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Microalgae are unicellular photosynthetic microorganisms that play a vital role in

primary production and have diverse applications in various industries. They have

high photosynthetic and metabolic capacities and can produce a variety of

valuable metabolites, such as lipids, carbohydrates, pigments, and proteins.

However, practical applications of microalgae are limited to high-value

products due to the high production costs. Algal biotechnology faces

challenges such as low energy utilization efficiency and product yield that are

currently inadequate to fulfill commercial production. To overcome these

challenges, emerging technologies have shown promise to achieve higher

production efficiency, including molecular manipulation of photosynthetic

efficiency and metabolic activities. Here, we provided an overview of the

importance, diversity, and photosynthesis of microalgae, as well as strategies

for enhancing their photosynthetic efficiency. We discussed various approaches

for improving microalgal photosynthesis, including strain selection and

optimization, rational genetic modification, and innovative technologies such

as spectral recomposition of light, nanomaterials, advanced cultivation systems,

and symbiotic systems. Additionally, we summarized metabolic engineering

strategies that focus on optimizing the synthesis of value-added metabolites,

such as pigments, long-chain polyunsaturated fatty acids, starch, proteins, and

hydrogen in microalgae. By concentrating on improving photosynthetic

efficiency and the synthesis of bioactive metabolites, this review provided

valuable insights into enhancing microalgae production yields. Overcoming

limitations in microalgae production costs can lead to broader applications in

various industries. Furthermore, we highlight the potential of these strategies in

increasing the efficiency of microalgae as a sustainable source for high-

value products.
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1 Photosynthesis, importance, and
diversity of microalgae

1.1 Photosynthesis in microalgae

Photosynthesis is a vital biological process that utilizes light

energy to convert inorganic carbon into organic matter. It consists

of two stages: the light reactions and the dark reactions. The light

reactions occur in the thylakoid membranes, where two

photosystems (PS I and PS II) capture light energy, split water

into oxygen and electrons, and generate NADPH and ATP through

an electron transport chain. These products provide the necessary

reducing power and energy for dark reactions. The light

requirement varies depending on the biomass composition, with

protein or lipid biomass requiring more photons (Wilhelm and

Jakob, 2012). However, it’s imperative to acknowledge that both

insufficient and excessive light levels can impede microalgal growth.

Excessively high light, in particular, induces photoinhibition,

primarily caused by the overproduction of reactive oxygen species

(ROS) that harm vital cellular components, including

photosynthetic pigments and proteins (Shi et al., 2020).

Photoinhibition disrupts photosystem function, reducing the

efficiency of ATP and NADPH production through the electron

transport chain (Erickson et al., 2015). Consequently, the

photosynthetic apparatus sustains damage, leading to diminished

photosynthetic efficiency. In response to excess light and potential

damage to the photosynthetic machinery, non-photochemical

quenching (NPQ) becomes a pivotal photoprotective mechanism.

NPQ dissipates surplus absorbed light energy as heat, thereby

mitigating the risk of photodamage and oxidative stress,

ultimately preserving photosynthetic efficiency (Finazzi and

Minagawa, 2014). To effectively counter photoinhibition and

optimize microalgal growth, it is imperative to maintain

meticulous control over various light parameters, including

intensity, duration, and spectral composition (Maltsev et al., 2021).

The dark reactions take place in the stroma, where NADPH and

ATP produced by the light reactions are utilized to convert CO2 into

carbohydrates. The primary pathway of carbon fixation is the Calvin-

Benson cycle, also known as the C3 cycle or the reductive pentose

phosphate cycle. This cycle involves four steps: carboxylation,

reduction, regeneration, and product formation (Masojıd́ek et al.,

2013; Zhu et al., 2017; Prasad et al., 2021). Carboxylation is catalyzed

by the enzyme RuBisCO, which combines carbon dioxide with a 5-

carbon sugar called ribulose bisphosphate, resulting in the formation

of two 3-carbon molecules of phosphoglycerate. Reduction involves

the conversion of phosphoglycerate to a 3-carbon sugar known as

phosphoglyceraldehyde (G3P) using NADPH and ATP.

Regeneration comprises a series of reactions that transform G3P

back into ribulose bisphosphate, providing the substrate for the next

round of carboxylation. Finally, product formation involves the

synthesis of carbohydrates and other organic compounds using

some of the G3P molecules (Vuppaladadiyam et al., 2018;

Masojıd́ek et al., 2021; Wu et al., 2023).

Microalgae have evolved a CO2 concentrating mechanism

(CCM) to overcome the low efficiency of RuBisCO and achieve
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levels (Reinfelder, 2011). CCM is an inducible, energy-dependent,

light-regulated process that operates by transporting inorganic

carbon (CO2 or HCO3
-) from the external environment to the

inside of the cell or converting inorganic carbon to organic carbon

(C4 acids). This mechanism enables a high concentration of

CO2 near the active centers of RuBisCO, thereby improving the

efficiency of the C3 photosynthetic pathway and suppressing

photorespiration (Singh et al., 2014). Cyanobacteria and other

eukaryotic microalgae exhibit different structural features in their

CCM, with cyanobacteria possessing a unique structural feature

known as carboxysomes. Carboxysomes are microcompartments

that house RuBisCO and carbonic anhydrase enzymes, crucial for

the transportation of bicarbonate and the subsequent increase in

localized CO2 concentration (Kaczmarski et al., 2019; Sun et al.,

2020). Additionally, CCM plays a role in regulating the balance

between the dark and light reactions of photosynthesis, as well as

maintaining intracellular and extracellular pH and electrolyte

balance (Kupriyanova et al., 2023).
1.2 Microalgae: primary producers
with high diversity and their
versatile applications

Microalgae, comprising prokaryotic cyanobacteria and

eukaryotic photosynthetic protists, are the most abundant

primary producers that play a fundamental role in aquatic food

webs. They contribute to nearly 50% of Earth’s oxygen production

and primary productivity (Behrenfeld et al., 2001). With a long

evolutionary history spanning billions of years, microalgae have

undergone various endosymbiosis events, giving rise to different

groups, such as green algae, red algae, heterokont algae,

dinoflagellates, cryptophytes, and euglenids (Grama et al., 2022).

Although an estimated 72,500 species of microalgae exist, only

44.50% of them have been isolated and described (Guiry, 2012). The

phylogenetic diversity of microalgae allows for a wide range of

applications as producers of various chemical substances.

Microalgae possess advantageous characteristics, including

robust photosynthetic capacity, rapid growth rates, and efficient

nutrient conversion, making them valuable for various industries.

Through photosynthesis, microalgae excel in fixing CO2 at a

significantly higher rate compared to terrestrial plants, converting

carbon dioxide into organic matter and producing diverse bioactive

compounds (Ambati et al., 2019; Purba et al., 2022). The potential

applications of microalgae span fields such as biofuels, animal feed,

food production, cosmetics, and pharmaceuticals (Maeda et al.,

2018; Sathasivam et al., 2019). In the field of biofuel development,

microalgae can produce biohydrogen through various metabolic

pathways. Biohydrogen is a promising alternative source of

renewable clean energy that only releases water vapor as a by-

product, without emitting greenhouse gases or other pollutants into

the air as fossil fuels do when they are burned (Wang Y. et al., 2020;

Musa Ardo et al., 2022). Besides, microalgae biomass offers

potential for biogas and biomethane production through
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anaerobic fermentation, representing a CO2-neutral energy source

(Klassen et al., 2020). Microalgae also hold promise as a third-

generation feedstock for bioethanol production, effectively

addressing the need for renewable fuels in light of depleting fossil

fuel reserves and the escalating emissions of greenhouse gases

(Maity and Mallick, 2022). Moreover, microalgae biomass offers a

rich and balanced nutritional profile for humans, including essential

amino acids, fatty acids (especially long-chain polyunsaturated

fatty acids, LC-PUFAs), vitamins, various polysaccharides

and oligosaccharides, trace elements, and minerals (Tibbetts et al.,

2015; Carrasco-Reinado et al., 2019; Wang A. et al., 2020; Yi et al.,

2021). Additionally, microalgae contain bioactive compounds with

anti-inflammatory, antioxidant, and immunomodulatory effects

(Koyande et al., 2019; Manning et al., 2020; Fernandes and

Cordeiro, 2021).

Furthermore, microalgae exhibit exceptional CO2-fixation

efficiencies of up to 10%, surpassing that of other photosynthetic

organisms (1 ~ 4%) (Williams and Laurens, 2010; Hepburn et al.,

2019). The high growth rates in microalgae make them appealing

cell factories, as demonstrated by the impressive biomass

productivity of Phaeodactylum tricornutum UTEX 640, which can

reach 70.83 mg/L/h (Butler et al., 2020). Likewise, Synechococcus sp.

PCC 11901 exhibits swift growth, featuring a brief doubling

time of approximately 2 hours and the capacity to amass

around 33 grams of dry cell weight per liter under favorable

conditions (Włodarczyk et al., 2020). Additionally, microalgae

can be cultivated on a large scale without the need for arable land,

making them environmentally friendly and minimizing competition

with food production. Considering their mass production

potential, minimal land requirements, and superior efficiency in

converting CO2 into biomass, microalgae hold immense promise

as sustainable cell factories for various industries. As shown in

Table 1, the comparison with other species highlights both the

advantages and challenges of harnessing microalgae’s potential for

sustainable production. This not only opens up new avenues for

high-value product synthesis but also offers a greener and more

sustainable approach.

