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Electrochemical technologies that involve microorganisms are considered to be promising for sustainable applications.
Microalgae can be used for carbon capture through photosynthesis which can directly fix carbon dioxide (CQO,). The
conversion of CO, into fuel energy and other high value metabolites without pollution can contribute to reduce CO, emissions
with more economic value. Light energy to biomass conversion efficiency is a major challenge in microalgal cultivation.
Electrode assisted cultivation techniques for improved photosynthetic and carbon (CQO,) fixation metabolism for growth and
biomass productivity have rarely been explored for microalgae. Light limitation, which leads to the loss of photosynthetic
efficiency that in turn leads to decreased microalgal growth, is a major problem in large scale cultivation systems. Here, we
summarise the ability of microalgae to perform extracellular electron uptake from cathode material for efficient biomass
production and CO, conversion. The present review provides insights into the possible development of electroactive microalgae
under autotrophic and mixotrophic conditions for efficient CO, conversion. Using the current knowledge of bioelectrochemistry
and learning lessons from electroactive bacteria, we propose a proof of concept for electroactive microalgae and their future
applications in CO, sequestration.
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Introduction remained very high, compared with that of agricultural
plant products. Hence, understanding the full potential
Microalgae are unicellular photosynthetic organisms of microalgae for the sustainable production of biomass
capable of producing high-value metabolites such as and other products are necessary.
carbohydrates, lipids, proteins, polyunsaturated fatty Electroactive microorganisms have gained substantial
acids, vitamins, and pigments. Microalgal biomass has attention recently as they allow the flow and exchange
garnered tremendous interest for producing nutraceuticals, of electrons between intracellular or extracellular redox
pharmaceuticals, therapeutics, food supplements, feed, electroactive donors or acceptors [3]. Electroactive
biofuel, bio fertilizers, etc. due to its high content of microorganisms are currently applied in microbial fuel
lipids and other high-value metabolites. Microalgal cells (MFCs) and microbial electrosynthesis (MES) [4].
biomass has the potential to convert solar energy to Electro-activated microalgae are a proof of concept that
organic materials and potential metabolites of the application of renewable electricity as an electron
nutraceutical and industrial value [1]. Microalgae have donor in microorganisms.
several advantages in comparison with higher plants. The application of renewable electricity in micro-
They have a high efficiency of fixing carbon dioxide organisms like bacteria has already been exploited for
(CO,) and subsequently convert it into biomass and the production of metabolites and biomass [5].
compounds of potential interest [2]. Ceramic carriers Currently, the focus of microbial electrosynthesis is
were used to achieve highest carbon reduction of limited to acetogens and methanogens [6]. Different
approximately 53% by using photosynthetic bacteria types of mechanisms are involved in the transport of
[2]. Moreover, microalgae have a shorter life cycle and externally produced electrons to the electron transport
higher photosynthetic efficiency than higher plants. chain (ETC) of host microorganisms [7]. Two types of
However, despite the research efforts made in the past electron transfer can be achieved: direct electron
few decades, the cost of microalgal products has transfer (DET) and mediated electron transfer (MET).
Cupriavidus necator shows MET using hydrogen as an
#These authors contributed equally. electron mediator and presents a higher solar energy to
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cultivation systems and small-scale laboratory conditions,
respectively [8, 9]. Due to ineffective light-to-biomass
conversion, productivity typically decreases in photo
bioreactors (PBRs), resulting in a lower photosynthetic
efficiency (9-10%) than the theoretical maximum
(corresponding to ~80 g biomass m? day™) [10]. Algal
light conversion efficiency is reported to fall between
3% and 5% in PBRs used for large scale cultivation
[11]. Therefore, the controlled cultivation of microalgae
with efficient photosynthetic activity in a commercially
viable manner is necessary.

Based on the physiology of microalgae, different
cultivation systems and bioreactors can be developed to
enhance light absorption and substrate utilization. Such
systems should be able to provide sufficient nutrients
and photons (not excess) to prolong the logarithmic
growth of microalgae, which is necessary for sufficient
product accumulation [12]. Mixotrophic cultivation
systems can enhance growth and metabolite production
in microalgae. Although these systems provide sufficient
organic nutrients and energy for the growth of
microalgae, they have a relatively poor photosynthetic
efficiency (~2-6%) to fix CO, and only 5-10% of the
allocated carbon is used to produce lipids and other
secondary metabolites [13]. Therefore, metabolic and
genetic engineering technologies are being considered
to enhance microalgal production [14]. Among these,
manipulation of the Calvin—Benson—Bassham (CBB)
cycle and chloroplast electron transport chain are of
potential interest for improving the photosynthetic
efficiency of microalgae by increasing the efficiencies
of CO, fixation and light harvesting [1].

