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Abstract 

Chlamydomonas reinhardtii has emerged as a promising alternative host for 

recombinant protein expression. Despite its advantageous characteristics and 

low-cost production, its use is hampered by low expression levels of nuclear 

transgenes. In this thesis we test several strategies designed to reduce or 

overcome this limitation. As a result, on the base of a secreted fusion protein 

comprising a small growth factor and a reporter, the use of regulatory and 

stabilizing regions resulted in expression levels ranging from 1 to 100 µg /L of 

culture. We report the expression of a fully-assembled monoclonal antibody 

in Chlamydomonas nucleus, therefore, validating Chlamydomonas as a host 

for complex protein production. The cassettes and high throughput screenings 

developed emerge as innovative tools expanding the molecular toolbox 

available for Chlamydomonas nucleus. In addition, a scalable purification 

method to recover the target protein from culture medium has been 

developed and validated indicating a simple downstream processing for 

secreted recombinant protein production. Finally, we report that 

Chlamydomonas secreted components induce proliferation of murine 

fibroblasts and have a synergistic effect with supplied hEGF, unveiling the 

potential of extracellular components of Chlamydomonas for a variety of 

applications. 
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Introduction  

The need for recombinant proteins 

Recombinant proteins (RP) are essential in a variety of applications in 

cosmetic, industrial, veterinary and therapeutic markets. The expression of 

RPs in heterologous hosts is a core technique in biotechnology, however, the 

transfer to a suitable expression system is not always easy (Ferrer-Miralles et 

al. 2009; Corchero et al. 2013). The therapeutic market, although it is not the 

only one, is the largest market for recombinant technology (market value of 

biopharmaceuticals reached a total cumulative sales value of $140 billion for 

2013 (Walsh G 2014)). Many therapeutic RPs today come from the culture of 

transgenic mammalian cells in fermentation facilities (Walsh G 2014). Due to 

media costs and the inherent risks and complexity of these production 

systems, RPs produced in this manner are very expensive (Heitzer et al. 2007; 

Corchero et al. 2013). Thus, there is a challenge in improving the expression 

hosts towards a cheaper, safe, effective and scalable heterologous platform 

allowing to address the demands for a variety of applications in diverse 

markets such as cosmetics, industry or veterinary (Fletcher et al. 2007; Ferrer-

Miralles et al. 2009). 

Available expression hosts 

Current RP expression hosts include bacteria, yeasts, insect cells, plants, 

mammalian cells and transgenic animals, each of these production platforms 

having its advantages and disadvantages (Demain and Vaishnav 2009; Ferrer-

Miralles et al. 2009; Corchero et al. 2013). None of the systems can be 

considered superior to any other (see Table 1 for a comparison) and for each 

individual product and application the most suitable expression system has to 

be selected and optimized (Schmidt 2004). Functionality, production speed, 
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production cost and yield are the key factors to consider when choosing RP 

expression host (Demain and Vaishnav 2009).  

Bacteria are the first option as RP host since they can produce RPs at low cost 

and quickly (Demain and Vaishnav 2009). Among bacteria, E.coli is the 

preferential host due to a vast molecular toolbox available, rapid growth and 

simple cultivation techniques that allow high density cultures (Ferrer-Miralles 

et al. 2009; Jia and Jeon 2016). Thanks to its low-cost production and high 

yields, RP produced in bacteria are marketed for a wide range of applications 

in all the markets impacted for recombinant technologies including cosmetics, 

industry, research and therapeutics. However, E.coli is generally best suited 

for the production of small and structurally simple proteins because it does 

not perform post-translational modifications (PTMs), such as disulphide bond 

formation and glycosylation, and is inefficient at protein folding and secretion. 

Furthermore, complex proteins can often end up in insoluble inclusion bodies 

requiring a costly downstream processing (Demain and Vaishnav 2009; Ferrer-

Miralles et al. 2009; Corchero et al. 2013). In addition, endotoxin level must 

be controlled in the final product.  

In a comparable way to bacteria, yeasts can quickly produce low-cost RP 

trough an easy genetic manipulation. High-density yeast cultures can be 

reached in bioreactors offering generally higher yields of RPs and better 

scalability than insect or mammalian cells (Demain and Vaishnav 2009; 

Corchero et al. 2013). Yeasts can secrete RP and are able to perform many 

PTMs. Thus, RP production in yeast is usually approached when the production 

of the target protein is not feasible in bacteria due to the requirement of PTM 

(Porro et al. 2011). However, even though yeasts are able to perform many 

PTMs those are different from mammalian ones. The main limitation of this 

expression system is related to N-linked glycosylation patterns in which sugar 

side chains of high mannose content affect the serum half-life and 
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immunogenicity of the final product (Gemmill and Trimble 1999; Demain and 

Vaishnav 2009; Ferrer-Miralles et al. 2009). However, the methylotrophic 

yeast Pichia pastoris has been genetically engineered to produce a human 

type of glycosylation (De Pourcq et al. 2010). RP produced in Saccharomyces 

cerevisiae and Pichia pastoris among other yeasts are marketed for a range of 

applications including therapeutics (Nielsen 2013). 

Another available expression system are insect cells infected with baculovirus. 

This system holds an important potential because offers eukaryotic processing 

of complex proteins and a similar PTM pattern to mammalian cells at high 

yields and at a lower cost than mammalian cells. However, insect PTM pattern 

represents a limitation to the use of this expression system because the 

differences with the mammalian PTM affect its immunogenicity and 

pharmacokinetics (Sinclair and Elliott 2005). RP produced in insect cells have 

much simpler side chains than mammalian glycoproteins which often have 

complex type N-glycans with terminal sialic acids (Shi and Jarvis 2007). In 

addition, insect-derived N-glycans may contain core α1,3-linked fucose 

residues, which are known to be allergenic (Staudacher et al. 1999). 

Furthermore, the cell growth is slow (compared to bacteria and yeast) and 

each protein batch preparation has to be obtained from fresh cells since viral 

infection is lethal (Ferrer-Miralles et al. 2009). RP products expressed in insect 

cells have been approved for veterinary and human therapeutic uses (Cox 

2012). 

Transgenic plants have been used as hosts for the production of RP for a 

variety of applications due to the advantageous low cost of cultivation, high 

mass production, flexible scale-up, lack of human pathogens and addition of 

eukaryotic PTMs (Ferrer-Miralles et al. 2009). Again, the main disadvantage of 

this expression system is related to the plant specific PTMs introduced: both 

plant-complex N-glycans and O-glycans are different from human glycans 
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(Gomord et al. 2010). Moreover, the possibility of gene flow and the negative 

public perception of transgenic plants hinders its use as an expression system 

(Ferrer-Miralles et al. 2009). Main challenges for plant-derived RPs include low 

yields, the long process required to generate transgenic plant lines, and the 

associated scale-up costs (Hernández et al. 2014). However, there is the 

possibility of expression of RP in plant cells in a suspension culture allowing 

the growth in containment in an analogous way to well-established 

fermentation-based technologies and thus avoiding public concerns and gene 

flow risks. 

The exploration of plants as expression platforms achieved a historic 

milestone in 2012 when the first protein pharmaceutical expressed in plants 

was approved for commercial use in humans (Mor 2015). The product is a 

recombinant form of the human enzyme β-glucocerebrosidase expressed in 

carrot cells and is intended for replacement therapy in type 1 Gaucher’s 

disease, which is an orphan disease. The product, marketed as ELELYSO, was 

developed by Protalix Biotherapeutics (Carmiel, Israel) and its approval means 

a key step towards market acceptance and commercial viability for plant 

biopharmaceuticals (Mor 2015). It is important to highlight that this product 

is produced in closed bioreactors facilitating the accomplishment of good 

manufacturing practices (GMP) and avoiding public controversies. In this case, 

plant glycosylation resulted in a biobetter product: the enzyme secreted by 

mammalian cells does not have exposed mannose residues and thereby it 

requires a costly post-production as part of its formulation. In contrast, the 

enzyme expressed in plant cells naturally carries high-mannose glycans and 

thus the production process is significantly cheaper (Tekoah et al. 2013).  

Finally, it is worth it to remark an interesting advantage of plants as an 

expression system that consists in the possibility of using it as oral vehicle of 

vaccines, therapeutic RP or food supplement for veterinary or human 
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purposes (Haq et al. 1995; Martínez-González et al. 2011; Fragoso et al. 2017; 

Miletic et al. 2017). 

The production of RPs in mammalian cells is characterized by performing 

appropriate PTMs and high yields of functional proteins (Almo and Love 2014). 

Main limitations of mammalian cell lines expression systems are high cost of 

the culture media and production process and slow growth (Barnes et al. 2003; 

Wurm 2004; Butler 2005; Fischer et al. 2015). In addition, there is an important 

inherent risk of contamination with pathogenic virus or prions since 

hemoderivates and animal products are used in growth media (Fischer et al. 

2015) requiring strict purification processes and quality control procedures 

that result in a costly final product. 

Several transgenic animals have been successfully used to produce RPs 

secreted into blood, urine, milk, seminal plasma and silk worm cocoons 

(Demain and Vaishnav 2009; Houdebine 2009). However, RP production using 

transgenic farm animals is a challenge in terms of safety concerns such as 

transmission of infectious diseases (including viral and prion infections) or 

adverse allergenic, immunogenic and autoimmune responses (Ferrer-Miralles 

et al. 2009). Also, the production in transgenic animals is time-consuming, 

expensive and allows only a limited production. 
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Table 1. Current expression systems available. Modified from (Demain and Vaishnav 2009). 

Advantages Disadvantages 

Bacteria (E.coli)  

- Cost effective 
- High yields 
- Rapid growth 
- Rapid expression  
- Easy scale up. 

- Produce simple proteins:  
- Difficulty to express proteins 

with disulphide bonds  
- Inability to produce 

glycosylated proteins  
- Safety risks: presence of endotoxins 
- Inefficient at protein folding and 

secretion. Protein aggregation or 
produced as inclusion bodies - 
inactive; require refolding. 

Yeasts  

- Cost effective  
- High yields  
- Rapid growth 
- Rapid expression 
- Can express complex proteins: 

- Can handle S–S rich 
proteins  

- Can assist protein 
folding  

- Can glycosylate 
proteins 

- Can secrete proteins 
- Easy scale up. 

- PTM patterns differ from mammalian 
ones. 

Insect cells  

- Cost effective  
- High yields  
- Can express complex proteins: 

- Can handle S–S rich 
proteins  

- Can assist protein 
folding  

- Can glycosylate 
proteins 

- Can secrete proteins 
- Safety: low risk of animal 

pathogens 

- Time-consuming, 
- Cell growth is relatively slow 
- RP batches have to be 

obtained from fresh cells 
(viral infection is lethal) 

- Each protein batch preparation must 
be obtained from fresh cells (viral 
infection is lethal).  

- PTM patterns differ from mammalian 
ones. 
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Advantages Disadvantages 

Plants  

- Cost effective  
- High yields  
- Rapid growth 
- Can express complex proteins: 

- Can handle S–S rich 
proteins  

- Can assist protein 
folding  

- Can glycosylate 
proteins 

- Can secrete proteins 
- Safety: low risk of animal 

pathogens 
- Easy scale up. 

- PTM patterns differ from mammalian 
ones. 

- Negative public perception of the 
transgenic plants 

- Difficult gene containment in open 
fields. 

- Difficult protein extraction and 
purification. 

Mammalian cells  

- High yield  
- Can express complex proteins: 

- Can handle S–S rich 
proteins  

- Can assist protein 
folding  

- Similar PTMs to human 
cells - Can glycosylate 
proteins 

- Can secrete proteins 

- Safety risks: transmission of infectious 
diseases (including viral and prion 
infections)  

- Time-consuming: slow growth 
- Expensive 

Transgenic animals  

- Can express complex proteins: 
- Can handle S–S rich 

proteins  
- Can assist protein 

folding  
- Similar PTMs to human 

cells - Can glycosylate 
proteins 

- Can secrete proteins 

- Safety risks:  
- transmission of infectious 

diseases (including viral and 
prion infections)  

- Risk of adverse allergenic, 
immunogenic and 
autoimmune responses 

- Time-consuming: long time needed to 
assess production level 

- Expensive  
- Limited production 
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Nowadays, glycosylated proteins are usually produced in mammalian cells 

which mimic human glycosylation, but the resulting product is expensive. 

Yeasts, plants and insect cells are generally unable to provide mammalian 

glycosylation (Demain and Vaishnav 2009) and this is crucial as PTMs play a 

key role in protein folding, processing, stability, solubility, final biological 

activity, tissue targeting, serum half-life and immunogenicity of the protein 

(Sinclair and Elliott 2005; Ferrer-Miralles et al. 2009). Therefore, there is a 

need for the exploitation of better RP expression hosts able to improve quality 

of proteins while lowering its costs. The continuous improvement of the 

established expression systems by metabolic engineering is a proof of this 

need (De Pourcq et al. 2010; Gomord et al. 2010; Fischer et al. 2015). In 

addition to improving the current systems, the wide diversity of metabolisms 

prompts to explore new RP expression hosts. These unconventional 

expression systems (see table 2) might offer opportunities for RP production 

for several applications by improving RP characteristics or by lowering its 

production costs (Ferrer-Miralles et al. 2009; Corchero et al. 2013). It is worth 

mentioning an interesting concept in the context of therapeutic RP: 

biobetters. Biobetters are products with improved characteristics when 

compared to products already marketed: cheaper, more efficacious, less 

frequently dosed, better targeted, and/or better tolerated (Reski et al. 2015). 

For example, human α- galactosidase produced in moss for enzyme 

replacement therapy in Fabry disease is nowadays in clinical trials and is a 

biobetter because it lacks the terminal mannose phosphorylation showing 

improved pharmacokinetics in Fabry mice (Reski et al. 2015). 

Algae as an alternative RP expression host is introduced in the next section. 
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Table 2. Most relevant alternative hosts for recombinant protein production. Modified from 
Corchero et al. 2013. 

Host platform Model species Main features References 

Cold adapted 
bacteria 

Pseudoalteromonas 
haloplanktis 

Improved protein 
folding 

(Duilio et al. 
2004a, b; Giuliani 
et al. 2011) 

Pseudomonads 
Pseudomonas 
fluorescens 

Efficient 
secretion 

(Retallack et al. 
2007, 2012; Jin et 
al. 2011) 

Coryneform 
bacteria 

Corynebacterium 
glutamicum 

High-level 
production and 
secretion 

(Kikuchi et al. 
2008, 2009) 

Bacilli Bacillus megaterium 
High-level 
production and 
secretion 

(Stammen et al. 
2010; David et al. 
2011) 

Lactic acid 
bacteria 

Lactococcus lactis 
Secretion; GRAS 
(Regulatory 
issues) 

(Le Loir et al. 
2005; Miyoshi et 
al. 2006; Morello 
et al. 2007; 
Innocentin et al. 
2009) 

Filamentous 
fungi 

Tricoderma reseei 

High-level 
production and 
secretion; post-
translational 
modifications 

(Uusitalo et al. 
1991; Nyyssönen 
et al. 1993; Collén 
et al. 2005; 
Guillemette et al. 
2007; Jun et al. 
2011) 

Moss 
Physcomitrella 
patens 

Post-translational 
modifications 

(Decker and Reski 
2007, 2008; Reski 
et al. 2015) 

Algae 
Chlamydomonas 

reinhardtii 

Cheap nutrients; 
high potential for 
scalability 

(Mayfield and 
Franklin 2005; 
Specht et al. 2010; 
Potvin and Zhang 
2010; Gong et al. 
2011) 

Unconventional 
plant 

Lemna minor 
cheap nutrients, 
Post-translational 
modifications 

(Cox et al. 2006; 
Bertran et al. 
2015) 



Introduction 

10 
 

Microalgae as an expression host 

The term “microalgae” refers to a diverse photosynthetic group of prokaryotic 

(cyanobacteria) and eukaryotic microrganisms with biotechnological 

potential. Historically, microalgae have been used in several applications, 

ranging from enhancing the nutritional value of animal feed to as producers 

of high-value molecules, like polyunsaturated fatty acid oils or human 

nutritional supplements and pigments (Spolaore et al. 2006). Furthermore, 

microalgae have been studied extensively in the last decades due to their 

potential to generate biofuel (Demirbas 2010; Wijffels and Barbosa 2010; 

Kilian et al. 2011). Microalgae have also attracted attention as an alternative 

RP production system because they offer the benefits of plants coupled with 

high productivities associated with microbial production. Thus, microalgae are 

promising as expression hosts due to low production cost, high growth rates, 

high yields, better safety and, in the case of eukaryotic microalgae, the ability 

to accomplish PTMs (Rosales-Mendoza 2016).  