Although microalgae production technology is technically

feasible, it currently faces challenges related to high production

costs, limiting its widespread application to high-value products. To
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address this issue, it is essential to focus on reducing production

costs and improving cost efficiency through various approaches.

These approaches include cultivating novel microalgal strains with

enhanced photosynthetic efficiency and high-yield production

under different environmental conditions. Additionally,

optimizing light-capturing and carbon-fixing components can

contribute to higher productivity and cost-effectiveness.

Researchers are actively exploring techniques such as multi-omics

analyses and metabolic engineering strategies to overcome these

challenges and achieve economic viability in microalgae

production. By enhancing photosynthetic efficiency, we can

potentially reduce production costs and expand the range of

applications for microalgae as a sustainable and economically

viable source.
2 Strategies for enhancing
photosynthesis: harvesting and
conversion of energy and carbon

The natural efficiency of energy conversion through

photosynthesis is relatively low, with most plants only able to

store 0.1 ~ 2% of solar energy (Kornienko et al., 2018).

Microalgae can convert a higher percentage of the sun’s energy to

biomass energy, estimated to be around 8 ~ 10%, and theoretically

produce up to 77 g/m2/d of biomass (Melis, 2009; Formighieri et al.,

2012). However, a realistic photosynthetic efficiency that microalgae

can approach is 4.5% (Walker, 2009). Our research is centered on

enhancing this inherent efficiency by fine-tuning the key processes

of light energy utilization and carbon fixation. To achieve this goal,

we aim to introduce targeted genetic modifications and innovative

strategies in microalgae. Specifically, our objectives encompass

increasing the efficiency of light energy utilization, accelerating

carbon-to-biomass conversion rates, and promoting faster

growth. These modifications will be achieved through various

methodologies, including the optimization of photosynthetic

enzyme activities, enhancement of light absorption efficiency such

as through the modification of light-harvesting protein complexes,

and augmentation of carbon fixation pathways. Various methods
TABLE 1 Comparison of various cell factory types for bioactive compound production.

Species
Growth
rates

Bioactive
compounds

Pros Cons Refs

Escherichia
coli (bacteria)

High
Limited (flavonoids, fatty
acids, etc.)

High expression, easy engineering
Unsuitable for complex metabolic
pathways, harmful byproducts

(Guo et al., 2020)

Pichia pastoris
(yeasts)

Medium to
high

Limited (peptides,
recombinant proteins, etc.)

Suitable for protein expression,
versatile applications

Harmful byproducts, relatively longer
fermentation cycle

(Duman-Özdamar
and Binay, 2021)

Plants
Low to
medium

Diverse (alkaloids,
flavonoids, essential oils,
etc.)

Natural biosynthesis pathways, high
expression

Challenging to scale up, lower
bioactivity compounds

(Marchev et al.,
2020)

Insect cells
Medium to
high

Abundant (glycoproteins,
vaccines, etc.)

Suitable for complex protein,
glycoprotein expression

Complex growth conditions, higher
cultivation costs

(Kaur et al., 2023)

Microalgae High
Diverse (fatty acids,
pigments, etc.)

Efficient CO2 absorption, rapid
growth, rich bioactive compounds

Complex cultivation control,
engineering complexity

(Rehmanji et al.,
2021)
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have been developed for this purpose, including random

mutagenesis and rational genetic modification. Beyond these

genetic approaches, innovative avenues like nanomaterial

applications and ultrasound technology have emerged, unlocking

novel means to bolster photosynthetic performance. Additionally,

advanced cultivation systems have proven instrumental in

optimizing microalgal growth and photosynthetic efficiency.

Moreover, the exploration of symbiotic relationships between

microalgae and bacteria presents a promising avenue. In such

symbiotic systems, the bacterial community offers competitive

advantages and crucial substances that further foster microalgal

biomass growth.

In this section, we will discuss different approaches used to

engineer photosynthesis, including mutagenesis and strain screening

methods, genetic modification in microalgae, and technologies

beyond gene editing and synthetic biology. These approaches hold

great potential for enhancing energy conversion efficiency and

biomass production in microalgae, contributing to the

development of sustainable energy sources. Figure 1 provides an

overview of the different approaches used to improve photosynthesis

efficiency in microalgae.
2.1 Optimization and selection of
microalgae strains

2.1.1 Random mutagenesis
Traditional random mutagenesis, which is generally performed

by physical and chemical mutagens, and ALE based on screening of
Frontiers in Marine Science 04
advantageous mutations have demonstrated success in improving

photosynthetic efficiency and biomass production. Physical

mutagens include ultraviolet (UV) light, ionizing radiation,

atmospheric and room temperature plasma (ARTP), and laser

radiation (Bleisch et al., 2022). UV radiation induces DNA

alterations, especially the formation of pyrimidine dimers while

ionizing radiation causes more serious genetic damage, such as

chromosomal aberrations. UV mutagenesis of Chlorella sp.

enhanced biomass production by 7.6% higher than the wild type

(Liu S. et al., 2015). ARTP mutagenesis uses charged particles,

electromagnetic fields, neutral reactive species, and heat to

generate mutants rapidly and with high diversity. A mutant of

Crypthecodinium cohnii generated by ARTP had a 17.8% higher

biomass concentration than the wild type (Liu B. et al., 2015). Laser

radiation in the near-infrared and visible spectrum can also induce

mutations, and many microalgae show tolerance to radiation in this

spectrum. Laser radiation is rarely used to specifically enhance

photosynthetic efficiency or biomass accumulation in microalgae

and is mostly used to promote biodiesel production in microalgae

(Politaeva et al., 2018; Faried et al., 2022). On the other hand,

chemical mutagens such as ethyl methanesulfonate (EMS) induce

alterations in base pairing and typical point mutations after

DNA replication. For instance, EMS mutagenesis and selection

media containing the herbicide quizalofop-P-ethyl were used to

screen for mutagenic Chlorella sp. with maximum biomass yield

and productivity 111% and 110% higher than the wild type,

respectively (p < 0.01) (Tanadul et al., 2018).

High light and high carbon-containing gas induction promote

microalgal biomass productivity, with a greater effect when
FIGURE 1

Strategies for improving photosynthesis efficiency in microalgae. The left box represents random mutagenesis, which includes methods such as
EMS, UV, and ARTP, along with adaptive laboratory evolution. The middle box depicts rational genetic modification, featuring a schematic
representation of promoter engineering, CRISPR technology, gene insertion, chloroplast modification, and the integration of genome-scale
modeling for metabolic pathways and modeling. The right box represents technologies beyond gene editing and synthetic biology, including
ultrasound stimulation, nanomaterials, and the beneficial effects of bacterial communities. It is important to note that these strategies may vary in
their application and effectiveness across different microalgal species. EMS, ethyl methanesulfonate; UV, ultraviolet; ARTP, atmospheric and room
temperature plasma; CRISPR, clustered regularly interspaced short palindromic repeats; LHC, light-harvesting complexes; RuBP, ribulose-1,5-
bisphosphate; CDs, carbon dots; GOQDs, graphene oxide quantum dots. Created with BioRender.com.
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combined. For instance, ALE of Chlorella vulgaris in a

photobioreactor using optimized LED light yielded 2.11 g dry-

cell-weight (gDCW) per liter (L) per day (Fu et al., 2012).

Continuous passage of Chlamydomonas reinhardtii CC-124

strain under 120 µmol photons/m2/s for 5 years resulted in a new

derivative strain, CC-124H, with 3-fold higher biomass productivity

(Shin et al., 2017). Haematococcus pluvialis showed 1.3 times higher

biomass production after 10 passages at 15% CO2, and astaxanthin

yield (87.4 mg/L) increased 6 times with high light induction at

135 µmol photons/m2/s (Cheng et al., 2016). Moreover, ALE under

1% CO2 resulted in an evolved microalgal strain, Chlorella sp.

AE1, with CO2 fixation rates of 0.60, 0.57, and 0.28 g·L−1·day−1

under 1%, 10%, and 30% CO2, respectively, indicating enhanced

CO2 fixation capacity (Li and Zhao, 2023). High CO2 concentration

ALE in microalgae enhances carbon metabolism and lipid

accumulation through increased gene translation and protein

expression. For instance, Chlorella PY-ZU1 cells exposed to 15%

CO2 showed reduced intracellular carbonic anhydrase but higher

transcriptional abundances of carbon fixation genes (Huang et al.,

2017). Additionally, Haematococcus pluvialis exhibited upregulated

genes related to photosynthesis under 15% CO2 (Li et al., 2017).

However, excessively high CO2 concentrations can inhibit

microalgal growth. Long-term high CO2 stress induces numerous

gene mutations, peaking at 60% CO2 concentration. Excessively

high CO2 levels hinder stable long-fragment gene mutations and

inhibit transcription and translation, which makes it challenging

for beneficial gene mutations to manifest in transcription.

Furthermore, the inhibition of mismatch repair in transcription

affects genetic variation, impacting microalgae’s response to high

CO2 stress (Li, 2008). However, more research is needed to

understand ALE’s effects on microalgal photosynthetic efficiency,

particularly at CO2 levels exceeding 30% (Wang et al., 2022).

Furthermore, the influx of excessive CO2 into the culture medium

leads to a decrease in pH, which affects microalgal growth. ALE was

performed under low pH stress on the Phaeodactylum tricornutum,

and the evolved strains showed an average growth increase of

110.4% compared to the wild type at pH 5.5, where genes related

to the core pathways, including photosynthesis, pH regulation/ion

transport, as well as carbohydrate and fatty acid metabolism, were

all up-regulated, demonstrating another feasibility of high CO2 to

promote photosynthetic efficiency in microalgae (Su et al., 2023).

