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Abstract

The last few years have seen an ever-increasing interest in the
exploitation of microalgae as an alternative platform to
produce high-value products such as biofuels, industrial
enzymes, therapeutic proteins, including antibodies,
hormones, and vaccines. Due to some unique attractive
features, engineering of the chloroplast genome provides a
promising platform for the production of high-value targets
because it allows manipulation of metabolic processes in
ways that would be impossible, or at least prohibitively
difficult through traditional approaches. Since its initial
demonstration in 1988 in Chlamydomonas reinhardtii, genetic
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1. Introduction

The world population is increasing at an exponential rate,
which is expected to cross the 9 billion mark by 2050. As a
result, the demand for several important industrial products
is also increasing. The high demand and low product yields
by conventional production systems are spurring their costs,
which is a compelling factor to devise strategies for their low-
cost production. Different platforms such as bacteria, yeast,
plants, insect cells, and so on have been reported for the
heterologous production of high-value targets with commercial
importance [1, 2]. Photosynthetic organisms especially green
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tools have been developed, which have made it possible to
produce high-value molecules in different species. However,
the commercial application of microalgae as production
platform is hindered by many factors like poor biomass, low
product yields, and costly downstream processing
methodologies. In this review, we discuss the potential of
microalgae to use as an alternative production platform for
high-value targets using chloroplast transformation
technology. © 2019 International Union of Biochemistry and Molecular
Biology, Inc. Volume 00, Number 0, Pages 1-11, 2019

plants and algae have emerged as the most affordable systems
for large-scale production of high-value targets (Table 1).
Microalgae are capable to grow either photoautotrophically or
heterotrophically, depending on the type of available carbon
source, making its cultivation potentially simple and cost
effective.

Microalgae are an extremely diverse group of eukaryotic
organisms, thriving in a variety of habitats including fresh
water, saltwater, marine as well as unproductive terrestrial en-
vironments, high temperature, and UV/high light radiations [3].
Consequently, many microalgal species have evolved unique
metabolic pathways whose products could be a source of com-
mercially valuable products such as carotenoids, polyunsatu-
rated fatty acids, proteins, phycobiliproteins, polysaccharides,
and antioxidants [4, 5]. Up to 90% of algal biomass can be
converted into food, feed, fuel, and high-value compounds [6].
Several properties including better growth rates (5-10 times
faster than crop plants), high lipid content (up to 50% of their
body mass), and mass culturing on less nutritive or even on
wastewater make microalgae a suitable host for the production
of high-value targets [3]. The concept of using microalgae
as “cellular factories” provides a low cost, low tech, and


https://orcid.org/0000-0002-9391-2089

@ Biotechnology and
17/ Applied Biochemistry
=

S8
700

Comparison of different expression systems

TABLE 1
Mammalian

Parameter Microalgae Plants Bacteria Yeast Insect cells cells
Capital cost Medium Low Medium Medium High Very High
Operating cost Low Low Low Medium High Very high
Scale up cost Medium Very low High High Very high Very high
Production scale Short Long Short Short Medium Long
Speed Fast Slow Fast Fast Medium Slow
Multigene Yes Yes Yes No No No

engineering
Glycosylation Yes, but absent Yes, but absent Absent Incorrect Yes Yes

in chloroplasts in chloroplasts

Contamination risk Low Low High Medium High High
Multimeric Yes Yes No No No No

assembly
Protein folding High High Low Medium High High
Protein yield High Low-High High Medium-high Medium Medium
Safety High Low Unknown Medium Low
Storage Low Low Costly Costly Expensive Very

expensive

Distribution Easy Easy Feasible Feasible Difficult Difficult

Source: Refs. 2, 7.

sustainable approach to produce high-value compounds. Sev-
eral microalgal species have been given the status of GRAS
(generally recognized as safe) such as Chlorella, Dunaliella,
and Haematococcus because of the absence of endotoxins,
viruses, or pathogens [8].