Despite the fact that some species can be grown as heterotrophs in 

fermenters without light as energy source, thus requiring a supply of sugars 

for energy and as a carbon source, most microalgae are photoautotrophs 

requiring only light, water and basic nutrients for their culture (Walker et al. 

2005). Besides the low-cost production, there is no gene flow by means of 

pollen or other vehicles of gene escape. This fact coupled with the possibility 

of growth in closed bioreactors (Pulz 2001) makes transgenic microalgae an 

environmentally safe alternative (Walker et al. 2005; Rasala and Mayfield 

2015). 

The safety due to the absence of contamination by human pathogens is an 

advantage in front other RP hosts (Walker et al. 2005). Also, some algae 

species hold a GRAS (generally recognized as safe) status and thus, for many 

applications including food, agriculture, and cosmetic industries, little 
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purification may be required. Also, they can be used as oral vehicle of vaccines, 

therapeutic RP or food supplement both for veterinary or human purposes 

(Specht and Mayfield 2014; Beltrán-López et al. 2016).  

Furthermore, an advantage is the quick generation of RPs, requiring only a few 

weeks between the production of transformants and their scale up to 

production volumes.  

Finally, it has to be taken into account that a plant-made biopharmaceutical 

approved by the FDA in 2012 is a key reference in favour of algae-made 

therapeutic RPs regarding accomplishment of approvals (Mor 2015; Rosales-

Mendoza 2016).  

The diatom Phaedodactylum tricornutum has been studied as a feasible 

alternative host for mAb production. Several fully-assembled mAbs have been 

expressed in P. tricornutum retained in the endoplasmic reticulum (Hempel et 

al. 2011) and secreted to medium (Hempel and Maier 2012; Hempel et al. 

2017) with a maximum expression level reported of 2500 ng/ml (Hempel and 

Maier 2012). One of the expressed mAbs showed a reduced affinity to its 

receptors compared to mammalian mAb, and it has been suggested to be due 

to differences in glycosylation of the Fc region (Vanier et al. 2017). 

Despite the increasing examples of successful transformation and RP 

expression from many microalgal species (see table 3), current work is 

performed with Chlamydomonas reinhardtii that, since has been a model 

organism for decades, is the best characterized microalgal species. 

Chlamydomonas reinhardtii is introduced in the next section.  
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Table 3. Microalgae used for recombinant protein expression. Adapted from (Rasala and 
Mayfield 2015; Rosales-Mendoza 2016). 

Microalgae 
Use in RP 

expression 
References 

C.reinhardtii +++ (Rasala et al. 2012; Gimpel et al. 2015) 

Phaeodactylum 
tricornutum 

++ 
(Hempel et al. 2011; Hempel and Maier 
2012) 

Dunaliella salina ++ (Geng et al. 2003; Feng et al. 2014) 

Schizochytrium sp. + 
(Bayne et al. 2013; Bañuelos-Hernández et 
al. 2017; Ortega‑berlanga et al. 2018) 

Chlorella ellipsoidea  + (Chen et al. 2001; Kim et al. 2002) 

Dunaliella tertiolecta + (Georgianna et al. 2013) 

Scenedesmus sp. + (Chen et al. 2017) 

 

Chlamydomonas reinhardtii 

Chlamydomonas reinhardtii (Chlamydomonas hereafter) is a freshwater, 

green microalga that has been a popular model organism in plant biology for 

physiological, molecular, biochemical and genetic studies. Because of that, it 

has a well-developed molecular toolkit (Jinkerson and Jonikas 2015). Several 

key features of this organism make it a useful model organism for a variety of 

topics (Harris 2001). Thanks to its metabolic flexibility (ability to grow 

photoautotrophically or heterotrophically) Chlamydomonas enables the study 

of mutations in genes essential for photosynthesis, which would be lethal in 

many other systems. Furthermore, the unicellular nature of Chlamydomonas 

simplifies the study of responses to environmental stresses by eliminating the 

complexity associated with the different tissues found in higher plants. Liquid 

cell cultures can be grown easily in the laboratory, and their cell cycles can be 

easily synchronized by growth in a light/dark diurnal cycle. Vegetative cells are 

haploid and divide by multiple fission (Cross and Umen 2015), being thus 
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suitable for loss-of function genetic studies because recessive mutations 

immediately show a phenotype. Chlamydomonas has also a well-

characterized sexual cycle induced under nitrogen starvation conditions, and 

gametes can be mated to allow tetrad analysis. Both the chloroplast and the 

mitochondrial genomes can be genetically transformed through highly 

efficient homologous recombination techniques and this feature, along with 

the availability of numerous nuclear mutants and nuclear genome 

transformation and together with recent genome editing technologies, 

facilitates the study of nuclear/organellar interactions (Jinkerson and Jonikas 

2015). 

Chlamydomonas has also gained attention as an expression host for the 

production of therapeutic proteins (Mayfield et al. 2007; Rasala, B.A., Mayfield 

2011; Rosales-Mendoza et al. 2012). Although genetic transformation 

techniques are well established for both the nucleus and the chloroplast, 

proteins of pharmaceutical interest have been expressed to economically 

viable RP yields only in chloroplast (Mayfield et al. 2003, 2007; Mayfield and 

Franklin 2005; Tran et al. 2009; Rasala, B.A., Mayfield 2011). In fact, the 

Chlamydomonas chloroplast, which occupies up to 40 % of the cellular 

volume, possesses prokaryotic machinery together with proper synthesis of 

complex proteins requiring disulphide bonds for correct folding (Rasala, B.A., 

Mayfield 2011; Tran et al. 2013b). However, expression from the nuclear 

genome is necessary for the production of some RPs because RPs expressed 

in nucleus can be produced with PTMs that are absent from proteins produced 

in the chloroplast (Mayfield et al. 2007). Moreover, whereas chloroplast 

produced proteins remain within the plastid, proteins expressed in the nuclear 

genome can be targeted to the endoplasmic reticulum for secretion into the 

external medium (Eichler-Stahlberg et al. 2009; Rasala et al. 2012; Lauersen et 

al. 2013a). Thus, proteins expressed in the chloroplast involve the need of a 
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complex extraction while secretion of proteins is very appreciated for 

downstream processing. 

Table 4. Characteristics of recombinant protein expression in Chlamydomonas nucleus or 
chloroplast. Adapted from (Rasala and Mayfield 2015). 

Limitations of Chlamydomonas reinhardtii for nuclear transgene 

expression 

As exposed, Chlamydomonas has long served as a model organism in plant 

biology. Even though the availability of a molecular toolbox and the high-

efficiency transformation of the nuclear genome (Kindle 1990; Shimogawara 

et al. 1998), there are a difficulties associated with the integration and 

expression of foreign DNA. First, transgenes are integrated randomly through 

non-homologous end joining leading to a high degree of expression variability 

due to position effects (Kindle 1990). Second, transgenes are often 

fragmented or rearranged during integration (Zhang et al. 2014) and that 

makes necessary the screening of large numbers of transformants to identify 

the ones desired. Third, transgenes are commonly subject to silencing (Cerutti 

et al. 1997; Wu-Scharf et al. 2000; Jeong Br et al. 2002). Moreover, transgene 

silencing has been demonstrated at both the transcriptional and post-

 Nucleus Chloroplast 

Gene integration Random integration 
Homologous 

recombination 

Stability of transgene 
Susceptible to gene 

silencing 

Highly stable once 

homoplasmic 

Levels of recombinant 

protein accumulation 

Low (0.25% TSP) 

Levels susceptible to 

position effect 

High (1-21% TSP) 

Levels consistent across 

clones 

Post-translational 

modification 

Disulphide bond 

formation, 

phosphorylation, 

glycosylation, sulfation 

Disulphide bond 

formation, 

phosphorylation 

Protein localization 
Cytosol, organelle 

targeting, secretion 

Protein retained in 

chloroplast 
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transcriptional levels (Ceruttti et al. 1997; Wu-Scharf et al. 2000) and this 

results in unreliable long-term expression of genes of interest (GOI).  

Several improvements have been made to enhance transgene expression 

from the nuclear genome of Chlamydomonas, the strategies followed towards 

this end will be discussed together with our proposed approaches in Chapter 

1. 
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Objectives 

The global objective of this thesis is the enhancement of Chlamydomonas 

reinhardtii (Chlamydomonas hereafter) as a recombinant protein expression 

system and its validation as a versatile host with the nuclear expression of two 

protein models: a small growth factor and a complex monoclonal antibody 

(mAb). Chlamydomonas is an excellent model organism for plant biology and 

an attractive biotechnological production host. Despite the extensive 

molecular toolbox available, transgene expression levels are usually low, and 

this limitation has hampered the use of Chlamydomonas as a host for RP 

production. Several strategies designed to reduce or overcome these 

limitations in recombinant protein expression are tested (chapter 1) and the 

versatility of the host is assessed through the expression of two proteins 

(chapters 2 and 3). Specific objectives are listed below:  

1. Improving RP expression levels from Chlamydomonas nuclear genome 

(Chapter 1).  

- STRATEGY 1. Design of DNA cassette and optimization of a high-

throughput screening method to obtain a high RP expressing 

transformant. The high variability in the expression of the same cassette 

from independent clones of Chlamydomonas makes it necessary to screen 

a high number of transformants to select those which express the highest 

levels of RP. Since our high-throughput screening must be suitable for a 

GOI without an observable phenotype, two approaches are tested: 

- Use of a fusion protein consisting of a gene conferring resistance 

to an antibiotic and the protein of interest. A high-throughput 

screening is proposed based on fusion proteins comprising 

cleavage regions or skipping peptides. 
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- Use of a fusion protein consisting of a reporter gene and the 

protein of interest. A high-throughput screening is proposed 

based on fusion proteins comprising several secretion peptides, 

regulatory regions and stabilizing regions. Influence of the effect 

of said different regions to increase RP expression yield is studied. 

- STRATEGY 2. Study of the effect of transgene copy number on nuclear 

transgene expression levels. Two approaches are studied: i) the relation 

between transgene copy number and recombinant protein expression in 

haploid cells, and ii) recombinant protein expression in diploid cells. 

- STRATEGY 3. Obtaining a Chlamydomonas strain with improved 

expression of nuclear transgenes. A screening to obtain strains with 

impaired silencing mechanisms is designed and performed. 

2. Purification and functional characterization of human Epidermal Growth 

Factor expressed from Chlamydomonas nucleus (Chapter 2). A 

purification protocol and downstream processing from Chlamydomonas 

culture supernatant is proposed. Functional activity of expressed hEGF is 

tested. 

3. Expression of a monoclonal antibody from Chlamydomonas nucleus 

(Chapter 3). A high-throughput screening to select a transformant 

expressing a fully-assembled murine mAb is designed. Characterization of 

produced antibody is performed. 
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CHAPTER 1. Improving expression levels 
from Chlamydomonas nuclear genome 
  

Chapter 1. Improving expression levels 

from Chlamydomonas nuclear genome 
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Introduction 
As introduced previously, each expression system has its own limitations and 

there is a continuous effort to improve those expression systems and the 

products obtained. There are several levels at which actions can be taken to 

enhance gene expression: increasing transcription, increasing translation, 

favouring stability of RNA and/or stability of protein and favouring folding and 

PTMs of the recombinant protein. These can be achieved by improving strains, 

optimizing the heterologous DNA introduced (e.g. regulatory regions, fusion 

proteins, codon usage) into the cells or co-expressing specific proteins (e.g. 

foldases). 

The molecular mechanisms limiting the RP expression in Chlamydomonas 

nucleus are not completely understood (Dong et al. 2017). However, several 

strategies to improve transgene expression in the nuclear genome of 

Chlamydomonas have been reported, even though they are not always 

successful. Some of these strategies are commonly employed in other hosts 

while some are novel. An overview of these strategies is presented below. 

Codon optimization improves transgene expression 

Modifying the coding region to improve the level of gene expression is an 

established practice in RP expression from E.coli to mammalian cells (Makrides 

1999; Ferrer-Miralles et al. 2009). 

The Chlamydomonas nuclear genome has an unusually high G+C nucleotide 

content of 68% in coding sequences (Merchant et al. 2007) and the use of 

transgenes with low GC content or strongly deviating codon usage are 

expressed only poorly or not at all (Fuhrmann et al. 2004; Shao and Bock 2008; 

Barahimipour et al. 2015). Furthermore, the optimization of genes to match 
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the GC content and codon usage found in Chlamydomonas has been 

successful to improve transgene expression in Chlamydomonas. It has been 

reported that, while GC content exerts an influence on local chromatin 

structure, codon usage determines translational efficiency and mRNA stability 

(Barahimipour et al. 2015). It has been shown that the optimization of genes 

may introduce codons containing splicing signals (Weiner et al. 2018). Also, 

the same study showed the use of a frequent subset of preferred codons to 

increase transcript levels and demonstrated the effect on gene expression of 

mRNA folding energy in the translation initiation vicinity. 

Use of optimized regulatory elements to increase transgene expression 

In plants, bacteria and mammalian cells, viral and homologous genes are the 

two major sources of promoters used (Peremarti et al. 2010; Jia and Jeon 

2016; Romanova and Noll 2017). The use of homologous cis regulatory regions 

to drive expression is also a well-established practice in RP expression in yeasts 

and molds (Porro et al. 2005; Demain and Vaishnav 2009). Based on the 

promoters used, chimeric promoters have been designed for several 

expression systems (Brown et al. 2014). Regarding Chlamydomonas, several 

native promoters of highly expressed genes and chimeras of native promoters 

have been reported to date, being heat shock protein 70A and Rubisco2 

(HSP70-RBCS2) chimeric promoter improved by insertion of the RBCS2 first 

intron downstream (AR) the one most commonly used (Schroda et al. 2000; 

Sizova et al. 2001). The promoter-terminator from the PSAD gene (without 

introns in its sequence) has also been successfully used to express cDNAs 

(Fischer and Rochaix 2001; Heitzer and Zschoernig 2007; Kumar et al. 2013). 

Recently it has been shown that designed synthetic promoters can outperform 

AR promoter (Scranton et al. 2016). Finally, the native cis regulatory regions 

of RPL23 gene have been shown to increase expression in comparison to AR 

promoter (López-Paz et al. 2017). In this latter work it was also shown that the 
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use of 5’ and 3’ cis regulatory regions from a single gene outperforms the 

combination between cis regulatory regions of different genes. In the same 

work it was reported that not only promoter but also UTR play a role on 

efficiency to drive transgene expression. 

The effect of introns on expression of genes is an evolutionarily conserved 

feature found in diverse organisms as yeast, insects, plants and mammals. This 

positive effect on gene expression has been named intron-mediated 

enhancement (IME) and, even though the mechanism behind is not entirely 

clear (Moabbi et al. 2012; Laxa 2017), intronic sequences are used to increase 

transgene expression (Vain et al. 1996; Wurm 2004). It has been 

demonstrated that the inclusion of an intron from a native gene can improve 

transgene expression in Chlamydomonas (Lumbreras et al. 1998; Berthold et 

al. 2002; Eichler-Stahlberg et al. 2009). The initial and strongest evidence for 

the improvement of transgene expression by native introns comes from 

resistance markers in which the addition of introns increases transformation 

efficiencies and tolerance to higher antibiotic concentrations (Lumbreras et al. 