Recently, external electron supplementation has
gained increasing interest for enhancing the growth and
metabolite synthesis in microalgae. Acceleration of
carbon and energy flux in microalgae is associated with
product biosynthesis. Lipid biosynthetic precursors like
acetyl-CoA and NADPH are considered to be important
factors for increasing product yield in microalgae [12].
For increasing the capture and delivery of electrons
formed by substrate catabolism, extra energy is needed
to accelerate the conversion of NADP+ and NADPH in
microalgae and this may produce less disturbance on
the redox state than the strategy to increase the
proportion of NADPH [1]. Therefore, providing electrons
through external electrodes has the potential to
accelerate energy flux and product yield in microalgae.
Mixotrophic cultivation of microalgae using external
electrodes can promote the ratio of NADPH/ATP in
microalgal cells, which can boost CO, fixation and
improve the yields of biofuels and high-value
secondary metabolites from microalgae. Moreover, the
external supplementation of electrons can prevent
energy loss due to cell shading, which is the major
reason for photosynthetic loss in microalgal cultivation
systems.

Improving our knowledge of extracellular electron
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uptake or electro-activated microalgae is critical from
both biotechnological and industrial viewpoints [13].
Early research findings have proved extracellular
electron uptake by autotrophic bacterial species [14].
Microalgae have been widely used as biophotovoltaics
(BPV), wherein the transfer of electrons from microalgal
cells to an external electrode takes place [15, 16].
Different types of photo electrodes are developed by
researchers for this purpose [17,18]. However,
substantial research has not been conducted on the
reverse flow of electrons. Owing to the industrial
relevance of efficient microalgal cultivation systems
and their emerging biotechnological applications, this
review will focus on the possibility of extracellular
electron uptake by microalgae in different cultivation
modes to achieve maximum CO, fixation. In this
review, we propose a possible mechanism of electro-
activated microalgae to overcome the current
limitations of CO, fixation and subsequent microalgal
biomass production.

Challenges in microalgae cultivation

The industrial cultivation of microalgae is often
carried out in open ponds or closed PBRs in the
presence of sunlight and other chemicals to improve
the biomass and metabolite accumulation [19]. When
the microalgal cultures attain a high optical density,
self-shading occurs, leading to an inhomogeneous
distribution of light inside the cultivation system,
which will limit the conversion of CO,. As a result,
only the cells present at the top layers absorb sufficient
incident light, leaving the bottom layers in light-limited
conditions; this has major consequences on the
photosynthetic metabolism of microalgae [20]. In light-
limited conditions, cells do not have sufficient energy
for the synthesis of NADPH/ATP, major factors for the
Calvin—Benson pathway, and thus, the cells fail to
sustain a high biomass growth rate. If the light intensity
available is below the compensation point, energy is
utilized for cell maintenance rather than CO, fixation
[20]. Culture depth is an important parameter that
affects the algal biomass production in large scale
cultivation systems. Chisti reported that the culture
depth suitable for high biomass production is up to 20
cm [21]. Even if cells are exposed to full sunlight, the
chance of excess illumination is low. For example,
photosynthesis in Nannochloropsis is reported to be
saturated at a light intensity of ~150 pmol photons m™
s, a value below the full sunlight intensity of ~500-
2000 pmol photons m?s™ (depending on the season)
[22]. Microalgal cells can absorb sunlight efficiently
even in saturated conditions, which produces 3Chl*
(triplet state chlorophyll) that cannot be used for
photochemical reactions but generates reactive oxygen
species (ROS). Generation of ROS molecules leads to
the oxidation of proteins, lipids, and pigments with
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photosystem II (PSII) D1 subunit as a major target
[23]. The damaged proteins and other metabolites are
subsequently degraded and resynthesized for regaining
the photosynthetic activity [24]. The photosynthetic
machinery of microalgae has been evolved to adapt to
different light regimes to survive highly variable
illumination under natural environments. Microalgae
show non-photochemical quenching (NPQ) for the
non-radiative de-excitation of excited chlorophyll
molecules, which results in the dissipation of excess
energy in the form of heat [20]. Antioxidant molecules
are also involved in preventing photochemical damage
to microalgal cells. Carotenoid molecules act as
antioxidants as well as activators of NPQ in microalgal
cells, with zeaxanthin being the major carotenoid
molecule involved in this process. The cells synthesize
zeaxanthin from violaxanthin by the activity of
violaxanthin de-epoxidase enzyme under high light
conditions; under light-limited conditions, zeaxanthin is
converted back to violaxanthin by the activity of
zeaxanthin epoxidase enzyme [25]. This photosynthetic
regulatory mechanism plays a significant role in photon
to biomass conversion efficiency. The repair of damaged
PSII needs energy for the synthesis of proteins that can
result in the decreased availability of nutrients for
microalgal growth [10]. NPQ photo protection
mechanisms dissipate energy as heat that decreases the
photon to biomass conversion efficiency. For increased
biomass productivity and photon to biomass conversion
efficiency, an optimal balance should be maintained
between photo protection and photon efficiency. In
large scale cultivation systems, mixing for gas exchange
can also affect light absorption and photosynthetic
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efficiency. If the mixing is very fast, the zeaxanthin-
mediated photo protection mechanism does not occur
properly, leading to photo inhibition and decreased
productivity [26].

