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Abstract Chlamydomonas reinhardtii has many advan-

tages compared with traditional systems for the molecular

farming of recombinant proteins. These include low pro-

duction costs, rapid scalability at pilot level, absence of

human pathogens and the ability to fold and assemble

complex proteins accurately. Currently, the successful

expression of several proteins with pharmaceutical rele-

vance has been reported from the nuclear and the chloro-

plastic genome of this alga, demonstrating its usefulness

for biotechnological applications. However, several factors

affect the level of recombinant protein expression in

Chlamydomonas such as enhancer elements, codon

dependency, sensitivity to proteases and transformation-

associated genotypic modification. The present review

outlines a number of strategies to increase protein yields

and summarizes recent achievements in algal protein pro-

duction including biopharmaceuticals such as vaccines,

antibodies, hormones and enzymes with implications on

health-related approaches. The current status of bioreactor

developments for algal culture and the challenges of scale-

up and optimization processes are also discussed.
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Introduction

Microalgae have the potential to revolutionize biotech-

nology since they have many features that are desirable as a

commercial recombinant protein expression system,

including high growth rate and ease of cultivation, with the

ability to perform post-transcriptional and post-transla-

tional modifications (Surzycki et al. 2009). Microalgae also

exhibit superior photosynthetic efficiency, being approxi-

mately three times more efficient in using light than higher

plants (Shimizu 1996). Furthermore, microalgae contain

large amounts of proteins ranging from 50 to 70% of the

fresh weight. This is a much higher percentage than the

choicest edible parts of any higher plant or animal (Pass-

water et al. 1997).

Another feature which facilitates rapid progress in

developing transgenic microalgae strains is that there are

well-established transformation methodologies for chloro-

plast and nuclear genomes, with a relatively short time

required between the generation of initial transformants

and the assessment of protein expression (Boynton et al.

1988; Harris 1989; Franklin and Mayfield 2004). Addi-

tional benefits include the ability to produce secreted

proteins and the availability of a wide variety of well-

characterized chloroplast and nuclear promoter elements

(Rochaix 1996; Rochaix et al. 2000).

Communicated by R. Reski.

A contribution to the Special Issue: Plant Molecular Pharming in

2012 and Beyond.

S. Rosales-Mendoza � R. E. Soria-Guerra (&)

Laboratorio de Biofarmacéuticos Recombinantes,
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Besides the fact that most green algae are classified as

‘‘Generally Regarding As Safe’’ (GRAS), they can be

cultivated in full containment reducing any concern about

environmental contamination. These characteristics make

these systems an attractive approach for the expression of

recombinant proteins (Mayfield and Franklin 2005; May-

field et al. 2007).

To date, the large majority of current work is performed

with Chlamydomonas reinhardtii, as it is the best charac-

terized of the microalgal species. Transformation of the

C. reinhardtii chloroplast genome was demonstrated

20 years ago (Boynton et al. 1988), and is achieved by site-

specific recombination between homologous DNA

sequences present in the construct and target plastome

(Newman et al. 1990). C. reinhardtii encloses a single large

chloroplast that occupies approximately 40% of the cell

volume. That chloroplast contains its own genome, which

is a circular molecule of approximately 200 kb, and each

chloroplast contains approximately 80 identical copies of

the genome. Consequently, stable transformation of the

chloroplast requires that all 80 copies convert to the

recombinant form. In contrast to the typical nuclear

transformation, plastid transformation is frequently per-

formed via homologous recombination; hence, integration

events can be precisely targeted to any region in the

chloroplast genome that contains a so-called ‘‘silent site’’

for transgene integration (Newman et al. 1990; Goldsch-

midt-Clermont 1991).

The continuing development of genetic engineering

tools for this microalgae has allowed the expression of

recombinant vaccines (Dreesen et al. 2010), fully func-

tional antibodies (Franklin and Mayfield 2005; Tran et al.

2009), other therapeutics (Boehm 2007; Weathers et al.

2010), and proteins of biotechnological relevance (Li and

Tsai 2009; Voigt et al. 2004) at economically viable levels.

However, many obstacles remain to be overcome before

microalgae can be considered standard expression systems.

The aim of this review is to examine the factors affecting

protein expression and strategies for its mainstream

implementation; it also describes current successes in algal

protein production and provides an outlook for the future of

microalgal biotechnology.

Factors affecting protein expression and strategies

for its increase

Promoters, 50 and 30UTR sequences

One of the main objectives in molecular farming is the pro-

duction of recombinant proteins at high yields. To achieve

high yields, expression-construct design must optimize all

stages of gene expression, from transcription to protein

stability; therefore, the expression constructs in which the

transgene is bracketed must include various regulatory ele-

ments that are known to be optimal in microalgae.

For high-level transcription, the most important ele-

ments are the promoters and 50/30 regulatory mRNA

untranslated regions (UTRs).

The PsaD, RbcS2 and HSp70A promoters have been

widely used to drive nuclear gene expression in C. rein-

hardtii and they are currently considered the best consti-

tutive promoters available (Schroda 2006; Fischer and

Rochaix 2001; Kindle 1998). In chloroplast of C. rein-

hardtii, the rbcL, atpA, psbD and psbA promoters and their

respective UTRs are now the most popular choice (Manuell

et al. 2007; Surzycki et al. 2009).

Nuclear promoters

The most widely used constitutive promoter in C. rein-

hardtii has been that from RbcS2, which has been used to

express a non-acetylable a-tubulin, reaching a fivefold

overexpression compared to the TubA promoter (Koz-

minski et al. 1993). The RbscS2 promoter has since been

used in constructs to express the Cry1, ble and aadA genes

(Cerutti et al. 1997; Stevens et al. 1996; Nelson et al.

1994). However, other constitutively active promoters are

shown to be highly active in chimeric constructs (see

Table 1).

In 2001, Fischer and Rochaix created a new nuclear

expression vector for C. reinhardtii using a genomic

fragment containing the PsaD gene. This vector allows an

efficient expression of the Ble and Arg genes, which serve

as endogenous and exogenous selectable markers, respec-

tively. According this report, the main advantage of the

PsaD is that the full regulatory sequence appears to lie

within its promoter and 50 and 30 untranslated regions. In

addition, this vector is particularly useful for gene

expression as it does not require the time-consuming

insertion of introns to enhance the expression.

Synthetic promoters have also been developed by fusing

the Hsp70A (heat shock protein 70A) promoter to other

Chlamydomonas nuclear promoters (Schroda et al. 2000).