1998). Intronic sequences have been generally used in expression of 

transgenes, for example in combination with HSP70A/RBCS2 chimeric 

promoter (Sizova et al. 2001; Hu et al. 2014).  

Matrix attachment regions (MARs) are eukaryotic regulatory DNA elements 

that mediate attachment to the nuclear scaffold. These elements promote 

more open chromatin structure (Dietz-Pfeilstetter 2010) thus increasing 

transformation efficiency and reducing expression variability (Mlynarova et al. 

1996; Petersen et al. 2002). Although the mechanism of MARs action in vivo is 

still not completely elucidated (Romanova and Noll 2017) successful results 

have been obtained in plants and mammalian cells (Allen et al. 1993, 1996; 

Girod et al. 2007). It has also been shown that the incorporation of MARs into 

transgenes may protect against transgene silencing and improve the stability 
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of expression over a number of generations (Ülker et al. 1999; Vain et al. 1999; 

Mlynarova et al. 2003).  

Fusion proteins 

The use of fusion proteins is a usual resource to facilitate or increase 

recombinant expression of GOI. As an example, in E.coli solubility of RP can be 

increased when genes are fused to the E.coli thioredoxin gene (LaVallie et al. 

1993). The Fusion to Fc regions or stable proteins such as hSA are used not to 

increase RP expression but to improve pharmacokinetic properties (increased 

serum half-life) of the target protein (Capon et al. 1989; Yeh et al. 1992; 

Czajkowsky et al. 2012; Strohl 2015). 

In Chlamydomonas, transgene expression can be increased by fusing the 

coding region of a GOI to a selectable marker gene, in a manner that a single 

promoter is used to drive expression of the fusion protein (Fuhrmann et al. 

1999). This method increases the chances that primary transformants express 

the desired GOI, allows more reliable gene expression over time, and reduces 

the amount of screening required to identify suitable transformants. 

However, fusion of a GOI to a marker gene may hinder the function of the GOI, 

the marker or both. It has been reported that the fusion consisting of the 

intron-containing bleomycin gene (BleR) and GOIs support higher level 

expression of these GOIs as compared to their unfused counterparts 

(Fuhrmann et al. 1999, 2004; Rasala et al. 2012; Kong et al. 2015). 

Secretion 

A common strategy in industrial RP production is targeted secretion of RPs to 

the periplasmic or extracellular space. It is considered that protein localization 

into the periplasmic space has reduced exposure to protease activity, less 

inhibitory feedback to gene expression processes, and allows continuous 

cultivation in perfusion-style bioreactors (Fischer et al. 2004; Schmidt 2004; 
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Porro et al. 2005). In addition, proteins that are secreted through the ER and 

Golgi exocytosis pathway are subjected to post-translational modifications 

(PTMs) (Eichler-Stahlberg et al. 2009). Furthermore, secretion to medium 

facilitates the isolation of the protein. Regarding Chlamydomonas, in an study 

using a secreted fusion protein comprising a reporter gene and a GOI an 

expression level of 12 mg RP/L has been achieved (in the highly expressing 

mutant UVM4 strain) (Lauersen et al. 2015b). 

In plant cell cultures, a successful strategy to enhance secretion yields and the 

stability of recombinant proteins has been demonstrated based on (SP)n 

glycomodules, which are O-glycosylated with arabinogalactan polysaccharides 

attached to hydroxylated Pro residues (Hyp) (Shpak et al. 1999; Xu et al. 2007). 

Glycosylation serves a variety of structural and functional roles and it is well 

established that glycosylation increases the stability of proteins (Sinclair and 

Elliott 2005). The presence of O-linked glycans, for instance, strongly enhances 

the secretion yields and physicochemical properties of a protein by influencing 

protein folding, solubility, stability and resistance to heat or proteolysis (Walsh 

and Jefferis 2006; Gomord et al. 2010). From green algae to plants, 

hydroxyproline (Hyp)- O-glycosylation characterizes an ancient and diverse 

group of structural glycoproteins associated with the cell wall (Shpak et al. 

1999). Peptide sequence periodicity and glycosylation distinguish the three 

major HRGP families: arabinogalactan proteins (AGPs), extensins, and proline-

rich proteins (PRPs). Moreover, the conserved (Ser-Hyp)n motif has been 

identified both in Chlamydomonas (Woessner and Goodenough 1992) and in 

higher plants AGPs (Kieliszewski and Lamport 1994). When adding (SP)10 or 

(SP)20 glycomodules the expressions achieved 7.5 mg/L and 15 mg/L 

respectively, 6 and 12-fold higher, than the secreted RP without glycomodules 

(Ramos-Martinez et al. 2017). To our knowledge this is the highest yield of 

protein expression in Chlamydomonas nucleus reported until today. 
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Gene dosage 

One strategy that has been investigated to increase transgene expression is 

gene dosage, involving multiple copies of an heterologous gene introduced 

into the genome (Aw et al. 2012; Zhou et al. 2013). For some organisms is one 

of the best established methods for increasing expression yields (Aw et al. 

2012). In practice however, for some other organisms there is no direct 

correlation between copy number and expression yields (De Buck et al. 2004; 

Schubert 2004; De Paepe et al. 2012; Zhou et al. 2013). Despite having 

originally been described over 20 years ago, the use of multicopy clones is an 

aspect that is still being investigated in depth today (Aw et al. 2012).  

In plants, the analysis of the correlation between copy number and gene 

expression is complicated because increasing the copy number can both 

increase and decrease the level of expression of heterologous genes in 

transgenic plants, the key criterion being the nature of the copy that is 

involved (Hobbs et al. 1993): some insertions act in an additive manner but 

others are silenced and are able to cause silencing on other introduced high 

expressing copies. This correlation has been controversial during years and the 

comparison between different plant expression systems has made more 

difficult the establishment of a relation between gene dosage and transgene 

expression by yielding apparently conflicting results (Schubert 2004). 

Although repetitiveness is an important feature in the induction of silencing, 

single-copy transgenes can also be silenced, either by the influence of trans-

acting mechanisms or by the neighbouring heterochromatic DNA (Dorokhov 

2007). Besides, the nature of the coding region is an important determinant 

of the gene-specific threshold for silencing (Schubert 2004).  

Concerning Chlamydomonas, reported results indicate that transgene copy 

number is not positively correlated with expression level (Barahimipour et al. 

2015, 2016). However, transformants carrying more than one copy of 
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transgene have been identified for robust expression of a GOI (Lauersen et al. 

2016). Therefore, the high variability in the expression of the same cassette in 

independent clones of Chlamydomonas makes it difficult to establish a 

correlation between copy number and expression level of the transgene from 

published studies.  

In plants, induction of polyploidy for crop improvement dates to the 1930s, 

and doubling of the chromosome number is associated with increased 

biomass and tolerance to various stresses (Lee et al. 2010). These improved 

traits are essential for the maximal production of crops on a large agricultural 

scale. Chlamydomonas vegetative diploid colonies can be obtained (Ebersold 

1967). These strains are different from haploids by cell and nuclear size, DNA 

content per nucleus, and chromosome number (Ebersold 1967). Recently, it 

was reported that under nitrogen starvation conditions diploid cells grow 

better in terms of biomass because its cellular weight triplicate the cellular 

weight of haploid cells (Kwak et al. 2017). Interestingly, the diploids showed 

enhanced tolerance to other stresses, including oxidative and cold stresses 

(Kwak et al. 2017).  

To our knowledge, there hasn’t been a study to determine the relation 

between copy number and transgene expression in Chlamydomonas nucleus 

or to determine the expression of RP in diploid Chlamydomonas cells. 

Strains improved for high transgene expression 

The use of mutant backgrounds is one of the key strategies in molecular 

biology for both basic research and applied. For example, the creation of 

protease deficient mutants to avoid product degradation is a reality in bacteria 

(Joseph et al. 2015) or molds (Demain and Vaishnav 2009). Also, metabolic 

engineering of yeast strains has been achieved in order to mimic human 
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glycosylation (De Pourcq et al. 2010) and E.coli strains had been developed to 

facilitate the expression of rare codons (Loyevsky et al. 2003). 

Specific mutant backgrounds can be used to reduce silencing of transgenes by 

epigenetic mechanisms. It has been shown that transgene inactivation in 

Chlamydomonas occurs at transcriptional and post-transcriptional levels 

(Ceruttti et al. 1997; Wu-Scharf et al. 2000; Jeong Br et al. 2002). A transgene 

that is inserted multiple times into the nuclear genome may be 

transcriptionally silenced through DNA methylation (Ceruttti et al. 1997) or 

histone modification (Casas-Mollano et al. 2007). However, single-gene copies 

of transgenes can also be silenced. For instance, E.coli aadA gene, conferring 

spectinomycin resistance, stably integrates into the nuclear genome but in 

approximately half of the transformants its expression is reversibly 

suppressed (Ceruttti et al. 1997). This gene silencing was shown to be a result 

of transcriptional inactivation and did not correlate with methylation of the 

integrated DNA. To identify the mechanism of silencing, an insertional 

mutagenesis screen was conducted in a background with a silenced aadA 

resistance marker, and mutants were selected by transgene expression 

reactivation (Wu-Scharf et al. 2000; Jeong Br et al. 2002). Two proteins were 

found to be involved in transcriptional gene silencing, MUT9 and MUT11, 

which likely function in the formation of chromatin structure (Casas-Mollano 

et al. 2008) and as a global transcriptional repressor (Zhang et al. 2002) 

respectively. Protein MUT6, that encodes a DEAH-box RNA helicase (Wu-

Scharf et al. 2000), was found to be involved in post-transcriptional gene 

silencing. This protein is necessary to silence transgenes by aiding in 

degradation of aberrant RNAs, formed when transcripts are incorrectly 

processed (Wu-Scharf et al. 2000). 

A Chlamydomonas genetic screening was developed using a selectable marker 

gene (CRY1-1) whose expression level is directly proportional to the 
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phenotypic resistance to the selecting agent (Neupert et al. 2009). With this 

system, the selection pressure could be increased to select mutants with high 

transgene expression. Thanks to this selection strategy, two UV mutants that 

showed increased transgene expression relative to its parental strain were 

isolated (Neupert et al. 2009): UVM4 and UVM11. When these mutants where 

transformed to express two fluorescent proteins (GFP and YFP) they showed 

increased fluorescence over non-selected strains and a higher percentage of 

its transformants incorporated the full-length transgene cassette into the 

genome than wild-type strains. UVM4 was used to produce a secreted 

luciferase protein and produced more than threefold increase in luciferase 

than a wild-type strain using the same expression cassette. Additionally, not 

only the UVM4 background produced more luciferase luminescence positive 

transformants but more robust bioluminescence signals than wild-type 

(Lauersen et al. 2013a). Another study used UVM mutants for the expression 

of three genes in the biosynthetic pathway of the terpene squalene and while 

transgene levels were increased in the UVM mutants over wild-type, 

expression levels were variable between individual UVM transformants. These 

results suggest that the epigenetic repression mechanism is alleviated but not 

eliminated in the UVM strains (Kong et al. 2014). Finally, it is important to 

highlight that UVM strains harbour unknown mutation(s). 

A Chlamydomonas mutant with a tag insertion in the maintenance-type DNA 

methyltransferase gene (MET1) which encodes one of the key enzymes for 

epigenetic gene silencing was identified (Kong et al. 2015). This mutant 

significantly improved the expression of transgenes but was susceptible to 

transcriptional gene silencing and expression varied among its transformants 

(Kong et al. 2015). Later, this Met1-strain was used as a background for 

random mutagenesis (Kurniasih et al. 2016) and some of the resulting mutant 

were reported to reach the expression level of UVM strains, showing an 
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enhanced nuclear transformation efficiency and increased transgene 

expression irrespective of the insertion position (Kurniasih et al. 2016).  

While mutant strains have already been useful for transgene expression, new 

screenings are needed to identify and isolate new improved strains and to help 

in further describing silencing mechanisms in Chlamydomonas. 

 

With the aim of improving expression levels from Chlamydomonas nucleus 

three strategies have been performed: i) design of DNA cassette and 

optimization of a high-throughput screening method to obtain a high RP 

expressing transformant, ii) study of the effect of transgene copy number on 

nuclear transgene expression levels and Iii) obtainment of a Chlamydomonas 

strain with improved expression of nuclear transgenes. 
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Results 
Strategy 1. Design of DNA cassette and optimization of a high-

throughput screening method to obtain a high RP expressing 

transformant 

As previously introduced, the high variability in the expression of the same 

cassette from independent clones of Chlamydomonas makes it necessary to 

screen a high number of transformants to select those with high expression. 

As we intend to develop a high-throughput screening suitable for GOIs without 

an observable phenotype, we need a marker or a reporter gene. In the present 

work two approaches are tested: a fusion protein comprising an antibiotic 

resistance gene and a GOI, and a fusion protein comprising a reporter gene 

and a GOI. Three GOIs were initially selected for the present study. 

The protein of interest was human Epidermal Growth Factor (EGF, Gene ID: 

1950). The mature form of EGF is a small polypeptide of 6045 Da and six half-

cysteines that exist in disulphide linkage. This protein acts as a potent 

mitogenic factor that plays a key role in the growth, proliferation and 

differentiation of numerous cell types. Since its discovery (Cohen 1962) all 

aspects of EGF biology have attracted an intense research interest (Wong et 

al. 2001). EGF had shown a potential utility in various areas of human health 

care and has also attracted commercial interest in the cosmetic market.  

Another protein of interest was Chlamydomonas reinhardtii Thioredoxin h1 

(TRXH, gene Cre09.g391900). Thioredoxins are small proteins which are 

involved in the cell redox regulation. These ubiquitous proteins are present in 

all organisms from prokaryotes to higher eukaryotes. 10 different thioredoxins 

have been identified in Chlamydomonas (Lemaire and Miginiac-Maslow 2004). 
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Chlamydomonas cytosolic Thioredoxin h1, with a molecular weight (MW) of 

11.8 kDa, was selected to be expressed in the present study as a native protein 

of Chlamydomonas with commercial interest in the cosmetic market. 

The fluorescent protein mCherry was also included as a protein easy to follow. 

mCherry, a protein of 26.7 kDa, has been previously reported as a good 

fluorescent candidate because Chlamydomonas shows low autofluorescence 

at the wavelengths where it is detected (Rasala et al. 2013). 

1. Developing a high throughput screening method: fusion of a 

selectable marker gene and the protein of interest   

1.1. Use of polycistronic mRNAs: analysis of two different viral 2A 

sequences 

1.1.1. Use of minimal FMDV 2A peptide for processing of a 

dicistronic vector 

The first proposal was based on the fusion strategy of BleR2AGOI that had 

previously resulted in a yield of 0.25% total soluble protein (TSP) in 

Chlamydomonas nucleus (Rasala et al. 2012). BleR resistance gene, that 

confers resistance to the bleomycin family of antibiotics (Stevens et al. 1996), 

was cloned in frame with the Foot-and-mouth disease virus 2A (FMDV 2A) 

peptide sequence and the coding region of the Chlamydomonas Thioredoxin 

h1 (referred to as TRXH in this study), mCherry or human Epidermal growth 

factor (referred to as hEGF in this study). BleR protein (referred to as ShBle in 

this study) binds to zeocin (bleomycin derivative antibiotic used in the present 

study) in a 1:1 ratio to prevent DNA double strand breaks induced by the 

antibiotic (Dumas et al. 1994). Unlike enzymatic resistance genes, high levels 

of ShBle are needed to survive zeocin selection. Therefore, this strategy is 

designed to exclusively select transgenic lines that express high levels of shBle 
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and consequently high levels of the protein of interest (Rasala et al. 2012). 

Since BleR gene is cloned in frame with a GOI mediated by the 2A peptide 

sequence, it is expected that when the ribosome reaches the 2A peptide it will 

skip the bond formation rendering two independent proteins: ShBle and 

protein of interest.  

 

Figure 1. Schematics of FMDV 2A function. The dicistronic 2A-containing construct used to 
assess Ble2AGOI strategy for Chlamydomonas nuclear expression would transcribe as one single 
mRNA and would be translated into two separate peptides (shBle and protein of interest) 
because when the ribosome reaches the 2A peptide the bond formation is skipped.  