Electron transport mechanism in microalgae

Microalgae are photoautotrophic organisms that utilize
light as a primary energy source for their metabolism.
Light is harvested through phycobilisomes that excites
P700 and P680 chlorophyll pigments at the reaction
centres of PS I and PS II (Photosystem I and Photo-
system II) located in the thylakoid membrane of
chloroplasts (Fig. 2). This process aids the extraction of
electrons from water and releases oxygen as a by-
product [27]. These electrons are then conveyed
through PS II, cytochrome b6f, plastocyanin (PC)/Cyt
¢6, and PSI to ferredoxin (Fd). Ferredoxin acts as the
distribution hub for photosynthetic electrons. The
photosynthetic electron transport chain (PETC) generates
a proton motive force (pmf) across the thylakoid
membrane that acts as a driving force for the
production of ATP from ADP and Pi by the enzyme
ATP synthase (Fig. 1) [28].

Different types of fuel cells have been developed for
wastewater treatment [29]. Electrosynthesis using
photosynthetic microorganisms is an emerging field of
research. Several studies have been conducted on
phototrophic bacteria that have proved the underlying
molecular mechanisms and flow of electrons from
cathodes to the bacteria for energy transduction and
biomass production [2,6]. Most of the research on
microalgae is focused on MFCs for electricity production

2H* H

Fig. 1. Electron transport during light condition in microalgae (OEC; oxygen evolving complex, PSI & II; photosystem I & II, PTOX;
plastoquinol terminal oxidase, PQ; plastoquinone, Ndh 1&2; NADH dehydrogenase like 1&2, Cytb6f; cytochromeb6f, PC; plastocyanin,
FNR; ferredoxin-NADP reductase, Fd; ferredoxin, Hyase; hydrogenase, Flv; flavin).
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Fig. 2. Electron transport process in microbial fuel cell (MFC).

or wastewater treatment (Table 1). Microalgae that can
accept electrons directly from cathode are referred to as
electro-activated microalgae.

An MFC is a bio-electrochemical device capable of
converting organic or inorganic substrates to energy
through microbial metabolism [30]. Organisms capable

Table 1. List of microalgae used in MFC research and its applications.

Role of microalgae

Microalgae MEC structure in MFC Applications References

Microcystis aeruginosa, Two chamber Substrate Removal of trihalomethane [76]

Chlorella vulgaris

Arthrospira maxima Two chamber Substrate Electricity generation [77]

Chlamydomonas reinhardtii Single chamber Substrate Electricity generation [78]

Scenedesmus obliquus Two chamber Substrate Electricity generation [79; 80]

Chlorella vulgaris Single chamber Substrate Electricity generation [81]

Laminaria saccharina Two chamber Substrate Electricity generation [82]

Rhodobacter sphaeroides Two chamber Assisting anode Solar powered MFC for [83]
electricity production

Chlorobium limicola Two chamber Assisting anode Electricity generation coupled [84]
with dark metabolism

Rhodopseudomonas palustris Single chamber Assisting anode Electricity generation [85]

Chlorella vulgaris Two chamber Assisting cathode Wastewater treatment and [34]
electricity generation

Chlorella vulgaris Three chamber Assisting cathode Wastewater treatment and [86]
desalination

Chlorella vulgaris Single chamber Assisting cathode Wastewater treatment and [87]
electricity generation

Microcystis aeruginosa Two chamber Assisting cathode Electricity generation [88]

Desmodesmus sp. Two chamber Assisting cathode Electricity generation [89]

Chlamydomonas reinhardtii and Two chamber Assisting cathode Wastewater treatment and [35]

Pseudokirchneriella subcapitata bioenergy production

Synechococcus leopoliensis, Two chamber Assisting cathode Electricity generation [90]