Microalgae offer a low-cost production platform for differ-
ent recombinant proteins, vaccines, antigens, and commercial
enzymes. As unicellular organisms, microalgae devoid of differ-
entiation, and for the most of their vegetative cycle, they remain
haploid, which makes genetic manipulation of their genomes
relatively easier compared to plants. All its three genomes—
nuclear, mitochondrial, and plastidial—can be transformed.
The green alga Chlamydomonas reinhardtii has emerged as a
model microalgal platform for carrying out genetic research as
well as a host to produce different recombinant proteins and
metabolites. According to a recent report, over 100 recombi-
nant proteins have been produced in algae, majority of which
were expressed in chloroplast [9]. Many of them are shown to
be active in laboratory trials.

Transformation of the chloroplast genome offers several
advantages compared to nuclear transformation such as stable
and uniform gene expression, site-specific integration of trans-

gene(s) into chloroplast genome, and compartmentalization
of the recombinant proteins inside the chloroplasts without
effecting the rest of the cellular activities. Therefore, there is a
considerable interest in exploiting the potential of chloroplast
transformation for rapid and efficient production of recom-
binant proteins and commercially important compounds [9].
As the chloroplast transformation is considered more suitable
compared with nuclear transformation, therefore, the focus
of this review would be on the production of recombinant
protein in the algal chloroplast. In this review, we give a brief
overview of chloroplast transformation in microalgae and dis-
cuss the potential of microalgal chloroplast for the production
of high-value targets at large scale. We also discuss different
bottlenecks that currently hinder the commercial applications
of this platform.

2. Different Features of the Algal
Chloroplast Genome

All plastids contain an inner envelope membrane bound
protein—-DNA complex that is termed as nucleoid. The plastid
genome, also termed plastome, is composed of 10-20 copies
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203,828 bp

Map of the Chlamydomonas reinhardtii chloroplast
genome (NC_005353.1) showing the organization
of different plastid genes. Genes on the inside are
transcribed clockwise, whereas genes on the
outside are transcribed counterclockwise. The
open reading frames of unknown function are
shown by ycf plus designation number. The circle
line inside the GC content graph (shown by gray
color) marks the 50% threshold with positions of
LSC, SSC, and IRs marked. Genes containing
introns are marked by an asterisk (*). Genes
coding for tRNA for an amino acid are indicated by
its one-letter code of that amino acid. The map was
constructed using a Web-based tool, OGDRAW
v1.3.1 [10]. Abbreviations: LSC, large single copy;
SSC, small single copy; IR, inverted repeat.

FIG. 1

of the DNA. It usually exists in a monomeric form, but may
also form dimers, trimers, and sometimes tetramers. The
size of algal chloroplast genomes varies between 100 and
200 kbp, with 100-120 protein-coding genes [11]. The largest
variation in chloroplast genome size has been observed for
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green algae, ranging from 37.4 kbp (Simulium jonesie) to
269 kbp (Dunaliella salina) [12]. Such large variations in
the genome size of land plant chloroplasts have not been
observed. Their genome size remains fairly conserve between
140 £ 20 kbp, for example. The plastome size for C. reinhardtii
is 203.8 kbp (Fig. 1), with 34.6% GC content [13]. The entire
C. reinhardtii chloroplast genome contains 99 protein-coding
genes including five genes coding for rRNA and 30 coding for
tRNA, 17 coding for ribosomal proteins and five genes coding
for the PEP core complex. The GC content and base pairing of
the C. reinhardtii plastome is comparable to that of Chlorella
(31.6%) and Arabidopsis (36.3%). The C. reinhardtii plastome
contains two inverted repeat (IR) regions of 22,211 bp each in
the outermost circle. These IR regions have been separated into
unique regions with 80,873 and 78,100 bp in size (Fig. 1). The
gene arrangement in C. reinhardtii is like that in land plants
with the exception of the ribosomal RNA gene (23S rRNA) that
is separated by an intronic region [14]. Figure 2 compares
number of genes involved in different cellular functions in

C. reinhardtii and tobacco (Nicotiana tabacum) chloroplast
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FIG. 2

genomes. The psbA gene is interrupted by four intronic regions
[15]. Interestingly, the plastid genome of C. reinhardtii has
several characteristic features that are not found in land
plants: (i) the presence of an unusual gene tscA gene that
encodes an RNA molecule involved in the trans-splicing of the
psaA transcript, (ii) the presence of tufA gene encoding the
transcription elongation factor Ef-Tu, (iii) the 7poC1 gene in
split form, (iv) two large ORFs (ORF1995 and ORF2971) of
unknown but essential functions, and (v) the loss of ndh genes
[16]. More than 20% of its genome are repetitive sequences
known as short dispersed repeats (SDRs). Despite similarity in
their function, the SDRs vary in size among different species
[16]. Such SDR variations may be due to evolutionary changes
in the genome. The addition of transposable elements or the
loss of genes as a result of mutations might have played a
role in the process [17]. Table 2 gives a summary of different
features of C. reinhardtii chloroplast genome.