To test this strategy three cassettes were designed: pARshBle2ATRXH, 

pARshBle2AmCherry and pARshBle2AhEGF (see figure 2). Expression was 

driven by AR promoter (HSP70-RBCS2 chimeric promoter including RBCS2 first 

intron downstream) and 3’UTR RBCS2. BleR contained RBCS2 intron 1 that has 

been previously reported to confer higher expression (Lumbreras et al. 1998). 

Furthermore, excepting the case of the cassette carrying mCherry gene, three 

copies of haemagglutinin epitope tag (3HA) (cloned N-terminal of the GOI) and 

a 6xhis tag (cloned C-terminal of the GOI) were introduced for further 

detection and downstream processing. The 2A sequence used corresponded 

to the minimal FMDV 2A sequence (see figure 1) (Rasala et al. 2012, 2013). All 

the coding region was adapted to the codon usage and GC content of 

DNA

mRNA

protein

TRANSCRIPTION

TRANSLATION

BleRAR prom Gene of interest term

APVKQTLNFDLLKLAGDVESNPG P

6xhis

BleR Gene of interest

5’UTR 3’UTR
AAAAA

6xhis

BleR Protein of interest

Proline

6xhis

2A

2A

2A 3HA

3HA

3HA



Chapter 1 – Results 

36 
 

Chlamydomonas nuclear genome except for the 3HA tag and the mCherry 

gene. 

The constructs pARshBle2ATRXH and pARshBle2AhEGF were transformed into 

the cell-walled Chlamydomonas strain CC-124 and initially selected on TAP-

zeocin 15 µg/ml (considered low zeocin). 96 independent transformants were 

picked and retested for growth on increasing concentrations of zeocin to 

assess relative expression levels of shBle.  

Independent transformants able to grow at the maximum zeocin 

concentration tested (100 µg/ml) were selected for further analysis: 6 for 

TRXH and 8 for hEGF (figure 3).  

 

 

 

 

Figure 2. Schematics of pARshBle2AhEGF, pARshBle2ATRXH and pARshBle2AmCherry 
constructs. AR: HSP70-RBCS2 chimeric promoter, 3’T RBCS2: 3’ region of RBCS2, IR: intron 1 
RBCS2, 3XHA: triple hemagglutinin tag, brackets represent cDNA of TRXH (gene 
Cre09.g391900), E: TRXH exon, I: TRXH intron.  
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 An immunoblot analysis was performed to corroborate that high zeocin 

resistance is correlated with high transgene expression as well as to check the 

correct expression and processing of the both peptides (figure 4). We used 

two antibodies to detect both processed and unprocessed forms: a polyclonal 

antibody against shBle protein to detect full length protein and shBle 

processed protein and a monoclonal antibody against HA tag to detect full 

length protein and processed C-terminal protein. Unexpectedly, when 

transformants were analysed with the antibody against shBle, proteins of 

varied sizes were observed between different transformants. When 

transformants were analysed with the antibody against HA tag only one out of 

8 transformants showed expression of a protein with a size that corresponds 

to the expected size of the full length protein (34.87 kDa in the case of 

shBle:2A:3HA:TRXH and 28.95 kDa in the case of shBle:2A:3HA:hEGF). 

Importantly, no band or signal was detected in CC-124 negative control with 

                                     25                       50                      100   µg mL-1 

Figure 3. Zeocin sensitivity test of pARshBle2AhEGF and pARshBle2ATRXH transformants. 
Transformants were spotted onto TAP agar plates containing increasing concentrations of 
zeocin. Selection of high resistant clones was assessed by growth at increasing zeocin 
concentrations. 

pARshBle2AhEGF 

pARshBle2AhEGF 

pARshBle2ATRXH 

pARshBle2AhTRXH 
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any of the antibodies used. We expected that all clones express shBle since 

they are resistant to zeocin, but in 4 cases (out of 15) we were not able to 

detect the protein by immunoblot against shBle. The more likely explanation 

is expression of shBle under the antibody detection limit although silencing 

(after the screening on zeocin selection and before the immunoblot) is 

another possible explanation. 

The transformants that showed presence of a protein at the expected 

molecular weight for the fusion protein were selected: pARshBle2ATRXH#8 

and pARshBle2AhEGF#3. According to the results (figure 4) there was no 

detectable processing of the 2A peptide in the transformant 

pARshBle2ATRXH#8. Instead, some processing may exist in the transformant 

pARshBle2AhEGF#3. In this latter transformant, despite not detecting 

3HA:hEGF, three specific bands with shBle antibody were observed: the full 

length protein, a higher band and a lower band. The lower band may 

correspond to shBle:2A (15.6 kDa) and induces us to think that some 

processing may exist in this transformant.  

 

Figure 4. Immunoblot of pARshBle2AhEGF and pARshBle2ATRXH high resistant 
transformants. 50 µg TSP loaded in each lane. Upper panels correspond to immunoblot against 
shBle protein. Lower panels correspond to immunoblot against HA tag. Ponceau stained 
membranes showed as a loading control. 
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To determine if processing efficiency varies depending on culture phase, we 

followed the growth by cell density and took samples for immunoblot analysis 

at early, mid and late phase of growth for the two transformants selected and 

the wild type strain. Results are presented in figure 5.  

 

Whereas no differences were observed in the expression level of 

shBle:2A:3HA:TRXH at different growth stages, shBle:2A:3HA:hEGF was more 

expressed at early/mid compared to late log phase of culture. When analysing 

the transformant pARshBle2ATRXH#8, apart from the full-length protein, we 

Figure 5. Immunoblot of 
pARshBle2AhEGF and 
pARshBle2ATRXH selected 
transformants at different 
culture stages. A) growth 
followed by cell counting. B) 
immunoblot analysis. Upper 
panel corresponds to 
immunoblot against shBle 
protein. Lower panel 
corresponds to immunoblot 
against HA tag. 50 µg TSP were 
loaded in each lane. Ponceau 
stained membranes showed 
as a loading control. 
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detected a band that may correspond to TRXH:3HA (15.5 kDa) but we did not 

detect shBle:2A (15.6 kDa). In contrast, when analysing the transformant 

pAshBle2AhEGF#3, apart from the full-length protein, we detected a band that 

may correspond to shBle:2A (15.6 kDa) but we did not detect 3HA:hEGF (9.9 

kDa). An explanation to this is that shBle:2A would be expressed under the 

detection level of the shBle antibody in the case of pARshBle2ATRXH#8 and 

3HA:hEGF would be degraded in the case of pARshBle2AhEGF#3. Thus, there 

was processing but was indeed 20-30% (calculated shBle:2A compared to 

shBle:2A:3HA:hEGF and 3HA:TRXH compared to shBle:2A:3HA:TRXH). 

Independently of growth phase and transformant the main band always 

corresponded to the full-length protein. Therefore, processing was constant 

and lower than reported previously (Rasala et al. 2013).  

To further corroborate the results, pARshBle2AmCherry was transformed into 

CC-124 and 96 independent transformants (initially selected at 15 µg/ml 

zeocin) were picked and retested for growth on increasing concentrations of 

zeocin to assess relative expression levels of shBle. Independent 

transformants able to grow at the maximum zeocin concentration tested (100 

µg/ml) were selected as high expressing transformants, independent 

transformants able to grow at 50 µg/ml of zeocin were selected as medium 

expressing transformants and independent transformants able to grow in the 

presence of only 15 µg/ml of zeocin were selected as low expressing 

transformants. An immunoblot analysis was performed to test if zeocin 

resistance is correlated with transgene expression and to determine if the 

fusion protein was correctly expressed and cleaved in the selected 

transformants (figure 6). 
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Figure 6. Immunoblot of pARshBlemCherry selected transformants. 60 µg TSP loaded in each 
lane, primary antibody against shBle. Ponceau stained membranes are shown as a loading 
control. 

The results were similar to the results obtained with pARshBle2AhEGF and 

pARshBle2ATRXH: proteins of varied sizes were observed between 

independent transformants. As all the selected clones are resistant to zeocin, 

all necessarily express the shBle protein, nevertheless we were not able to 

detect shBle protein in five out of ten high and medium expressing 

transformants. Besides, we were able to detect shBle protein in all the low 

expressing transformants. An explanation is poor processing and/or 

intermediate fusion proteins that may result in poor efficiency of shBle protein 

by preventing its biological function when compared to monomeric shBle: less 

monomeric shBle would confer resistance to high concentrations of zeocin. 

To summarize, according to our results the minimal FMDV 2A peptide does 

not behave as expected (processing efficiency is lower than previously 

reported) and high expressing clones do not correlate with high expression of 

the processed protein. 

1.1.2. Use of extended FMDV 2A peptide for processing of a 

dicistronic vector 

The 2A peptide used in the first strategy presented was the one reported in 

initial studies to enhance protein expression in Chlamydomonas (Rasala et al. 
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2012, 2013). It is based on the minimal FMDV 2A peptide, which has been 

shown to be 45-50% less efficient than the extended FMDV 2A in allowing 

expression of full-length protein from the gene downstream of the 2A 

sequence (Donnelly et al. 2001). In Chlamydomonas, extended FMDV 2A 

peptide (39 amino acids) has been successfully used as a highly efficient 

system for the production of two proteins from a dicistronic gene (Plucinak et 

al. 2015). On the base of the low processing efficiency obtained with the short 

version of FMDV 2A peptide, we decided to test the same strategy but with 

the extended version of FMDV 2A (2E). To this end the cassettes 

pARshBle2AETRXH and pARshBle2AEhEGF (figure 7) were constructed by 

replacing minimal FMDV 2A for the extended version (2AE) in the cassettes 

pARshBle2AhEGF and pARshBle2ATRXH. 

 

The constructs were transformed into the cell-walled Chlamydomonas strain 

CC-124 and an initial selection on TAP-zeocin 15 µg/ml was performed 

(considered low zeocin). 96 independent transformants were picked and 

retested for growth on increasing concentrations of zeocin to assess relative 

expression levels of shBle (figure 8). Independent transformants were 

2AE

3’T 
RBCS2

IR BleRAR IR BleR

6xhis

3’T 
RBCS2

EIR BleRAR IR BleR

6xhis

EI I E I E

crTRX
2AE

3HA

3HA

hEGF

Figure 7. Schematic comparison of minimal FMDV 2A (2A) and extended FMDV 2A (2AE) 
sequences and schematics of pARshBle2AEhEGF and pARshBle2AETRXH constructs. AR: HSP70-
RBCS2 chimeric promoter, 3’T: 3’ region of RBCS2, IR: intron 1 RBCS2, I: intron, E: exon. 

 

pARshBle2AEhEGF 

pARshBle2AETRXH 
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selected: those able to grow up to 25 µg/ml zeocin were considered low 

resistant clones (3 for pARshBle2AEhEGF and 6 for pARshBle2AETRXH), those 

able to grow up to 75 µg/ml zeocin were considered medium resistant clones 

(6 for pARshBle2AETRXH), and those able to grow up to 300 µg/ml zeocin were 

considered high resistant clones (3 for pARshBle2AEhEGF and 6 for 

pARshBle2ATRXH). 

 

Once transformants had been selected, two immunoblots were performed 

using antibodies anti-shBle and anti-HA tag as previously to corroborate that 

high zeocin resistance is correlated with high transgene expression and to 

determine the correct expression and processing of the both peptides (figure 

9). Thus, if the processing mediated by the extended 2A peptide is complete, 

the expected results would be a single band corresponding to 3HA:TRXH (15.5 

kDa) or 3HA:hEGF (9.92 kDa) and a single band corresponding to shBle:2AE 

(17.4 kDa). The expected molecular sizes for the full length fusion proteins 

                           25                           75                         100                        300                   75  µg mL-1 

Figure 8. Zeocin sensitivity test of pARshBle2AEhEGF and pARshBle2AETRXH transformants. 

Initial transformants were spotted onto TAP agar plates containing increasing concentrations of 
zeocin. The selection of transformants was assessed by growth: Blue marked transformants 
(low) grew up to 25 µg/ml of zeo, brown marked transformants (medium) grew up to 75 µg/ml 
of zeo and black marked transformants (high) grew at 300 µg/ml of zeo. 

 

pARshBle2AEhEGF 

pARshBle2AETRXH 

pARshBle2AEhEGF 
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shBle:2AE:3HA:TRXH and shBle:2AE:3HA:hEGF were 36.7 kDa and 30.8 kDa 

respectively.  

 

As in the previous strategy, we found specific bands with varied sizes between 

independent transformants. An HA specific band at the expected molecular 

size for the full-length protein was only present in 2 out of 16 independent 

Figure 9. Immunoblot of pARshBle2AEhEGF and pARshBle2AETRXH selected transformants. 
Upper panels correspond to immunoblot against shBle protein. Lower panels correspond to 
immunoblot against HA tag. Membrane stained with Ponceau showed as a loading control. A) 
pARshBle2AEhEGF transformants immunoblot. 50 µg TSP were loaded in each lane. B) 
pARshBle2AEcrTRX transformants immunoblot. 100 µg TSP were loaded in each lane.  

B

S 
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transformants of pARshBle2AETRXH (36.7 kDa) and no HA specific band was 

found in pARshBle2AEhEGF transformants. Importantly, no band or signal was 

detected in CC-124 negative control with any of the antibodies used. We 

expected that all the selected transformants express shBle since they are 

resistant to zeocin, however in 5 cases (out of 28) we were not able to detect 

the protein by immunoblot. The range of products or variability in transgene 

expression makes it difficult to establish a correlation between protein 

expression and resistance to zeocin. This may be due to poor processing 

and/or intermediate fusion proteins that may result in poor efficiency of shBle 

fusion protein in sequestering zeocin and conferring resistance to the 

antibiotic when compared to monomeric shBle.  

To summarize, despite previous studies had reported the efficient processing 

of FMDV2A peptide sequences in Chlamydomonas (Rasala et al. 2012, 2014; 

Plucinak et al. 2015) we could not validate this strategy as a high-throughput 

screening for selecting high transgene expressing transformants. The host 

strain or growth conditions prior to lysate preparation used in our study may 

contribute to the variability in processing versus previous ones, but this 

remains to be determined. The protein fused to Ble2A may also influence 

processing of the fusion protein. 

 

1.2. Use of a fusion protein consisting of a resistance gene and the 

protein of interest linked by TEV protease recognition sequence 

In an analogous way than when testing FMDV 2A peptides, the approach 

consisting on the fusion comprising BleR and GOI was further investigated with 

a TEV protease recognition sequence instead of a 2A peptide between the 

ShBle and protein of interest (figure 10). TEV protease (EC 3.4.22.44, Tobacco 

Etch Virus nuclear-inclusion-a endopeptidase) is a highly sequence-specific 
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cysteine protease from Tobacco Etch Virus (TEV). Due to its high sequence 

specificity, it is frequently used for the controlled cleavage of fusion proteins 

in vitro and in vivo (Dougherty et al. 1989). The cassette included a 3HA tag 

(three copies of the haemagglutinin epitope tag, cloned C terminal of BleR), a 

6xhis tag (cloned N terminal of BleR) and a TEV protease recognition sequence. 

All the coding region was adapted to the GC content and to the codon usage 

of the nuclear genome of Chlamydomonas. The coding region of the cassette 

was driven by RPL23 (Cre04.g211800) cis regulatory elements (5’ and 3’). We 

used these regulatory elements because it has been reported that they 

outperform the AR chimeric promoter and the promoter-terminator from the 

PSAD gene in terms of RP expression yields (Li et al. 2016; López-Paz et al. 

2017).  

 

The construct was transformed by electroporation into the cell-walled 

Chlamydomonas strain CC-124 and 45 transformants surviving on TAP agar 15 

µg/ml zeocin plates (considered low zeocin) were picked and screened by their 

ability to grow at increasing concentrations of zeocin (figure 11). The eight 

clones able to grow at higher zeocin concentrations were selected. 

