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ogies are not as well developed as those for heterotrophic microbes, cyanobacteria, and plants.
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ners in microalgal engineering from single-gene and enzyme-based metabolic engineering to
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without GM tags, and ultimately from proof of concept to tangible industrial applications. Finally,

future trends are proposed in microalgal engineering, aiming to establish individualized transform-

ation systems in newly identified species for strain-specific specialty and commodity products, while

developing sophisticated universal toolkits in model algal species.
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Introduction

Microalgae, with an estimate of 72,500 species [1], are
of great ecological importance, as they contribute
almost half of the global organic carbon fixation [2].
They provide a variety of natural products to support
ecosystems (e.g. coral reef ecosystems [3]) by photosyn-
thesis with efficiencies approximately three times
greater than those achieved by land plants [4]. The
microalgal lifecycle of fast cell division and continuous
biomass accumulation highlights the advantages
gained from their sustainable cultivation [5].
Accordingly, various attempts have been made to
exploit microalgae for the production of commodity
and specialty chemicals to meet human domestic, and
industrial demands. To identify and improve species
that naturally produce valuable compounds, mutation
breeding and genetic modifications have been utilized
for a long period, but are largely via empirical
approaches [6].

Admittedly, extensive reviews cover the bioengineer-
ing of cyanobacteria [7], the genomic context underpin-
ning microalgal diversity [8], and the ecology,
evolution, and applications of microalgae [9,10].
Therefore, this article primarily focuses on eukaryotic
microalgae with a brief comparative study between
microalgae and cyanobacteria. Two primary problems
are preventing microalgal biotechnology from further
development and industrialization. One is that only a
few model microalgal species can be routinely trans-
formed and ready for downstream industrialization. The
exploitation of all but a handful of algal species is thus
severely impeded by a limitation in molecular tools for
competent engineering. The other problem resides in
the extremely low transformation efficiencies (even
compared to those achieved with plants) that are pre-
vailing when working with microalgae, clearly demon-
strating a need for novel and improved
transformation techniques.

Recent studies on microalgal metabolic engineering,
genome editing, and synthetic biology are facilitating
the improvement of transformation efficiencies and are
bringing new insights into cellular metabolic processes
[11]. There exists a demand to jointly consider these
developments through a synthetic perspective of
microalgal breeding. Therefore, after briefly reviewing
empirical methods for vector design and engineering,
specifically, this article focuses on (i) quantitative trans-
formation cassette designs, (ii) elaborate target editing
methods, (iii) digital design of algal cellular metabolism
for the high yield of valuable products, and (iv) prob-
lems and countermeasures of industrial application.
Drawing lessons from the broader history of the field

and emerging advances, it is anticipated that a new era
of rational design of digital microalgal cells is coming.
This era would substantially benefit human society on
food supply, energy consumption, and environmental
sustainability.

Relevance of microalgae as photosynthetic
cell factories

Broadly speaking, strategies for engineering microalgal
metabolic pathways can be divided into two categories:
those based on endogenous pathways, and those
derived from non-native pathways by involving heterol-
ogous genes.

Natural compounds

Long-term adaptation to a wide range of ecotypes has
engendered a diverse phenotype and genotype of
microalgae, as well as helping algae evolve robust accli-
mation plasticity [8], enabling them to adapt to various
niches and produce a vast array of compounds.
Microalgae are highly efficient at sequestrating CO,,
accumulating biomass, and many secondary metabo-
lites including pharmaceutically and nutritionally active
compounds for human beings (or precursors for such
compounds) (Table 1). It has therefore been suggested
that genetically-tailored microalgae could serve as
“platform strains” to convert CO, into diverse and use-
ful compounds from metabolic intermediates [26].
However, current microalgal product yields are gener-
ally too low to meet the cost of commercial exploit-
ation. Thus gene engineering approaches have been
adopted in an attempt to overcome this drawback by
modulating the activity of endogenous rate-limit-
ing enzymes.

Heterologous compounds

Beyond producing endogenous compounds, microal-
gae could potentially be recruited as cell factories to
produce many different non-native compounds, rang-
ing from small organic molecules to large recombinant
proteins. Examples of the small molecules that could be
produced using microalgae are provided in the report
entitled “Top Value-Added Chemicals from Biomass”
[30], which identified twelve platform chemicals, that is,
small organic compounds that can be produced from
sugars by microorganisms and subsequently converted
into industrially relevant molecules.

The attractiveness of using microalgae as hosts to
produce larger biomacromolecules (e.g. recombinant
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Table 1. Targeted compounds produced in microalgal cell factories.

Target products Human benefits

Species and contents

Natural compounds

Long-chained omega-3 PUFAs Cardiovascular health

j-carotene Antioxidants, improve
cognitive function and skin
and lung health, reduce
macular degeneration and
cancer risks

Anti-inflammatory effects,
antioxidants, anti-cancer,
and cardiovascular health

Anti-obesity and anti-oxidant

Astaxanthin

Fucoxanthin

Lutein Prevents cataract, age-related
macular degeneration, and
cardiovascular diseases,
and anti-oxidant and
anti-cancer

Prevent night blindness and
anti-oxidant property

Prevent night blindness, anti-
oxidant property, and
prevents liver fibrosis

Cholesterol reduction, anti-
inflammatory activity, and
even anti-cancer properties

Violaxanthin

Zeaxanthin

Phytosterols

Essential amino acids Reduce symptoms of
depression, boost mood
and improve sleep

Triacylglycerol (TAG) Biofuels

Foreign compounds
Immuotoxins

Vaccine antigens

Inhibit tumor growth

Block transmission of
infectious diseases such
as malaria

Cell defense signaling
proteins in response to
viral infections

Interferon

EPA: Attheya septentrionalis (4.58% DW), Nannochloropsis
oceanica (23.52% TFA), Nanofrustulum shiloi (1.3% DW),
Phaeodactylum tricornutum (3.4% DW), Thalassiosira hispida
(4.63% DW); DHA: Nitzschia laevis(0.59% DW), T. hispida
(0.61% DW), A. septentrionalis (0.60% DW); GLA: Chlorella
pyrenoidosa (6.43% TFA) [12-14]