3. Transformation of the Chloroplast
Genome: An Overview

Genetic engineering of the algal chloroplast holds a great

promise for the development of a variety of different products,
for example, recombinant proteins, vaccine antigens, industrial
enzymes, and biofuels [18]. There are many advantages of ex-
pressing transgenes in chloroplasts. For example, transgene(s)

15 20 25 30 35 40
Number of genes

Summary of different features of the C. reinhardtii

TABLE 2 ' chioroplast genome
Feature Values
Total sequence length 203,828 bp
Total CDS bases 77,235 bp
Average CDS length 1,119 bp
Total RNA bases 11,499 bp
Total number of protein genes 99
Total repeat bases 2,353 bp
Average repeat length 98 bp
Average intergenic distance 1,055 bp
Overall GC content 34.36%
Overall AT content 65.64%
Annotation Curated

Source: https://rocaplab.ocean.washington.edu/tools/cpbase/run/?gen-
ome_id=1698&view=genome
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can be integrated at a specific location on the chloroplast
genome through homologous recombination, avoiding the dis-
ruption of the reading frames of any local genes. Genes in
the chloroplast genome are organized in the form of groups,
called operons often transcribed from the same promoter.
Chloroplasts have the necessary machinery for cutting and pro-
cessing the polycistrons into individual readable transcripts,
which provides the opportunity to express multiple genes. This
feature is particularly attractive for engineering metabolic
pathways in which often expression of multiple genes is re-
quired [19-21]. The absence of gene silencing mechanisms in
the chloroplasts and their non-Mendelian inheritance ensure
uniform gene expression. Chloroplasts have the capacity to
express foreign genes at extraordinary levels [22, 23]. More-
over, as a cellular compartment, chloroplasts can act as a safe
subcellular compartment for the accumulation of foreign pro-
tein(s), without disturbing the biology of the rest of the cell [24].
Overall, transplastomic technology represents an important
and feasible approach for the production of high-value targets
at large scale [19].

Although chloroplast transformation has been reported in
several higher plant species too [25-30], the transformation of
algal chloroplast offers certain advantages over higher plants.
For example, higher plants contain several thousand copies of
the chloroplast genome in each cell, transformation of each of
those is quite challenging [31]. Contrary to higher plants, most
of the algal species contain only one chloroplast per cell. The
process of transforming the higher plant chloroplast genome
is, therefore, quite lengthy and complicated. It takes several
months to develop stable homoplasmic plant lines compared
to microalgae, which can be transformed and harvested in
just weeks. The open field cultivation of transplastomic crops
expressing foreign genes run the risk of contaminating food
crops. The microalgal platform offers tight control over its
cultivation by their growth in fermenters or photobioreactors,
without the fear of releasing transgenes mixed into the food
chain.

The fundamental difference between plastid and nuclear
transformation is in the construction of the vector carrying the
transgene of interest. Plastid transformation vector consists
of two flanking elements homologous to the host plastid DNA
ranging from 1 to 2 kbp in size. The transgene expression
cassette and the selection cassettes are introduced in between
these regions. It is possible to construct host specific vectors
that can be used as a universal chloroplast vector. However,
low transformation efficiency and reduced expression levels
have been reported for this approach [32]. After construction
and confirmation of the gene orientation, the vectors are
then delivered to the explants. Figure 3 outlines the vector
construction scheme and the transformation procedure for
microalgae chloroplast.