In that study, the authors demonstrated that the Hsp70A

promoter serves as a transcriptional enhancer of promoters

RbcS2, b2-tubulin and Hsp70B leading to improved

transgene expression in Chlamydomonas under inducing

conditions. Additionally, these promoter fusions exhibited

new regulatory properties. Furthermore, it was demon-

strated that the transformation efficiency is significantly

increased when the Hsp70A promoter is fused upstream to

the RbcS2 promoter, driving the expression of the aadA

cassette (Schroda et al. 2000).

Another relevant strategy in this field has been focused

in the design of Chlamydomonas strains that efficiently
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express nuclear transgenes, which consists in introducing

mutations that prevent the epigenetic transgene suppression

mechanism. Neupert et al. (2009) generated several UV

strains mutants. Among these, the UVM4 and UVM11

strains showed the highest levels in transgene expression,

probably because these strains contain a mutation within an

endogenous gene which encodes a regulator of chromatin

structure.

Chloroplast promoters

Previous works have identified regions within the 50UTR that

can dramatically impact on mRNA stability and potentially

be used to increase mRNA stability as a means to increase

recombinant protein synthesis (Salvador et al. 2004; Suay

et al. 2005). This is achieved probably through interaction of

endogenous UTRs and coding regions which results in sec-

ondary structures that enhance translational efficiency by

interactions with trans-acting protein factors (Vaistij et al.

2000; Eberhard et al. 2002; Franklin and Mayfield 2004).

Some studies have revealed that translational efficiency is a

rate-limiting step for chloroplast gene expression and have

shown that the 50UTRs of plastid mRNAs contain key ele-

ments for translational regulation (Gallie 1998; Wells et al.

1998; Eberhard et al. 2002; Nickelsen 2003).

In 2005, Barnes et al. assessed the effect of various

endogenous UTRs on recombinant protein expression in

C. reinhardtii chloroplasts. Using the promoters and 50UTR

of five C. reinhardtii chloroplast genes, atpA, rbcL, psbA,

psbD and 16S rRNA, fused to a codon-optimized gfp

reporter followed by the 30-UTR of either the atpA, rbcL,

psbA or tRNAarg genes, they obtained a series of chimeric

genes which were integrated in the chloroplast genome.

The examination of mRNA accumulation from this set of

reporter constructs demonstrated that each of the different

promoters and 50/30-UTRs constrain the accumulation of

chimeric mRNAs at very different levels. They observed

that the protein accumulation was in general proportional

to the mRNA accumulation, obtaining the highest levels of

recombinant protein using both the atpA or psbD promoters

and 50UTRs; a much lower protein accumulation was

observed under control of rbcL and psbA, even no

expression using the 16S rRNA 50UTR was detected

(Barnes et al. 2005). In a recent work, Rasala et al. (2010)

reported that psbA and atpA chloroplast promoters support

the expression of three recombinant proteins comprising

14FN3, VEGF and HMGB1. Interestingly, the psbA pro-

moter along with the corresponding UTRs results in a

20-fold increase on protein accumulation in comparison to

those levels reached by constructions carrying the atpA

promoter and its 50UTR (Table 2).

Also, in 1999, Eibl et al. reported that efficient transla-

tion of chimeric transcripts in tobacco chloroplast is

dependent on the 50 leader rather than the 30UTR. How-

ever, it has been proposed that the RNA secondary struc-

tures in the 30UTR have functions in mRNA stabilization,

30 end elongation, transcription termination, and transcripts

accumulation in C. reinhardtii chloroplasts (Stern et al.

1991; Blowers et al. 1993; Rott et al. 1998).

Kasai et al. (2003) using a non-photosynthetic rbcL-

deficient strain (mutant DEVL) have demonstrated that

using atpA and psbD chloroplast promoters and 50-UTR in

chimeric constructs did not affect heterologous gene

expression, employing a translational fusion comprising

the uidA reporter gene and the coding region of either atpA

and psbD gene. No significant changes were observed in

the expression of these fusion proteins in comparison to the

native genes. In contrast, other chimeric constructs con-

taining psbA and rbcL promoters along with the corre-

sponding psbA and rbcL genes, showed more dependence

on the unrelated fused sequence (Table 2). A possible

explanation for this is that the rbcL and psbA UTRs interact

with the GFP or GUS coding regions in such a way as to

limit translation of these chimeric mRNAs. It is possible,

for example, that these heterologous coding sequences may

prevent the formation of RNA secondary structures that are

recognized by translation factors or favoring the ribosome

binding at the initiation codon (Barnes et al. 2005). In a

recent work, however, Rasala et al. (2011) reported high

levels of heterologous protein accumulation using the psbA

Table 1 Nuclear promoters of

Chlamydomonas reinhardtii
used for the expression of

heterologous proteins

Promoter Gene source Reference

RbcS2 Ribulose bisphosphate carboxylase

small subunit

Kindle (1998)

TubA1 Alpha-tubulin Kozminski et al. (1993)

Pcy1 Plastocyanin Quinn and Merchant (1995)

AtpC Gamma-subunit of chloroplast

ATPase

Quinn and Merchant (1995)

b-tub b-Tubulin Blankenship and Kindle (1992)

PsaD Photosystem I complex Fischer and Rochaix (2001)

Hsp70A Heat shock protein 70A Schroda et al. (2000)
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promoter/50UTR but only in a psbA-deficient genetic

background.

Other report that supports the critical role of the trans-

lational regulation was published by Coragliotti et al.

(2011) in which it is speculated that some recombinant

mRNAs have sequences that impart a general disability to

recruit translation factors, independently of the light con-

ditions. A careful analysis of all translation steps was

therefore recommended, including the study of the nature

of potential 50UTR-coding region interactions and the

identification of trans-acting factors that impact translation

of chloroplast mRNAs at different levels.

One strategy to be explored in chloroplast of C. rein-

hardtii is the use of the 50UTR from the phage 7 fused with

the first ten aminoacids of the N-terminal of the coat pro-

tein gene of potato virus X, which has been demonstrated

in other systems such as plants and bacteria, to be useful in

obtaining the highest expression levels (Hefferon et al.

2000; Herz et al. 2005).

All of these data suggested that the translation and

mRNA accumulation are determined primarily by the

promoter and 50UTR; therefore, the choice of promoter and

regulatory regions are critical factors to consider for each

protein of interest in order to achieve high yield of

recombinant proteins.