Figure 10. Schematics of pPLshBleTEVhEGF construct. RPL23: 5’ RPL23 cis regulatory elements 
including 5’UTR and promoter, 3’T RPL23: 3’UTR and terminator of RPL23, IR: intron 1 RCBS2. 

3’T RPL23BleR IR BleR

6xhis

TEV protease
recognition sequence

RPL23 3HA hEGF
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Once transformants had been selected, an immunoblot analysis was 

performed as explained previously to corroborate if high zeocin resistance is 

correlated with high transgene expression and to determine whether the 

fusion protein was expressed in our transformants (figure 12).  

Since all the transformants are resistant to zeocin, we expected that all 

express shBle and that was corroborated by immunoblot. In total, only one 

out of six transformants presented a band at the expected molecular weight 

for the full-length protein (26.5 kDa): pPLshBleTEVhEGF#8. Apart from the 

transformant that presented a band at the expected molecular weight for the 

full-length protein (26.5 kDa), the bands detected are higher than this 

expected molecular weight. Besides, no band was detected in transformants 

#5 and #6 when hybridised against HA tag. One explanation is partial insertion 

of the DNA cassette: that would give a protein including, at least partially, our 

fusion protein and the product of a part of genomic DNA. Another explanation 

is the formation of protein aggregates. The latter hypothesis was discarded by 

repetition of the same immunoblots treating the samples with different 

mL-1 

Figure 11. Zeocin sensitivity test of pPLshBleTEVhEGF transformants. Transformants were 
spotted onto TAP agar plates containing increasing concentrations of zeocin. Selection of high 
resistant clones was assessed by growth at increasing zeocin concentrations. 
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reducing agents and boiling conditions resulting in the same results obtained 

before (results not shown).  

 

To rule out the possibility of different processing due to culture phase we 

analysed RP expression throughout culture stages. We selected the 

transformant pPLshBlehEGF#8 for further analysis because it showed a band 

at the expected molecular weight for the full-length protein (26.5 kDa). 

Although molecular weight of the band detected in transformant 

pPLshBlehEGF#16 did not correspond to the expected molecular weight, we 

decided to further study this transformant because it expresses high yields of 

recombinant protein. We followed the growth by cell density and analysed 

five points from initial exponential phase to stationary phase of culture. No 

significant differences in the expression pattern were observed (figure 13). 

Figure 12. Immunoblot of pPLshBleTEVhEGF selected high expressing transformants. 50 µg 
TSP were loaded in each lane. Upper panels correspond to immunoblot against shBle protein. 
Lower panels correspond to immunoblot against HA tag. Membranes stained with Ponceau are 
shown as a loading control.  
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To determine if partial insertions led to multiple fusion proteins we decided to 

analyse the integration of the cassette by PCR. We designed several 

oligonucleotides pairs to be able to determine if insertion of cassette was 

indeed full or partial. The results are shown in figure 14. 

Figure. 13 Immunoblot of pPLshBleTEVhEGF selected transformants at different growth 
stages. 50 µg TSP were loaded in each lane. Primary antibody against shBle (minutes of 
exposure) and against 3HA tag (seconds of exposure). Membranes stained with Ponceau are 
shown as a loading control. 
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Figure 14. PCR analysis of the integration of the cassette in selected high resistant 
pPLshBleTEVhEGF transformants. Right panel: schematic representation of cassette and 
combination of oligos to analyse its integration. RPL23: 5’ RPL23 cis regulatory elements 
including 5’UTR and promoter, 3’T RPL23: 3’UTR and terminator of RPL23. Left panel: PCR 
results. The last image of amplification panel corresponds to the amplification of the mating 
type minus specific MID gene as a control of genomic DNA. 

Since all the clones are resistant to zeocin and present bands by immunoblot 

against shBle, we expected insertion of BleR in all of them and this was 

confirmed by PCR amplification. With the next three couples of oligos it was 

determined that all the clones in which we were able to detect HA specific 

signal by immunoblot have inserted at least one sequence encoding for one 

HA copy. Amplification by the next oligos (F479/R480) gives information of 

which clones have inserted from BleR to the GOI (hEGF). There was correct 

amplification only in transformant pPLshBleTEVhEGF#8. Finally, only 

transformant pPLshBleTEVhEGF#8 showed the expected sizes in the 

amplification of three different oligonucleotides pairs for the insertion of 

3’UTR. 

Additionally, we transformed pPLshBleTEVhEGF into the alternative wild type 

strain 21gr to corroborate the results. In this case, 48 independent 

transformants (initially selected on TAP-zeocin 15 µg/ml) were picked and 
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screened by its ability to grow at increasing concentrations of zeocin (figure 

15-A) and the eight clones surviving to higher zeocin concentrations were 

selected. As expected, when analysed by immunoblot against shBle, proteins 

of varied sizes were observed between transformants (figure 15-B). Again, we 

observed specific signal corresponding to diverse low molecular weights. 

However, only one out of eight transformants presented a specific HA band at 

the expected molecular size for the full-length protein (26.5 kDa): 

pPLshBleTEVhEGF#7. Moreover, this transformant also presented a lower 

band when hybridised against shBle. Apart from this transformant, we also 

detected specific HA bands in transformants #1, #6 and #8. In the 

transformant #1 the band corresponded to a smaller molecular weight than 

the expected for the full-length protein. In the transformants #6 and #8 the 

bands corresponded to a higher molecular weight than the expected for the 

full-length protein. Given the results obtained with CC-124 strain the more 

likely explanation to these results is the partial insertion of the cassette. The 

translation of adjacent genomic sequences to the partial insertion may explain 

the detected proteins with higher molecular weights. To further confirm these 

results, we analysed the integration of the cassette by PCR (figure 15-C). As 

expected, all the transformants had inserted the complete BleR gene. 

Transformants #6, #7 and #8 were detected by immunoblot against HA so they 

necessarily had inserted at least one sequence encoding for one HA copy. 

However, that was corroborated only in transformants #6 and #7, not in 

transformant #8. Only transformants #5 and #7 had inserted cassette from 

BleR to hEGF. Finally, the obtained PCR products between BleR and 3’UTR had 

lower sizes than expected for transformants #1, #2, #3 and #5, indicating a 

deletion of part of the cassette. Genomic DNA of transformant #1 was 

sequenced and it showed a deletion between BleR and 3’UTR. As 

transformants #1, #2, #3 and #5 shared the size of the PCR products between 

BleR and 3’UTR it is expected that the deletion introduced would be the same. 
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Figure 15. Analysis of pPLshBleTEVhEGF 21gr 
transformants. A Zeocin sensitivity test. 
Transformants were spotted onto TAP agar plates 
containing increasing concentrations of zeocin. 
Selection of high resistant clones was assessed by 
growth at increasing zeocin concentrations. B PCR 
analysis of the integration of the cassette in 
selected high resistant transformants of 
pPLshBleTEVhEGF. Right panel: schematic 
representation of cassette and combination of oligos 
to analyse its integration. RPL23: 5’ RPL23 cis 
regulatory elements including 5’UTR and promoter, 
3’T RPL23: 3’UTR and terminator of RPL23. Left 
panel: PCR results. The last image of amplification 
panel corresponds to the amplification of the mating 
type minus specific MID gene as a control of genomic 
DNA. C Immunoblot of pPLshBleTEVhEGF selected 
high expressing transformants. 50 µg TSP were 
loaded. Upper panel correspond to immunoblot 
against shBle protein. Lower panel correspond to 
immunoblot against HA tag. Membranes stained 
with Ponceau are shown as a loading control. 
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To summarize, as a result of this strategy we obtained the clone 

pPLshBleTEVhEGF#8 (strain CC-124) and the maximum yield achieved with this 

transformant was quantified (figure 16). The expression in transformant 21gr-

pPLshBleTEVhEGF#7 was also quantified because it has inserted the cassette 

from BleR to hEGF and thus it expreses the complete fusion protein. Despite 

not having inserted the complete cassette, transformant CC-124-

pPLshBleTEVhEGF#16 was included due to its high yields. We had previously 

seen that the maintenance of transformants in the presence of zeocin leads 

to a higher expression of shBle (results not shown) and thus we included each 

transformant maintained with and without zeocin for approximately 2 months 

to quantify the highest yields obtained. Expression yields were estimated by 

densitometry based on immunoblots (figure 16, table 5). 

 

Table 5. Estimation of expression in selected transformants. Densitometry based on figure 16. 
-: maintained on TAP agar plates, +: maintained on TAP zeocin agar plates. 

 

 

 

 

Transf. ng detected µg RP/L culture % TSP 

#8 + 0.605 1.83 0.0024 

#8 - 0.361 1.02 0.0014 

#16 + 1.837 85.76 0.1837 

#16 - 0.888 39.45 0.0888 

#7 + 0.632 0.91 0.0013 

#7 - 0.409 0.76 0.0008 

Figure 16. Immunoblot used to 
estimate expression levels by 
densitometry in selected 
transformants. Immunoblot of 
#16: 1 µg TSP, #8: 25 µg TSP, #7: 
50 µg TSP. -: maintained on TAP 
agar plates, +: maintained on TAP 
zeocin agar plates; primary 
antibody against HA tag. 
Membrane stained with Ponceau 
showed as a loading control. 
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We corroborated that maintenance in presence of zeocin for two months led 

to duplication of the expression level. RP yield of our selected transformant 

pPLshBleTEVhEGF#8 is approximately 1 µg/L culture. This expression level is 

low and hampers the downstream processing being too low for any industrial 

process. Finally, the expression level of the chimeric fusion protein expressed 

by transformant pPLshBleTEVhEGF#16 has been estimated in 80 µg/L culture. 

To confirm expression of hEGF in transformant pPLshBleTEVhEGF#8 a 

polyclonal antibody against hEGF was used (figure 17).  

 

 

 

 

 

1.2.1. Identification of a highly expressed chimeric protein 

resulting from the partial insertion of exogenous DNA 

cassette. 

The expression level of the transformant pPLshBleTEVhEGF#16 has been 

estimated in 80 µg/L culture. This transformant was selected with the aim of 

analysing if it higher yield could be due to some stability domain, regulatory 

region or other characteristics that could be used in an expression strategy. 

For example, a successful strategy to enhance stability of recombinant 

proteins has been demonstrated based on (SP)n glycomodules (Shpak et al. 

1999; Xu et al. 2007; Ramos-Martinez et al. 2017). A monoclonal anti-HA 

antibody was used to immunoprecipitate protein that was further purified 

from SDS PAGE gel and subjected to mass spectrometry analysis after 

Figure 17. Immunoblot of hEGF fusion 
protein obtained transformant. Primary 
antibody against hEGF. 12 µl of total 
soluble protein (100X) were loaded. 
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digestion with trypsin. The result of the immunoprecipitation is shown in 

figure 18.  

 

Figure 18. Immunoprecipitation of shBle-X 
chimeric protein. A monoclonal antibody 
against HA tag was used to immunoprecipitate 
shBle-X chimeric protein from total extract. Left 
panel: Analysis of immunoprecipitation by 
immunoblot. WT: wild type CC-124 strain, I: 
input, precl: input after preclearing step 
(incubation with resin without coupled 
antibody), FT: flow through, E1→E4: sequential 
elutions. Membrane stained with Ponceau are 
shown as a loading control. Right panel: SDS 
PAGE of IP product, marked band excised for 
sequencing. 

The result of protein analysis by mass spectrometry was a list of 54 identified 

proteins from which 20 proteins that corresponded to contaminations were 

discarded. Regarding our fusion protein, peptides from shBle to TEV protease 

recognition sequence were detected confirming the PCR analysis and 

immunoblot results. This coverage corresponds approximately to 19.6 kDa of 

the designed fusion protein (shBle:TEV:3HA:hEGF) and since the 

immunoprecipitated protein analysed (chimeric protein from now on) has a 

molecular weight of 50 kDa, the protein fragment to complete it should 

correspond to 30 kDa (figure 19). It is important to remark that the partial 

insertion of the cassette may not be in frame with a coding region and thereby 

it wouldn’t translate for any protein.  

Figure 19. Schematics of fusion protein (designed) and chimeric protein found in 
pPLshBleTEVhEGF#16.  

FUSION PROTEIN → shBle:TEV:hEGF 

MW 26.5 kDa 

CHIMERIC PROTEIN → shBle:TEV:unknown 

MW 50 kDa 

shBle hEGF3HA

6xHIS
TEV

cleavage site

shBle Unknown protein/partial protein3HA

6xHIS
TEV

cleavage site

19.6 kd approx.30 kd
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One of the characteristics described on the sequencing results are PSM 

(peptide spectrum matches) that displays the total number of identified 

peptide sequences for a determined protein, including those redundantly 

identified. According to that, the two parts of the chimeric protein were 

expected to be equally represented in the results and thus present similar 

PSM: as the known part of the fusion protein corresponds to 19.6 kDa and has 

17 PSM, the other part of the fusion protein (that represents approximately 

30 kDa) was expected to present a similar but slightly bigger PSM number. On 

this basis, those proteins with a PSM similar to 17 were further studied. It is 

necessary to highlight that we are accepting errors with this assumption 

because detection of peptides is sequence dependent: depending on the 

cutting sites of Trypsin for a determined sequence more or less information 

will be lost because too small or too big peptides won’t be detected. This 

criterion resulted in a list of five proteins (see table 6). 

Table 6. Candidates to be the unknown part of the chimeric protein expressed by the 
transformant pPLshBleTEVhEGF#16. 

Protein Uniprot code PSM Mw 
Coverage 

(%) 

Ribulose bisphosphate carboxylase large 

chain 
RBL_CHLRE 23 52.5 31.16 

Flagellar associated protein A8I7W0_CHLRE 27 56.7 43.39 

Predicted protein (Fragment) A8ICI8_CHLRE 21 27 54.29 

Eukaryotic translation elongation factor 1 

alpha 1 
A8HX38_CHLRE 21 50.8 38.01 

Adenosylhomocysteinase A8IXE0_CHLRE 17 52.7 30.02 

The distribution of identified peptides was analysed in the five selected 

proteins (figure 20). 
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Figure 20. Analysis of the distribution of identified peptides along the five Ble:unknown 
putative candidates. Identified peptides in the assay are highlighted in yellow. In the case of 
Adenosylhomocysteinase the suspected part of the protein present in the results is highlighted 
in bold blue letters. 