Anabaena cylindrica and Chlorella

pyrenoidosa

Mixed culture of microalgae Two chamber Assisting cathode Wastewater treatment [90]
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of doing this are known as electrogens or electro-
chemically active microorganisms (EAM) that use the
extracellular electron transport (EET) system for
exchanging electrons with an insoluble material such as
an electrode or metal oxide [31]. MFCs include the
incorporation of microalgae in the cathode compartment
that depends on the CO, produced at the anodic
compartment as a carbon source. This process facilitates
electrogenesis and can be used for wastewater
treatment, CO, sequestration, and the synthesis of
commercial products from microalgae (Fig. 2) [32].
Photo-cathodes with microalgae can be considered as a
potential technique for the incorporation of photo-
synthesis into MFC systems [33] and have benefits
such as nutrient removal, CO, fixation, supply of
dissolved oxygen, and algal biomass production [34].
MFCs incorporated with microalgae are used for
wastewater treatment for the removal of heavy metals
and other nutrients, and the biomass produced by algae
can be used to produce biofuels, biofertilizers, etc. [35,
36]. Commault et al. (2014) reported the use of
photosynthesis in the cathodic compartment to replace
the energy intensive mechanical aeration in bioreactors
[37]. As a negative effect, the generation of a high
oxygen content in the anodic compartment prevents
electrogenesis even with high substrate degradation
[38]. High electrogenic activity in the anodic chamber
was observed by using photosynthetic bacteria as an
anodic catalyst [18]. Oxygen availability at the cathode
primarily depends on oxygenic photosynthesis with the
help of PSI, PSII, and cytochrome b6f complex to
transport electrons from water to NADP+. Small
mobile molecules like plastoquinone and plastocyanin
carry these electrons, thereby contributing to photo-
synthetic energy conversion [39].
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Fig. 3. Electron transport during electro-activation in microalgae.

Proposed mechanisms of electro-activation
in microalgae

The carbon-derived chemicals produced from micro-
algae have been used in biofuel, nutraceutical, and
pharmaceutical industries. However, the major energy
source to produce these value-added commodities is
photosynthesis, which provides the reducing power and
energy. The addition of external electrons to photo-
synthetic electron transfer can effectively optimize
biosynthetic pathways like the CBB cycle, thereby
increasing the biomass and secondary metabolite
production in microalgae. However, multiple factors
should be taken into consideration for an effective
mechanism of electro-activated microalgae.

Autotrophy, heterotrophy, mixotrophy, and photo-
heterotrophy are the four major microalgal cultivation
modes (Fig. 3). In the photoautotrophic mode of
cultivation, microalgae utilize CO, as the carbon source
and sunlight as the energy source for generating
organic matter [40]. However, autotrophy is considered
to be the most primitive way of microalgal cultivation
and has been used since the 1950s in open pond system
and closed PBRs [41].

In mixotrophy, the advantages of autotrophy and
heterotrophy are combined to overcome the challenges
of microalgal cultivation. In this mode of cultivation,
microalgae can utilize both CO, and exogenous organic
compounds such as glucose, fructose, acetate, and
glycerol as the carbon source [42]. In mixotrophic
cultivation, microalgae can grow heterotrophically
using organic carbon for increased biomass and lipid
accumulation and can also use inorganic carbon to
produce oxygen through photosynthesis, thereby
lowering the overall CO, emissions [43]. Unlike
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heterotrophy, photosynthetic pigments are illuminated
under the mixotrophic mode of cultivation [44].
Mixotrophic cultivation can be used to increase the
growth and biomass production of microalgae with
minimum contamination and a low cost [45]. The use
of PBRs can reduce the chances of contamination even
at an increased cost efficiency and a biomass production
of ~5-15 g/L can be achieved, which is 3-30 times
higher than that achieved under autotrophic cultivation
conditions [46]. The mixotrophic cultivation of
Chlorella vulgaris exhibited a biomass production of 2
g/L with glucose (1% w/w) as the carbon source [47].
Mixotrophic microalgal cultivation using glucose
increased the growth rate of microalgae in comparison
with photoautotrophic and heterotrophic cultivation
methods [48]. Mixotrophic cultivation can be used to
enhance lipid, carbohydrate, and protein accumulation
in microalgae. Cultivation of Asterarcys quadricellulare
showed a carbohydrate accumulation of 36.6% in
media supplemented with 0.1 g/L [49]. Similarly, C.
vulgaris produced a carbohydrate content of 8.74%
using a mixture of glucose and glycerol as the carbon
source [50]. The extracellular uptake of electrons by
autotrophically and mixotrophically cultivated microalgae
depends on various conditions like media composition,
nature of electron mediators, and electrode material.

However, the phototrophic and mixotrophic cultivation
of microalgae has many disadvantages in large-scale
cultivation systems. The incorporation of electrons as
an energy source in microalgal cultures can be considered
to be a solution to this problem. In microbes, during
extracellular electron transfer, cells try to make contact
with each other through electrically conductive proteins,
such as c-type cytochromes situated in outer membranes
and Fe-S proteins, conductive pili, or periplasmic
extensions, which aid the transfer of electrons across
cell membranes [51]. The major technical difficulty in
the use of electroactive microalgae is their thick cell
wall and the membrane bound organelle chloroplasts,
where photosynthesis occurs. This makes the eukaryotic
algae different from cyanobacteria and other micro-
organisms owing to the difference in the relationship
between primary electrogenic membranes and external
electrodes [52].