Codon dependency

The accumulation of transgenic protein depends not only

on the transcription rate of its coding gene, determined

principally by the promoter and UTR sequences used, but

also on the steady-state level of its mRNA, efficiency and

translation rate of the mRNA and stability of the protein.

Expression in heterologous systems has demonstrated the

importance of altering codon usage in order to increase the

rate of protein production. Transgenes from heterologous

species often have a different codon bias to the host cell,

which might result in pausing at disfavoured codons and

truncation, misincorporation or frameshifting (Campbell

and Gowri 1990) and also may decrease their susceptibility

to silencing (Heitzer et al. 2007).

The chloroplast of C. reinhardtii displays such codon

bias, with codons containing adenine or thiamine nucleo-

tides in the third position favored over those with guanine

or cytosine (Nakamura et al. 1999). Several works have

confirmed the impact of altering the codon composition of

a transgene to obtain an increase upon recombinant protein

accumulation in C. reinhardtii chloroplasts. A codon-

optimized green fluorescent protein reporter gene (gfp) and

non-optimized native gfp genes, both driven by the rbcL

promoter and 50UTR, were transformed into chloroplasts

and the accumulation of the recombinant protein was

evaluated. The quantitation of GFP accumulation showed

that the codon-optimized gfp gene resulted in an 80-fold

increase in GFP accumulation compared with the non-

optimized version (Franklin et al. 2002). Similar studies

using a codon-optimized human antibody gene (Mayfield

et al. 2003) and codon-optimized luciferase genes (luxAB

and luxCt) (Mayfield and Schultz 2004) confirmed that

codon bias plays a significant role in protein accumulation

in C. reinhardtii chloroplasts.

The Codon Adaptation Index (CAI) is frequently used as

a quantitative method to predict the expression level of

native and heterologous genes based on their codon usage

(Xia 2007). As the chloroplast, mitochondrial and nuclear

genomes of C. reinhardtii may exhibit different codon

biases, therefore genome-specific CAI values should be

obtained for optimal translational (Potvin and Zhang 2010).

The analysis of codon usage can be obtained using free

software recently developed to estimate CAI values. One of

these tools is the E-CAI (http://genomes.urv.es/CAIcal/

E-CAI), which is useful to determining if differences in

CAI between sequences are significant (Puigbo et al. 2008).

The OPTIMIZER application (http://genomes.urv.es/

Table 2 Chloroplast promoters of Chlamydomonas reinhardtii used for the expression of heterologous proteins

Promoter Gene source Highest expression

level achieved

(% TPS)

Construct

(prom-gene-30UTR)

Strain Reference

atpA Alpha subunit of adenosine

triphosphatase

*3–4 atpA-CTBVP1-rbcLa 137c (mt?) Sun et al. (2003)

psbD Photosystem II D1 *0.25 psbD-M-SAA-psbAb 137c (mt?) Manuell et al. (2007)

rbcL Ribulose bisphosphate

carboxylase large subunit

*0.7 rbcL-CTBD2-rbcLc 125c (mt?) Dreesen et al. (2010)

psbA Photosystem II psbA *3 psbA-14FN3-psbAd 137c (mt?) Rasala et al. (2010)

a Fusion protein comprising foot-and-mouth disease virus VP1 protein and the cholera toxin B subunit (CTBVP1)
b Mammary-associated serum amyloid (M-SAA)
c Fusion protein comprising the D2 fibronectin-binding domain of Staphylococcus aureus and cholera toxin B subunit (CTBD2)
d Domain 14 of human fibronectin (14FN3)
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OPTIMIZER) is helpful to optimize the codon usage (Pu-

igbo et al. 2007).

Consequently, codon optimization is an effective and

necessary step in gene sequence optimization, and a rela-

tively simple way to address due to the recent advances in

DNA synthesis technology.

Transformation-associated genotypic modifications

Since transgenic strains are usually obtained by biolistic

transformation using a single chloroplast integration vector

and inserted into chloroplast DNA (cpDNA) by homolo-

gous recombination, it is thus expected that each obtained

transformant, including the level of recombinant protein,

should be identical; however, in 2009, Surzycki et al.

reported a range of protein accumulation in chloroplast

varying from 0.88 to 20.9% of total cellular protein (TCP)

in pBA155 transformants. The authors suggested that the

expression of recombinant proteins may depend to a lesser

extent on the promoter, site of insertion or associated 30 and

50UTRs than to the nature of changes incurred during an

individual chloroplast transformation event. They associ-

ated this variation to genotypic modifications resulting

from the transformation process, each one referred as

transformosomes, leading to transformed lines having

unique characteristics.

Although the mechanism behind transformosomes is

unknown, they may be due to additional insertion of the

transgene into the chloroplast genome target site and also

the nuclear genome, which can include additional inser-

tions of the vector or DNA fragments that are able to affect

the function of nuclear gene(s) which would interfere with

proteins regulating recombinant yields. Nuclear insertions

might also interfere with the expression of chloroplast-

bound genes necessary for photosynthesis or with proteins

implicated in their targeting and transfer. Another addi-

tional hypothesis is that regulation of the steady-state level

of the mRNA is affected, which might influence the levels

of mRNA present in each transformant (Surzycki et al.

2009). Hence, a large population of transformed cells

should be screened to isolate the most productive clone.

However, analysis by Southern blot has not been per-

formed to demonstrate or to dismiss the influence of

nuclear insertions in the transformosomes.

Influence of intron sequences as endogenous enhancers

Even though the introns commonly are not encoding pro-

tein sequences, they play an important part in genome-

wide processes such as exon shuffling (Liu and Grigoriev

2004). Also, the introns can affect the expression of dis-

tinct genes by alternative splicing or by regulation of

transcription (Liu et al. 1995; Lareau et al. 2004). It has

been shown, as in other organisms including plants and

other microalgae, that inserting introns from native genes

in heterologous sequences result in increased protein yields

(Koziel et al. 1996; Lumbreras et al. 1998; Berthold et al.

2002).

In 2009, Eichler-Stahlberg et al. demonstrated, in a

nuclear expression strategy, that the random insertion of at

least one intron into the RBCS2 gene resulted in a fourfold

increased expression, compared to base levels of a Renilla-

luciferase gene used as a reporter. Although none any of

the three RBCS2 introns alone had a positive effect on

nuclear expression, their integration in their physiological

order and number created an over-proportional stimulating

outcome observed in all transformants, which implies an

endogenous enhancer element (Lumbreras et al. 1998;

Berthold et al. 2002).