Dunaliella salina (10% DW), Tetraselmis suecica (8.6 mg/g oil),
Rhodomonas salina (5.7 mg/g oil), Thalassiosira pseudonana
(4.3 mg/g oil), Nannochloropsis gaditana (3.5 mg/g oil) [15,16]

Haematococcus pluvialis (5.79% DW), Chromochloris zofingiensis
(0.22% DW) [17,18]

P. tricornutum (38.3 mg/qg oil), T. pseudonana (31.9 mg/g oil),
Isochrysis (19.2 mg/g oil), Pavlova lutheri (14.8 mg/g oil),
Odontella aurita (0.8% DW), Cyclotella cryptic (1.29%

DW) [15,19]

Scenedesmus obliquus (4 mg/qg), R. salina (8.7 mg/g oil),

Tetraselmis suecica (5.6 mg/g oil) [15,20,21]

Nannochloropsis gaditana (14.3 mg/g), N. oculata (11.5mg/qg), T.
suecica (7.8 mg/q) (oil:biomass) [15]

N. gaditana (3.4 mg/qg), Porphyridium cruentum (3.2 mg/g), T.
suecica (2.0 mg/q) (oil:biomass) [15]

Isochrysis (14.9 mg/g oil), N. gaditana (17.0 mg/g oil), N. oculata
(6.1 mg/g oil), P. lutheri (97 mg/g oil), P. tricornutum
(16.5mg/g oil), P. cruentum (26.5mg/qg oil), R. salina (26 mg/
g ail), T. suecica (10.9 mg/g oil), T. pseudonana (34 mg/g
oil) [15,22]

C. pyrenoidosa (21.76% DW) [14]

Chlamydomonas reinhardtii (20.5% DW), P. tricornutum (57.8%
DW), N. gaditana (40-55% lipids of DW) [23-25]

C. reinhardtii (0.2 — 0.4% TSPs) [26]

C. reinhardtii (0.09% TSPs) [27,28]

Synechocystis PCC 6803 [29]

DHA: docosahexaenoic acid; DW: dry cell weight; EPA: eicosapentaenoic acid; GLA: linolenic acid; TSPs: total soluble proteins; TFA: total fatty acids.

proteins) can be understood by comparing the proper-
ties with that of alternative biological production sys-
tems, such as bacteria, yeasts, mammals, insects, or
plants (Table 2). These desirable qualities, together with
the rising demand for recombinant proteins, have
driven this pursuit to introduce druggability into trans-
genic microalgae [26]. Consequently, increasing num-
bers of recombinant proteins, including antibodies,
immunotoxins, vaccine antigens, and mammary-associ-
ated serum amyloid, have been produced from meta-
bolic intermediates in microalgae (Table 1). Yet, for all
that, it still remains challenging to the sustainable pro-
duction of foreign chemicals by introducing a de novo
engineered pathway, necessitating the development of
new approaches and advanced engineering strategies.

As putative cell factories, cyanobacteria offer distinct
advantages but also usually have some drawbacks,
when compared with microalgae. Among the advan-
tages are the ease of transformation and the absence
of epigenetic regulation or suppressor mutations to
counter the effects of transformation. As a result, cyano-
bacteria have been successfully engineered to make a
variety of heterologous fuels and useful chemicals
[41-43]. A breakthrough has been achieved with the
design of oligonucleotide fusion constructs (target
genes are fused to the highly-expressed endogenous
[44] or exogenous genes [45], as protein over-expres-
sion vectors that have been used in cyanobacteria to
produce plant and human genes that are otherwise dif-
ficult to express [44-46]. The “fusion constructs” could
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Table 2. Characteristics and advantages of representative expression systems.

Expression systems Cost Growth Rate Post-translational modification (PTMs) Cultivation Systems
Bacteria e Moderate e Rapid e Occur in a relatively low number e Heterotrophic cultivation

of bacterial proteins in e Enclosed bioreactors

comparison with eukaryotic

proteins [31]

e Incorrect folding and

assembly [32]

Cyano-bacteria e Low e Rapid e No [33] Phototrophic or heterotrophic cultivation
Enclosed bioreactors or open race ponds

Yeast e Moderate e Rapid Yes Heterotrophic cultivation

Mammals or insects e High cost o Slow Yes

Plants e Less expensive Slow o Yes [36]

e The glycosylation patterns often
differ from those in

Unsuitable glycosylation [34]

Human-like PTMs with some
discrepancies [32]

Enclosed bioreactors

Heterotrophic cultivation

Complex nutrient requirements

Difficult to scale up

Easily contaminated by animal pathogens [35]
Phototrophic cultivation

Easy to release the genetically

modified materials [38]

mammals [37]

Microalgae o Low e Rapid o Yes

e Species-specific PTMs .

e Phototrophic or heterotrophic cultivation
Enclosed bioreactors or open race ponds

e The glycosylation patterns are
more similar to humans than E.
coli and yeasts [39,40]

facilitate the heterologous proteins being accumulated
as dominant cyanobacterial proteins, accounting for 20-
25% of the total cell proteins [44]. However, pertinent
in this respect is that genes from eukaryotic organisms,
for example, plants, animals, yeasts, and humans, are
consistently expressed at low levels, in both microalgae
and cyanobacteria, in spite of the use of strong pro-
moters designed to confer “over-expression” of trans-
genes [44]. Compared to microalgae, another drawback
of the cyanobacterial system is that despite intensive
industrial  cultivation of cyanobacteria  Spirulina
(Arthrospira) species, the productivity of most cyanobac-
teria is lower under mass culture and bright sunlight
conditions [4]. There are reports of very-rapid-growth of
unicellular cyanobacteria [47,48], however, they have
not yet been tested on the industrial scale.