Predicted extracellular electron transport
proteins

The mechanism of PETC has remained stable during
the course of evolution in cyanobacteria and algae
except for the light harvesting complex proteins [27].
However, the extracellular electron transport proteins in
cyanobacteria have been well studied by Nikkanen et
al.,, 2021 [27]. They proposed the possible electron
transport proteins in microalgae that are hypothetical
proteins (Table 2). In cyanobacteria, NDH-1 acts as the
major electron supplier to ETC followed by SDH,
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cytochrome oxidase, PTOX, ARTO, FNR, etc. [53-55].
However, the presence of these proteins is predicted in
the thylakoid membrane of different microalgal species
that raises the possibility of extracellular electron
uptake by eukaryotic microalgae under different
cultivation conditions (Table 2).

Electron mediators

In photosynthetic microalgae, there is no evidence
for direct extracellular electron transfer (DEET).
However, bacteria like Shewanella show DEET ability
with the help of nanowires situated in protrusions of the
outer membrane [56]. In cyanobacteria, Synechocystis
DEET has been reported with the help of conductive
pili but the mechanism of DEET using pili is still
unclear [57]. MET is widely employed in electroactive
bacteria like methanogens and acetogens, and exploited
using MFCs and bio-photovoltaic systems. Electron
mediators have the ability to cross the semipermeable
membranes of microalgae and interact with the
inorganic or metallic electrode and the photosynthetic
biological components [58]. The selection of a suitable
electron mediator is necessary for the successful
transfer of electrons from cathode to microalgae. The
selected electron mediator should have the ability to
pass the cell membranes through porin channels so that
it can effectively transfer electrons within the cells
[59]. Here, we propose a model wherein the anodic and
cathodic compartments have the same electron mediator
for transferring the electrons to the microalgae. For
effective oxidation in the anodic compartment, the
electron mediator should meet certain requirements.
The mediator should not be toxic to the microalgae,
and it should be effectively active for the electro-
catalytic oxidation of various metabolites. Moreover,
the electron mediator should be stable in the presence
of different secondary metabolites and at different
temperatures (10-40 C) and different pH ranges (5-9)
[60]. There are several reports on the use of ferricyanide,
quinone derivatives, neutral red, methyl viologen, etc.
as electron mediators in MFCs to capture electrons
from microalgae to generate Dbioelectricity [61].
However, in the case of electro-activated microalgae,
the electron mediator should not be toxic to the algal
cells. The currently used quinone derivatives are
reported as algicides that are toxic to the microalgae at
certain concentrations [62, 63]. Conversely, electron
mediators such as riboflavin and Fe-EDTA are reported
to promote the growth and electron transfer in
biocathodes [64, 65]. The redox potential of an electron
mediator is a significant factor that contributes to its
activity. The redox potential of the artificial electron
mediator should be positive enough to carry out fast
reduction but negative enough to prevent energy loss.
In addition, the kinetics of the microbial reduction and
electrochemical oxidation should be as fast as possible
[60].
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Table 2. Predicted extracellular electron transport proteins in different microalgal species
(Data obtained from UniProt, https://www.uniprot.org/).

Name

Function

Protein sequence ID

Plastid terminal ubiquinol
oxidase 1

Terminal oxidase

>tr|A8IU73|A8IU73 CHLRE Ubiquinol oxidase
0OS=Chlamydomonas reinhardtii OX=3055 GN=PTOX1
PE=3 SV=1

Plastid terminal ubiquinol
oxidase 2

Terminal oxidase

>tr|ASIEF7|A8IEF7_CHLRE Ubiquinol oxidase
0OS=Chlamydomonas reinhardtii OX=3055 GN=PTOX2
PE=3 SV=1

NADH Ubiquinone reduc- Reduces PQ and mediates cyclic electron trans-  >tr|A8J160]A8J160 CHLRE NADH:ubiquinone reduc-

tase port without pumping additional protons tase (non-electrogenic) OS=Chlamydomonas reinhardtii
0X=3055 GN=NDA2 PE=3 SV=1

Thylakoid membrane pro- Small extrinsic protein of thylakoid membrane, >tr|A81547|A81547 CHLRE Thylakoid membrane pro-

tein photosynthetic electron transport in photosystem tein OS=Chlamydomonas reinhardtii OX=3055

I and response to high light intensity

GN=CHLRE_05g242400v5 PE=4 SV=1

Ferredoxin-NADP reduc-
tase

Key role in regulating the relative amounts of
cyclic and non-cyclic electron flow to meet the
demands of the plant for ATP and reducing power

>sp|P53991|FENR_CHLRE Ferredoxin--NADP reduc-
tase, chloroplastic OS=Chlamydomonas reinhardtii
0X=3055 GN=PETH PE=1 SV=1

Fe hydrogenase

Direct capture of photosynthetic electrons

>tr|Q9FYU1|Q9FYU1 CHLRE Fe-hydrogenase
0OS=Chlamydomonas reinhardtii OX=3055 GN=hyd1
PE=1SV=1