As shown in figure 20, all the proteins but Adenosylhomocystenaise had 

detected peptides covering all its sequence. The partial 

Adenosylhomocystenaise (highlighted in bold blue letters in figure 20) would 

correspond to 35.5 kDa and would meet the expected size to be a candidate 

for the unknown part of the chimeric protein. From the remaining four 

proteins, all but A8ICI8_CHLRE Predicted protein (Fragment) are too big to 

represent the unknown part of the chimeric protein. However, the 

>sp|P00877|RBL_CHLRE Ribulose bisphosphate carboxylase large chain  
MVPQTETKAGAGFKAGVKDYRLTYYTPDYVVRDTDILAAFRMTPQLGVPPEECGAAVAAESSTGTWTTVWTDGLTSL
DRYKGRCYDIEPVPGEDNQYIAYVAYPIDLFEEGSVTNMFTSIVGNVFGFKALRALRLEDLRIPPAYVKTFVGPPHGIQVE
RDKLNKYGRGLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDENVNSQPFMRWRDRFLFVAEAIYKAQAETGEVK
GHYLNATAGTCEEMMKRAVCAKELGVPIIMHDYLTGGFTANTSLAIYCRDNGLLLHIHRAMHAVIDRQRNHGIHFRVL
AKALRMSGGDHLHSGTVVGKLEGEREVTLGFVDLMRDDYVEKDRSRGIYFTQDWCSMPGVMPVASGGIHVWHMP
ALVEIFGDDACLQFGGGTLGHPWGNAPGAAANRVALEACTQARNEGRDLAREGGDVIRSACKWSPELAAACEVWKE
IKFEFDTIDKL 

>tr|A8I7W0|A8I7W0_CHLRE Flagellar associated protein  
MASRGLFAALCAACLAVASAAPLRNSADCVNVDLLKVTGVNVFPTTRQISSSSVQFLQDRTTVSVAQNFEVSYYSTFKV
VTNLYTFAKETYVLYQCGTAAPNPADYGLPAATKVLAVPLTAVSVQDTTVLNFMKILNVLDRVAYVTPYAVEPCMQALA
GGSCNRTSDNAVADKIDGKFVGFSVKPSDPQAITFTATADPGPLNRAEYIKYVATFFNREAAANTAFNAIVSAYNANKQ
LAATYLSKNSAVSPLVAWIYYQPKYDSATYKAPEQVVLYFNAYRRQYVQDAGGRLHDLAALNAQYGNNNTITVSGSQL
VFTDLPNTLPVLRTILASVDVVIDESFYDGKNPTQITLDDFRALYGLTDAAALTDLKFLANQRLLRLDGSANPGGTTAWFE
EAVARPDIVGPTRVDDVLHDLVSAFLPNALLSIGDTVPAKLVRNMFASNPGRVVLSSAAQCPAAQATCGAPASPVCPA
VYLDCQGRLTAATDSQPCAPSCSASPSNNAPNGAGGAASRAAAQPLLLVALLVAALAVLGWGL 

>tr|A8ICI8|A8ICI8_CHLRE Predicted protein (Fragment) 
MSEVTPPEPGASDYEIYKEGFHDRLSRYWPEPREQLHAGGWQRTNQMLGDIRHLAAVHGCGQIKQALDLCCGEGAT
AVYVAAKEGWEVTGVEIVPTATKVARARASAYGSVVRVRIAPHGTDGAVQLGLSYTAVEDLVRFAAASIHYMPLPSNSY
DLVYGQDPDGLANEHRIHAFKEVLRVLRPGGLFYFWHHWIPGPGWPAALLDEYGADPVTGSPRLSYEQYVEDLQSTLV
TSRQVHGHRGFL 

>tr|A8HX38|A8HX38_CHLRE Eukaryotic translation elongation factor 1 alpha 1  
MSEGKEHLSIVICGHVDSGKSTTTGRLLFELGGIPERELEKLKEEAAALGKSSFAFAFYMDRAKEERERGVTIACTTKEFFT
DRWHYTIIDAPGHRDFIKNMISGAAQADVCLLMVPADGNFTTAIQKGDHKAGEIQGQTRQHARLINLLGVKQLIVGVN
KMDSDTAGYKKERYDEIANEMRHMLVRVGWKDDFVNKSVPILPISGWLGDNLITKSTNMTWYSGQEVVNLKGEKIQ
VHTLLDALNSFVVVPERKTDAPLRLPISGAYKIKGVGDVLAGRVEQGVVKPGDEVIFLPTHTTANPCTGKVFTVEMHHK
RVDKAGPGDNVGMNIKGLDKGNMPRTGDVMILKSDQTLKIVKDFTAQIQTLDIPGEVKKGYSPIGFVRCGRSACRISGI
NWKVGKETGGKKMENPVGLKANEMAEVVYEPTQPLIVDSFKNCEGLSRIAFLDGNTAVMLGKVVSVTHK 

>tr|A8IXE0|A8IXE0_CHLRE Adenosylhomocysteinase  
MALSVDHVNGREYKVKDIAEADFGRLEIDLAEAEMPGLMACRSEFGPAQPFKGAKITGSLHMTIQTAVLIETLTALGAE
VRWCSCNIFSTQDHAAAAIARDSAAVFAWKGETLEEYWWCTEQALTWAGCDGPDLLVDDGGDATLLIHEGLKAEEQ
YAKDGTLPNPDSTDNAEFKIVLGLIRDSIQKDATKWTRMSKKVMGVSEETTTGVKRLYEMQANGSLLFPAINVNDSVTKS
KFDNVYGCRHSLPDGIMRATDVMIAGKTAFIAGYGDVGKGCASAMKAAGARTIVSEIDPICALQAAMEGYQVQPLEDCL
ETADIFITTTGNKDIIMAEHMAKMKNNAIVGNIGHFDNEVDMAGLYAWPGIKRQNIKPQVDRFIFPDGHGVIVLAEGRLL
NLGCATGHPSFVMSCSFTNQVIAQLELWNERSTGRYEKKVYVLPKHLDEKVAALHLPKLGVKLTKLSADQAAYINVPVDG
PYKPAHYRY 
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A8ICI8_CHLRE Predicted protein (Fragment) meets the approximate 

molecular weight to be a candidate for the unknown part of the fusion protein. 

Thus, the list was reduced to two candidates: A8ICI8_CHLRE Predicted protein 

(Fragment) and Adenosylhomocysteinase. We designed reverse oligos that 

will amplify for the sequence that transcribes for the first peptide (5’) detected 

of both candidates to perform a PCR analysis (see figure 21).  

Figure 21. PCR analysis to determine the sequence transcribing for the chimeric protein 
expressed in clone pPLshBleTEVhEGF#16. Upper panel corresponds to PCR result for 
F477/R490. Lower panel corresponds to amplification of minus-specific MID gene (F341/R340) 
as a control for genomic DNA. 

As seen in figure 21 the amplification of A8ICI8_CHLRE predicted protein gave 

a specific PCR product only in transformant pPLshBleTEVhEGF#16. Thus, the 

chimeric fusion protein is integrated by shBle:3HA:TEV:A8ICI8 (predicted 

protein). Amplification with the reverse oligo for Adenosylhomocysteinase 

(F497) did not give a specific PCR product (results not shown).  

It is possible that the native protein region increases the stability or solubility 

of the fusion protein, but it remains to be determined. On the other hand, the 

gene encoding for this protein has six introns, and one is 997 bp length. Given 

that the average for introns length in Chlamydomonas is 373 bp (Merchant et 

al. 2007) this intron represents an interesting regulatory region to test. We did 

not further pursue the study of any domain or regulatory region, but the 

analysis of this chimeric protein corroborates that the partial insertion of the 

cassette leads to different transgenes and prevents the selection of high 

expressing transformants of the fusion protein.  
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2. Developing a high throughput screening method: fusion of luciferase 

reporter to the protein of interest 

2.1. Fusion of 3XHA tagged Gaussia Luciferase reporter to the protein 

of interest to enable screening of transformants 

In the light of the levels reported when RP is expressed from Chlamydomonas 

nucleus and targeted to medium (1.5 mg gLuc/L in wild type cells (Lauersen et 

al. 2013a, b) and 12 mg gLuc/L in UVM4 strain (Lauersen et al. 2015a)) in 

addition to the advantages that secretion offers (reduced exposure to 

proteases and easy recovery from medium), we decided to test an strategy 

based on secretion. As previously introduced, the high variability in the 

expression of the same cassette from independent clones of Chlamydomonas 

makes it necessary to screen a high number of transformants to select those 

which express RP to high levels. We need a marker or a reporter gene and in 

the present approach a fusion protein comprising a reporter gene and a GOI 

was tested. Gaussia luciferase (gLuc) catalyses the oxidation of the substrate 

coelenterazine resulting in light emission and was selected as a reporter gene 

due to the fact that it has been previously shown to have potential for strong 

bioluminescence and it can be secreted when expressed in the nucleus of 

Chlamydomonas (Ruecker et al. 2008; Shao and Bock 2008). With the aim of 

developing an in vivo assay to screen transformants in a high throughput 

format, a cassette was designed for the expression of a fusion protein 

consisting of gLuc and hEGF that would be secreted to medium or periplasmic 

space.  

The designed plasmid pAR-ARSss-glucTEVhEGF-HygBR (see figure 22) carries 

two cassettes: i) the gene AphVII’ conferring resistance to hygromycin B driven 

by β-tubulin cis regulatory elements (5’ and 3’) and ii) the cassette ARSss–gLuc-

3HA tag-TEV-hEGF-6xhis tag where gLuc means Gaussia Luciferase, ARSss 

means Chlamydomonas Arylsulfatase 1 secretion signal and TEV means 
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Tobacco Etch Virus protease recognition sequence, the whole cassette driven 

by AR promoter and RBCS2 3’UTR. In place of the predicted secretion signal of 

gLuc, it carries Chlamydomonas arylsulfatase 1 secretion signal (ARSss), which 

has been successfully used to secrete RP from the nucleus of Chlamydomonas 

(Rasala et al. 2012). The expression of the former cassette would allow an 

initial selection of colonies by resistance to antibiotic. The expression of the 

latter cassette would result in a fusion protein directed to the periplasmic 

space or to medium (depending on if a cell walled strain or cell wall-less strain 

is used) that would allow a high-throughput in vivo screening of 

transformants: high gLuc activity would correspond to high expression of the 

whole fusion protein. Moreover, this fusion protein would be easily purifiable 

from medium thanks to a 6xhis tag and further downstream processing would 

be performed by TEV protease cleavage to obtain hEGF. 

 

The cell walled strain CC-124 was transformed with the plasmid pAR-ARSss-

glucTEVhEGF-HygBR and 192 initial transformants (resistant to 60 µg 

hygromycin) were tested for gLuc activity. Positive transformants were 

divided in high expressing (named H) or low expressing (named L). Results are 

shown in figure 23. 

gLuciferasepGAT29EGF IRAR 3’T 
RBCS2

6xhis

TEV protease
recognition sequence

Aph7’’
β-tubulin
promoter

IR
3’T 

RBCS2

Aph7’’

ARSss 3HA hEGF

Figure 22. Schematics of pAR-ARSss-glucTEVhEGF-HygBR construct. AR: HSP70-RBCS2 chimeric 
promoter, ARSss: arylsulfatase 1 secretion signal. IR: intron 1 RBCS2, 3’T RBCS2: 3’ region of 
RBCS2. 
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Figure 23. gLuc activity test results of pAR-ARSss-gLuc-3HA-TEV-hEGF-6his-HygBR initial 
transformants. The assay was performed with 100 µl of culture (including both cells and culture 
medium) at log phase of growth. Only transformants selected for further analysis are identified. 
L:low expressing transformants, H: high expressing transformants. RLU: relative luminescence 
units. 

To confirm the expression of initially obtained transformants, in a subsequent 

analysis cells were separated from culture medium by centrifugation to 

examine the activity present either in medium or cells. The gLuc activity results 

of the positive transformants are shown in figure 24.  
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Figure 24. gLuc activity assay results for the selected pAR-ARSss-glucTEVhEGF-HygBR 
transformants. H: high, L: low. A) Intracellular gLuc activity. Assay was performed with cell 
extract corresponding to 100 µl of culture, B) Extracellular gLuc activity. Assay was performed 
with 100 µl of culture supernatant, error bars show the standard deviation of two technical 
replicates.  
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Given that CC-124 is a cell walled strain, fusion protein should be directed to 

periplasmic space thanks to ARSss and gLuc activity mainly found in cells. 

However, as it can be seen in figure 24, gLuc activity was present in medium 

rather than in cells in all positive transformants. It is likely that the fusion 

protein accumulates in the periplasm and then it is released to culture 

medium when cells divide to complete its asexual reproduction cycle.  

As previously exposed, the expression strategy is based on the expression of a 

fusion protein (gLuc:3HA:TEV:hEGF:6xhis) and thus we expected that the gLuc 

activity would be directly related to fusion protein expressed. To corroborate 

this hypothesis, positive transformants were analysed by immunoblot (figure 

25). 

 

Focusing in the immunoblot results of soluble extracts (figure 25), a direct 

relation between gLuc activity and fusion protein detected by immunoblot 

was confirmed, being H2.5 the highest expressing transformant. Contrary to 

the observed with the fusion protein comprising shBle, when using gLuciferase 

as a reporter gene the band detected corresponded to the expected size for 

Figure 25. Expression analysis of pAR-ARSss-glucTEVhEGF-HygBR selected transformants by 
immunoblot. Primary antibody anti HA-tag, 24 µl of TSP (100X relative to culture) were loaded 
in each lane. Ponceau stained membranes are shown below exposure as a loading control. 
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the fusion protein (34.2 kDa) in all the transformants but one (H1.3). There 

was a slight cross-contamination in CC-124 negative control but we have 

(previously and later) made immunoblots against this strain and no band or 

signal had been detected with any of the antibodies used. Nevertheless, 

despite containing most of the gLuc activity, no bands could be detected by 

immunoblot in culture supernatant samples (results not shown). 

Since #H2.5 is the highest expressing transformant, its intracellular RP 

expression level was estimated by densitometry based on an immunoblot 

against HA tag. The expression level is 1.66 µg RP/L culture in cells. Results are 

shown in figure 26 and table 7.   

sample 
ng 

detected 
ng 

corrected 

culture 
loaded 

(L) 

µg RP/L 
culture 

#H2,5 
EXT 

2.96 4.14 0.0025 1.66 

Figure 26. Immunoblots of intracellular fraction of transformant pAR-ARSss-gLuc-3HA-TEV-
hEGF-6his-HygBR #H2.5. Immunoblots against HA tag. A Densitometry based quantification of 
expression from a late-log phase of growth; 5 µl of TSP (500X relative to culture) were loaded. B 
Immunoblot at different growth stages and growth conditions, 25 µg TSP were loaded. Ponceau 
stained membranes shown as a loading control. 

A 

B 

Table 7. pAR-ARSss-gLuc-3HA-TEV-hEGF-6his-
HygBR H2.5 transformant expression level 
estimation by densitometry. 
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Transformant #H2.5 was grown under different conditions to check if there 

was an increase in RP yields. As it can be seen in figure 26-B, RP expression 

was independent of growth medium and its expression decreases as culture 

reaches stationary phase, being this more accentuated in HSM medium. 

Growth of transformant H2.5 was followed by optical density (OD) and 

expression of RP was evaluated by gLuc activity assay in cells and in culture 

medium. Results shown in figure 27 revealed that activity found in medium, 

expectedly corresponding to complete fusion protein, represents only 35% at 

initial stages of growth and achieves 80-90% at the latter stages of growth. 

Thereby, it seems that the fusion protein accumulates in medium.    

 

The expression strategy allows an in vivo high-throughput screening that leads 

to the selection of the highest expressing strains of the fusion protein. 

Figure 27. Expression analysis of pAR-ARSss-gLuc-3HA-TEV-hEGF-6his-HygBR #H2.5 selected 
transformant by gLuc activity test at different growth stages. Growth followed by optical 
density at 750 nm is represented as a line. GLuc activity assay results are presented as 
accumulated bars: intracellular luciferase activity is presented in green and extracellular 
luciferase activity is presented in blue. gLuc activity assay was performed with supernatant or 
cell extract corresponding to 50 µl of culture. 
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Although there is a limit on RP expression (1.6 µg RP/L) lower than reported 

for other proteins (Lauersen et al. 2013a), that may be due to hEGF instability. 

However, it is important to remark that we quantified the expression of the 

fusion protein in cells rather than in medium (where gLuc activity is mainly 

detected). According to luciferase activity the expression levels in medium are 

much higher than in cells (figure 24) but we could not further analyse it 

because we were unable to detect the fusion protein in medium by 

immunoblot against HA tag not even concentrating it a hundred times. At this 

point, two steps became necessary: i) to detect protein in medium by other 

means than gLuc assay and ii) to further improve expression levels. 

Extracellular and intracellular fusion protein was detected though a primary 

antibody against gLuc. As it is shown in figure 28 (where intracellular fraction 

is approximately three times more concentrated than extracellular fraction 

relative to culture volume), there is a higher yield of fusion protein found in 

culture medium. Also, expression of a fusion protein comprising hEGF was 

corroborated by immunoblot against hEGF (figure 28). 

Figure 28. Immunoblot of pAR-
ARSss-gLuc-3HA-TEV-hEGF-6his-
HygBR #H2.5 transformant. Left 
panel corresponds to an 
immunoblot with a primary 
antibody against gLuciferase. 8 µl of 
culture medium (50X relative to 
culture volume) or total cell extract 
(166X relative to culture volume) 
were loaded. Right panel 
corresponds to an immunoblot with 
a primary antibody against hEGF. 
12.5 µl of culture medium (25X) 
were loaded. Upper panel 
corresponds to an exposure of 
seconds and lower panel 
corresponds to an exposure of 
minutes. M: culture medium, EXT: 
total soluble protein. 