Engineering vectors: transition from empirical
to quantitative designs

To deliver transgenes into microalgae, several methods
have been developed, such as the glass-bead method,
Agrobacterium-mediated transformation, electroporation,
and particle bombardment. The comparison of these
transformation methods and the characteristics of trans-
formed microalgae have been listed in Table 3. They have
been intensively reviewed elsewhere [75] and thus are
not discussed in detail in this review. It should be noted
that despite the pros and cons, electroporation-based
transformation outweighs other methods in terms of the
wide applicable range in microalgal species. Another
promising and potentially species-independent method is

nanoparticle-mediated DNA delivery, yet to be applied in
microalgae. It was first developed by using bacterial mag-
netic particles (50-100nm in diameter) in the 1990s [76]
and was restricted due to difficulties in particle prepar-
ation [77] but recently refined in plants [73,74]. Moreover,
despite many challenges, particularly for microalgae hold-
ing a tough cell wall, when combined with a droplet
microfluidics platform, electroporation [78,79] and nano-
particles [80] are promising methods to convert the cur-
rent “population transformation” of microalgae into high
throughput “single-cell engineering” [81]. One of the
necessary jobs that remain for practical application is to
decrease the cost and simplify the manipulation of
microfluidics.

Notwithstanding, the progress achieved in developing
tools for delivering exogenous DNA, routine transform-
ation is available only for a restricted number of microal-
gae [82]. Moreover, even in established species, obstacles
pertaining to gene delivery efficiency, transgene stability,
or heritability are preventing the transformation systems
from practice. Therefore, it necessitates a methodological
transition from the tools used to manipulate metabolism,
relying on experience-dependent strategies and con-
strained in particular species or strains [83], to methods of
quantitative and mathematic design.

Empirical designs

Critical to the creation of transgenic microalgae is the
ability to transform cells with specific DNA sequences
using vector constructs. To ensure the proper transcrip-
tion, marker genes and/or genes of interest are typically
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Table 3. DNA delivery methods of modern breeding strategies for microalgae.

Methods lllustration Pros Cons Examples
The glass bead method More convenient and much  Less efficient Chlamydomonas reinhardtii [49],
z less costly Dunaliella salina [50], and
Platymonas subcordiformis) [51]
=7
Agrobacterium-mediated = No need to generate Low and unpredictable Freshwater C. reinhardtii [52],
transformation protoplasts variation of efficiencies Haematococcus pluvialis [53] and
Holds great promise to the marine Symbiodinium spp.,
P transform large DNA [54], Isochrysis spp. [55],
segments (>100 kb) Schizochytrium sp. [56],
into cells Nannochloropsis sp. [57], and
Dunaliella bardawil [58,59]
Biolistic transformation Eliminates the need for A rigid requirement The green microalga H. pluvialis [60],
production of plant to the diameters of the diatom P. tricornutum [61],
o~ protoplasts or infection the target cells Thalassiosira pseudonana [62],
og by Agrobacterium A tendency to generate Cyclotella cryptic [63], Navicula
-

Simple, easily applicable,
and very efficient

rearranged and broken
transgene copies

Needs a single-cell
tissue homogenate

saprophila [63], Chaetoceros sp
[64], and Cylindrotheca
fusiformis [65]

C. reinhardtii [66], Scenedesmus
obliquus [67], Monoraphidium

Electroporation m

Nanoparticle-mediated
DNA delivery

i,
Cytoplasm
T
il = W

degradation

Species-independent
Protects polynucleotides
against nuclease

neglectum [68], Nannochloropsis
[69], P. tricornutum [70], Chlorella
pyrenoidosa [71], and
Dunaliella [72]

Both model and crop plants,
including both dicots and
monocots [73,74]

Has not yet been
applied in microalgae

expressed in individual cassettes harboring a 5’ pro-
moter and a 3’ terminator. Conventional protocols for
selecting marker genes for microalgal transformation
have been extensively reviewed [84]. Promoters are crit-
ical components that work in concert with other gen-
etic elements (enhancers, silencers, transcription
factors, and boundary elements/insulators) to direct the
transcription of marker genes and other sequences.
Promoter availability and selection thus profoundly
influence the success of constructing robust genetic
transformation systems. However, until now, few pro-
moters are available for algal vectors, partially due to
the shortcomings of the respective genetic toolkits (par-
ticularly the limited number of known regula-
tory elements).

Most attempts to engineer microalgae have been
conducted empirically using a handful of repurposed
tools. To achieve viable transformants, strong constitu-
tive promoters from phylogenetically closely related
algal species, viruses, or occasionally higher plants have
been harnessed for transgene expression in microalgae.
The viral promoters of CaMV35S (the cauliflower mosaic
virus) and SV40 (Simian virus 40; an oncogenic simian
polyomavirus) have been utilized for transient expres-
sion in some algal species, but heterologous promoter

regions are usually inadequately recognized and regu-
lated in microalgae [85] (Table 4). In this respect, there
are publications describing the successful transform-
ation of microalgae with results that, unfortunately,
could not be reproduced in other laboratories [125]. For
example, while the Arabidopsis thaliana U6 gene pro-
moter was able to drive gene transcription in
Chlamydomonas reinhardtii [85], vectors feature in
either Arabidopsis or Chlamydomonas promoters were
not successfully recognized in  Nannochloropsis
sp. [109].