Light-harvesting complex
stress-related protein 3.1

Nonphotochemical quenching, photosynthesis,
light harvesting, protein-chromophore linkage,
response to high light intensity, response to pho-
tooxidative stress

>sp/[PODO19|LHR31_CHLRE Light-harvesting com-
plex stress-related protein 3.1, chloroplastic OS=Chlam-
ydomonas reinhardtii OX=3055 GN=LHCSR3.1 PE=1
Sv=1

Photosystem II protein

Required for non-photochemical quenching
(NPQ), a mechanism that converts and dissipates
the harmful excess absorbed light energy into
heat and protect the photosynthetic apparatus
from photo-oxidative damage

>sp|ASHPM2|PSBS1 CHLRE Photosystem II protein
PSBS1 OS=Chlamydomonas reinhardtii OX=3055
GN=PSBS1 PE=1 SV=1

Uncharacterized protein
Yecf 33

Electron transport

>tr|A8J6Q3|A8J6Q3 CHLRE Uncharacterized protein
ycf33 OS=Chlamydomonas reinhardtii OX=3055
GN=CHLREDRAFT 192514 PE=3 SV=I

Thioredoxin reductase

Electron transport

>t ASHNQ7|AS8HNQ7_CHLRE Thioredoxin reductase
OS=Chlamydomonas reinhardtii OX=3055 GN=NTRC1
PE=3 SV=1

Flavodoxin-like domain-
containing protein

Electron transfer activity

>tr]AOA2K3CSH6|A0A2K3CSH6_CHLRE Flavodoxin-
like domain-containing protein OS=Chlamydomonas
reinhardtii OX=3055 GN=CHLRE 16g691800v5 PE=3
Sv=1

Cytochrome ¢ oxidase
subunit 1

Cooperate to transfer electrons derived from
NADH and succinate to molecular oxygen, creat-
ing an electrochemical gradient over the inner
membrane that drives transmembrane transport
and the ATP synthase.

>tr|AOA650ANP2|A0A650ANP2 CHLVU Cytochrome
¢ oxidase subunit 1 OS=Chlorella vulgaris OX=3077
GN=cox1 PE=3 SV=1

Cytochrome ¢ oxidase
subunit 2

Cooperate to transfer electrons derived from
NADH and succinate to molecular oxygen, creat-
ing an electrochemical gradient over the inner
membrane that drives transmembrane transport
and the ATP synthase.

>tr|Q6RFG7|Q6RFG7_CHLVU Cytochrome ¢ oxidase
subunit 2 (Fragment) OS=Chlorella vulgaris OX=3077
GN=Cox2 PE=3 SV=1

NADH ubiquinone
oxidoreductase chain 4

Complex I functions in the transfer of electrons
from NADH to the respiratory chain. The imme-
diate electron acceptor for the enzyme is believed
to be ubiquinone

>tr|AOA650ANV6|A0A650ANV6 CHLVU NADH-ubi-
quinone oxidoreductase chain 4 OS=Chlorella vulgaris
0X=3077 GN=nad4 PE=3 SV=1

Photosystem II protein D1

Electron transporter, transferring electrons within
the cyclic electron transport pathway of photo-
synthesis activity

>sp[P56318|PSBA_CHLVU Photosystem II protein D1
OS=Chlorella vulgaris OX=3077 GN=psbA PE=3 SV=1

Cytochrome b6

Component of the cytochrome b6-f complex,
which mediates electron transfer between photo-
system II (PSII) and photosystem I (PSI), cyclic
electron flow around PSI, and state transitions

>sp|P56321|CYB6_CHLVU Cytochrome b6 OS=Chlo-
rella vulgaris OX=3077 GN=petB PE=3 SV=1
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Name

Function

Protein sequence ID

Photosystem II protein D2

Electron transporter, transferring electrons within >sp|P56319|PSBD_CHLVU Photosystem II D2 protein

the cyclic electron transport pathway of photo-
synthesis activity

OS=Chlorella vulgaris OX=3077 GN=psbD PE=3 SV=1

Cytochrome b6

Component of the cytochrome b6-f complex,

which mediates electron transfer between photo-

system II (PSII) and photosystem I (PSI), cyclic
electron flow around PSI, and state transitions

>sp|P56321|CYB6_CHLVU Cytochrome b6 OS=Chlo-
rella vulgaris OX=3077 GN=petB PE=3 SV=1

Thioredoxin reductase

Electron transport

>tr|B9ZYYS|BO9ZYYS CHLVU Thioredoxin reductase
OS=Chlorella vulgaris OX=3077 GN=CvNTR-C PE=2
Sv=I1