The mechanism of how the introns increase transgene

expression is unclear, but it is thought that they might act at

a transcriptional or post-transcriptional level. In a tran-

scriptional level, the activation might be reflected by

increased de novo synthesis of RNA as a result of a direct

stimulation of the initiation of RNA-polymerase II or even

as an indirect effect by the prevention of gene silencing

(Lumbreras et al. 1998; Schroda 2006). In a post-tran-

scriptional level, the positive influence might be related to

enhanced RNA maturation initiated by the additional

splicing event (Bentley 2005). Therefore, another option to

achieve high yields of recombinant proteins may include,

in the expression construct, intron sequence as endogenous

enhancers.

Protein localization and sensitivity to proteases

One of the primary factors affecting the yield of recom-

binant proteins is the proteolysis. Proteolytic enzymes are

essential for endogenous protein processing, however, they

can degrade foreign proteins after elongation, or interfere

with their correct assembly and post-translational modifi-

cation. Several chloroplast proteases have been character-

ized in recent years, all of these are homologous to

bacterial proteases and are energy dependent (Adam et al.

2006). Similar to their bacterial homologous, these prote-

ases are involved in the removal of defective or abnormal

native proteins. Proteolysis may also lead to inconsistent

results and to difficulties in downstream processing or

purification due to degraded or non-functional protein

fragments (Preiss et al. 2001). It has previously been

demonstrated that energy-dependent proteases in C. rein-

hardtii are also involved in proteolytic degradation of

foreign proteins (Surzycki et al. 2009).

Considering that each target protein behaves individ-

ually as a consequence of several factors, including the

rate of proteolysis, some attempts have been drawn in
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order to minimize the proteolytic degradation of recom-

binant proteins, even though mainly efforts have been

developed for plants, they may also be applicable for

microalgal systems. For nuclear-expressed proteins, deg-

radation can be minimized by targeting protein synthesis

to the endoplasmic reticulum (ER) rather than to the

cytosol which could be achieved using an H/KDEL

C-terminal tetrapeptide tag in the expression construct

(Conrad and Fiedler 1998; Ma et al. 2003). Using an ER-

retention tag, the yields are generally 2-fold to 10-fold

greater (Conrad and Fiedler 1998), although another

work has reported as far as 104-fold increase in tobacco

plants (Wirth et al. 2004). The oxidizing environment of

the ER, the lack of proteases and the abundance of

molecular chaperones are important factors for proper

folding and stability of certain proteins (Britt and May

2003). Additionally, some authors have explored the

option of co-expressing protease inhibitors as a useful

tool to increase the recombinant protein yields in plants,

without disturbing normal growth and development (Van

der Vyver et al. 2003).

Another possible strategy to minimize proteolytic

degradation of proteins requiring post-translational modi-

fication would consequently consist of targeting the

nuclear-expressed proteins to the chloroplast for storage

(Jarvis 2008). However, if the protein does not require

post-translational modifications it can be expressed directly

in the chloroplasts of algae (Bock 2001) with the advantage

of having a more sheltered environment with less proteo-

lytic activity.

Inducible gene expression system in C. reinhardtii

There are few studies about the development of control-

lable gene expression systems in C. reinhardtii. In this

context, some chemically regulated promoters have been

described, among which are the nitrate reductase (NIT1)

promoter induced by ammonium starvation (Ohresser et al.

1997); the carbonic anhydrase (CAH1) promoter induced

by low CO2 (Kucho et al. 1999); and the cytochrome C6

(CYC6) promoter induced by copper (Cu) depletion or

nickel (Ni) addition (Searle et al. 1985; Serfling et al. 1985;

Buikema and Haselkorn 2001; Quinn et al. 2003; Ferrante

et al. 2008).

Additionally, it was observed in C. reinhardtii that short

sequences in mRNAs called riboswitches, such as THI4

riboswitch (Croft et al. 2007) and the Cyc6–Nac2 system

(Surzycki et al. 2007), can negatively regulate the foreign-

level expression by adding thiamine or copper to the

growth medium. These inducible systems have interesting

implications when the regulation of protein levels is

required due to its physiological role or when the heterol-

ogous protein has a toxic effect in the host.

On the other hand, Kato et al. (2007) constructed two

artificial control systems in C. reinhardtii using the lac

regulation systems from Escherichia coli; however, these

systems failed both in induction and repression. Addition-

ally, IPTG is required as inducer, which is expensive thus

rendering the system less feasible for industrial applica-

tions. However, there are other inducible systems in E. coli

that could be assayed on C. reinhardtii for developing a

controllable expression system in a cost-effective manner.

These systems could be based on an osmotically signaled

transcription activation using pro U promoter (Mellies

et al. 1994), or by cold-shock activation utilizing the pro-

moter derived from cspA gene, a cold-shock gene of E. coli

(Goldenberg et al. 1997). The implementation of these

systems will allow the temporal or developmental control

for the expression of specific genes, thus facilitating the

precise determination of their function or the precise

expression control of the expression of potentially toxic

proteins, for industrial or pharmaceutical uses. Then, using

inducible instead constitutive promoters will allow the

expression of potentially toxic proteins only after reaching

high cell densities and therefore optimizing protein yields.

Polycistronic expression in C. reinhardtii

Production of recombinant proteins in C. reinhardtii

chloroplast offer some advantages such as high accumu-

lation of recombinant protein and transcription of multiple

genes using the same promoter (polycistronic) or its

availability for multiple insertion sites. Then, reconstitution

of multi-subunit proteins or metabolic pathways can be

done in transgenic C. reinhardtii chloroplasts in a single

transformation event. For example, Su et al. (2005) inserted

both, large and small subunits of allophycocyanin gene

(apcA and apcB) into C. reinhardtii chloroplast and the

expressed foreign proteins in transformants accounted for

around 2–3% of total soluble protein (TSP). Also, rather

than expressing single enzymes to alter metabolic fluxes, it

will most likely be required to coordinate the expression of

all members of a metabolic ‘‘channel’’ to obtain the desired

changes (Hunt and Maiti 2001). Furthermore, on vaccine

development field it would provide the ability to produce

the antigen of interest along with adjuvants, or even mul-

ticomponent formulations with broader immune coverage.