However, random mutagenesis is a lengthy process that cannot

accurately identify the specific location of a desired mutation.

Additionally, it could result in harmful mutations that may

negatively impact the growth of microalgae. As a result, more

targeted and precise molecular biology methods should be

investigated to genetically alter microalgal metabolic processes to

increase pigment production without hindering their growth

and metabolism.

2.1.2 Strain screening methods
With the abundance of mutants generated by mutagenesis and

ALE, accurate and efficient screening methods are needed to

identify the most promising variants. Screening methods can be

classified into quantitative and qualitative approaches.
Frontiers in Marine Science 05
The quantitative approaches involve conducting a high number

of parallel experiments using traditional methods or microtiter

plates, which require automation using laboratory robotic

platforms to handle the process (Bleisch et al., 2022). However,

improvements are needed, such as dispensing accuracy and cost

reduction. A novel cultivation strategy, the high-density cultivation

screening platform, has been developed to address these constraints.

It utilizes a two-tier vessel, a hydrophobic membrane-mediated CO2

supply, high photon flux density, rapid turbulent mixing, and

optimized layer thickness of the culture to enable high-density

cultivation of phototrophic microorganisms (Lippi et al., 2018; Zeng

et al., 2020).

The qualitative approaches involve mutant analysis at the single-

cell level. Flow cytometry (FC) combined with fluorescence-activated

cell sorting (FACS) is a preferred method for high-throughput

screening, sorting cells based on their size, granularity, and

fluorescence properties by passing them through a laser beam and

using an electrical charge to separate them (Pereira et al., 2018; Işıl

et al., 2021). Dual antibiotic selection transformation and FACS are

useful techniques for identifying and isolating Chlamydomonas

reinhardtii transformants with high expression of recombinant

proteins (Sproles et al., 2022). However, extracellular target

products cannot be easily analyzed. Droplet-based microfluidic

chips are another high-throughput screening technique that

utilizes microchannels to generate and manipulate droplets of

picoliter to nanoliter volumes, allowing for high-throughput and

precise reactions and analyses of biological samples under constant

environmental conditions with high recovery rate after sorting

(Kim et al., 2017; Mishra et al., 2021; Sung et al., 2022). However,

they require unique process flows for every application and have a

lower encapsulating speed compared to FC combined with FACS.

Furthermore, microalgal screening techniques for vulnerable

recombinant cells and other species remain to be developed.

Besides, well-plate screening techniques have been used for rapid

screening, which is based on pulse amplitude modulated (PAM)

imaging of chlorophyll variable fluorescence to fast and conveniently

measure the changes in the photosynthetic apparatus condition of

the microalgae and enable the dynamic experiments without the

need for exogenous contrast agents (Solovchenko et al., 2022).

However, rapid evaporation of water and stirring problems still

need to be addressed.
2.2 Rational genetic modification

2.2.1 Genetic regulatory elements engineering
Using RNA-seq data, transcription factors (TFs) are identified

and used to regulate many genes in a metabolic pathway. By binding

specific DNA sequences with cis-elements of the gene target and by

interacting with the RNA polymerase, TFs regulate the expression

of specific target genes (Sproles et al., 2021). Study shows four TFs

(CML246C, CMR124C, CMT597C, and CMT067C) enhance

triacylglycerol (TAG) production in a red alga Cyanidioschyzon

merolae by upregulating a key enzyme gene in the TAG biosynthesis

pathway (Takahashi et al., 2021). In the case of Nannochloropsis
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gaditana, 18 out of 20 TFs as putative negative regulators of lipid

production during nitrogen deprivation were knocked out, resulting

in significantly enhanced lipid production, doubling the lipid yield

to approximately 5.0 g/m2/d compared to the wild type, while

maintaining similar growth rates (Ajjawi et al., 2017). A light-

sensitive gene regulator NobZIP77 was revealed to control oil

production in Nannochloropsis oceanica and can be manipulated

to increase oil yield under different light and nutrient conditions.

For example, the cell growth rate is maintained, and TAG

productivity is almost tripled by NobZIP77 knockout under

nitrogen sufficiency and white light (Zhang et al., 2022).

Currently, TFs are used to enhance lipid or pigment production,

and few studies have used them to modify photosynthesis-related

reaction pathways.

When microalgae are genetically modified, specific exogenous

genes are usually transferred into the genome of the microalgae. To

enhance the expression of transgenes for recombinant proteins and

metabolic products in microalgae, strong promoters, and reporter

genes need to be designed. New synthetic expression elements have

been designed within Chlamydomonas reinhardtii, resulting in an

increased yield of the sesquiterpene (E)-alpha-bisabolene in the

newly synthesized algal promoter (AbSAP(i)) by 18-fold compared

to wild type and 4-fold compared to commonly used expression

elements (Einhaus et al., 2021). An electroporation transformation

system with strong endogenous promoter CRT (Pcrt) can be used to

enhance heterologous expression with simple preparation and

operation (Lee et al., 2020). Multiple gene expression was

achieved in Nannochloropsis salina using glycine-serine-glycine

spacer linked 2A self-cleaving peptides, which combined with a

stronger promoter, resulted in a 9-fold increase in transformation

efficiency (Koh et al., 2018). Transcript fusion using ble::E2A

resulted in a 10-fold enhancement of the fluorescence signal of

the green fluorescent protein gene expression in Scenedesmus acutus

(Suttangkakul et al., 2019). Recently a new gene expression system

has been identified in Nannochloropsis, where the nucleolus is a

genomic safe harbor for Pol I transcription and can be used to

construct transformed strains with consistent strong transgene

expression (Südfeld et al., 2022). Furthermore, the development

of a Modular Cloning toolkit (MoClo toolkit), a standardized

synthetic biology tool based on Golden Gate cloning with 119

genetic components like promoters, UTRs, terminators, and more,

has greatly facilitated genetic manipulation in microalga

Chlamydomonas reinhardtii and revolutionized microalgal

biotechnology (Crozet et al., 2018).

2.2.2 CRISPR technology
The revolutionary CRISPR technology has provided a powerful

tool for enhancing photosynthetic efficiency in microalgae. Initially

discovered as an adaptive immunity system in Escherichia coli,

CRISPR functions by incorporating fragments of viral DNA as

spacers, allowing cells to recognize and defend against future viral

invasions (Barrangou et al., 2007). The CRISPR-Cas9 system,

guided by RNA, accurately targets specific DNA sequences,

enabling precise genetic modifications (Jinek et al., 2012). CRISPR

technology has emerged as a potent tool for enhancing microalgae
Frontiers in Marine Science 06
photosynthetic efficiency, enabling targeted genome editing to

manipulate gene expression and develop industrial traits in

various microalgae species, thus paving the way for scalable

production of commodities and biofuels using photosynthetic cell

factories (Patel et al., 2019).

Researchers have harnessed the power of CRISPR technology to

enhance microalgae photosynthetic efficiency across various

species. In Chlamydomonas reinhardtii, by down-regulating the

PEPC1 gene responsible for carbon splitting, lipid production was

enhanced to 893 mg/L at 35°C, alongside notable increases in

biomass accumulation of 2.56 g/L (Lin and Ng, 2023). Similarly,

in Chlorella sorokiniana, the utilization of dCas9 guided by

guanine-rich sgRNA resulted in precise gene regulation,

contributing to improved up to 65% protein content (Lin et al.,

2022). Meanwhile, in Nannochloropsis oceanica, the activation of

the g1248 gene, linked to DNA/mRNA methylation, via CRISPR

activation, elevated growth rates and photosynthetic efficiency (Fv/

Fm) by a remarkable 23% and 12%, respectively (Wei et al., 2022).

In the cyanobacterium Synechocystis 6803, knockout of the CAO

gene, pivotal in Chl a to Chl b conversion, led to a substantial 1.57-

fold increase in biomass accumulation under strong light and high

cell density conditions (Kirst et al., 2014). Similarly, the knockout of

the ALB3b, linked to fucoxanthin-chlorophyll a/c synthesis in the

diatom Phaeodactylum tricornutum, resulted in 30 ~ 40% higher

rETRmax (the maximum relative electron transport rate) and Ek

(light saturation index), underscoring the cells’ ability to adapt the

photosynthetic apparatus to varying light intensities (Nymark

et al., 2019).

However promising CRISPR technology is for boosting

microalgae photosynthetic efficiency, certain limitations impede

its seamless application. The intricate taxonomic diversity among

microalgae poses a challenge in developing standardized

transformation techniques and identifying suitable selection

markers, which in turn hampers the efficiency of genome editing

(Jeon et al., 2017). Moreover, the persistent issue of low

transformation efficiency, particularly in less commercially

exploited microalgae, coupled with concerns regarding off-target

effects and the interference of microalgae’s inherent silencing

systems, presents formidable obstacles that must be surmounted

to effectively leverage CRISPR techniques for precisely enhancing

microalgae’s photosynthetic potential (Lee et al., 2023).