As cellular compartments that are separated from the
rest of the cell by typically two membranes, for example, the
outer and inner envelope membrane, chloroplasts provide an
excellent containment for toxic recombinant proteins. They

Biotechnology and Applied Biochemistry

lack the mechanism or machinery to export foreign proteins.
This feature allows the use of plastids as a potential site for
heterologous protein expression that would be toxic when
expressed in the cytosol (via nucleus). The transformation of
microalgae chloroplast (C. reinhardtii) was reported in 1988
by using particle bombardment [33]. This transformation
method used tungsten particles to penetrate agar-plated
Chlamydomonas cells. Apart from tungsten particles, gold
nanocarriers coated with vector have also been successfully
applied in C. reinhardtii chloroplast transformation. Once inside
the chloroplast, insertion of the foreign gene occurs through
the resident homologous recombination process (Fig. 3). Early
devices used for the biolistic transformation used gunpowder
for the bombardment process [34]. Nowadays, gene guns are
powered by helium, as it is a better propellant and offers higher
transformation rates [35]. Apart from the biolistic method,
several other chloroplast transformation techniques have been
introduced that involve chloroplast targeting by using transit
peptide sequences [36] and agitation of cells with glass beads
(reviewed in Ref. [35]). During the biolistic method, cells are
kept in dark for some period after particle bombardment and
are then transferred to selection plates. The selective agar
plates contain usually an antibiotic that allows for selection
of transformants based on the inserted selectable marker.
Only cells that carry the antibiotic resistant gene can survive
on the selective plates. The most commonly used selectable
markers for C. reinhardtii are the bacterial aadA and aphA6
genes that confer spectinomycin and amikacin resistance,
respectively [35]. Initially, few copies of the plastome are
transformed, which are then allowed to multiply in the presence
of selection to achieve homoplasmy. Once the homoplasmy is
achieved, transformants can be stably maintained even without
selection. Finally, the putatively transformed cells are subjected
to molecular screening (PCR analysis, southern blotting),
biochemical analyses (immunoblotting, mass spectrometry,
activity assays), or microscopy (when transgenes are tagged
with a reporter gene like GFP) to confirm the presence and
expression of the transgene. Once a stable transplastomic line
is obtained, the marker gene(s) can be excised as they are no
longer required. Various systems have been developed for the
excision of selective markers, for example, the integrase (Int)
phage recombinase system, Cre/loxP, or via direct repeats for
intrinsic homologous recombination [37].

4. Various Products from Transplastomic
Algae

Several recombinant proteins, therapeutics, commercial en-
zymes, and metabolites have been produced in microalgae by
transforming the chloroplast genome. Predominantly, these
have been produced in C. reinhardtii because of the availability
of transformation protocols for this alga. The first attempt to
produce commercially high-value compounds was the expres-
sion of a human large single-chain antibody in the chloroplast
of the green algae, C. reinhardtii [38]. A patented chloroplast
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UTRs, untranslated region; GOI, gene of interest;
SMG, selectable marker gene; RTR, right targeting
region; LTR, left targeting region.

FIG. 3

transformation technology using particle bombardment for C.
reinhardtii describes the robust expression of a mammalian
gene mammary-associated serum amyloid protein (M-SAA).
The M-SAA is usually present in the colostrum of mammals
that helps fight bacterial and viral infections in newborns.
When produced in larger quantities using an algal expression
system, this protein could be administered orally to animals
lacking this protein in their colostrum. Therefore, large-scale
production of this protein would be industrially important.
The patent describes the methodology to achieve high-level
expression of M-SSA (~10% total soluble proteins [TSP]) in C.
reinhardtii chloroplast [23].

Another study conducted to test the heterologous expres-
sion of a bifunctional enzyme (diterpene synthase) with a
molecular weight of 91 kDa in the chloroplast of C. reinhardtii
demonstrated that the protein could accumulate to as much
as 3.7% TSP [39]. This study concluded that algal biosystems
could serve as a platform for a higher and stable expression
system of relatively large proteins. Another study in which a
plant cytochrome P450 encoding gene from Sorghum bicolor
(CYP79A1) was expressed in the chloroplast of C. reinhardtii
showed an increased production of diterpenoids (900 ng/mL
of the culture) [36]. Wannathong et al. [40] used glass beads
for the transformation of algal chloroplast and reported that