Since the expression of more than one open reading frame

can be achieved using bi or polycistrons, the chloroplast of

this algae is a suitable system to produce multiprotein

complexes such as enzymes, antibodies, receptors, ion

channels and other multi-subunit proteins or to promote the

proper folding and assembly of antibodies by means of co-

expressing chaperonins. This would have profound impli-

cations on developing transformed lines, useful for the

biotechnological approaches.
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Fusion to an endogenous protein

The fusion of recombinant products to native proteins has

also resulted in an increase of protein yield. In 2009, Muto

et al. reported that the fusion of a recombinant protein

through a cleavable domain to an endogenous algal pho-

tosynthetic protein can increase the recombinant protein

accumulation. The luciferase gene was fused at the car-

boxy-terminal end of the large subunit of ribulose bis-

phosphate carboxylase (Rubisco LSU) and a substantial

increase (33-fold) in luciferase accumulation compared to

the luciferase gene expressed alone was observed. These

results indicate that recombinant protein accumulation in

algal chloroplasts can be improved by fusion with a native

protein.

Current developments in microalgal bioreactor systems

Algae-based candidate vaccines

A candidate vaccine against type I diabetes

Although the etiology of type I diabetes is multifactorial, it

is known that autoreactive T cells infiltrate the pancreas

and are targeted against multiple autoantigens, including

the glutamic acid decarboxylase (GAD)3 and insulin,

which are known to be major b-cell autoantigens that play

an important role in the development of type I diabetes

(Bach and Chatenoud 2001) and therefore might have

implications in the development of novel antigen-specific

therapies for the treatment of type I diabetes. Since

recombinant production of hGAD65 by means of conven-

tional bacterial or mammalian cell platforms present low

yield and low efficiency Wang et al. (2008) performed the

chloroplast transformation of C. reinhardtii. The full-

length hGAD65 gene, along with the C. reinhardtii chlo-

roplast rbcL promoter and 50/30UTRs, were transferred to

the chloroplast genome by particle bombardment. After

proving the expression of the algal-derived hGAD65, it

was able to react with sera from diabetic subjects and also

to induce proliferation of spleen cells in Non-Obese Dia-

betic (NOD) mice, a commonly used murine model for the

study of diabetes. Accumulation of the recombinant protein

reached up to 0.25–0.3% TSP (Table 3). This approach

demonstrates the potential of C. reinhardtii chloroplasts as

a novel and attractive platform for the production of

hGAD65 for immunization purposes (Wang et al. 2008).

A model for the foot-and-mouth disease virus vaccine

Foot-and-mouth disease (FMD) is an economically

important and highly contagious disease of cloven-hoofed

animals, most notably of cattle, pigs and sheep, but also

several wild-life species (Alexandersen and Mowat 2005).

FMD virus (FMDV) is capable of spreading rapidly in

susceptible animals and thus FMD disease is serious

enough to be monitored by the World Organization for

Animal Health (OIE). FMDV is the prototype member of

the Aphthovirus genus of the family Picornaviridae. The

virus is antigenically highly variable and consists of seven

serotypes (A, O, C, Asia1, SAT1, SAT2, and SAT3) and

multiple subtypes (Grubman and Baxt 2004).

Sun et al. (2003) have reported the transferring of the

pACTBVP1 vector to chloroplast genome of C. reinhardtii

allowing the expression of a fusion protein comprising the

foot-and-mouth disease virus (FMDV) VP1 and the cholera

toxin B subunit (CTB), named CTBVP1. This design lies

in the ability of the CTB protein to serve as a carrier and a

potent mucosal adjuvant for unrelated antigens. Interest-

ingly, the CTBVP1 accumulation levels reached up to 3%

TSP and retained the GM1-ganglioside binding affinity,

which is known to be associated to the adjuvant properties

of this carrier (Table 2). The antigenicity of the two

components was preserved, indicating a promising poten-

tial for this approach on the development of a mucosal

vaccine against FMDV.

A highly effective Staphylococcus aureus vaccine

Staphylococcus aureus causes community-acquired and

nosocomial infections and its natural habitat is the moist

squamous epithelium in the anterior nares. About 20% of

the human population carry S. aureus permanently in their

nose and another 60% of individuals are intermittent car-

riers (Kluytmans et al. 1997). Infection rates are higher in

carriers than in non-carriers and invasive disease is often

caused by the patient’s own isolate (Peacock et al. 2001).

The ability of S. aureus to cause infection is due, in part,

to cell surface-associated proteins that mediate attachment

to the host extracellular matrix termed MSCRAMMs

(microbial surface components recognizing adhesive

matrix molecules) (Foster and Hook 1998).

Dreesen et al. (2010) engineered the chloroplasts of

C. reinhardtii for the expression of the D2 fibronectin-

binding domain of S. aureus as fusion with the cholera

toxin B subunit (CTB), under the control of rbcL UTRs.

The immunogenicity of the CTBD2 protein was assessed in

mice proving that it was capable of inducing specific

mucosal and systemic immune responses (Table 3).

Moreover, the vaccination scheme significantly reduced the

bacteria load in the spleen and the intestine of the immu-

nized group and has been shown to provide 80% protection

against lethal challenge of S. aureus. Interestingly, the alga

biomass containing the vaccine was stable for more than

1.5 years at room temperature. These results underline the
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viability of developing an algae-based vaccine against this

particular pathogen (Dreesen et al. 2010).

A vaccine approach against swine fever virus

He et al. (2007) have reported the expression of classical

swine fever virus (CSFV) structural protein E2 in different

chloroplast vectors, which has been shown to carry critical

epitopes. Here, they reported a C. reinhardtii chloroplast

expression vector, P64E2, containing classical swine fever

virus structural protein E2 gene, which was constructed and

transferred to C. reinhardtii by biolistic bombardment

method. ELISA quantification assay showed that the

expressed E2 protein accumulated up to 1.5–2% TSP

(Table 2). The algae-derived E2 protein has been shown to

be immunogenic by the subcutaneous route in mice. No

significant responses were elicited when the antigen was

administered by the oral route.

Malaria vaccine produced on starch granules

Malaria is by far the world’s most important tropical par-

asitic disease, killing more children aged\5 years than any

other disease, especially in Africa (WHO 2005). Malaria is

caused by the protozoan parasite Plasmodium, which is

transmitted by the bite of the female mosquito of any one

of the 50 species of Anopheles mosquitoes, of which the

best known is A. gambiae (Subbarao and Sharma 1997;

Riehle et al. 2006). Four species of Plasmodium can cause

human malaria: P. falciparum, responsible for the greatest

number of deaths; P. vivax, which has the widest geo-

graphical distribution, P. ovale and P. malariae (Dubovsky

and Rabinovich 2004). In the past 25 years, the develop-

ment of an effective malaria vaccine has become one of the

biggest riddles in the biomedical sciences. Experimental

data using animal infection models demonstrated that it is

possible to induce protective immunity against different

stages of malaria parasites. Nonetheless, the vast body of

knowledge has generated disappointments when submitted

to clinical conditions and presently a single antigen for-

mulation has progressed to the point where it may be

translated into a human vaccine.

