae species and their applications [13, 110-112].
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Table 1.

A comparison between the anoxygenic and oxygenic microbial phototrophs.

Page 38

Parameters Anoxygenic phototrophs

Oxygenic phototrophs

Electron donors E%duzc:]d sulfur species, elemental sulfur, dihydrogen, and ferrous ion

Ferredoxin, flavodoxin, N,, H*, quinone, nicotinamide adenine
dinucleotide phosphate (NADP) [20, 25]

Electron acceptors
Typical spectral range Visible and/or infrared spectra [27]
Maximum specific growth rate (Umax)  0.20-5.86 d~1 [28, 29]
Photosynthetic oxygen production No

Oxidative damage to photosystems Yes, sensitive to O, [20]

Water

Quinone, NADP, H* [25, 26]

Visible spectra [27]
0.48-3.60 d~* [30]
Yes [20]

Yes [31]
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Table 2.

The chemical composition (lipid, protein, and carbohydrate) and potential biodiesel, ethanol, and methane
yield from the dry algae as a substrate. Adapted from [8, 11, 40].

Microalgal species Lipid (%) Protein (%) Carbohydrate (%) g)iodiesel (g/kg- E)thanol (g/kg- Methane (L/g-S)
Anabaena cylindrica 4-7 43-56 25-30 12-21 125-150 0.22-0.28
Aphanizomenon flos-aquae 3 62 23 9 115 0.31
Arthrospira maxima 6-7 60-71 13-16 18-21 65-80 0.30-0.36
Botryococcus braunii 25-75 - - - - -
Chaetoceros calcitrans 39 58 10 - - -
Chaetoceros muelleri 22-33 46-64 12-19 - - -
Chlamydomonas rheinhardii 21 48 17 63 85 0.24
Chlorella emersonii 29 - - - - -
Chlorella minutissima 31 - - - - -
Chlorella zofingiensis 26-46 11-20 25-28 78-138 125-140 0.06-0.10
Chlorella protothecoides 55 10-52 10-15 - - -
Chlorella pyrenoidosa 2 57 26 6 130 0.29
Chlorella sorokiniana 22 - -

Chlorella vulgaris 14-25 51-58 9-17 42-66 60-85 0.26-0.29
Chlorogloeopsis fritschii 50 44 7 - - -
Crypthecodinium cohnii 20 - - - - -
Dunaliella bioculata 8 49 4 24 20 0.25
Dunaliella primolecta 23 - - - - -
Dunaliella salina 6 57 32 18 160 0.29
Dunaliella tertiolecta 28 - - - - -

Ettlia oleoabundans 35-54 - - - - -

Euglena gracilis 14-18 39-61 14-20 42-60 70-90 0.20-0.31
Haematococcus pluvialis 25 - - - - -
Isochrysis galbana 23-30 7-25 30-45 - - -
Monoraphidium minutum ~52 - - - - -
Nannochloropsis gaditana 233 48.3 9.31 - - -
Navicula saprophila ~51 - - - - -
Nitzschia closterium 27 - - - - -

Phaeoaactylum tricornutum  20-30 - - - - -

Porphyridium cruentum 9-14 28-39 40-57 27-42 200-285 0.20-0.29
Prymnesium parvum 22-38 28-45 25-33 66-114 125-165 0.14-0.23
Scenedesmus dimorphus 16-43 8-18 18-52 48-120 105-260 0.04-0.09
Scenedesmus obliquus 35-55 50-56 10-17 36-42 50-85 0.25-0.28
Scenedesmus quadricauda 1.9 47 - 5.7 - 0.24
Skeletonema costatum 21 - - - - -
Spirogyra sp. 11-21 6-20 33-64 33-63 165-320 0.03-0.10
Spirulina maxima 6-7 60-71 13-16 18-21

Renew Sustain Energy Rev. Author manuscript; available in PMC 2022 August 01.



1duosnuep Joyiny vd3 1duosnuey Joyiny vd3

1duosnuey Joyiny vd3

Tanvir et al. Page 40
Microalgal species Lipid (%) Protein (%) Carbohydrate (%) g)lodlesel (g/kg- E)thanol (g/kg- Methane (L/g-S)
Spirulina platensis 4-9 46-65 8-20 12-27 40-70 0.23-0.32
Synechococcus sp. 11 63 15 33 75 0.32
Tetraselmis maculata 3 52 15 9 75 0.26
Tetraselmis suecica 15-23 - - - - -

Thalassiosira pseudonana 20 - - - - -
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Table 3.

Page 41

Carbon dioxide fixation by different phototrophic microorganisms from flue gas [155-160]. Partially adapted

with permission from [153].

Phototrophic microorganisms

Reactor type and size

Light intensity
(umol/m¥s)

Operation strategy

CO, fixation
rate (mg/Ld)

Acutodesmus sp.

Botryococcus braunii

Chlamydomonas reinhardtif UTEX 90
Chlamydomonas reinhardtii CC 2656

Chlorella emersonii
Chlorellasp. MTF-7
Chlorellasp. MTF-15
Chlorellasp. MTF-15
Chlorellasp. Cv

Chlorella vulgaris
Chlorella vulgaris
Chlorococcum infusionum

Isochrysis sp.

Nannochloropsis oceanic KA2

Nannochloropsis salina
Scenedesmus dimorphus

Scenedesmus vacuolatus

Photobioreactor, 2 L
Flat plate, 30 L
Airlift photobioreactor, 2L
Airlift photobioreactor, 2L
Air-lift column, 5.5 L
Bubble column, 50 L
Bubble column, 1 L
Bubble column, 1200 L
Bubble column, 0.33 L
Raceway pond, 60 L
Bubble column, 0.3 L
Photobioreactor, 0.5 L
Photobioreactor, 10 L
Raceway pond, 8000 L
Raceway pond, 600 L
Bubble column, 0.1 L
Bubble column, 2 L

30

800

100

100

200
Variable (outdoor)

300
Variable (outdoor)

100
Variable (outdoor)

1150

107
Variable (outdoor)
Variable (outdoor)
Variable (outdoor)

100

3000

Continuous feeding; Batch
Continuous feeding; Batch
Continuous feeding; batch
Continuous feeding; batch
On-off feeding; semi-batch
On-off feeding; batch
Continuous feeding; batch
On-off feeding; batch
Continuous feeding; batch
Semi-continuous
Continuous feeding; batch
Continuous feeding; batch
Continuous feeding; batch
On-off feeding; batch
Continuous feeding; batch
On-off feeding; batch

Continuous feeding

190
830
512
266
113
677
877
370
1200
103
4400
95
350
25
60
889
1150
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