Chapter 1 – Results 

67 
 

Interestingly, despite detecting intracellular and extracellular fusion protein 

by immunoblot against gLuciferase, only intracellular fusion protein is 

detected by immunoblot against HA tag. It is likely that a PTM prevents the 

detection of the 3HA tag from secreted proteins in Chlamydomonas.  

 

2.2. Comparison of the efficiency of two different cis regulatory 

regions to drive transgene expression 

Cis regulatory regions (5’ and 3’) of Chlamydomonas Ribosomal protein L23 

(RPL23, Cre04.g211800) (López-Paz et al. 2017) were tested and compared to 

AR chimeric promoter and 3’UTR RBCS2. To that end the vector pPL-ARSss-

glucTEVhEGF-HygBR (figure 29) was designed. This vector is pAR-ARSss-

glucTEVhEGF-HygBR (figure 22, page 60) with a few changes in the cassette 

that codes for the fusion protein: AR chimeric promoter and 3’UTR RBCS2 cis 

regulatory regions are substituted for RPL23 cis regulatory regions and a 6xhis 

tag is cloned N-terminal of gLuc gene instead of C-terminal of hEGF. It is 

important to highlight that RPL23 gene has naturally occurring introns in its 5’ 

and 3’ untranslated regions (López-Paz et al. 2017). The 5’cis regulatory region 

(1004 bp) contains the predicted promoter and 5’ UTR that is predicted to 

contain an intron. For the 3’ cis regulatory region the 3’UTR is also predicted 

to contain an intron and adjacent DNA is used (total of 725 bp).  

 

Figure 29. Schematics of pPL-ARSss-gLucTEVhEGF-HygBR construct. RPL23: 5’ RPL23 cis 
regulatory elements including 5’UTR and promoter, 3’T RPL23: 3’UTR and terminator of RPL23, 
ARSss: Chlamydomonas arylsulfatase 1 secretion signal, IR: intron 1 RBCS2, 3’T RBCS2: 3’ region 
of RBCS2. 

Aph7’’
β-tubulin
promoter

IR
3’T 

RBCS2

3’T RPL23

6xhis

TEV protease
recognition sequence

Aph7’’

RPL23 gLuciferase 3HA hEGFARSss
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Cell walled strain CC-124 was transformed with vectors pPL-ARSss-

gLucTEVhEGF-HygBR (figure 29) and pAR-ARSss-gLuc-3HA-TEV-hEGF-6his-

HygBR (figure 22) and 192 initial transformants (resistant to 60 µg/ml of 

Hygromycin B) of each vector were selected for further screening by gLuc 

activity assay. gLuc activity was assayed directly with culture (including both 

cells and medium) (figure 30). Two metrics were used to compare 

performances between populations (transformants of each vector). The first 

metric was the proportion of positive transformants (luciferase activity 10-fold 

above background: >1 x 103 RLUs) that was statistically analysed by Fisher’s 

exact test. The second metric was the distribution of positive RLU values 

binned by expression level and was statistically analysed by Wilcoxon-Mann-

Whitney rank sum test. Differences were considered significant when p < 0.05. 

We could not find a significantly higher proportion of positive transformants 

with vector pPL-ARSss-glucTEVhEGF-HygBR than with vector pAR-ARSss-

glucTEVhEGF-HygBR, determined by Fisher’s exact test (p < 0.05). However, we 

found a significant increase in expression levels for positive transformants of 

pPL-ARSss-glucTEVhEGF-HygBR compared with the control construct 

determined by a two-tailed Mann-Whitney U test (p < 0.05).  

Figure 30. gLuc activity results for pAR-ARSss-gLucTEVhEGF (pAR) and pPL-ARss-gLucTEVhEGF 
(pPL) transformants. Assay was performed with 100 µl of culture supernatant. * Indicates a 
significant increase in expression levels for positive transformants compared with the control 
construct determined by a two-tailed Mann-Whitney U test (p<0.05). 
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The highest expressing transformants were selected and analysed by 

immunoblot (figure 31). In all cases, the band detected corresponds to the 

protein with expected size (34.2 kDa) in all the transformants. No band or 

signal was detected in CC-124 negative control with the antibody used.  

Since a significant increase in gLuciferase activity was found for positive 

transformants of pPL-ARSss-glucTEVhEGF-HygBR when compared to pAR-

ARSss-glucTEVhEGF-HygBR transformants, further work was performed with 

RPL23 cis-regulatory regions. 

2.3. Comparison of the effect of several secretion peptides on 

expression yields 

It has been shown that the use of alternative signal peptides affects the 

efficiency of protein secretion (Knappskog et al. 2007; Kober et al. 2013) and 

thereby signal peptide selection affects the overall yield of secreted proteins 

in an expression system. Regarding Chlamydomonas, a recent study tested the 

effect of 10 signal peptides on secretion of mCherry fluorescent protein 

showing that the efficiency of RP secretion and the RP yield are deeply 

influenced by the signal peptide used (Molino et al. 2018): a variation of 8-fold 

in the fluorescence detected among secreting transformants was detected. 

Figure 31. Immunoblot of pAR-ARSss-
gLucTEVhEGF-hygBR (pAR) and pPL-ARSss-
gLucTEVhEGF-hygBR (pPL) highest expressing 
transformants of CC-124 strain. Primary 
antibody anti HA tag. 50 µg of TSP were loaded. 
Two exposures are shown: the one showed 
above corresponds to seconds of exposure and 
the one showed below corresponds to hours of 
exposition. Coomassie brilliant blue stained 
membrane is shown as a loading control. 
ShBle:3HA is used as a positive control. 
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With the aim to improve expression levels, two secretion sequences were 

tested and compared: arylsulfatase 1 secretion sequence (ARSss) and 

metalloprotease gametolysin secretion sequence (GAMss). Both secretion 

sequences had been previously used to secrete nuclear RP from 

Chlamydomonas nucleus (Rasala et al. 2012; Ramos-Martinez et al. 2017). To 

that end we designed the vectors pPL-ARSss-glucTEVhEGF-paroR and pPL-

GAMss-glucTEVhEGF-paroR (figure 32). Both carry two cassettes: one that 

carries the resistance to paromomycin and one that encodes the fusion 

protein 6xhis:gLuc:3HA:TEV:hEGF. The two vectors differ only in the secretion 

sequence.  

 

The cell walled strain CC-124 and the cell wall-less mutant strain UVM4 (a 

mutant strain that was isolated because it has an elevated expression of 

transgenes (Neupert et al. 2009)) were transformed with both plasmids. The 

expression level of 48 initial transformants (resistant to 25 µg paromomycin) 

of each vector and each strain was tested by luciferase activity assay. 

A 

B 

Figure 32. Schematics of pPL-GAMss-gLucTEVhEGF-paroR (A) and pPL-ARSss-gLucTEVhEGF-
paroR (B) vectors. RPL23: 5’ RPL23 cis regulatory elements including 5’UTR and promoter, 3’T 
RPL23: 3’UTR and terminator of RPL23, ARSss: arylsulfatase 1 secretion signal, GAMss: 
metalloprotease gametolysin secretion signal, AR: HSP70-RBCS2 chimeric promoter, IR: intron 
1 RBCS2, 3’T RBCS2: 3’ region of RBCS2. 
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Luminescence values were normalized by culture density (OD 750 nm) and 

expressed as relative luciferase units (RLUs). Transformants that showed 

luciferase activity 100-fold above background (>1 x 104 RLUs) were considered 

positives and were binned by expression level in groups: 1 x 104 - 1 x 105 RLUs, 

1 x 105 - 5 x 105 RLUs, 5 x 105 - 1 x 106 RLUs and higher than 1 x 106 RLU. We 

used two metrics to assess performance in each population (transformants of 

each vector) compared among the same strain. The first metric was the 

proportion of positive transformants (luciferase activity above background: >1 

x 104 RLUs) that was statistically analysed by Fisher’s exact test. Considering 

significant differences when p < 0.05, proportion of positives was not 

significantly different. The second metric was the distribution of positive RLU 

values binned by expression level and was statistically analysed by Wilcoxon-

Mann-Whitney rank sum test. Differences were considered significant when p 

< 0.05. Both strains gave statistically significant differences among the two 

populations (transformants of each vector) resulting GAMss in a higher yield 

of RP in medium (figure 33).  
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Figure 33. Distribution of normalized luciferase expression (RLU) values from Chlamydomonas 
strains UVM4 (A) and CC-124 (B) transformed with vectors pPL-GAMss-gLucTEVhEGF (GAMss) 
and pPL-ARSss-gLucTEVhEGF (ARSss). Assay was performed with 25 µl of culture supernatant. 
* Indicates a significant increase in expression levels for positive transformants compared with 
the control construct determined by a two-tailed Mann-Whitney U test (p<0.05). 

Chlamydomonas native extracellular Carbonic Anhydrase 1 secretion 

sequence (CAHss) has been also successfully used to secrete RP from 

Chlamydomonas nucleus achieving an expression level of 1.5 mg gLuc/L in wild 

type cells  (Lauersen et al. 2013a) and 12 mg gLuc/L in UVM4 strain (Lauersen 

et al. 2015a). We cloned the vector pPL-CAHss-glucTEVhEGF-paroR (figure 34) 

in order to test CAHss in comparison to GAMss and ARSss (figure 32).  

B 

0

10

20

30

40

50

60

70

80

90

100

ARSss GAMss

tr
an

sf
o

rm
an

ts
 (

%
) >106

5x105-106

105-5x105

104-105

0-104

> 1x106 

  5x105- 1x106 

  1x105- 5x105 

  1x104- 1x105 

  < 1x104 (negatives) 

  

* 

0

10

20

30

40

50

60

70

80

90

100

ARSss GAMss

tr
an

sf
o

rm
an

ts
 (

%
)

>106

5x105-106

105-5x105

104-105

0-104

A 

> 1x106 

  5x105- 1x106 

  1x105- 5x105 

  1x104- 1x105 

  < 1x104 (negatives) 

  

* 



Chapter 1 – Results 

73 
 

 

The three vectors (that differ only in the secretion sequence) were 

transformed into the strain CC-124 and the expression level of 48 initial 

transformants (resistant to 25 µg paromomycin) of each vector were tested 

by luciferase activity assay. Luminescence values were normalized by culture 

density (OD 750 nm) and expressed as relative luciferase units (RLUs). 

Transformants were binned by expression level in groups as explained 

previously. The two metrics used to assess performance in each population 

(transformants of each vector) were the same explained previously and 

differences were considered significant when p < 0.05. Proportion of positives 

analysed by Fisher’s exact test was not significantly increased. Analysed by 

Wilcoxon-Mann-Whitney rank sum test, expression level resulted statistically 

different between CAHss and the other two populations (GAMss and ARSss 

transformants). 

 

RPL23

Aph8’’
3’T 

RBCS2
IRAR

6xhis

CAHss

3’T RPL23

TEV protease
recognition sequence

gLuciferase 3HA hEGF

Figure 34. Schematics of pPL-CAHss-gLucTEVhEGF-paroR vector. RPL23: 5’ RPL23 cis regulatory 
elements including 5’UTR and promoter, 3’T RPL23: 3’UTR and terminator of RPL23, CAHss: 
Chlamydomonas carbonic anhydrase 1 secretion signal, AR: HSP70-RBCS2 chimeric promoter, IR: 
intron 1 RBCS2, 3’T RBCS2: 3’ region of RBCS2. 
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Use of CAHss significantly increased expression levels when compared with 

ARSss and GAMss. To gain further insight onto secretion efficiency of each 

secretion signal growth of two independent transformants of each vector was 

followed by optical density (OD) and expression of RP was evaluated by gLuc 

activity assay in cells and in culture supernatant. As it can be seen in figure 36, 

it seems that ARSss has a lower secretion efficiency compared to CAHss and 

GAMss. Results shown in figure 36 confirmed previously obtained results (2.1. 

Fusion of 3XHA tagged Gaussia Luciferase reporter to the protein of interest to 

enable screening of transformants - figure 27): activity found in medium 

represents only 30-50 % at initial stages of growth and achieves more than 

90% at the latter stages of growth. Thereby, it seems that the fusion protein 

accumulates in medium.    

Figure 35. Distribution of normalized luciferase expression (RLU) values from CC-124 
Chlamydomonas strain transformed with vectors pPL-GAMss-gLucTEVhEGF (GAMss), pPL-
ARSss-gLucTEVhEGF (ARSss) and pPL-CAHss-gLucTEVhEGF (CAHss). Assay was performed with 
5ul of culture supernatant. * Indicates a significant increase in expression levels for positive 
transformants compared with the control construct determined by a two-tailed Mann-Whitney 
U test (p<0.05).  
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Figure 36. Secretion efficiency analysis of GAMss, ARSss and CAHss secretion signals by 
gluciferase activity. A) Growth followed by optical density at 750 nm. B) Secretion efficiency 
analysed by gLuc activity. Two transformants of each vector were analysed. Intracellular gLuc 
activity (CELLS, represented in dark colour) and extracellular gLuc activity (M, represented in light 
colour) were assayed with two technical replicates. GAMss: pPL-GAMss-gLucTEVhEGF, ARSss: 
pPL-ARSss-gLucTEVhEGF, CAHss: pPL-CAHss-gLucTEVhEGF.  
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2.4. Use of glycomodules to enhance expression and secretion of 

nuclear transgenes 

As introduced previously, a successful strategy to enhance yields and stability 

of secreted RP in plant cell cultures has been demonstrated based on (Ser-

Pro)n glycomodules (Shpak et al. 1999; Xu et al. 2007). Concerning 

Chlamydomonas, this glycomodules conferred an enhanced protein stability 

and allowed accumulation of RP in culture medium. Due to that, yields of a 

(Ser-Pro)n-fused fluorescent protein increased up to 12 fold compared to 

fluorescent protein without glycomodules reaching a maximum yield of 15 

mg/L (Ramos-Martinez et al. 2017). To our knowledge, this represents the 

highest yield of RP expression in Chlamydomonas nucleus reported until 

today. Those glycomodules consisted in tandem serine (Ser) and proline (Pro) 

repeats of 10 and 20 units [hereafter (SP)n, wherein n=10 or 20] and are the 

same tested and patented sequences in RP expression from plants. 

In order to determine if expression of our reporter-fusion proteins could be 

improved by addition of SP glycomodules as has been previously reported with 

other proteins, and to further investigate the high-expressing strains UVM4 

and UVM11 (Neupert et al. 2009) as hosts for RP expression, 3 plasmids were 

transformed into UVM4 and UVM11 mutant strains and into the cell wall-less 

strain CC-1883: pPL-ARSss-glucTEVhEGF-hygBR, pPL-ARSss-glucTEVhEGF-SP10-

hygBR and pPL-ARSss-glucTEVhEGF-SP20-hygBR (figure 38). These vectors are 

the same tested previously (pPL-ARSss-glucTEVhEGF-hygBR) with the addition 

of SP10 or SP20 glycomodules cloned C-terminal of the fusion protein. These 

vectors carry the expression of two different cassetes: i) resistance to 

hygromycin B and ii) the cassette coding for the fusion protein ARSss–6xhis 

tag–gLuc-3HA tag-TEV–hEGF-glycomodule. The expression level of 48 initial 

transformants (resistant to 60 µg hygromycin B) of each vector and each strain 

were tested by luciferase activity assay. Luminescence values were normalized 
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by culture density (OD 750 nm) and expressed as relative luciferase units 

(RLUs). Transformants that showed luciferase activity 100-fold above 

background (>1 x 104 RLUs) were considered positives and were binned by 

expression level in groups as previously explained (2.3 Comparison of the 

effect of several secretion peptides on expression yields). We used two metrics 

to assess performance in each population (transformants of each vector) 

compared among the same strain. The first metric was the proportion of 

positive transformants (luciferase activity above background: >1 x 104 RLUs) 

that was statistically analysed by Fisher’s exact test. Only strain UVM11 

transformed with pPL-ARSss-glucTEVhEGF-SP10-hygBR showed a significantly 

higher proportion of positive transformants than the control construct, pPL-

ARSss-glucTEVhEGF-hygBR, determined by Fisher’s exact test (p < 0.05). The 

second metric was the distribution of positive RLU values binned by expression 

level and was statistically analysed by Wilcoxon-Mann-Whitney rank sum test. 