2.2.3 Protein engineering
RuBisCO is the key enzyme in the carbon fixation cycle, which

catalyzes the combination of carbon dioxide and ribulose

bisphosphate to form organic compounds (Beardall and Raven,

2016). However, RuBisCO also has a drawback, as it sometimes

reacts with oxygen to produce phosphoglycolate, a process called

photorespiration. Photorespiration consumes energy and already-

fixed carbon and releases carbon dioxide and ammonia (Raven

et al., 2020). Researchers have explored improving the efficiency of

RuBisCO action by RuBisCO activation (Wei et al., 2017) and

engineering RuBisCO mutants (Liang and Lindblad, 2017).

Moreover, researchers have explored alternative enzymes to

RuBisCO, such as 6-phosphogluconate dehydrogenase (6PGDH),
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which is more efficient in catalyzing the CBB cycle. Its catalytic

product can also be recycled into the CBB cycle, making it a

promising alternative to RuBisCO (Bar-Even, 2018). Formate

dehydrogenase (FDH) is another enzyme that converts carbon

dioxide to formyl-tetrahydrofolate (THF) to produce serine with

the aid of ATP, utilizing residual energy from central metabolism

with high-efficiency (Bar-Even, 2016). However, there have been

limited studies aimed at improving the photosynthetic efficiency of

microalgae by designing new CO2 fixation pathways.

Optimizing the size of light-capturing antennae can

significantly enhance photosynthetic performance (40% increase

in biomass yield), which has not yet been validated within

microalgae (Friedland et al., 2019). The binding of carbon dioxide

to the a-subunit of the light-harvesting complexes isocyanidin

enhances light energy transfer and fluorescence quantum yield in

Synechocystis sp. PCC 6803 (Guillén-Garcıá et al., 2022). In

addition, inactivating flavodiiron proteins (Flv1/Flv3) to remove

natural competing electrons can accelerate the conversion of light

energy to biochemicals, as demonstrated by simulation experiments

(Assil-Companioni et al., 2020).

2.2.4 Genome-scale modeling
Depending on the metabolic pathway of the target product,

researchers have used metabolic engineering to select key product-

converting enzymes in the overexpression pathway or to shut down

competing pathways to achieve an increase in the target product.

This approach has led to many successes, such as a synthetic

malonyl-CoA-glycerate (MCG) pathway was designed to enhance

the CBB cycle, and implementation of this pathway in the

cyanobacterium Synechococcus elongates PCC7942 was shown to

enhance carbonate assimilation efficiency by approximately two

folds (Yu et al., 2018). In the CBB cycle, the catalytic activity of

RuBisCO produces the toxic compound 2-phosphoglycolate (2-

PG), which leads to photorespiration, reducing the production of

organic matter by microalgae. A malic acid cycle can lead to

complete decarboxylation of 2-PG and increase carbon dioxide

content in chloroplasts, which has been verified in tobacco

cultivation to increase biomass and photosynthetic efficiency

(South et al., 2019).

Nevertheless, the above approaches to modify the enzyme

expression of metabolic pathways may not be optimal, and the

manual selection of regulatory genes cannot accurately find the

most critical enzymes in metabolic pathways. Therefore, genome-

scale metabolic model reconstruction provides a more scientific and

rapid way of thinking for predicting and optimizing metabolic

engineering regulation. A method integrates chlorophyll

fluorescence data into a metabolic model of Phaeodactylum

tricornutum and improves the accuracy and understanding of the

diatom’s growth and metabolism under different light conditions,

which can help design bioengineering strategies to redirect excess

light energy towards bioproducts (Broddrick et al., 2022).

With the help of information technology and computational

software, several multi-omics databases and growth kinetic models

of microalgae have been developed. One such example is the

Nannochloropsis Design and Synthesis (NanDeSyn) database,
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which integrates gene annotation, transcriptomics, proteomics,

and epigenomics of Nannochloropsis with various functions such

as genome analysis, enrichment analysis, and metabolic pathway

analysis (Gong et al., 2020).

Environmental factors like light intensity, temperature, and

carbon and nitrogen concentrations play a vital role in microalgal

cell light energy utilization and biomass production. To optimize

these conditions, several microalgal kinetic models have

been developed and validated. For instance, the quadruple-

factor kinetic model, which considers carbon and nitrogen

concentrations, light intensity, and temperature, was validated to

calculate the optimal acetate and nitrogen concentrations,

increasing lipid productivity by 50.9% (Bekirogullari et al., 2018).

These models help determine the environmental conditions

necessary for the growth and division of microalgal cells and

estimate the time required for microalgae to complete their life

cycle (Pahija and Hui, 2021). Additionally, the modified Cornet

model integrates cell concentration and pigment composition to

better predict light transmission during culture (Ma et al., 2022).

The use of various kinetic models of microalgae not only helps

in simulating production processes and optimizing conditions but

also aids in understanding the metabolic behavior of microalgae,

thereby improving the efficiency of light energy and substrate

utilization. For example, a mathematical model was used to

describe the formation of biomass and the production of

carbohydrates, proteins, and lipids under nutrient-sufficient and

deficient conditions. The analysis of this model showed that the cell

state significantly influences lipid production (Ryu et al., 2018).

In summary, various multi-omics databases and kinetic models

of microalgae provide a better understanding of the metabolic

behavior of microalgae, enabling the optimization of

environmental conditions for the production of high-value

compounds. Table 2 below summarizes the various types of

kinetic models of microalgae and their applications.
2.3 Technologies beyond gene editing and
synthetic biology

Beyond gene editing and synthetic biology, various technologies

and symbiotic systems have shown promise in enhancing the

performance of microalgae.

To improve the efficiency of light utilization, the intracellular

spectral recomposition (ISR) of light applied in the enhanced green

fluorescent protein (eGFP) was conducted, with the expression of

eGFP in Phaeodactylum tricornutum raising the efficiency of

photosynthesis by 28% (Fu et al., 2017). In Chlorella, cells make

the best use of red light (580 ~ 700 nm) and blue light (400 ~ 500

nm) while absorbing very little green light (500 ~ 600 nm). Carbon

dots (CDs) that can absorb green light and emit red light were able

to increase the cell density and chlorophyll productivity of Chlorella

by 15% and 29%, respectively (Xue et al., 2020). Meanwhile,

graphene oxide quantum dots (GOQDs) that emit blue light after

excitation by UV light, when mixed in a Chlorella pyrenoidosa

culture system, can effectively enhance the energy transfer of
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photosystem II (PSII) under high UV irradiation, thereby

increasing the CO2 fixation rate by 20% (Yang et al., 2022).

Ultrasound stimulation has also been shown to enhance

microalgae growth by increasing material passage through the

membrane. In one study, the maximum biomass concentration of

ultrasonically treated Scenedesmus sp. Z-4 was found to be 2.78 g/L,

which was 26.9% higher than the control (Ren et al., 2019).

Similarly, the lipid and b-carotene production of Tetradesmus

obliquus SGM19 increased by 34.5% and 31.5%, respectively, due

to ultrasound stimulation (Singh et al., 2019).

Nanomaterials, such as nanoparticles, have been found to

increase the fixation of CO2 by microalgae. For instance,

nanofibers containing nanoparticles, which can adsorb CO2 and

expose the microalgae to more gas, were used to culture Chlorella

fusca LEB 111, resulting in a 57.47% increase in CO2 fixation rate of

216.2 mg/L/d (Vaz et al., 2019).

Advancements in cultivation systems have emerged as pivotal

factors in bolstering microalgal photosynthetic efficiency.

Conventionally, open or closed cultivation systems have been

employed (You et al., 2022). However, open systems, while cost-

effective, often suffer from low photosynthetic efficiency and are

susceptible to contamination, making it challenging to enhance

CO2 utilization and biomass production effectively (Jerney and

Spilling, 2018). In contrast, closed cultivation systems, such as

photobioreactors (PBRs), offer greater control and enable more

efficient utilization of light and CO2, consequently enhancing

microalgal photosynthetic efficiency. Improved thin-layer flat

plate PBRs with a titled angle have been developed to enhance

light penetration, resulting in a 220% increase in biomass yield (Sun

et al., 2016; Assunção and Malcata, 2020). Alternatively, by

extending the residence time of carbon dioxide gas within the

PBR, the areal productivity of Chlorella sorokiniana could reach

57 g/m2/d (Janoska et al., 2018).

In addition to these technological advancements, the symbiotic

relationship between microalgae and bacteria has also been

explored. One such example is the consortium of Tetraselmis

indica and Pseudomonas aeruginosa, which was found to grow

much better in dairy wastewater than pure microalgae culture, with
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38.8% higher maximum biomass production (1454.88 mg/L)

(Talapatra et al., 2021). Bacterial communities can also provide

microalgae with essential substances such as sufficient vitamin B1

and B12 (Yao et al., 2019), as seen in the symbiotic relationship

between Lingulodinium polyedrum and its bacterial community,

which helps maintain their growth and reach their maximum

growth rate (Cruz-López and Maske, 2016).
3 Metabolic engineering strategies for
advancing productivity and yield

Microalgae possess the remarkable ability to secrete various

metabolites during their growth, including pigments, LC-PUFAs,

starch, proteins, biohydrogen, and other valuable molecules. To

enhance the production efficiency of these high-value metabolites,

metabolic engineering techniques are frequently employed. These

strategies involve the overexpression of key enzyme genes in

synthetic pathways or the knockout of essential enzyme genes in

competing pathways, thereby directing the cellular resources

toward the synthesis of targeted products. Figure 2 provides a

simplified representation of the metabolic pathways involved in

the production of pigments, PUFAs, and starch in microalgae. This

figure offers a visual overview of the intricate biochemical processes

and highlights the key steps that can be targeted for metabolic

engineering interventions. By strategically manipulating these

pathways, researchers can optimize the production of desired

metabolites in microalgae.
3.1 Engineering strategies for pigments

During photosynthesis in microalgae, a series of pigments, such

as chlorophylls, carotenoids, and phycobiliproteins, are involved in

the light capture and photoprotection processes (Srivastava et al.,

2022). These pigments are environmentally friendly substitutes for

synthetic dyes and offer numerous health advantages. However, the

natural production of these pigments is insufficient to meet the
TABLE 2 Kinetic model of microalgae and their applications.