In an effort to explore the potential of an oral vaccine

formulation against malaria, Dauvillée et al. (2010)

expressed a nuclear-encoded protein comprising Plasmo-

dium antigens fused to the granule-bound starch synthase

(GBSS), which is the major protein associated to the starch

matrix in all starch-accumulating plants and algae. The

C-terminal domains from the Apical Major Antigen

AMA1, or Major Surface Protein MSP1 were efficiently

expressed as fusion proteins along with GBSS and bound to

the polysaccharide matrix (Table 3).

An immunogenicity test was performed for the AMA1

in mice that were either immunized intraperitoneally with

the engineered starch particles and Freund adjuvant, or fed

with the engineered particles co-delivered with the mucosal

adjuvant. Then mice groups were challenged intraperito-

neally with a lethal inoculum of P. berghei. Both groups

showed a significant diminished parasitemia with an

extension of life span including complete cure for intra-

peritoneal delivery as assessed by negative blood thin

smears. Moreover, it was proved that mice immunization

with the P. falciparum GBSS–MSP1 fusion protein

induced humoral responses able to inhibit in vitro the intra-

erythrocytic asexual development of P. falciparum, the

most virulent plasmodial species. This approach based on

the use of the so-called amylosomes opened a new avenue

on the production of immunogenic forms of protective

antigens in projects that aim to prove the concept of algae-

derived vaccine. Further studies are required to determine

if this approach enhances the immunogenicity in compar-

ison with when it is produced as soluble free protein, effect

that could be due to the high molecular weight complex

formed or even the protection of the protein from degra-

dation in the gut.

Perspectives in algae-based vaccine development

Microalgae chloroplast-derived vaccines have opened many

prospects that could be helpful to adopt and develop strat-

egies and methodologies for the production of vaccines.

Some advantages to other chloroplast-derived vaccines can

be mentioned. Regarding chloroplast-derived vaccines in

plants, the expression of most vaccine antigens is still

confined to tobacco. Although the use of tobacco for pro-

duction of biopharmaceuticals proteins can be an alternative

use for this plant, it cannot be used for oral administration

because of its toxic alkaloid contents and therefore purifi-

cation steps must be performed. Then, it is necessary to

choose those plant species that can be consumed as raw

material to fulfill the basic requirement of producing edible

vaccines. However, the lack of efficient regeneration sys-

tem for most edible plant species is the major limitation for

extending the plastid transformation technology to other

crops. On the other hand, C. reinhardtii chloroplast trans-

formation has been well established in the last decade and

high expression of proteins has been shown; additionally,

this green microalgae fall into the GRAS category and

allergens have not been reported so far (FDA 2002).

Among the relevant perspectives in this field, the need

of improving immunogenicity is worth mentioning. One

approach that remains to be extensively explored consists

of co-expressing an adjuvant along with the antigen of

interest. This goal is facilitated by targeting the expression

of more than one open reading frame through polycistrons.
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E. coli heat-labile enterotoxin B subunit (LTB), CTB or

interleukins are interesting candidates since these have

shown to improve the immunogenicity of a large number of

vaccine formulations. Another alternative to assess would

be the expression of new fusion proteins consisting of a

carrying protein (CTB, LTB, VLPs) and the antigen of

interest, which may result in facilitating the transport of the

antigen from the gut lumen to the gut-associated lymphoid

tissues and thus improving immunogenicity (Granell et al.

2010; Salyaev et al. 2010). Another strategy to explore

includes the expression of a multi-epitope fusion protein in

C. reinhardtii chloroplast (Soria-Guerra et al. 2011). In

addition these perspectives would allow for the develop-

ment of broad coverage vaccines.

Antibodies

Although antibodies constitute effective therapeutics

against a variety of human diseases, the high cost of such

biopharmaceuticals remains a limiting issue on their mas-

sive use. In a pioneering study, Mayfield et al. (2003)

reported the efficient expression in the chloroplasts of

C. reinhardtii of a unique large single-chain (lsc) antibody

against the glycoprotein D of the herpes simplex virus

(HSV). This contains the entire IgA heavy chain fused to

the variable region of the light chain by a flexible linker.

The synthetic gene was codon optimized in order to

achieve high-level expressions of the expected hsv8-lsc

protein in soluble form, which was detected by ELISA

using HSV proteins prepared from virus-infected cells

(Table 3). The dimerization by disulfide bonds was suc-

cessfully carried out and it was possible to purify the hsv8-

lsc antibody by the use of the flag epitope. These results

opened a new perspective on antibody production in

C. reinhardtii.

Interestingly, it was subsequently shown that C. rein-

hardtii was capable of synthesizing and assembling a full-

length IgG1 human monoclonal antibody (mAb) into

chloroplasts (Table 3). Tran et al. (2009) have published a

report on the 83K7C antibody, derived from a human IgG1,

which is directed against anthrax protective antigen 83

(PA83) and is able to neutralize the anthrax toxin in animal

models. Heavy and light chain of 83K7C accumulated as

soluble proteins that assemble into the expected quaternary

complexes consisting of two heavy and two light chains.

The algal-derived 83K7C showed a similar affinity to PA83

than that of the mammalian-derived counterpart. Other

human IgG1 as well as a mouse IgG1 were expressed in

C. reinhardtii as properly assembled antibodies (Tran et al.

2009). These findings support the viability of using algae to

fold and assemble full-length human mAbs, which could

lead to new cost-effective production platform of complex

human therapeutic proteins.

Expression studies have demonstrated that many forms

of recombinant antibody fragments can be functionally

expressed in plants; these include the full-sized, chimeric

and secretory IgG and IgA, single-chain Fv fragments

(scFv), Fab fragments and heavy-chain variable domains

(Hiatt et al. 1988; De Neve et al. 1993; Artsaenko et al.

1995; Baum et al. 1996).

Given that only a few studies on antibody production are

reported in microalgae, it is considered that this topic offers

great opportunities to express those antibodies that have

already been shown functional on the treatment of relevant

diseases or useful in diagnostics.