As alternatives to exogenous promoters, vectors can
be constructed using an orthologous promoter related
to one that has been previously characterized. For
instance, heat shock proteins [86] and tubulin [126] are
highly expressed proteins in microalgae such as
Chlamydomonas (Table 4). Their promoters are there-
fore regularly used to drive the constitutive nuclear
expression of numerous genes in Chlamydomonas, and
orthologous promoters have been used successfully in
a number of other microalgae. However, microalgae
tend to have numerous orthologs with quantitively
unknown transcriptional and protein expression levels.
In many cases, it is difficult to select suitable driving
promoters for vector design. For example,
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Nannochloropsis oceanica strain IMET1 harbors nine
orthologs for heat shock proteins and eight orthologs
for tubulin. Each of these promoter regions was used
separately to construct vectors and drive gene expres-
sion [128]. However, success was achieved with only
50% of the assembled vectors even though the same
transformation protocol was used in all cases. Similarly
in N. oceanica strain 1779, the constructs harboring a C.
reinhardtii o-tubulin promoter or a native lipid droplet
surface protein (LDSP) promoter were employed to
drive the expression of the Streptomyces hygroscopicus
aph7 gene, conferring resistance to Hygromycin B. The
latter achieves a more than 10-fold increase in trans-
formation events compared with the former [108]. The
limited transformation efficiency of microalgal expres-
sion systems using conventional strategies has resulted
in poorly reproducible transformation protocols and
has constrained the scope of reverse genetic tool devel-
opment. Therefore, a more rational approach for pro-
moter dissection and the design of biological
engineering systems is needed.

Quantitative methods for transforming
cassette design

The dissection of regulatory elements is essential for
the design of engineering systems, which can in turn
facilitate an understanding of their natural counterparts
[129] (Figure 1). However, the regulatory mechanisms
remain unenlightened in microalgae, even with the
model species C. reinhardtii. Therefore, characterized
endogenous promoters have been the primary options
when constructing customized vectors for specific
microalgae. For example, a promoter for the gene
encoding fucoxanthin-chlorophyll binding proteins
(FCP) was isolated from diatoms, thoroughly tested,
and widely used for the transformation of vector design
(Table 4). It is noticeable that vectors incorporating this
promoter exhibited stable and relatively high trans-
formation frequencies in both biolistic and electropor-
ation-induced transformations [102,130]. Additionally,
several endogenous regulatory elements were charac-
terized and incorporated into  vectors for
Chlamydomonas transformations using Agrobacterium
[89], electroporation [89], silicon carbide whiskers [91],
glass beads [49], and biolistic methods [117], achieving
comparable efficiencies. Thus, vector assembly is a key
determinant of transformation efficiency. The frontiers
of this field have been advanced by the development
of novel promoter engineering strategies which are
generally classified as (a) random mutagenesis; (b)

hybrid promoter design; (c) de-novo promoter synthe-
sis [131].

In addition to promoters, incorporating regulatory
elements such as introns and featured transcript
sequences were also applied to improve the transform-
ation efficiency and increase exogenous gene expres-
sion [95]. Synergistic effects were utilized to improve
transgene expression by either incorporating different
intron portfolios into vectors or including a consensus
Kozak sequence in the 5’ UTRs [132] (Table 4). To allow
proteins to target specific organelles, a leader-targeting
sequence [23], comprising transit peptides [133], could
be designed. These results highlight the key role of
regulatory elements in the design of engineering sys-
tems and the necessity of dissecting the mechanisms
and functions of different regulatory elements.
Unfortunately, the diversity and potential of these regu-
latory mechanisms (or elements) in microalgae are
largely unknown [125] as a result of the low-throughput
methods for characterizing the molecular mechanisms.

The ongoing expansion of sequenced genomes of
microalgae (60 already completed or in preparation)
and several cyanobacteria, and the associated omics
information facilitates quantitative dissection of the
mechanisms underpinning the functionality of pro-
moters and other regulatory elements in a wide range
of microalgae [134]. Together with the development of
sophisticated trapping systems [135] and the computa-
tional analysis of biological components, it is increas-
ingly viable to rationally and systematically identify,
characterize, and standardize promoters, untranslated
regions, terminators, enhancers, silencers, codon prefer-
ences, and other yet-to-be-discovered elements [136].
This knowledge-driven strategy offers several potential
advantages over traditional methods for establishing
microalgal transformation systems. For instance, in silico
prediction and investigation of regulatory elements
considerably increases the likelihood of discovering
active regulatory components. Additionally, system-
level investigations on gene structure can help identify
species-specific regulatory mechanisms and biological
components, which facilitates the customized design of
synthetic promoters, biological bricks, and circuits [137].
Finally, cross-species genome comparisons are helpful
to unveil universal regulatory rules operating in differ-
ent microalgae and thereby enable the design of uni-
versal (at the species or genus levels) transgene vectors.

We see notable progress in the dissection of algal
genetic elements in such a knowledge-driven manner.
A number of strong promoters have been discerned
from different Nannochloropsis species [109] (Table 4).
To enable multiple-gene expression, bidirectional
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Figure 1. Approaches of quantitative design for the engineering vectors. Abbreviations: RBS, ribosomal binding site; ORF, open

reading frame.

promoters [111] have also been isolated from this
microalgal genus. Promoters, both constitutive and
inducible under nitrogen starvation, were employed for
customized transgene expression in the diatom P. tri-
cornutum [104]. Quantitative profiling of such compo-
nents can enable their use in BioBricks - DNA
sequences conforming to a restriction enzyme assembly
standard and encoding one or more functional units,
that can be used as part of a scalable transgenic tool-
box. The assembly and engineering of individual com-
ponents with defined functions from libraries of such
standardized interchangeable parts could enable the
design and the development of generalizable engineer-
ing tools.