Kinetic model Applications References

Constraint-based
modeling

Integration of experimental data and mathematical models to predict metabolic behavior
and optimize product yield

(Zeng et al., 2021; Kumar M. et al., 2022)

Dynamic metabolic
flux analysis

Simulation of dynamic metabolic behavior and metabolic pathway regulation (Tibocha-Bonilla et al., 2018)

Flux balance analysis Estimation of metabolic flux distribution and identification of metabolic pathways (Parichehreh et al., 2019)

Genome-scale
metabolic model

Reconstruction and analysis of genome-scale metabolic networks for prediction and
optimization of metabolic engineering

(Broddrick et al., 2022)

Mathematical kinetic
model

Modeling biomass formation and the production of carbohydrates, proteins, and lipids (Ryu et al., 2018; Sousa et al., 2021)

Modified cornet kinetic
model

Prediction of light transmission during microalgal culture (Ma et al., 2022)

Quadruple-factor
kinetic model

Optimization of carbon and nitrogen concentrations, light intensity, and temperature for
enhanced lipid productivity

(Bekirogullari et al., 2018; Pahija and Hui, 2021)
frontiersin.org

https://doi.org/10.3389/fmars.2023.1260709
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Hu et al. 10.3389/fmars.2023.1260709
growing demand in the market. The production of pigments can be

influenced by environmental factors such as pH, temperature, light,

salinity, and media nutrients (Saini et al., 2018). Additionally,

techniques like gene editing and metabolic engineering can be

employed to enhance pigment production in microalgae.

3.1.1 Chlorophyll
Chlorophyll is a common pigment in photoautotrophs such as

cyanobacteria, algae, and plants. It is needed for the stability,

folding, and membrane insertion of chlorophyll-binding proteins,

and captures light at different wavelengths because of electron

delocalization, making it a potent photoreceptor (Wang and

Grimm, 2021). Visualizing the intricate process, the chlorophyll

synthesis pathway can be represented as a complex cascade of

enzymatic reactions. For a detailed illustration of the step-by-step

progression of chlorophyll production, please refer to Figure 3.

Chlorophyll a is the most prevalent isoform in microalgae. It is

produced through a series of enzymatic reactions, with the

transformation of protochlorophyllide to chlorophyllide mediated

by light-independent or light-dependent protochlorophyllide

oxidoreductase (Willows, 2020). To enhance chlorophyll

production, modulation of TFs is a possible approach. Disruption

of CrbZIP2, a bZIP TF in the green alga Chlamydomonas

reinhardtii, reduces TAG levels but elevates chlorophyll content

under conditions of nitrogen stress (Bai et al., 2021). Nevertheless,
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there are few metabolic engineering studies to enhance the

intracellular chlorophyll content of microalgae.

3.1.2 Carotenoids
Carotenoids are a class of pigments abundant in microalgae,

including lutein, canthaxanthin, astaxanthin, zeaxanthin, and

fucoxanthin. For a comprehensive insight into the carotenoid

synthesis pathway, Figure 4 showcases its step-by-step

progression. One study found that DpAP2 is an AP2/ERF

transcription factor that promotes carotenoid accumulation in

Dunaliella parva. Specifically, DpAP2 can interact with three

proteins, which may be associated with multiple biological

processes. This lays a good foundation for a deep understanding

of the regulatory mechanisms of DpAP2 and genetic engineering

breeding (Shang et al., 2022). Recently, a comprehensive survey of

genes and enzymes related to the carotenoid biosynthetic pathway

has now been conducted, and structural modeling of three

important enzymes, 1-deoxy-D-xylulose 5-phosphate reductase

(DXR), 15-cis-phytoene synthase (PSY), and zeta-carotene

desaturase (ZDS), has been achieved (Narang et al., 2021).

Regarding Chlamydomonas reinhardtii, overexpression of 1-

deoxy-D-xylulose 5-phosphate synthase gene (DXS) and reductase

gene (DXR) boosted lutein and b-carotene synthesis by 1.9 and 1.7

times, respectively (Morikawa et al., 2018). Overexpression of the

regulatory protein ORANGE (OR) increases carotenoid content in
FIGURE 2

Metabolic pathways of pigments, LC-PUFAs, and starch in a simplified version of the microalgal cell. The dashed lines represent an abridged
representation of multiple reactions occurring within a pathway. The brown text indicates enzymes within the metabolic pathways. It is important to
note that metabolic pathways may vary among different microalgal species. ACC, acetyl-CoA carboxylase; ADP, adenosine diphosphate; AGPase,
ADP-glucose pyrophosphorylase; ARA, arachidonic acid; BKT, b-carotene ketolase; CIS, citrate synthase; CRTR-B, b-carotene hydroxylase; DES,
desaturases; DGAT, diacylglycerol acyltransferase; DHA, docosahexaenoic acid; DMAPP, dimethylallyl pyrophosphate; DOF, DNA binding with one
finger; DPA, docosapentaenoic acid; DXP, 1-deoxy-d-xylulose 5-phosphate; DXR, 1-deoxy-D-xylulose 5-phosphate reductase; DXS, 1-deoxy-D-
xylulose 5-phosphate synthase; ELO, elongase; EPA, eicosapentaenoic acid; ER, endoplasmic reticulum; G1P, glucose-1-phosphate; GAP,
glyceraldehyde-3-phosphate; GGPP, geranylgeranyl pyrophosphate; LACS, long-chain acyl-CoA synthetase; LCYE, lycopene epsilon cyclase; ME,
malic enzyme; MEP, 2-c-methyl-d-erythritol 4-phosphate; OR, orange protein; TAG, triacylglycerol; VDE, violaxanthin de-epoxidase; ZEP,
zeaxanthin epoxidase. Created with BioRender.com.
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FIGURE 4

Overview of biosynthesis of carotenoids in the microalgal cell. The figure was adapted from previous publications (Kang et al., 2022; Srivastava et al.,
2022). Arrows indicate biosynthetic pathways and dotted lines represent unknown biosynthetic processes. The brown text indicates enzymes in
metabolic pathways. Light pink boxes indicate important pigments. BCH, b-carotene hydrolase; BKT, b-carotene ketolase; CRTISO, carotene
isomerase; CRTR-B, b-carotene hydroxylase; CYP97A, cytochrome P450 carotene b-hydroxylase; CYP97C, cytochrome P450 carotene
ϵ-hydroxylase; DMAPP, dimethylallyl pyrophosphate; GGPP, geranylgeranyl pyrophosphate; GGPPS, geranylgeranyl diphosphate synthase; IDI,
isopentenyl-diphosphate delta-isomerase; LCYB, lycopene b-cyclase; LCYE, lycopene ϵ-cyclase; NXS, neoxanthin synthase; PDS, phytoene
desaturase; PSY, phytoene synthase; VDE, violaxanthin de-epoxidase; ZEP, zeaxanthin epoxidase; ZDS, z-carotene desaturase. Created with
BioRender.com.
FIGURE 3

Overview of biosynthesis of chlorophylls in the microalgal cell. The figure was adapted from previous publications (Willows, 2020; Srivastava et al.,
2022). Arrows indicate biosynthetic pathways. The brown text indicates enzymes in metabolic pathways. Light green boxes indicate important
pigments. AcsF, BchE or CTH1/Ycf54, MgPME oxidative cyclases; ALA, aminolevulinic acid; BchB/ChlB, BchN/ChlN, BchL/ChlL, light independent
protochlorophyllide oxidoreductase; BchH/ChlH, BchD/ChlD, BchI/ChlI, magnesium chelatase subunits; Chl a, chlorophyll a; Chl b, chlorophyll b;
ChlG, chlorophyll synthase; ChlM, S-adenosylmethionone Mg-protoporphyrin IX monomethylester transferase; ChlP, geranylgeranyl reductase/
phytyl synthase; COA, chlorophyll a oxygenase; DV PChlide a, 3,8-divinyl protochlorophyllide a; DVR, divinyl reductase; GG Chl a, geranylgeranyl
chlorophyll a; GluRS, glutamyl tRNA synthetase; GluTR or HemA, glutamyl-tRNA reductase; GSAT or HemL, glutamate-1-semialdehyde
aminotransferase; Gun4, tetrapyrrole-binding protein; HemF or CPO, oxygen dependent coproporphyrinogen III oxidase; HemN, oxygen
independent coproporphyrinogen III oxidase; MgP, Mg-protoporphyrin IX; MgPME, Mg-protoporphyrin IX monomethyl ester; MV Chlide a, 3,8-
monovinyl chlorophyllide a; MV PChlide a, 3,8-monovinyl protochlorophyllide a; PBGD or HMBS or HemC, porphobilinogen deaminase/
hydroxymethylbilane synthase; PBGS or ALAD or HemB, porphobilinogen synthase/ALA-dehydratase; Por, light dependent protochlorophyllide
oxidoreductase; PPIX, protoporphyrin IX; PPO or HemG, protoporphyrinogen IX oxidase; UROD or HemE, uroporphyrinogen decarboxylase; UROS
or HemD, uroporphyrinogen III synthase. Created with BioRender.com.
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plant cells, and overexpression of mutant CrOR (CrORHis) in