Protein as biopharmaceuticals

In a remarkable contribution, Rasala et al. (2010) assessed

the expression of seven biopharmaceuticals in chloroplasts

comprising erythropoietin, 10FN3, 14FN3, interferon-b,

proinsulin, VEGF and HMGB1, proteins that represent a

wide diverse group. To become a viable protein production

platform, algal chloroplasts must not only express recom-

binant proteins but those proteins must also be biologically

active in a highly purified state. Importantly, proteins

14FN3, VEGF and HMGB1 were successfully expressed in

soluble form and affinity purified using FLAG affinity

chromatography to the C-terminal FLAG epitope.

Algal-derived VEGF retained its antigenic properties as

revealed by an ELISA assay, suggesting a proper folding.

After determining the concentration of VEGF using E. coli-

derived VEGF as standard, receptor binding assay reflected

that the algal-derived VEGF has a dose-dependent binding

to the VEGF receptor with a slightly lower affinity in

comparison to the bacterial-derived protein. Authors

hypothesized that this phenomenon might be due to frac-

tions of misfolded or truncated VEGF present in the

assayed samples. After performing the VEGF-receptor

binding competition assay it was observed that E. coli-

derived VEGF competed with algae-derived VEGF for

VEGF-receptor binding. In accordance with the previous

results from affinity assay, the E. coli-derived VEGF dis-

placed the algal-derived VEGF (200 ng/mL) from VEGFR

with an IC50 of approximately 40 ng/mL.

The functionality of the algal-derived HMGB1 was

demonstrated by an external group (Bio-Quant, San Diego,

CA, USA) using a fibroblast chemotaxis assays, observing

that it compared with the E. coli-derived HMGB1. In

summary, this report demonstrated that C. reinhardtii

chloroplasts are capable of expressing bioactive VEGF and

HMGB1 (Table 3). The functionality assay for the 14FN3

protein remains to be developed.

EPO, 10FN3, interferon-b and proinsulin proteins were

not expressed at significant levels, probably due to stability
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problems, and therefore further strategies to achieve the

efficient expression of these proteins remain to be

elucidated.

Other proteins and secondary metabolites

of biotechnological relevance in C. reinhardtii

Because C. reinhardtii is an edible alga, production of

therapeutic proteins in this organism offers the potential for

oral delivery of gut-active proteins, such as M-SAA

(mammalian coding region of bovine mammary-associated

serum amyloid), which stimulates the production of mucin

in the gut, acting in the prophylaxis of bacterial and viral

infections. Manuell et al. (2007) transformed C. reinhardtii

chloroplast with the chimeric psbA-m-saa gene which

results in the accumulation of recombinant M-SAA above

5% of total protein; this protein could be a protective agent

for mammals that lack a source of colostrum. These results

demonstrate that C. reinhardtii can be used as platform for

biologically active mammalian therapeutic proteins.

Recently, another area has been explored by Yoon et al.

(2011) using transgenic microalgae as a food additive to

deliver dietary enzymes without the need for protein

purification engineering reported. They introduced the

E. coli appA phytase gene (generate Chlasate activity) into

the chloroplast of C. reinhardtii, and concluded that this

recombinant Chlasate reduced the fecal phytate excretion

when used to feed young broiler chicks at 500 U/kg of

body weight. An increase of 2% on the inorganic phosphate

was also observed in comparison to those fed with the basal

diet. These results showed that C. reinhardtii can be used

as platform of both the food and pharmaceutical industries.

Metallothioneins (MTs) are a family of low molecular

weight, cysteine-rich heavy metal binding proteins with

multifunction, such as metal detoxification and antioxida-

tion. Zheng et al. (2006) assayed the expression of human

metallothionein-2 (MT2) in chloroplast of C. reinhardtii;

additionally, transgenic clones demonstrated a higher

resistance than wild-type to UV-B exposure under all the

examined conditions. This approach can be exploited to

produce high quantities of this protein to obtain highly

purified recombinant human MT2 protein with native

characteristics at low cost in order to apply it as additive in

cosmetics protecting against oxidative damage and UV

radiation. Alternatively, it was previously demonstrated

that the heavy metal binding properties of C. reinhardtii

can be enhanced by introducing the foreign metallothio-

nein-like (MT-like) gene into the nuclear genome (Cai

et al. 1999; Hu et al. 2002; Han et al. 2008) demonstrating

the advantage of this system in other areas such as

bioremediation.

In addition to vaccines, antibodies and pharmaceuticals,

other valuable compounds as such as secondary

metabolites have been produced in this model by means of

engineering the expression of the genes responsible for

their biosynthesis. In particular, the geranylgeranyl pyro-

phosphate synthase is a crucial enzyme for the terpenoid

biosynthesis that has been expressed in C. reinhartii. The

chloroplast-encoded enzyme was successfully expressed

using a gene derived from the thermophilic Archae Sulf-

olobus acidocaldarius. (Fukasaki et al. 2003). A modest

enzyme accumulation of 0.1% of the TSP is reported,

probably due to the lack of using a codon-optimized gene,

which might increase protein accumulation up to 80-fold in

the chloroplast (Franklin et al. 2002).

Furthermore, carotenoids have been produced at higher

yields by means of genetic chloroplast manipulation of

C. reinhardtii, using a gene from Haematococcus pluvialis,

encoding a b-carotene hydrolase (Tan et al. 2007) or a

phytoene synthase gene isolated from Chorella zofingien-

sis. A significant enhancement in violaxanthin and lutein

content was achieved, reaching a 2- and 2.2-fold increase

in comparison to the untransformed control cells, respec-

tively (Cordero et al. 2011).

Future challenges on process engineering aspects

C. reinhartii offers many advantages as a recombinant

protein expression system as aforementioned; however, a

major concern is the high production of the recombinant

protein, since some therapeutic proteins, like antibodies,

are required in huge amounts, then the availability of

bioproduct needed for a specific application can be limited.

It is known that C. reinhardtii can be cultivated in large

scale in open ponds, but also, cultivation could be carried

out in photobioreactors (PBRs).