Engineering strategies: a trend to
editing methods

Gene overexpression

Deliberate overexpression of genes of interest (GOIs) is
widely used for functional analysis (Figure 2). Distinctive
to the capacity for expressing multigene in a single
operon in prokaryotic or prokaryotic-derived genomes
(e.g. microalgal chloroplasts), and marker genes should
be located in different expression cassettes in microal-
gae. Overexpression of multiple genes is a distinct
advantage and requirement for trait optimization.
Various strategies have been designed for multi-gene
expression in microalgae (Figure 2(a)). For example, co-

expressed genes can be cloned into separate vectors
with different selective markers and then transformed
into one strain sequentially [140]. Alternatively, recently
developed strategies for multigene engineering, involve
designing expression vectors using bidirectional pro-
moters [111,139], isocaudamers [141], or using the self-
cleaving peptide F2A (e.g. in C reinhardtii [142],
Nannochloropsis [111], or Neochloris oleoabundans [99]).
Gene stacking overexpression systems have been estab-
lished in some microalgae (e.g. C. reiharditti,
Nannochloropsis sp., Chlorella sp., and P. tricornutum).
This system is used to study specific metabolic path-
ways and to express intracellular [143] or secreted [144]
recombinant proteins. These technologies simplify the
transformation process, diminish the number of marker
genes required for multi-step integration, and improve
the dosage of target protein(s) after fusion with proper
selectable markers.

Random mutagenesis

Overexpression platforms serve as foundations for the
establishment of a comprehensive engineering system
incorporating technologies of insertional mutagenesis,
RNAi-mediated gene knockdown, and genome editing.
Identifying mutants with an interesting phenotype is a
classical genetic approach for probing life processes
(Figure 2(b)). One way is to use transfer DNA (T-DNA),
which is randomly integrated into genomes. It features
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Figure 2. Engineering strategies for microalgae. (a) Overexpression strategies for a single gene or multiple genes. (b) Random
DNA insertional mutagenesis. (c) RNAi-mediated gene knockdown. (d) Homologous recombination. (e) Targeted genome editing
by CRISPR/Cas9 technology. Abbreviations: R, resistance marker; Gene, interested gene(s); S, sense strand; AS, antisense strand;
RuvC, RuvC nuclease domain; PAM, protospacer adjacent motif; HNH, HNH nuclease domain; crRNA, CRISPR RNA; tracrRNA, trans-

activating crRNA.

tag-like sequences that facilitate the identification of
the affected gene(s) [145]. Therefore, gene inactivation
by T-DNA mediated transposon insertion has been used
in functional studies on diverse plant species that have
in turn accelerated both basic research and applied
plant biotechnology. However, T-DNA has not been
demonstrated in algae thus far. Alternatively, by ran-
dom insertion of transforming cassettes, whole-scale
genome mutagenesis libraries have been generated
only in a single microalga C. reinhardtii [146]. The
mutant population has proved to be effective to dissect
the function of key genes in photosynthesis [147] and
TAG biosynthesis [148]. However, current methods for
flanking sequence retrieval tend to be species-specific:
the application of these methods is always constrained
to a single species and can only determine insertion
sites for that particular species, and even worse, at a
low frequency [149]. A tagged mutant library was
recently created for C. reinhardtii in a similar fashion to
T-DNA that was successful in A. thaliana [148]. It was

utilized to dissect genes involved in biological proc-
esses, such as photosynthesis [147] and CO, concentra-
tion [150,151]. The generality of this approach
highlights its potential in investigating the function of
non-lethal genes in many other microalgae. However, a
drawback is that loss-of-function mutations caused by
random disruptions are unlikely to probe the function
of lethal genes. In addition, the random mutagenesis
approach is of limited utility in studies targeting specific
genes and in hypothesis-driven tests.

RNA interference (RNAi)-mediated
gene knockdown

RNAi-based gene silencing is a superior approach for
the oriented knockdown of arbitrarily chosen genes
(Figure 2(c)). Despite the apparent loss of core elements
in many microalgal species [152], RNAi-mediated silenc-
ing appears to be widespread among algal lineages
[128]. Although its biological machinery remains elusive



[153], sophisticated systems for small RNAs have been
discovered in green, red, brown algae, diatoms, and
dinoflagellates [154-158]. RNAi-mediated knockdown
has been established for species including C. reinhardtii
[159], N. oceanica [128], and P. tricornutum [160].
Nevertheless, the RNAi method has several general
shortcomings such as unstable phenotype heritability
and unpredictable activities of target genes [161].

Targeted genome editing

To avoid unwanted phenotypes brought by random
transforming cassette insertion (when using overexpres-
sion) or off-target knock-down (when using RNAI), it is
desirable to develop tools for the precise modification
of pre-selected sequences. Traditionally, homologous
recombination is a routine practice for the genetic
manipulation of prokaryotes. It was also developed in
recombinogenic lower eukaryotes [162] (Figure 2(d)).
However, this method delivers only limited success in
most eukaryotic microalgae, where non-homologous
recombination tends to occur in preference to the hom-
ologous one [163]. These problems have been circum-
vented by developing strategies based on engineered
nucleases, which substantially facilitates targeted gene
disruption and is revolutionizing many areas of science
[164]. Although the zinc-finger nuclease (ZFN) and tran-
scription activator-like effectors (TALEN) are excellent
tools for targeted gene knockout, they have only been
proven to be useful in C. reinhardtii [165] and P. tricor-
nutum [166]. Clustered regularly interspaced palin-
dromic sequences (CRISPR/Cas9) technology is more
efficient and much easier in design than ZFN and
TALEN technologies [167]. The straightforward design
of CRISPR systems allow simultaneous disruption in
multiple genes [168] and the creation of CRISPR mutant
libraries [169] (Figure 2(e)). The list of applications of
CRISPR has expanded to include knock-in [170] and
CRISPR interference (CRISPRi), which involves inducing
sequence-specific interference of a target gene’s tran-
scription [171]. By CRISPR/Cas9-derived activator sys-
tems, multiple endogenous (non)coding genes can be
activated simultaneously [172]. The ability to upregulate
any endogenous gene(s) provides unprecedented
opportunities to look into and reconstruct cellular
behavior. Therefore, an increasing number of microalgal
species are engineered by CRISPR/Cas9 systems, such
as C. reinhardtii [165], Nannochloropsis sp. [24], and P.
tricornutum [173]. However, the CRISPR/Cas9-based
technology in microalgae is still in its infancy, as evi-
denced by low efficiencies and the need for more
intensive mutant screening than in plants and animals.
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To ensure efficiency and accuracy, standardized tar-
geted genome editing protocols should be developed
for microalgae on the basis of in-depth fundamental
investigations, particularly on the effects of endogen-
ous silence of introduced genetic materials [174].