NADH-ubiquinone
oxidoreductase chain 1

NADH dehydrogenase (ubiquinone) activity

>tr[F1DGP3|[FIDGP3_PHATR NADH-ubiquinone
oxidoreductase chain 1 OS=Phaeodactylum tricornutum
0X=2850 GN=nadl PE=3 SV=1

Cytochrome c¢ oxidase
subunit 1

Cytochrome c oxidase activity

>trFIDGNOJF1IDGNO_PHATR Cytochrome ¢ oxidase
subunit 1 OS=Phaeodactylum tricornutum OX=2850
GN=cox1 PE=3 SV=1

Succinate dehydrogenase
[ubiquinone] flavoprotein
subunit

Responsible for transferring electrons from succi-

nate to ubiquinone

>tr|BSYSN6|BSY5N6 PHATC Succinate dehydrogenase
[ubiquinone] flavoprotein subunit, mitochondrial
OS=Phaeodactylum tricornutum (strain CCAP 1055/1)
0X=556484 GN=SDHI1 PE=3 SV=1

Predicted protein (similar
functions to PGRY)

Photosynthetic electron transport in photosystem

I and response to high light intensity

>tr|B7FVHI9|B7FVH9 PHATC Predicted protein
OS=Phaeodactylum tricornutum (strain CCAP 1055/1)
0X=556484 GN=PHATRDRAFT 44748 PE=4 SV=1

Ferredoxin NADP (+)
reductase

Ferredoxin-NADP+ reductase activity

>tr|B7GCT8B7GCTS8_PHATC Ferredoxin--NADP(+)
reductase OS=Phaeodactylum tricornutum (strain CCAP
1055/1) OX=556484 GN=PHATRDRAFT 23717 PE=3
Sv=1

NADH-ubiquinone
oxidoreductase chain 4

NADH dehydrogenase (ubiquinone) activity

>tr AOAOU2F0A3|A0AOU2F0A3_BOTBR NADH-ubi-
quinone oxidoreductase chain 4 OS=Botryococcus brau-
nii OX=38881 GN=nad4 PE=3 SV=1

Cytochrome ¢ oxidase
subunit 1

Cytochrome c oxidase activity

>tr|AOAOU2F000]A0AOU2F000_BOTBR Cytochrome ¢
oxidase subunit 1 OS=Botryococcus braunii OX=38881
GN=cox1 PE=3 SV=1

Cytochrome ¢ oxidase
subunit 1

Cytochrome ¢ oxidase activity
Electron transport coupled with proton transport

>trAOASBIR4G1|A0ASBIR4G1_HAELA Cyto-
chrome ¢ oxidase subunit 1 OS=Haematococcus lacustris
0X=44745 GN=cox1 PE=3 SV=1

NADH-ubiquinone
oxidoreductase chain 4

NADH dehydrogenase (ubiquinone) activity

>tr] AOASBO9RCXO0|AOASBIRCX0 HAELA NADH-
ubiquinone oxidoreductase chain 4 OS=Haematococcus
lacustris OX=44745 GN=nad4 PE=3 SV=1

Ferredoxin--NADP
reductase

Ferredoxin—NADP+ reductase activity

>tr|AOA699ZA75|A0A699ZA75 HAELA Ferredoxin--
NADP+ reductase (Fragment) OS=Haematococcus
lacustris OX=44745 GN=HaLaN_ 16480 PE=4 SV=1

Uncharacterized protein
Ycf33

Electron transport

>tr|AOA699YIM3|A0A699YIM3 HAELA Uncharacter-
ized protein ycf33 OS=Haematococcus lacustris
0X=44745 GN=HaLaN_01554 PE=3 SV=1

Cytochrome ¢ oxidase
subunit 1

Cytochrome c oxidase activity
Electron transport coupled with proton transport

>tr|047456|047456_ISOGA Cytochrome ¢ oxidase sub-
unit 1 (Fragment) OS=Isochrysis galbana OX=37099
GN=COXI PE=3 SV=1

Succinate dehydrogenase

Electron transport

>tr]AOA6TOY6Z8AOA6TOY6Z8 ISOGA Succinate
dehydrogenase (quinone) (Fragment) OS=Isochrysis gal-
bana OX=37099 GN=IGAL00217 23638 PE=3 SV=1

NADH dehydrogenase
[ubiquinone] iron-sulfur
protein 4

Electron transport

>tr|AOA6T1IPRIJAOA6TIIPR9 ISOGA NADH dehy-
drogenase [ubiquinone] iron-sulfur protein 4, mitochon-
drial (Fragment) OS=Isochrysis galbana OX=37099
GN=IGAL00217_50446 PE=3 SV=1

Ferredoxin--NADP(+)
reductase

Ferredoxin--NADP(+) reductase activity

>tr]AOA6T1ARO5|A0A6T1ARO5 ISOGA Ferredoxin--
NADP(+) reductase (Fragment) OS=Isochrysis galbana
0X=37099 GN=IGAL00217 30422 PE=3 SV=1
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Cultivation conditions and reactor design