Chlamydomonas reinhardtii results in a 3-fold increase in

carotenoid accumulation and upregulation of transcript

abundance in almost all relevant synthetic genes (Yazdani et al.,

2021). After high light induction, modified genes of b-carotene
hydroxylase (CRTR-B) and b-carotenoid ketolase (BKT), two key

enzymes for astaxanthin synthesis in Haematococcus pluvialis, were

integrated into the genome of Dunaliella viridis chloroplasts. The

content of astaxanthin and carotenoid ketolase in Dunaliella viridis

increased to 77.5 ± 7.7 and 50.1 ± 0.8 mg per gram of cell dry weight,

respectively, after high light induction (Lin et al., 2019). In

Chlamydomonas reinhardtii, overexpressing BKT led to a

significant conversion of native carotenoids, with approximately

50% transformed into astaxanthin and over 70% into other key

ketocarotenoids. This metabolic enhancement had no adverse

effects on growth or biomass production, even under intense light

conditions. Remarkably, the leading BKT overexpression strain

achieved productivities of ketocarotenoid up to 4.3 mg/L/day

(Perozeni et al., 2020). Overexpression of three genes,

Violaxanthin de-epoxidase (Vde), Vde-related (Vdr), and

Zeaxanthin epoxidase 3 (Zep3), increased the fucoxanthin content

of Phaeodactylum tricornutum by 4-fold (Manfellotto et al., 2020).

Mutants knocking out the zeaxanthin epoxidase gene in

Chlamydomonas reinhardtii showed a 56-fold increase in

zeaxanthin content and a 47-fold increase in productivity

compared to wild-type zeaxanthin (Baek et al. , 2018).

Simultaneous knockdown of lycopene epsilon cyclase (LCYE) and

zeaxanthin epoxidase gene (ZEP) in Chlamydomonas reinhardtii

resulted in 60% more lutein production and content than wild-type

zeaxanthin after three days of culture (Song et al., 2020). ZEP and

ADP-glucose pyrophosphorylase gene (AGP) of Chlamydomonas

reinhardtii were knocked out with CRISPR-Cas9 to increase oil and

macular pigment production by more than 80% under nitrogen-

deficient conditions (Song et al., 2022).

3.1.3 Phycobiliproteins
Phycobiliproteins are colored biliproteins with tetrapyrrole

chromophores for extra light harvesting in cyanobacteria and red

algae. They are classified as phycoerythrin (red biliprotein),

phycocyanin (blue pigment-protein complex), and allophycocyanin

based on their absorption maxima (Pagels et al., 2020). For a concise

representation of the phycobiliprotein synthesis pathway, refer to

Figure 5. Phycobiliprotein biosynthesis occurs through the

enzymatic action of FeCh/HemH to form heme. Their biosynthesis

is initiated when protoporphyrin IX is converted to heme. Afterward,

heme oxygenase catalyzes the synthesis of biliverdin IX which is

subsequently isomerized to yield PCBs (Willows, 2020). It has been

shown that the expression level of the cpeB gene was upregulated

approximately 5-fold inRhodomonas sp. under optimal conditions for

phycoerythrin production compared to the control group, implying

that the cpeB gene may be a potential regulatory gene for promoting

phycoerythrin production (Derbel et al., 2022). The gene encoding

chlorophyll synthase (CHS1) silencing mutant of Porphyridium

purpureum had a maximum increase in phycoerythrin content of

46.5% over the wild type in white light and could reach amaximum of
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63.3% (37.03 mg/L) in red light (Jeon et al., 2021). Additionally,

overexpression of cobA/hemD, hemG, and ho genes increased 29.3%

phycocyanin concentration than the wild type inArthrospira platensis

(Manirafasha et al., 2018).
3.2 Engineering strategies for LC-PUFAs

Microalgae are capable of producing LC-PUFAs, including

omega-3 (w-3) and omega-6 (w-6) fatty acids. These LC-PUFAs

are distinguished based on the length of their carbon chains and the

position of the first double bond, and they are widely acknowledged

for their significant health benefits (Muñoz et al., 2021; Santin et al.,

2022). Among these LC-PUFAs, eicosapentaenoic acid (EPA,

C20:5) and docosahexaenoic acid (DHA, C22:6) belong to the w-
3 family, while arachidonic acid (ARA, C20:4) is part of the w-6
family, making them particularly noteworthy targets in microalgae

metabolic engineering endeavors.

The biosynthesis of LC-PUFAs in microalgae involves a series

of desaturation and elongation reactions occurring within the

endoplasmic reticulum (ER). Starting from stearic acid (18:0, SA),

the pathway leads to the production of linoleic acid (18:2, LA),

which is further transformed into arachidonic acid (ARA) and

eicosapentaenoic acid (EPA) through the catalytic actions of D6
desaturases (D6-DES) and D5 desaturases (D5-DES), respectively.
EPA can be further elongated and converted into docosahexaenoic

acid (DHA) through additional enzymatic reactions involving D5
elongases (D5-ELO) and D4 desaturases (D4-DES) (Kang

et al., 2022).

Metabolic engineering approaches have shown promising

results in enhancing LC-PUFA production in microalgae. For

instance, co-expression of desaturase 5b, which contributes to

fatty acid desaturation, and malonyl CoA-acyl carrier protein

transacylase, which catalyzes type II fatty acid synthesis, resulted

in increased LC-PUFAs in Phaeodactylum tricornutum, with ARA,

DHA, and EPA at 18.98 mg/g, 9.15 mg/g, and 85.35 mg/g dry weight,

respectively (Wang et al., 2017). Regulation of three lipid-related genes

in Chlamydomonas reinhartii: overexpression of DNA-binding with
FIGURE 5

Overview of biosynthesis of phycobiliproteins in microalgae. The
figure was adapted from previous publications (Willows, 2020;
Srivastava et al., 2022). Arrows indicate biosynthetic pathways. The
brown text indicates enzymes in metabolic pathways. Light red and
blue boxes indicate important pigments. 3Z-PCB, 3Z-
phycocyanobilin; 3Z-PEB, 3Z-phycoerythrobilin; BV, biliverdin IX a;
DHBV, 15,16-dihydrobiliverdin; FeCh/HemH, ferrochelatase; Ho,
heme oxygenase; PcyA, phycocyanobilin:ferredoxin oxidoreductase;
PebA, 15,16-dihydrobiliverdin:ferredoxin oxidoreductase; PebB,
phycoerythrobilin:ferredoxin oxidoreductase; PPIX, protoporphyrin
IX. Created with BioRender.com.
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one finger (DOF) and knockdown of LACS2 and CIS increased

intracellular lipid and unsaturated fatty acid content by 142% and

52%, respectively (Jia et al., 2022). Overexpression of fatty acid

desaturases (FAD) increased LC-PUFA content in Nannochloropsis

oceanica, where overexpression of D12 or D5 FAD coding sequences

increased the molar ratio of EPA by 25% (Poliner et al., 2018).

Overexpression of the key enzyme for modified fatty acids, D9-
desaturase, in Phaeodactylum tricornutum, resulted in a 1.32 ~ 1.42-

fold increase inEPAaccumulationanda31.88~42.03% increase inFA

content (Smith et al., 2021). Overexpression of type 2 acyl-CoA:

diacylglycerol acyltransferase (DGAT) in Phaeodactylum

tricornutum resulted in a 3.8 ~ 8.5% increase in DHA content and

2.8 and 2-fold increases in EPA and DPA, respectively, compared to

wild species in the presence of nitrogen deprivation (Haslam

et al., 2020).
3.3 Engineering strategies for
starch and proteins

Microalgae accumulate starch as a storage metabolite when

subjected to nutrient deprivation such as nitrogen, phosphorus, and

sulfur starvation. Starch in microalgae can be harnessed for the

production of biofuels, such as bioethanol and biohydrogen, as well

as serve as a feedstock for bio-based chemicals (Ran et al., 2019;

Maia et al., 2020). Starch synthesis in microalgae occurs in the

chloroplast stroma, where glyceraldehyde 3-phosphate is converted

into starch through a series of reactions. Starch is a high molecular

weight d-glucose polymer linked by a-1,4 glycosidic bonds and is

temporarily stored as insoluble granules within chloroplasts

(Masojıd́ek et al., 2013). The synthesis involves glucose activation,

chain elongation, and chain branching steps (Ran et al., 2019). The

critical step is the formation of nucleoside-diphosphate-glucose

(ADP-glucose) from glucose 1-phosphate and ATP, catalyzed by

the enzyme ADP-glucose pyrophosphorylase. ADP-glucose then

serves as the glycosyl donor for starch chain elongation by starch

synthase. Strategies to promote starch accumulation in microalgae

often focus on regulating ADP-glucose pyrophosphorylase, as it

directly influences starch formation (Choix et al., 2014; de Carvalho

Silvello et al., 2022).