From nucleus to organelle engineering

Nuclei, chloroplasts, and mitochondria are three mem-
brane-bounded organelles in the microalgal cell
Although most of the preceding examples involve
nuclear transformation, the nuclear expression has the
drawback of sensitivity to epigenetic effects and ran-
dom insertion, which can cause variable transgene
expression. In contrast, chloroplast engineering shows
several key advantages, such as absence of epigenetic
gene silencing, targeted localization of transgenes in
the genomes, and relatively high expression levels
[175]. Microalgal chloroplast genomes (e.g. in
Nannochloroposis sp.) possess approximately 120 genes
involved in photosynthesis and the gene expression
system [176]. In principle, all of these genes could be
precisely manipulated. Furthermore, a number of
nuclear gene products (such as those involved in
photosynthesis, oil metabolism, or plant hormone syn-
thesis) are targeted to plastids [177,178]. For example,
in Arabidopsis, more than 2000 nuclear-encoded pro-
teins are predicted to localize in chloroplasts and con-
tribute to cellular properties critical for the growth or
the production of essential cellular compounds [179].
This further enlarges the category of biological traits
which could be optimized by plastome engineering.
Although chloroplast transformation was initially devel-
oped in the green microalga C. reinhardtii [117], plastome
genetic engineering was more thoroughly developed in
and applied to plant species. The use of chloroplast engin-
eering to produce pharmaceuticals in crop plants presents
several fundamental challenges [180]. Problems include
slow plant growth [4], especially in cases when a high yield
and a recombinant product amount is required. This prob-
lem is further accentuated by the seasonal growth of
crops, as opposed to the year-round cultivation of microal-
gae. Moreover, transgene containment [181] is always
more difficult to cope with in plants than that in photo-
bioreactor-enclosed photosynthetic microalgae. Microalgal
platforms avoid many undesirable issues since these sys-
tems can be cultivated under tightly controlled and con-
tained conditions in closed photobioreactors. In addition,
the difference in codon usage in microalgae from that of
plants helps avoid contamination of the human food chain
with heterologous proteins due to cross-pollination [182].
Biocontainment can be improved further by codon
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reassignment of the transgenes in the chloroplast [119].
Taken together, barriers encountered in the use of plant-
based systems to produce recombinant protein or other
heterologous products would make them less attractive
than photosynthetic microorganisms, for example, microal-
gae and cyanobacteria [29]. More than 100 foreign or
native proteins have thus far been produced in algal chlor-
oplasts, including 40 different therapeutic proteins pro-
duced in C reinhardtii chloroplasts [183]. Table 4 shows
some case studies of chloroplast transformation. Further
examples are given in recent reviews [183].

However, despite some notable advances, microalgal
plastid transformation is only available for a relatively
small number of species [82]. Chloroplast transform-
ation has mainly relied on bombardment with gold
microparticles laced with the transforming DNA, which
is intractable for most microalgae. The smallest readily
available gold particles have a diameter of around
0.6 um which exceeds the dimensions of most microal-
gal chloroplasts [123]. An alternative method is via
polyethylene glycol (PEG)-mediated protoplast trans-
formation [184]. However, an intrinsic drawback of this
method is the requirement of cell wall removal prior to
transformation. Protoplast preparation is technically
demanding and effectively impossible for many micro-
algal species with complex cell walls [185]. A simple
and straightforward electroporation-based method was
recently devised for transforming Nannochloropsis
chloroplasts [123]. However, expression levels of trans-
genes in microalgal chloroplasts remain low compared
to plant plastid and cyanobacterial expression systems.
To bring plastome engineering into full play, it is critical
to establish protocols that enable efficient and reliable
expression for individual transgenes or entire pathways.
It is thus indispensable to identify several components,
such as constitutive promoters for robust expression
[118], controllable expression systems for spatially or
temporally inducible expression, and optimized genetic
elements for multigene expression [84,120]. Synthetic
biology principles have been applied to plastome
engineering, allowing ex vivo assembly, modification
and duplication of the entire Chlamydomonas chloro-
plast genome [186]. This proof of concept experiment
demonstrates that de novo synthesis of algal chloroplast
genomes is now possible.

From genetically modified (GM) to “non-GM”
engineering

GM crops have been commercially used for decades.
Available impact studies of pest-resistant crops show
that these technologies are beneficial to farmers and

consumers, producing large aggregate welfare gains as
well as positive effects on the environment and human
health [187,188]. Nonetheless, there has been substan-
tial debate regarding the merits and ethics of GM and
non-GM breeding technologies. Widespread public res-
ervations have led to a complex system of regulations
and in most countries, the commercial use and cultiva-
tion of GM organisms (GMOs) is heavily regulated [189].
For example, the EU arguably has the strictest regula-
tions in the world for the use of GMOs in both food
and feed. Specifically, organisms obtained by techni-
ques of genome editing (that cannot be distinguished
from a conventionally-bred variety or a naturally-occur-
ring variant; without GM tags) are regarded as GMOs
and subject to the same restriction as other transgenic
organisms [189]. GM microalgae are created by insert-
ing DNA-containing marker genes and additional GOls
into the host’s genome. A critical concern regarding the
GM approach is the risk of promoting antibiotic resist-
ance. To address this concern, techniques for generat-
ing transgenic algae should not rely on antibiotic
resistance markers. Thus, successful C. reinhardtii chloro-
plast transformation and strain selection protocol with
zero false-positives was achieved upon reconstitution
of a functional rbcL gene recovery of Rubisco catalytic
activity, coupled with the heterologous expression of
the Saccharomyces cerevisiae alcohol dehydrogenase
ADH1 gene in the algal chloroplast [190]. This recovery
of function, however, requires that photosynthesis-
lethal microalgal mutants, which act as the transgene
recipient strain, can be propagated heterotrophically.
Alternatively, a recombinase has been applied to
remove marker genes in engineered cyanobacteria
[191]. Extrachromosomal vectors, or episomes, offer
another tool for “non-GM” breeding in microalgae
[192]. Combined with genome editing techniques, engi-
neered cells of diatoms [193] and N. oceanica [194]
maintained the desired traits while episomes (harboring
the marker gene) were lost. It highlights the potential
to create a “non-GM” microalga by the development of
tools derived from episomes with specific and universal
algal hosts [195]. This highly efficient genetic system
will accelerate knowledge transfer from fundamental
research to tangible applications.