The cultivation of microalgae under different cultivation
modes has various benefits and disadvantages. In
phototrophic cultivation, light is the sole source of
energy and when it comes to large scale cultivation
systems, microalgae are not able to use light effectively.
To solve this problem, mixotrophic cultivation systems
have been introduced. However, in mixotrophy, the
presence of expensive carbon sources and contamination
with bacteria have been reported as major drawbacks.
Thus, here we propose a mechanism to introduce
external electrons as an additional source of energy in
the normal growth medium under phototrophic or
mixotrophic cultivation. The conductivity of the medium
is a crucial factor for the cultivation of electro-activated
microalgae. Moreover, the electron mediator and carbon
source should work together for the efficient supply of
electrons to the microalgal species selected.

Temperature, pH, applied current, and continuous
nutrient supply are also crucial factors in microbial
electrosynthesis [66]. The supply of gases such as CO,
and light intensity also affect the MES in different
bacterial and cyanobacterial species. However, reports
on how these parameters affect microalgal electrosynthesis
are still lacking. Changing the intrinsic properties of
the reactor, such as temperature, salinity, and pressure,
can clearly affect the viability of electroactive microalgae.
Some researchers demonstrated the enhanced activity
of MFCs under thermophilic temperatures above 45 C
that showed efficient substrate solubility, high microbial
activity, efficient mass transfer, and low risk of
contamination [67,68]. However, most microalgae
prefer mesophilic cultivation conditions and high
temperatures may affect the viability of microalgae.
The electrolyte nature and concentration can also affect
electrosynthesis. The concentration of electrolyte
significantly affects the conductivity of the cultivation
medium and decreases the ohmic drop in the reactor
[69]. Halophilic organisms have reported to have
efficient MES activity [70]. This can be an advantage
for marine microalgae that grow normally under
halophilic conditions. The identification of marine
microalgae with the ability of extracellular electron
transfer and the modification of cultivation conditions
could be effectively to develop electroactive organisms.

In addition, the electrolyte pressure can be used to
enhance CO, availability in the microalgal culture. An
optimal soluble CO, concentration is necessary for
substrate specific consumption and maximum growth.
The use of thicker electrode materials and different
current densities can affect the available CO, in the
bioreactor. Moreover, a high temperature and salinity
have a negative impact on CO, availability. More
research is needed to understand the factors that affect
the electroactivity of microalgae under phototrophic
and mixotrophic conditions. In addition, the optimization

of cultivation conditions and design of bioreactors are
necessary.

Challenges and future perspectives

As a result of photosynthesis, microalgae can
accumulate biomass and high-value metabolites. The
application of an electric field has been shown to
increase the growth and productivity of bacteria, fungi,
and algae. The cellular machinery shows increased
fermentation kinetics, increased synthesis of enzymes
and RNAs, increased cell division, and increased mass
transfer across the cellular membrane. The application
of a low intensity electric field can significantly reduce
the lag phase of Saccharomyces cerevisiae [71]. The
polarization of Volvox sp. has been observed under the
influence of electric stimuli [72]. The application of a
static electric field of 2.7 kV/cm led to a 51% increase
in the growth of C. wvulgaris [73]. However, the
application of electrostimulation on microalgal cultures
for enhanced product and metabolite accumulation is
still limited. The limited studies and finding an ideal
candidate for electroactive microalgae are the current
challenges in the development of a new production
process.

Electro-technologies can be scaled up linearly in a
cost-effective manner because they do not involve
mechanical stress or diffusional processes. However,
their industrialization faces several practical challenges
like the requirement of a large electrode surface area,
large electrode gap, large treatment chamber, and high
flow rate. Moreover, effective electrode materials should
be developed for successful microalgal cultivation in
cathode compartment [74]. The need for generators
increases at larger scales, consequently increasing the
output voltage, high frequency pulses, and high energy
capacity [75]. The major challenge in practical applications
is finding power sources capable of producing high
voltage and current outputs with a specific pulse and
frequency. However, the development of generators
and control systems for increased production in a cost-
effective manner can solve the problem. More research
is needed for the development of electro-activated
microalgae to make them practically effective at a large
scale.

Conclusions

The development of microalgae as a candidate for
green chemical synthesis is currently challenging due
to ineffective light to biomass conversion efficiency.
The electroactive microorganisms have been gaining
attention because of their high biomass and metabolite
production rates. Electroactive microalgae are still in a
proof-of-concept stage, and more research is needed to
understand the external electroactive mechanism and
production process. Advances in tools for screening
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electroactive organisms can provide a path for the
development of electroactive microalgae. It is also
important to understand the rate-limiting factors in
electroactive microalgae to scale up the production
process. Future research in this field can make microalgal
biorefinery more economically viable for chemical
synthesis.
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