(transformed)

recombinant human growth hormone could be stably expressed
up to 25 pug/mL. In another study, Castellanos-Huerta et al. [41]
performed biolistic transformation of C. reinhardtii chloroplast
to express avian influenza virus (AIV) protein. The results of
this study indicated stable expression of the recombinant AIV
coat proteins, and ELISA results revealed the antigenic potency
of the recombinant protein. The protein interaction revealed
hemagglutination upon interaction with different monoclonal
and polyclonal antibodies. This study demonstrated the po-
tential of transplastomic algae in poultry industry for the
production of recombinant proteins in bulk quantities. Dejti-
sakdi and Miller [42] overexpressed a cyanobacterial enzyme
fructose-1, 6-bisphosphate in the chloroplast of C. reinhardtii.
The overexpression of this enzyme in higher plants is known
to increase biomass. Overexpression of this enzyme in the C.
reinhardtii chloroplast resulted in an increase of up to 1.4-folds
TSP as compared to the wild-type while negatively impact-
ing the algal biomass production [42]. In a recent study, Fae
et al. [43] performed a comparative analysis for the produc-
tion of a bacterial endoglucanase in two expression systems
(tobacco and C. reinhardtii). The expression levels in tobacco
chloroplasts reached 8%-10% of total protein, whereas only
0.003% of TSP could be observed for C. reinhardtii. Although
the microalgal platform did provide lower protein yields com-
pared to tobacco chloroplasts, however, the protein was stably
expressed. Recently, Yang and coworkers [44] expressed bac-
terial proteins in C. reinhardtii chloroplasts as a fusion of the
foreign protein to highly expressing regulatory elements. For
the bacterial Cel6A protein, that was fused to the downstream
box of TetC (fragment from the tetanus toxin) promoter and
terminator, protein accumulation of about 0.3% TSP could

Microalgae Producing High-Value Industrial Targets



Summary of different industrial products produced in microalgal chloroplasts

TABLE 3
Microalgal Transformation
host Target gene method Outcome Reference
C. reinhardtii VHH against Botulinum neurotoxin (BoNT/A) Biolistic 5% of total soluble protein [45]
(TSP)
C. reinhardtii AppA phytase gene from E. coli Biolistic 10 units of phytase/gram [46]
C. reinhardtii bkt1 gene from H. pluvialis Chloroplast New ketocarotenoid [47]
targeting detected namely, 4-keto-
lutein/ketozeaxanthin
P, tricornutum Human IgG against hepatitis B surface Biolistic 8.7% of TSP [48]
antigen (HBsAg)
C. reinhardtii Synthetic gene NCQ coding for a bioactive Biolistic 0.16%—-2.4% of TSP [49]
peptide (chimeric protein)
C. reinhardtii E7GGG gene of human papilloma virus for Glass beads 0.12% of TSP [50]
vaccine development
N. salina AtWRI1 transcription factor gene from Biolistic Biofuel contents increased [61]
Arabidopsis for biofuel enhancement up to 64% as compared to
wild-type
C. reinhardtii VP28 expression against white spot Biolistic >20% of TSP [52]
syndrome virus (WSSV)
C. reinhardtii CD22 (B-cell surface antigen) fused to PE40 Biolistic Immunotoxin accumulated [53]
endotoxin A of Pseudomonas aeruginosa successfully in the
eukaryotic platform
C. reinhardtii VP1 as mucosal vaccine against foot and Biolistic 3% of TSP [54]
mouth disease (FMD)
C. reinhardtii E2 gene expressing classical swine fever Biolistic 1.5%-2% of TSP [565]
virus structural protein as vaccine
C. reinhardtii CD22 (B-cell surface antigen) fused to Biolistic 0.1%-0.3% of TSP [24]
gelonin endotoxin gene from Gelonium
multiform
C. reinhardtii Staphylococcus aureus binding domain D2 Biolistic 0.7% of TSP and showed [56]
fused to cholera toxin B subunit (CTB) successful immunization
of mice against S. aureus
C. reinhardtii VEGF and HMGB1 genes expressed in algal Biolistic VEGF levels showed up to [57]

plastids

be obtained. In another study performed by Carrizalez-Lépez
et al. [58], three peptides that have a role in reducing blood
pressure (antihypertensive activity) were expressed in C. rein-
hardtii chloroplast under the control of the rbcL promoter.
The results showed that the protein content was 34.4 ng of
the algal biomass. When administered to laboratory rats that
suffered from spontaneous hypertension, blood pressure was
lowered after 6 h. Together these results demonstrate that algal
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3% of TSP and HMGB1 up
to 2.5% of TSP