History of microalgal engineering approaches:
a starting point for future development

Genetic manipulation has been accomplished in a wide
spectrum of microalgae. In this section, we will revisit
viable ways to generate useful products by engi-
neered microalgae.
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Figure 3. Comparison between metabolic engineering and system biology. Adapted from [6].

Conventional gene engineering — technologies
based on single-enzyme encoding genes

Metabolic engineering is a purposeful modification of
metabolic pathways for customized or improved produc-
tion of useful compounds [196] (Figure 3). Historically,
metabolic engineering efforts in microalgae have largely
centered on modifying a single gene at a time, typically
one encoding a rate-limiting enzyme. Biosynthetic path-
ways are retrofitted to preferentially flux endogenous car-
bon toward desirable-end chemicals [23], but not to
byproducts [197]. Strategies adopted for this purpose
include yield improvement [102,198], substrate range
expansion [138], novel chemicals synthesis [26], and opti-
mization of cellular robustness [199,200]. Subsequent
developments in molecular and chemical biology led to
the design and reconstruction of complete metabolic net-
works and even whole organisms rather than just individ-
ual reactions. It is from these studies that the phrase “cell
factories” emerged. High-throughput omics techniques
make it possible to rapidly link genotypes and pheno-
types and to accelerate the engineering processes [201].
These revolutionary techniques and mindsets have trans-
formed metabolic engineering into a new field compris-
ing genome-scale engineering, which incorporates
computational biology, versatile approaches for interrog-
ating and understanding cellular metabolism, and multi-
plex optimizations to reach diverse phenotypes [202].

Transcriptional engineering - a control-knob-
gene-based approach

Mixed success has been achieved in microalgae using
the aforementioned conventional genetic engineering
strategies. In some cases, the abundance of the desired

metabolite remained unaltered. Transcriptional engin-
eering provides an alternative strategy where a control-
knob gene can be modified to simultaneously modu-
late multiple steps of a metabolic pathway [203]. Initial
attempts at trait improvement of microalgae by this
strategy involved expressing plant transcription factors
(TFs) and resulted in enhanced production of target
chemicals [204]. This success prompted a pursuit of
genome-wide identification of microalgal TFs [205],
which were subsequently utilized to optimize the
desired properties [24,202].

Synthetic biology - a systems-level precise
engineering

The advance of metabolic engineering along with the
increasing blending of DNA technology gave genesis to
the field of synthetic biology (Figure 3). A genetic tog-
gle switch prototype was first devised in bacteria by
metabolic engineers [206], elaborated by synthetic biol-
ogists [207], and consummated in mice [208]. Unlike
metabolic engineering, synthetic biology may use
unnatural molecules to create artificial biological sys-
tems [6]. While this approach has been successfully
implemented in bacteria, yeasts, higher plants, and ani-
mals by characterizing and collecting reusable and
standard biological parts [209,210], microalgal synthetic
biology remains in its infancy. Attempts have been
undertaken in only a handful of species. Their successes
have been modest because of the underdevelopment
of genetic tools and the limited knowledge of gene
regulation mechanisms in microalgae, as discussed pre-
cedingly [211]. However, advances in several species
(e.g. Nannochloropsis sp., C. reinhardtii, and P.
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tricornutum) are now allowing an expansion to the
realm of genome-wide reprogramming beyond conven-
tional individual gene manipulation [212]. Together
with the ongoing expansion of microalgal omics data-
sets, it is possible to use these species as chassis for
synthetic biology. A versatile and modular vector toolkit
has been generated for C. reinhardtii, which features a
standardized collection of reporters, selectable markers,
and targeting peptides that can be assembled and
repurposed [213]. Broadly speaking, this toolkit gener-
ation highlights the inaugural application of synthetic
biology in microalgal engineering and enables the
development of digital photosynthetic cells.

Future perspectives
Digital photosynthetic cells

Principles and methods of synthetic biology from well-
established systems are increasingly introduced into
microalgae. However, the development of microalgae
as true “programmable” entities is hampered not only
by the accessibility of well-characterized and repur-
posed genetic elements but also by a lack of high-
throughput methodology to identify, standardize, and
rationalize basic parts and modules, not to mention sys-
tems-level circuitry. This is true even for C. reinhardtii, of
which, among all microalgal species, the transcriptional
regulation and cellular metabolism are best under-
stood. The systematic knowledge of its regulatory ele-
ments and potential BioBricks remains elusive. Despite
these challenges, the development of standardized and
scalable methods for module assembly (e.g. Gibson
assembly and Golden Gate cloning), engineering (i.e.
transformation), colony handling (e.g. colony picking
robots), and high-throughput strain screening (e.g.
microfluidics) will give microalgal researchers unprece-
dented access to “digital photosynthetic cells” in which
each gene, pathway, and the biological process can be
quantitatively designed and modulated.