PBRs have more advantages than open ponds because

they are close systems and the most important growth

parameters as light intensity (2,500–5,000 lux), tempera-

ture (18–24�C), pH (8.2–8.7), nutrient quantity, carbon

dioxide (1.85 g CO2/g biomass or higher) can be monitored

and controlled, getting a robust bioprocess. One of the

major limitations for any large-scale algal culture is the

highly non-homogeneous light distribution within the

photobioreactor, since biomass concentration is many

orders of magnitude higher and the strong optical density

of pigments limits light penetration, resulting in an overall

reduced photosynthetic yield and consequently a lower

productivity as was reported for Dunaliella salina (Neid-

hardt et al. 1998; Melis et al. 1998, 2009). Furthermore,

Janssen et al. (2000) designed an air-lift loop bioreactor for

cultivation of microalgae (C. reinhardtii and Dunaliella

tertiolecta), reporting that efficient mixing, combined with

a controlled liquid flow, a carbon dioxide supply and

oxygen removal do not limit the productivity of this
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reactor. Maximal productivity was reached when continued

illumination at 333–389 Wm-2, was provided. These

results denote the importance of the relation between

medium, photoperiod and biomass yield. Additionally

cultivating the microalgae in PBRs with a high surface/

volume ratio is recommended for the design of a PBR with

a maximum productivity, which maintains a relatively high

specific light supply rate (Zijffers et al. 2010).

An alternative strategy to phototropic cultivation is the

heterotrophic approach that can be well controlled and

provides the possibility of achieving fast growth and high

yields of valuable products on a large scale for some algae

species (Chen and Chen 2006).

Additionally, a major challenge is the development of

methodologies for large-scale recombinant protein pro-

duction in C. reinhardtii in order to facilitate the progress

at industrial level. These scale-up methodologies should

include the following operational parameters: height/

diameter ratio of the reactor, flow velocity, transfer mass

coefficient (kla), mixing rate, initial density and light lev-

els, in conjunction with nutrient concentration, pH, salinity

and temperature; all these factors may affect the recom-

binant proteins production in microalgae.

On the other hand, only few studies have been carried

out for process optimization in C. reinhardtii. For

example, some research groups have modified nutrient

concentration or operational variables such as cell con-

centration, light intensity and pH to optimize hydrogen

production (Kosourov et al. 2002; Hahn et al. 2004; Jo

et al. 2006). Jo et al. (2006) concluded that the response

surface methodology (RSM) successfully located optimal

conditions that maximized both the algal growth and

hydrogen production rates with respect to the effects of

pH and nutrient concentrations in TAP medium. In fact,

recombinant protein optimization in C. reinhardtii has not

been explored; thus, further work is necessary to address

large-scale production and optimization, in order to

establish a platform for commercialization of recombinant

proteins produced in C. reinhardtii. In addition to RSM, it

is proposed to use orthogonal designs when several

parameters are assayed in the process optimization. As an

alternative to RSM, the Taguchi method that is a simple

statistical tool involving a system of tabulated arrays that

allows a maximum number of major effects to be esti-

mated in an orthogonal fashion with a minimum number

of experimental runs; this method can also be applied to

predict the significant contribution of the design vari-

able(s) and the optimum combination of each variable for

elucidating the optimal yield of the process by conducting

experiments on a real-time basis. Then it will be inter-

esting to examine this methodology with specific case

studies in the field of biotechnology, particularly in

recombinant proteins produced in C. reinhardtii.

Conclusions and perspectives

Different expression systems have successfully been

employed to produce a large variety of proteins, including

biopharmaceuticals and enzymes with implication on the

production of health-promoting compounds. It is essential,

however, to determine which system offers most advanta-

ges for the production of the protein of interest and the

route of delivery. The ideal expression system for a par-

ticular case would be that producing the safest, biologically

active material at the lowest cost and convenient produc-

tion yields. The use of mammalian cells to produce

recombinant proteins has the advantage that these proteins

are identical to those of human origin; however, the culture

of these cells is expensive and can only be carried out on a

limited scale. Although bacteria can be used to produce

recombinant proteins on a large scale, they have the dis-

advantage of lacking many of the post-translational modi-

fications required for optimal biological activity of

complex proteins. As eukaryotic organisms, transgenic

plants overcome this obstacle and have been widely dem-

onstrated that plants offer an economic system for

expression of certain proteins in the biotechnology industry

(Hiatt et al. 1988; Daniell et al. 2001; Peters and Stoger

2011). However, there are some inherent weaknesses using

this approach, probably the most significant one is the

length of time required from the initial transformation

event to obtain usable (mg to g) quantities of recombinant

protein. It has been estimated that it can take more than

1 year for crops such as tobacco, and over 3 years for

species such as corn. Another important concern is related

to the potential of gene flow (via pollen) to surrounding

crops when typical nuclear transformation is employed

(Ellstrand 2001), although the use of culture plant cell in

bioreactors can also be accomplished. Consequently, from

both a timescale and a regulatory perspective, transgenic

microalgae might be the best model for the expression of

biopharmaceuticals.

Some years ago, C. reinhardtii emerged as a notable

candidate for the expression of recombinant proteins

specified by the inherent biology of the organism, the

easiness with which it can be cultured (they have the ability

to grow phototrophically or heterotrophically using acetate

as carbon source), the well-established nuclear and chlo-

roplast transformation procedures and the wide scale on

which it can be grown. These advantages allow to develop

transformed lines in a short period of time and protein

production can be evaluated at flask scale in as little as

6 weeks, with the potential to scale up in another

4–6 weeks (Mayfield and Franklin 2005).

However, there are certainly obstacles to be overcome

before the full potential of recombinant protein expres-

sion in C. reinhardtii can be exploited. As other systems,
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the attainable protein expression levels are crucial to

many applications in molecular farming. In addition to

codon optimization, several other avenues have been

examined to increase recombinant protein expression in

the chloroplast, and much of this work has benefited

from the current state of knowledge concerning endog-

enous gene expression in the chloroplast. The complex

interplay of many other factors, including enhancer ele-

ments, regulatory mechanisms, transformation-associated

events, sensitivity to proteases and protein localization,

underlines and underscores the difficulties in establishing

a standard system for recombinant protein production in

microalgae. However, transgene expression can also been

influenced by several factors that cannot be controlled

precisely through construct design, which leads to vari-

able transgene expression and, in some cases, its com-

plete inactivation. Such factors include the position of

transgene integration, the structure of the transgenic

locus, gene-copy number and the presence of truncated

or rearranged transgene copies.

Once transgenic strains are obtained, the cultivation

operating parameters, including agitation, illumination,

growth media composition, temperature, pH and CO2

concentration, can also significantly affect protein yields.

The factors discussed in the present review deal with the

‘‘upstream’’ side of process engineering and design.

Cooperation among researchers on upstream bioprocess

design will further facilitate the development of economi-

cally viable transgenic microalgae-based bioreactors.

Access to several alternative approaches to optimize pro-

tein yields augurs well for the safe and economical pro-

duction of biopharmaceuticals in microalgae.
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