Omics tools and genetic validations have shed light on the

pathways and enzymes involved in starch biosynthesis under

nutrient depletion, facilitating strain development and engineering

for enhanced starch production. Furthermore, modifications in lipid

biosynthesis key enzymes have been found to enhance starch

accumulation due to shared precursors between starch and lipids (de

Carvalho Silvello et al., 2022; Pandey et al., 2022). In Chlamydomonas

reinhardtii, co-expression of FAX1, FAX2, and ABCA2 genes resulted

in a 1.8-fold increase in starch content under nitrogen-deficient

conditions and a 53% increase under normal conditions. These

genes are involved in lipid transport and their synergistic co-

expression enhanced starch synthesis by upregulating STA1 gene

expression and increasing AGPase enzymatic activity (Chen et al.,

2023). Moreover, the pfl1 mutant of Chlamydomonas reinhardtii,

which lacks pyruvate formate lyase activity, exhibited almost 2 times

higher starch accumulation during the initial stages of sulfur
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deprivation compared to the wild type (Volgusheva et al., 2022).

Interestingly, a study on Tetraselmis chui revealed that it can

accumulate starch up to 56% of its relative biomass content under

nitrogen deprivation, with starch-related gene regulation having a

limited impact on starch accumulation. This finding suggests that

starch content inTetraselmis chui is primarily regulated through post-

transcriptionalmechanisms (Carnovale et al., 2022). In conclusion, the

exploration of metabolic engineering technologies to improve

carbohydrate biosynthesis in microalgae is still limited and requires

further research.

Expanding beyond their role in starch production and metabolic

engineering strategies, microalgae offer a versatile platform for protein

production as well. Microalgae are abundant in proteins, constituting

up to 70% of the biomass dry weight in certain species. Notable

examples of protein-rich microalgae include Arthrospira, Chlorella,

Scenedesmusi, Tetraselmis, and Phaeodactylum (Kumar R. et al., 2022;

Lucakova et al., 2022). While there has been limited research on using

metabolic engineering to enhance endogenous protein expression in

microalgae, there have been significant studies focusing on the

expression of exogenous proteins (Banerjee and Ward, 2022). To

improve protein yield in microalgae through metabolic engineering,

several strategies can be employed, including optimizing genetic

elements for protein expression, such as using expression vectors or

integrating heterologous genes into the nuclear or chloroplast genome

(Wang K. et al., 2020; Wang et al., 2021). Manipulating the promoter

and terminator regions of the gene of interest can also enhance protein

expression (de Grahl et al., 2020). Other techniques involve codon

optimization, gene stacking, and gene silencing (Liu et al., 2021).

Notably, recent research has demonstrated the successful

production of bioactive proteins in microalgae. For instance, an

inducible system based on the nuclear-encoded translation

enhancer TDA1 (cTDA1) was successfully introduced in

Chlamydomonas reinhardtii’s chloroplast, resulting in a ~1.9-fold

increase in recombinant protein (GFP) production compared to the

original expression system, showcasing the potential for enhanced

protein yield through nuclear inducible chloroplast regulation

(Carrera-Pacheco et al., 2020). In another study, a phosphate-

induced plasmid expression system in Phaeodactylum tricornutum

achieved a yieldof 6.8µg/Lof the SARS-CoV-2 spike-protein receptor-

binding domain (RBD), demonstrating the versatility and efficiency of

microalgae as a platform for recombinant protein production (Slattery

et al., 2022). Furthermore, novel, stable, and less light-dependent

promoter and terminator pairs (Nub, SVP, 45582, and Pbt) were

identified in Phaeodactylum tricornutum, offering the potential for

fine-tuning gene expression and enhancing protein production under

various growth conditions, including nitrogen limitation

(Windhagauer et al., 2021).
3.4 Engineering strategies for biohydrogen

In addition to their ability to produce valuable metabolites such

as fatty acids, pigments, and proteins, microalgae also offer the

potential for biohydrogen production through various pathways.

Biohydrogen is a clean and renewable energy source with great
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promise for sustainable energy generation (Calijuri et al., 2022;

Zhang et al., 2023). Microalgae possess two primary pathways for

hydrogen production: photolysis and fermentation. In photolysis,

particularly in green algae, light energy is harnessed to split water

molecules into oxygen and hydrogen (Bechara et al., 2021). In

contrast, fermentation involves anaerobic respiration by microalgae

such as Lyngbya limnetica and Scenedesmus, resulting in the

breakdown of organic matter into hydrogen gas and other

byproducts (Srivastava et al., 2021).

Metabolic engineering plays a crucial role in maximizing

hydrogen production in microalgae (Khan and Fu, 2020).

Through targeted genetic modifications, researchers can

manipulate pathways and key enzymes to optimize the metabolic

flux toward hydrogen synthesis. One effective approach involves the

deletion of the nitrate assimilation pathway in unicellular

cyanobacteria (Synechocystis sp.) during dark fermentation, as it

competes with hydrogenase for electrons. Eliminating this pathway

significantly increased hydrogen production, with mutant strains

showing up to 140 times higher hydrogen accumulation compared

to the wild-type (Baebprasert et al., 2011).

Engineering hydrogenase and nitrogenase activity has been

pivotal in promoting hydrogen production. Strategies include

altering their structures, introducing foreign gene expressions,

modifying oxygen absorption, and reducing hydrogen consumption

(Li et al., 2022). Notably, Fe-Fe hydrogenase has exhibited 100 times

higher activity than other hydrogenase types, making it a promising

candidate for improving hydrogen production (Razu et al., 2019;

Pandey et al., 2021).

A significant challenge in this field has been addressing the

inhibition of hydrogenases by oxygen (Lu and Koo, 2019). To

overcome this limitation, researchers have explored approaches

such as limiting oxygen access to the enzyme’s active site through

overexpression of hydrogenases with high oxygen tolerance. Site-

directed mutagenesis has also been utilized to enhance oxygen

tolerance, resulting in mutants with 30-fold increased hydrogen

production compared to wild-type strains (Yang et al., 2019).

Under sulfur-deficient conditions, microalgae can sustain

hydrogen production due to the limitation of PSII activity and

reduced photosynthetic oxygen release (Sivaramakrishnan and

Incharoensakdi, 2021). MicroRNAs (miRNAs) have been found

to play a role in this process, with their up-regulation under sulfur-

deficient conditions potentially influencing metabolic processes that

lead to increased hydrogen production (Xu et al., 2019).

In addition to hydrogenases, nitrogenase is another critical

enzyme involved in hydrogen production. Strategies have been

developed to enhance biohydrogen production by selecting strains

with high nitrogenase activity and suppressing the activity of

Hup uptake hydrogenase (Tanvir et al., 2021). Eliminating the

Hup activity proved highly effective in enhancing hydrogen

accumulation in the strain. A mutant of cyanobacteria Nostoc sp.

PCC 7422, developed with a hupL gene insertional disruption

(DhupL), exhibited a 4 ~ 7 times increase in hydrogen production

rate during the optimal hydrogen production stage compared to the

wild-type strain (Yoshino et al., 2007). To maximize nitrogenase

expression, cyanobacteria lacking the nif gene cluster have been

used as host organisms. The integration of a minimal nif gene
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cluster from Bacteroides into the genome of non-nitrogen-fixing

Synechococcus elongatus PCC 7942 has shown promise in creating a

bioelectrochemical nitrogen fixation (e-BNF) system, which

reached 21 times nitrogen fixation efficiency that of control

groups (Dong et al., 2021).
4 Assessing the sustainability of
microalgae production

4.1 Environmental sustainability of
microalgal-based processes

Microalgae, with their exceptional photosynthetic efficiency, are

increasingly recognized as a promising avenue for sustainable biomass

production. To comprehensively evaluate their environmental

sustainability, life cycle assessment (LCA) emerges as an invaluable

tool. LCA encompasses various impact categories, including

acidification potential (AP) and global warming potential (GWP)

(Amini Toosi et al., 2020), providing a holistic view of microalgae-

based processes, from cultivation to crucial processing stages like

harvesting, dewatering, and extraction (Ketzer et al., 2018). This

approach offers insights into resource utilization, emissions, and

ecological footprint, providing a comprehensive environmental

performance overview (de Souza et al., 2019).

Numerous studies have scrutinized the environmental

sustainability of microalgal-based processes, particularly in

bioenergy production. Exploring biodiesel production from

Nannochloropsis in Denmark, multiple technology scenarios,

including CO2 utilization, have demonstrated the potential to

reduce greenhouse gas emissions and achieve lower GWP

compared to fossil diesel (Monari et al., 2016). Simultaneously,

the synergy of flare gas with a microalgae biorefinery reveals the

possibility of a negative GWP, emphasizing the environmental

advantages of these innovative methods (Beal et al., 2016). A

techno-economic analysis and life cycle impact assessment

evaluated the co-production of microalgae-based plastic feedstock

with fuel, revealing substantial reductions of greenhouse gas

emissions, ranging from 67 to 116%, compared to standard

petroleum-based equivalents (Beckstrom et al., 2020).

While microalgae inherently sequester the greenhouse gas CO2

via photosynthesis during growth, emissions can still occur at

production stages. Innovative strategies are being developed to

reduce carbon footprints further. Notably, harnessing waste

streams, such as digestate from anaerobic digestion processes, as

alternative carbon sources and nutrients for microalgal cultivation

is gaining attention (Collotta et al., 2018; Bussa et al., 2020). This

approach highlights microalgae’s potential not only to reduce

environmental pressures but also to contribute positively to waste

management and resource utilization.