From proof of concept to tangible industrial
application

Enhancement in the microalgal biofuel R&D occurred in
the period between 2006 and 2011 because the global
petroleum price skyrocketed [214]. However, with the
2014 collapse in the price of fossil fuels, the renewable
biofuels field is at a crossroads and its further develop-
ment becomes foggy. End-products with an interest of
the algal community now mainly focus on primary and
secondary metabolites, such as proteins, essential oils,
specialty chemicals, and biopharmaceuticals. These

comprise sizable markets, albeit not as large as that
offered by the transportation fuels field. Moreover, the
diversity of natural secondary metabolite in microalgae is
far from being fully exploited, suggesting the promising
development of future R&D and commercialization.
Meanwhile, it may be necessary to fill the gaps between
laboratory R&D and tangible industrial production by
engineering microalgae with crucial and economically
relevant pathways of value-added compounds, such as
wax [102], astaxanthin [215], and non-native isoprenoids
(e.g. B-phellandrene; lupeol, bisabolene, patchoulol, gera-
nyllinalool, and 13R(+) manoyl oxide) [216,217]. Plant sec-
ondary metabolites are a valuable reservoir of drugs and
numerous of these compounds, such as ginsenosides and
artemisinin, are among the most promising and commer-
cially important biopharmaceuticals that can be generated
in microalgae and cyanobacteria. These pathways and the
associated key genes could be characterized using micro-
algal systems which resemble those of plants, but possess
unique advantages as mentioned above. Moreover, unlike
yeast or bacterial systems, microalgae are promising hosts
to produce these metabolites in scalable culturing sys-
tems. The development of market-ready drug-producing
systems using industrial microalgal strains is just begin-
ning [193,216-218].

To realize the economic viability of commercial micro-
algal products, there is a need to inform on several major
areas, including: (i) For newly identified species with
industrial potential, the challenge would be to deliver
exogenous DNA into the cells. (i) Universally applied
sophisticated engineering toolkits are essential in efforts
to produce versatile biochemicals and biomaterials for
agricultural, biomedical, and industrial ends. (iii) The
development of genetic circuits, gene switches, systems-
level circuitry, synthetic devices, synthetic genomes, gen-
ome editing technologies, and practices for microbiome
engineering [219] will benefit fundamental studies in
microalgal synthetic biology. (iv) Genome-wide activation/
knock down/knock out of multiple endogenous genes
and simultaneous overexpression of multiple exogenous
genes involved in target pathways or networks would
greatly facilitate the creation of “super” microalgal strains
as customized cell factories. (v) Although the application
of glycosylation mechanisms is largely untapped in micro-
algae [220,221], “humanization” of microalgae glycans via
glycoengineering would greatly facilitate the develop-
ment of active and safe biopharmaceuticals production
with proper folding and addition of immunogenic gly-
cans [39].

The sustainability of the target chemical productivity
in engineered algal cells has been assessed in bench-
scale (10L) [102] and in pilot-scale photobioreactors



(PBRs; 550L) [216] in controllable laboratory conditions
or in mimicked outdoor environments [24]. The scalabil-
ity and stability of introduced traits in GM microalgae
were also probed by culturing cells at different PBR
configurations and volumes [222]. Although engineered
phenotypes appeared to be stable and robust across
these tested scales (from 800 mL to 100L) and PBR con-
figurations (i.e. vertical column, vertical flat-plate, and
open raceway pond), reports on life-cycle assessments
of bioenergy or other value-added chemicals using
engineered microalgae are not yet available.

A barrier to the commercial-scale algal biofuel produc-
tion is the relatively high capital and operating costs of
PBRs, combined with the need to deliver fuel products at
very low cost, typically less than $1 per kg. Coupling bio-
fuel production with environmental applications, or the
co-generation of high-value products, could achieve
mutual benefits in renewable energy production and miti-
gation of greenhouse gas emission [223] or removal of
pollutants from wastewater [224]. Moreover, extensive
R&D is essential for studies on lowering the cost of down-
stream processing, such as industrial-scale cultivation,
contamination control, cell harvesting and disruption, and
extraction of target biomolecules. There is no doubt that
engineering technology, in particular, simultaneously tar-
geting/activation/overexpression/knockout of multiple
genes, would play critical roles in achieving the objective.
For example, truncated light-harvesting antennae of the
photosystems can be generated to improve sunlight
penetration and utilization, resulting in greater photosyn-
thetic productivity of cultures with a high cell density
under bright sunlight conditions [225]. Versatile contamin-
ant control strategies have also been developed for open
pond cultivation by modifying nutrition mode [226],
expressing herbicide resistance genes [227], or genome-
based chemical biology [228]. Target biomolecules could
be extracted using cost-effective cell disruption methods
by expressing algicides [229] or upon bypassing the dis-
ruption step employing an inducible green recovery strat-
egy [230]. Overall, sound opportunities exist for the
development of market-ready multiple-product systems
by employing microalgae as digital photosynthetic cells.

Conclusions

We have reviewed the trend of microalgal engineering
in the era of synthetic biology. In this article, the bio-
engineering of cyanobacteria, genomes, and evolution,
and applications of microalgae were not at the center
of our attention, but the bottleneck and the develop-
ment of the engineering techniques of eukaryotic
microalgae were considered. As mentioned, microalgal
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metabolic engineering, genome editing, and synthetic
biology are increasingly intervening in microalgal bio-
technology due to their numerous advantages over
mutagenesis strategies using chemical and physical
mutagens. Microalgal engineering technologies rapidly
transfer from empirical methods to quantitative design,
as that target genome editing and synthetic biology
play more and more important roles in breeding new
algae and the digital design of algal cellular metabol-
ism. The current trend explicitly demonstrates that
alongside technological progress in transforming tech-
niques, algal engineering develops mostly toward cus-
tomized  transformation  systems,  systems-level
precision engineering, and cells created without GM
tags. All these aspects are going to be integrated with
big data analysis of the increasing omics dataset.
Despite positive horizons, the costs, the development
of scale-up configurations, as well as the public con-
cerns about GMOs, are dominant challenges.
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