chloroplasts could be an excellent platform to produce impor-
tant pharmaceuticals. A recent study by Perozeni et al. [59]
showcases the potential of genetic engineering and chloroplast
targeting in C. reinhardtii. Typically, the g-ketolase enzyme is
encoded in the nuclear genome of C. reinhardtii and expressed
at an almost negligible level, so that it is even considered a
pseudogene. The enzyme is usually actively involved in the con-
version of B-carotene to the zeaxanthin and astaxanthin, which



are well-known antioxidants. Interestingly, by redesigning and
optimizing the codons of this gene, by adding intronic regions
from the host’s own Rubisco small subunit II, and by adding
the chloroplast transit peptide sequence from the subunit D of
photosystem I, the enzyme was expressed and localized to the
chloroplast. The transformed cells displayed a reddish-brown
color and produced ketocarotenoid at up to 4.5 mg/L/day.
This production was found to be in the approximate range
of carotenoids produced by H. pluvialis, a natural high ac-
cumulator of carotenoids. See Table 3 for the list of salient
commercially important compounds produced recombinantly
in the algal chloroplast.

5. Extending Chloroplast Transformation
to Other Algal Species

Research and development in plastid biotechnology are still a
challenge for most of the microalgae species. With over 70,000
species, microalgae represent a vast unexplored potential re-
source. Several algal species have evolved exclusive metabolic
pathways that lead to the production of commercially valued
compounds [21]. Therefore, microalgae can be considered as
biochemical factories that produce a range of valuable com-
pounds of commercial importance [24, 60]. To date only a few of
them have been exploited to produce recombinant proteins in
their chloroplasts [7, 61]. Several attempts have been made to
extend chloroplast transformation to other algal species. In this
section, we discuss few examples that report successful trans-
formation of the chloroplast genome in different microalgae
other than C. reinhardtii.

Platymonas (Tetraselmis) subcordiformis is a marine
unicellular green alga, which due to its high nutrient content
is widely used as feed in aquaculture. In addition to its usage
as feed, it has been reported to produce H, [62], making
it a potential source for H, production for commercial use.
Therefore, its genetic manipulation holds great promise for
industrial applications. Cui et al. [63] reported successful
chloroplast transformation in P. subcordiformis by expressing
GFP in its chloroplast using Basta as selectable marker due
to insensitivity of this alga to spectinomycin, streptomycin,
or kanamycin. It is noteworthy that Basta has been failed
as selectable marker for recovering tobacco transplastomic
plants due to its lethality. The establishment of chloroplast
transformation technology in this algal species may offer new
opportunities for industrial applications.

Nannochloropsis is a genus of algae that includes different
and important species for commercial applications to produce
foreign proteins. These algal species have also been genetically
engineered to produce various biofuels. They are relatively
easy to culture and large-scale cultivation is conducted by var-
ious companies and institutes [64, 65]. Recently, Gan et al. [66]
used electroporation to successfully transform the chloroplast
genome of an oleaginous marine microalga Nannochloropsis
oceanica, where an introduced GFP-tagged transgene could be
detected by fluorescent microscopy as well as by laser confocal
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scanning microscopy. One notable observation of this study
however was that the transformation efficiency remained quite
low, which must be improved to make it commercially feasi-
ble. Nevertheless, the study demonstrated successful genetic
manipulation of the Nannochloropsis oceanica chloroplast
genome to use them as cellular factories for the production of
commercially important compounds.

Haematococcus pluvialis is another algal species of high
commercial potential. It is the main source of natural astax-
anthin, a high-value secondary carotenoid with antioxidant
properties. However, its accumulation takes place only under
stressful conditions such as nutrient starvation, exposure to
high salt concentrations or high light. Genetic manipulation
of H. pluvialis chloroplast holds great potential for industrial
applications in human health, for example, for treating chronic
inflammatory diseases, cancer, metabolic disorders, and for
preventing neurodegeneration processes [67]. Galarza et al.
[68] showed that H. pluvialis chloroplasts could be transformed
by particle bombardment. They overexpressed an endogenous
enzyme phytoene desaturase under the light-inducible psbA
promoter. The transformed cells could accumulate up to ~67%
more carotenoid astaxanthin than the wild-type cells under
high light intensities.