To further enhance environmental sustainability, it’s crucial to

consider critical impact categories like GWP, which should be

included in LCA analyses (Ubando et al., 2022). In line with this,

strategies for improving the sustainability of microalgal

biorefineries involve embracing circular bioeconomy concepts,

optimizing waste biorefinery supply chains, and integrating
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innovative technologies such as thermochemical processes

(Ioannidou et al., 2020). Additionally, the production of high-

value products, such as antioxidants and PUFAs, within

microalgal biorefineries can offset energy consumption and costs

(Cortés et al., 2019; López et al., 2019). Integrating biochar

production and wastewater treatment into microalgal biorefinery

processes holds the potential for mitigating carbon emissions (De

Bhowmick et al., 2019). Process systems engineering techniques and

artificial neural networks are instrumental in systematically

integrating technologies within biorefineries, aligning with

circular economy principles (Gue et al., 2020).
4.2 Economic sustainability of
microalgae cultivation

Microalgae cultivation systems play a pivotal role in the

sustainable production of microalgal biomass, which finds

applications ranging from biofuels to high-value bioproducts. In

addition to the commonly recognized open ponds (OPs) and

photobioreactors (PBRs), there are two other noteworthy

cultivation systems: two-stage hybrid cultivation systems

(TSHCSs) and attached growth systems. These systems offer

unique advantages and characteristics, making them significant

contenders in the realm of microalgal biomass production. To

provide a comprehensive overview, Table 3 outlines different

cultivation systems along with their key features.

Techno-economic analysis (TEA) has been extensively

employed to assess the economic viability of diverse microalgae

cultivation systems, encompassing open raceway ponds (ORPs),

photobioreactors (PBRs), and algal turf scrubbers. ORPs stand out

as a cost-effective choice for large-scale microalgae cultivation,

primarily due to their relatively modest capital expenditures
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(CapEx). Nevertheless, the challenges linked to high evaporative

losses and contamination risks necessitate design enhancements

and energy-efficient strategies to boost economic efficiency while

sustaining high productivity (Bhatt et al., 2022). On the flip side,

PBRs offer significantly superior biomass productivity, often

surpassing open ponds (OPs) by a factor of 5 to 10 (Valdovinos-

Garcıá et al., 2021). However, these systems come with substantial

costs, including those associated with artificial lighting systems, gas

cylinders, and cooling mechanisms (Kumar et al., 2021). TSHCSs

offer higher biomass productivity and a lower carbon footprint

compared to ORPs and PBRs (Aziz et al., 2020). Attached growth

systems are considered economically favorable due to reduced

biomass harvesting costs (Singh and Patidar, 2021). However,

both these cultivation systems require further TEA to assess their

economic viability, taking into account factors such as CO2 supply,

CapEx, and labor costs.

The economic sustainability of microalgae cultivation systems is

the result of a multifaceted interplay between various factors,

encompassing CapEx, operational expenses (OpEx), energy

consumption, cost-effectiveness, and biomass yields. To realize

economic sustainability, concerted efforts should be directed toward

minimizing diverse cost components. Currently, CapEx looms as a

prominent economic focal point across most microalgae cultivation

systems, with construction and raw material expenditures accounting

for up to 88% of CapEx (Banerjee and Ramaswamy, 2019). Reducing

the biomass production cost (BPC) is a pivotal endeavor, and scaling

upmicroalgae cultivation facilities from 1 hectare to 10 hectares could

yield a reduction of up to 67% in BPC (Schipper et al., 2021).

Optimization of cultivation systems to enhance microalgae

productivity is imperative. In this regard, a more profound

comprehension of PBRs and a reduction in TEA prediction biases,

guided by actual cultivation data, are critical. As technology advances

and economic landscapes evolve, the economic sustainability of
TABLE 3 Microalgae cultivation systems and their features.

Cultivation systems Types Features Refs

Open ponds (OPs)

Unstirred ponds Easy cultivation; microbes’ coexistence; suitable for large-scale (Mehariya et al., 2021)

Circular ponds Adapted from wastewater systems; a rotating arm for mixing (Ting et al., 2017)

Open raceway ponds
(ORPs)

Resembles canals; typically using paddlewheels for achieving relatively
high biomass productivity

(Chew et al., 2018)

Photobioreactors (PBRs)

Stirred tank PBRs
Mechanical agitation (impellers); aeration with CO2-enriched air;
uniform light distribution

(Deniz, 2020)

Horizontal tubular
PBRs

Efficient tube circulation; very high areal productivity (Al-Dailami et al., 2022)

Vertical tubular PBRs
Outdoor cultivation; improved cylindrical vessel with efficient gas
agitation

(Manikandan et al., 2020)

Flat-panel PBRs Cuboidal shape; high light utilization; flexible design; difficult to scale-up (Huang et al., 2021)

Two-stage hybrid cultivation
systems (TSHCSs)

Integration of ORPs and PBRs; high areal biomass productivity;
enhanced lipid production

(Aziz et al., 2020)

Attached growth systems
Cost-effective harvesting; reduced operational expenditure; economically
favorable

(Singh and Patidar, 2021)
frontiersin.org

https://doi.org/10.3389/fmars.2023.1260709
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Hu et al. 10.3389/fmars.2023.1260709
microalgae cultivation systems will continue to undergo refinement

and improvement.
5 Conclusions and future perspectives

Microalgae have emerged as a promising source of biomass for

producing food, pharmaceuticals, and other valuable compounds

due to their high photosynthetic efficiency and rapid growth rate.

Enhancing the efficiency of microalgal photosynthesis is

fundamental to improving their potential as cell factories.

Researchers have employed mutagenesis and ALE to obtain high-

quality algal species and collect physiological and biochemical data

to achieve optimal nutritional production and improved

photosynthetic efficiency. However, while metabolic engineering

has successfully increased target compound production, its impact

on the growth and physiology of microalgal cells needs careful

consideration. Modifications targeting essential components like

RuBisCO and light-harvesting antenna complexes, which are

prevalent in higher plants, have not been widely adopted in

microalgae. Thus, a systematic metabolic engineering strategy,

along with advanced genetic engineering tools specifically

designed for microalgae, is necessary. Addressing challenges

associated with these approaches, such as off-target effects and

regulatory issues, requires further research.

Advancements in genetic engineering tools and metabolic

engineering offer immense potential for the development of

sustainable microalgal cell factories. To realize this potential,

worldwide partnerships, and effective gene annotation tools are

required to build a comprehensive collection of multi-omics data

encompassing various microalgal species. These technological

advancements hold significant implications for achieving global

targets, such as reducing carbon emissions and meeting the United

Nations Sustainable Development Goals (SDGs). Microalgae-based

biorefineries can contribute to SDG targets related to climate action

(SDG 13), affordable and clean energy (SDG 7), responsible

consumption and production (SDG 12), and good health and

well-being (SDG 3).

Continued efforts in improving microalgal productivity and

photosynthetic efficiency through metabolic engineering, multi-

omics technology, and synthetic biology are vital for the

development of sustainable microalgal biorefineries. By leveraging

these technologies and fostering international collaboration,
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microalgae-based biorefineries can significantly contribute to

the global endeavor of achieving the SDGs and mitigating

climate change.
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Guillén-Garcıá, A., Gibson, S. E. R., Jordan, C. J. C., Ramaswamy, V. K., Linthwaite,
V. L., Bromley, E. H. C., et al. (2022). Allophycocyanin A is a carbon dioxide receptor in
the cyanobacterial phycobilisome. Nat. Commun. 13, 5289. doi: 10.1038/s41467-022-
32925-6

Guiry, M. D. (2012). How many species of algae are there? J. Phycol. 48, 1057–1063.
doi: 10.1111/j.1529-8817.2012.01222.x

Guo, L., Diao, W., Gao, C., Hu, G., Ding, Q., Ye, C., et al. (2020). Engineering
Escherichia coli lifespan for enhancing chemical production. Nat. Catal. 3, 307–318.
doi: 10.1038/s41929-019-0411-7

Haslam, R. P., Hamilton, M. L., Economou, C. K., Smith, R., Hassall, K. L., Napier, J.
A., et al. (2020). Overexpression of an endogenous type 2 diacylglycerol acyltransferase
in the marine diatom Phaeodactylum tricornutum enhances lipid production and
omega-3 long-chain polyunsaturated fatty acid content. Biotechnol. Biofuels 13, 87.
doi: 10.1186/s13068-020-01726-8

Hepburn, C., Adlen, E., Beddington, J., Carter, E. A., Fuss, S., Mac Dowell, N., et al.
(2019). The technological and economic prospects for CO2 utilization and removal.
Nature 575, 87–97. doi: 10.1038/s41586-019-1681-6

Huang, Y., Cheng, J., Lu, H., He, Y., Zhou, J., and Cen, K. (2017). Transcriptome and
key genes expression related to carbon fixation pathways in Chlorella PY-ZU1 cells and
their growth under high concentrations of CO2. Biotechnol. Biofuels 10, 181.
doi: 10.1186/s13068-017-0868-z

Huang, J., Wan, M., Jiang, J., Zhang, A., and Zhang, D. (2021). Evaluating the effects
of geometry and arrangement parameter of flat panel photobioreactor on microalgae
biomass production and economic performance in China. Algal Res. 57, 102343.
doi: 10.1016/j.algal.2021.102343

Ioannidou, S. M., Pateraki, C., Ladakis, D., Papapostolou, H., Tsakona, M., Vlysidis,
A., et al. (2020). Sustainable production of bio-based chemicals and polymers via
integrated biomass refining and bioprocessing in a circular bioeconomy context.
Bioresour. Technol. 307, 123093. doi: 10.1016/j.biortech.2020.123093
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