These examples are good indications that plastome en-
gineering of microalgae is a promising approach for the
large-scale production of important industrial products in the
future, so that increasing energy and fuel demands might be
met. Table 4 enlists different algal species in which chloroplast
transformation has been established.

6. Conclusion and Perspectives

Algae are being used as a production platform for a range of
products because of their comparatively easy and relatively
cost-effective cultivation. Even though plant chloroplasts also
provide an excellent platform for the efficient production of
foreign proteins at quite high levels (~70% TSP) [22], a major
concern with plants is the possibility of transgene outcrossing
to other species [31, 69]. In contrast, microalgae are relatively
easy to handle compared to transgenic plants, as they are
typically maintained in liquid cultures or on petri-dishes and
containment is much more easily ensured [8, 35, 70]. Products
from GRAS-designated species can easily be used for topical
applications by directly using the algal lysates that contain the
therapeutic protein(s). Moreover, therapeutics produced in this
way could also be modified further to yield certain vaccines
and drugs that could be administered to patients orally without
the risk of harmful effects linked to their dosage form [7].
Until recently, progress in the field of genetically engineer-
ing microalgae has been quite slow. Approaches that had been
used effectively for the transformation of other systems like
plants were ineffective for microalgae, primarily because of the
extensive evolutionary distance between the organisms [19].
Therefore, new transformation techniques are being developed
to extend chloroplast transformation to other algal species. The

Microalgae Producing High-Value Industrial Targets



List of algal species in which chloroplast transformation has been reported (only first report is included)

TABLE 4
Algal species Gene of interest Trait Reference
Platymonas subcordiformis bar Phosphinothricin acetyltransferase [63]
Porphyridium spp. AHAS Acetohydroxyacid synthase [71]
Nannochloropsis oceanica gfp, BLE Green florescent protein, Zeocin [66]
resistance
Euglena gracils aadA Resistance to spectionomycin and [72]
streptomycin
Haematococcus pluvialis aadA Resistance to spectionomycin and [73]
streptomycin
Dunaliella tertiolecta Xylanase, a-galactosidase, Resistance to erythromycin [74]
phytase, phosphate endo-1,4-8-xylanase
anhydrolase, and B-mannosidases
B-mannanase «a-D-Galactoside galactohydrolases
Phytases, cysteine proteases
Amphidinium carterae Chl Resistance to chloramphenicol [75]
Phaeodactylum tricornutum CAT Resistance to chloramphenicol [76]

green alga C. reinhardtii—a long-standing model organism for
molecular biology and chloroplast genetics of microalgae—has
contributed significantly to establish new ways for the devel-
opment of stable chloroplast transformation in other algal
species

A major issue of expressing transgenes in chloroplasts as
shown in Table 1 could be the absence of glycosylation, the
enzymatic attachment of polysaccharide units to the proteins.
Glycosylation is often considered necessary for the protein func-
tioning and stability. However, some reports show that when
glycoproteins were expressed in higher plant chloroplasts, for
example, xylanases and Type I Interferon «2b; they were found
active and stable like native proteins [77-80]. More work is
needed though to rule out the effect of absence of glycosylation
on protein stability of chloroplast-made proteins.

Overall, the microalgal chloroplast has emerged as an
alternative platform to produce high-value targets at large
scale; however, the successful demonstration for commercial
application of this platform is hindered by low biomass pro-
duction, poor gene expression levels, and costly downstream
processing methodologies. The improved understanding of
gene expression mechanisms due to research on C. reinhardtii
has resulted in improving the genetic transformation methods
of algal chloroplasts as well as expression levels of recombi-
nant proteins. It is imperative to reduce the costs for productive
recovery, which currently account for 60% of the total produc-
tion cost [3]. Therefore, efforts should be made to genetically
modify strains for efficient product recovery to reduce product

Biotechnology and Applied Biochemistry

recovery costs for example by the excretion of product to the
medium, induction of auto flocculation, or autolysis. More work
will be needed to address the issues like biomass production,
development of strains with reduced antenna size for better
light penetration especially under mass cultures, and designing
efficient harvesting strategies for making microalgae a compet-
itive production platform for pharmaceutical, industrial, and
nutritional applications.
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