Differences were considered significant when p < 0.05. Strain CC-1883 

performed clearly worse than UVM4 and UVM11 and it did not give positive 

colonies of pPL-ARSss-glucTEVhEGF-hygBR vector, reason why it was excluded 

from the statistical analysis. However, since positive transformants of strain 

CC-1883 were obtained for both vectors carrying glycomodule sequences, the 

positive effect on RP yields exerted by glycomodule sequences is destacable 

in this case. For strains UVM4 and UVM11 there was a significant increase in 

expression levels for positive transformants of the two vectors tested (pPL-

ARSss-glucTEVhEGF-SP10-hygBR and pPL-ARSss-glucTEVhEGF-SP20-hygBR) 

compared with the control construct (pPL-ARSss-glucTEVhEGF-hygBR) 

determined by a two-tailed Mann-Whitney U test (p < 0.05). Thereby, the 

increase of RP expression from Chlamydomonas nucleus with SP10 and SP20 

glycomodules was corroborated with our reporter-fusion proteins. 

Furthermore, we found a significant increase in expression levels for positive 

transformants of the three vectors tested when expressed in strain UVM4 
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compared with the same construct expressed in strain UVM11 determined by 

a two-tailed Mann-Whitney U test (p < 0.05).  

Given that fusion proteins comprising SP10 and SP20 glycomodules showed an 

enhanced stability allowing accumulation in medium of RPs, we investigated 

the existence of native glycomodules from Chlamydomonas in its more 

abundant secreted proteins that would confer higher stability to such proteins 
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Figure 37. Distribution of normalized luciferase expression (RLU) values from Chlamydomonas 
strains UVM4, UVM11 and CC-1883 transformed with constructs pPL-ARSss-glucTEVhEGF-
hygBR, pPL-ARSss-glucTEVhEGF-(SP)10-hygBR and pPL-ARSss-glucTEVhEGF-(SP)20-hygBR. 48 
transformants were analysed except for CC-1883 strain transformed with pPL-ARSss-
glucTEVhEGF-hygBR (24 transformants analysed). Assay was performed with 2 µl of culture 
supernatant. ‡ indicates a significantly higher proportion of positive transformants than the 
control construct, pPL-ARSss-glucTEVhEGF-hygBR, determined by Fisher’s exact test (p < 0.05).* 
indicates a significant increase in expression levels for positive transformants compared with 
the control construct determined by a two-tailed Mann-Whitney U test (p < 0.05). -: pPL-ARSss-
glucTEVhEGF-hygBR, (SP)10: pPL-ARSss-glucTEVhEGF-(SP)10-hygBR, (SP)20: pPL-ARSss-
glucTEVhEGF-(SP)20-hygBR.  
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and thus may be used to enhance RP yields. For that purpose we took 

advantage of a Chlamydomonas proteome study of the most abundant 

Chlamydomonas proteins present in medium under different conditions (Baba 

et al. 2011) and we studied the presence of putative glycomodules in these 

proteins. We identified possible glycomodules as repetitive sequences, not 

necessarily with (SP)n motif, presenting several combinations and lengths of 

repetitive sequences. We tested five sequences that represent different 

glycomodules (table 8). 

Table 8. Chlamydomonas native glycomodules selected to test its effect on RP expression. 

Protein of 

origin 

JGI protein 

ID 

Glycomodule 

name 
Sequence 

LCL5 196466 LCL SSSPAPASSAPAPARSSSASPPPPPRRPPPRP 

GP1 34358 GP1 PPSPAPPSPAPPSPAPPSPAPPSPAPPSPGPPS 

GP2 195768 GP2 
PPSPPPPTPPSPPPPSPPPPVLSPPPSPPPPSPPP
PAPPPPSPPPPVPPPPSPPPPSPPPPSPPPAAAS
PPPSPPPPPPPSPPPPVARLP 

PHC21 93464 

PHC21A 
MPPPSPPPPPPPSPPPPSPPPPSPKPPSPPPPSP
PPPSPPPPSPKPPSPKPPSPPPPSPPPP 

PHC21B 
PPSPPPSPPPPPPPPPPPPPPPAPPPPPP
PPPPPPPPPSPPPPPPPPPPPPPPPPPFP
PPPPPPPPPPPSPPPP 

(SP)10 sequence was substituted in pPL-ARSss-glucTEVhEGF-(SP)10-hygBR for 

LCL, GP1, GP2, PHC21A and PHC21B (table 8) generating a battery of vectors 

to test the selected sequences. Schematics of DNA cassettes are shown in 

figure 38.  
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Since UVM4 was the best performing cell wall-less strain tested, this strain and 

the cell walled strain CC-124 were transformed with the 8 designed plasmids 

(figure 38). The expression level of 48 transformants (resistant to 60 µg 

hygromycin B) of each vector and each strain were tested by luciferase activity 

assay. For the strain UVM4 only 21 transformants of pPL-ARSss-glucTEVhEGF-
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Figure 38. Schematics of cassettes used to test the selected glycomodules. RPL23: 5’ RPL23 cis 
regulatory elements including 5’UTR and promoter, 3’T RPL23: 3’UTR and terminator of RPL23, 
ARSss: arylsulfatase 1 secretion signal, IR: intron 1 RBCS2. Refer to table 8 to see the detail of the 
sequences identified as LCL, GP1, GP2, PHC21A, PHC21B. In all cases the complete vectors include 
a cassette carrying the gene AphVII’ conferring resistance to hygromycin B driven by β-tubulin 5’ 
cis regulatory elements and 3’ region of RBCS2 that is not included in this figure.  
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(SP)20-hygBR and 12 transformants of pPL-ARSss-glucTEVhEGF-PHC21B-hygBR 

were obtained and analysed. Luminescence values were normalized by culture 

density (OD 750 nm) and expressed as relative luciferase units (RLUs) (figure 

39). The assay was performed twice: first with cultures at late log phase of 

grow and then results were corroborated with cultures at stationary phase of 

growth. Transformants that showed luciferase activity 100-fold above 

background (>1 x 104 RLUs) were considered positives and were binned by 

expression level in groups as explained. The metrics were the same than 

previously described and differences were considered significant when p < 

0.05. Proportion of positives (analysed by Fisher’s exact test) was not 

increased with any of the vectors tested. Determined by a two-tailed Mann-

Whitney U test (p < 0.05) there was a significant increase in expression levels 

with the control construct for three of the vectors tested in both UVM4 and 

CC-124 strains: pPL-ARSss-glucTEVhEGF-(SP)10-hygBR, pPL-ARSss-

glucTEVhEGF-(SP)20-hygBR and pPL-ARSss-glucTEVhEGF-PHC21A-hygBR. Thus, 

fusion proteins carrying (SP)10 and (SP)20 glycomodules or the native PHC21A 

glycomodule resulted in significantly higher expression levels than the fusion 

protein without glycomodules in both strains tested. However, fusion proteins 

carrying (SP)10 and (SP)20 glycomodules resulted in significantly higher 

expression levels than fusion proteins carrying PHC21A glycomocule in strain 

UVM4. Also, in CC-124 strain fusion proteins carrying (SP)10 glycomodule 

resulted in significantly higher expression levels than fusion proteins carrying 

PHC21A. Summarizing, the proposed native glycomodule PHC21A significantly 

enhanced RP expression from Chlamydomonas nucleus but it did not surpass 

the performance of previously described (SP)10 and (SP)20 sequences. 
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Figure 39. Distribution of normalized luciferase expression (RLU) values from Chlamydomonas 
strains CC-124 (A) and UVM4 (B) transformed with constructs illustrated in figure 38. 48 
transformants were analysed except for UVM4 strain transformed with pPL-ARSss-glucTEVhEGF-
SP20-hygBR (21 transformants analysed) and pPL-ARSss-glucTEVhEGF-PHC21B-hygBR (12 
transformants analysed). Assay was performed with 25 µl of supernatant from cultures at late log 
phase of growth. * indicates significant increase in expression levels for positive transformants 
compared with the control construct determined by a two-tailed Mann-Whitney U test (p < 0.05). 
-: pPL-ARSss-glucTEVhEGF -hygBR, SP10: pPL-ARSss-glucTEVhEGF-SP10-hygBR, SP20: pPL-ARSss-
glucTEVhEGF-SP20-hygBR, LCL: pPL-ARSss-glucTEVhEGF-LCL-hygBR, GP1: pPL-ARSss-
glucTEVhEGF-GP1-hygBR, GP2: pPL-ARSss-glucTEVhEGF-GP2-hygBR, PHC21A: pPL-ARSss-
glucTEVhEGF-PHC21A-hygBR, PHC21B: pPL-ARSss-glucTEVhEGF-PHC21B-hygBR.  
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The three highest expressing transformants of each strain and vector were 

selected and an immunoblot analysis of concentrated culture supernatant was 

performed to determine whether the fusion proteins were correctly 

expressed and if expression levels correlated with luciferase activity (figure 

40). The immunoblot analysis was performed with cultures at stationary phase 

of growth as it has been it has been observed that this is the stage in which 

higher concentration of RP is present in the medium (2.1. Fusion of 3XHA 

tagged Gaussia Luciferase reporter to the protein of interest to enable 

screening of transformants).  

Fusion proteins carrying (SP)10 and (SP)20 glycomodules are correctly 

expressed in the 12 transformants analysed by immunoblot: detected bands 

had higher molecular weight than predicted by sequence (36.1 kDa for 

gLuc:3HA:TEV:hEGF:(SP)10 and 37.9 kDa for gLuc:3HA:hEGF:(SP)20) but this is 

suggested to be O-glycosylation as previously reported (Shpak et al. 1999). 

Of the fusion proteins carrying native glycomodules expressed in CC-124 

transformants, only fusion proteins carrying GP1 or PHC21A sequences were 

detected, concurring to what has been observed with luciferase activity. As it 

is the case of proteins carrying (SP)10 and (SP)20 glycomodules, fusion proteins 

are detected at higher molecular weights than predicted by sequence (36.9 

kDa for gLuc:3HA:TEV:hEGF:GP1 and 40.1 kDa for gLuc:3HA:hEGF:PHC21A) 

presumably due to glycosylation. The molecular weight at which are detected 

is also consistent between independent transformants of the same construct. 

Expression level was lower than the observed for proteins carrying (SP)10 and 

(SP)20 glycomodules. In the transformant GP2#20 there is detection of 

recombinant protein at a molecular weight too low to correspond to a fusion 

protein carrying a glycomodule, thereby it may correspond to a partial 

insertion of the cassette. 
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Regarding UVM4 transformants, use of native glycomodules resulted in 

detectable expression of RP only in one transformant expressing a fusion 

protein carrying the PHC21A sequence. As in fusion proteins carrying (SP)10 

and (SP)20 glycomodules and in the same manner as it happens in CC-124 

transformants fusion protein is detected at a higher molecular weight than 

predicted by sequence (40.1 kDa) suggesting the presence of O-glycosylation 

as mentioned. 

Strikingly, more degradation was observed in UVM4 transformants. Although 

there is degradation of RP in the CC-124 transformants, the proportion of 

intact fusion protein is higher than the proportion of degraded protein. On the 

contrary, in UVM4 transformants there is a higher proportion of degraded 

protein than intact fusion protein in all the transformants analysed (those 

which present detectable RP). It is important to highlight that transformant 

UVM4#9, that expresses a fusion protein carrying a (SP)10 glycomodule, 

presented less degradation than the other UVM4 transformants expressing 

the same RP (#7, #8) and is the one less grown of the three (it had not reached 

stationary phase when harvested).  

Immunoblot analysis results support the statistical analysis based on luciferase 

assay results: increase of secreted RP yields from Chlamydomonas nucleus 

with fusion of (SP)10 and (SP)20 glycomodules was corroborated and none of 

the native proposed sequences surpassed the performance of (SP)10 and (SP)20 

previously described sequences.  
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Figure 40. Immunoblot of selected high expressing transformants of fusion proteins comprising 
a glycomodule sequence. 8 µl of culture medium concentrated 24X were loaded in each lane. 
Primary antibody against gLuciferase. Two exposures are shown for each immunoblot: the one 
showed above corresponds to seconds of exposure and the one showed below corresponds to 
minutes of exposition. A UVM4 transformants immunoblot. B CC-124 transformants 
immunoblot. -: pPL-ARSss-glucTEVhEGF -hygBR, (SP)10: pPL-ARSss-glucTEVhEGF-(SP)10-hygBR, 
(SP)20: pPL-ARSss-glucTEVhEGF-(SP)20-hygBR, LCL: pPL-ARSss-glucTEVhEGF-LCL-hygBR, GP1: pPL-
ARSss-glucTEVhEGF-GP1-hygBR, GP2: pPL-ARSss-glucTEVhEGF-GP2-hygBR, PHC21A: pPL-ARSss-
glucTEVhEGF-PHC21A-hygBR, PHC21B: pPL-ARSss-glucTEVhEGF-PHC21B-hygBR. 
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2.5. Introduction of an intronic sequence within a reporter gene to 

enhance nuclear expression 

Inclusion of intronic sequences within genes has been successfully used to 

improve expression levels of RP from the nucleus of Chlamydomonas 

(Lumbreras et al. 1998). Specifically, RBCS2 intron 1 (Sizova et al. 2001) has 

been successfully used to enhance expression of genes and the vector pPL-

ARSss-gLucINT-(SP)20-hEGF was ideated to test the effect of this intronic region 

on the expression of a fusion protein by inserting it within the reporter gene 

gLuciferase (figure 41). Besides, we ideated this vector with (SP)20 

glycomodule sequence cloned after the gLuc gene and just before the TEV 

protease recognition sequence. This was performed with the aim of taking 

advantage of the increase in overall expression yield caused by (SP)20 

glycomodule (that confers stability) while allowing the obtainment of hEGF 

after the cleavage (without glycomodules). Since it was previously 

demonstrated that the 3HA was useless for secreted protein (2.1. Fusion of 

3XHA tagged Gaussia Luciferase reporter to the protein of interest to enable 

screening of transformants), this tag was not included. 

Strains CC-124 and UVM4 were transformed with vector pPL-ARSss-

gLucINTRON-(SP)20-TEV-hEGF and 48 initial transformants (resistant to 60 µg 

hygromycin) were tested for gLuc activity. Results are shown in figure 42 as 
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Figure 41. Schematics of pPL-ARSss-gLucINTRON-(SP)20-TEV-hEGF vector. RPL23: 5’ RPL23 cis 
regulatory elements including 5’UTR and promoter, 3’T RPL23: 3’UTR and terminator of RPL23. 
ARSss: arylsulfatase 1 secretion signal, AR: HSP70-RBCS2 chimeric promoter, IR: intron 1 RBCS2, 
3’T RBCS2: 3’ region of RBCS2. 
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distribution of normalized luciferase expression in CC-124 and UVM4 

transformants. This fusion protein gave RLU values significantly lower than the 

other fusion proteins comprising gLuc tested. This fact prevents the statistical 

comparison of the expression of this fusion protein to other fusion proteins by 

gLuciferase activity.  

 

Expression of the full-length fusion protein was corroborated by immunoblot 

in the three highest expressing transformants obtained of each strain (figure 

43). 
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Figure 42. Distribution of normalized luciferase expression (RLU) values from 
Chlamydomonas strains CC-124 and UVM4 transformed with pPL-ARSss-gLucINTRON-(SP)20-
TEV-hEGF vector. Assay was performed with 20 µl of culture supernatant. 48 transformants 
of each strain were analysed. 
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2.6. Characterization and quantification of transgene expression 

during cell culture growth 

In order to analyse the expression of each fusion protein under different 

conditions, selected transformants were growth at 20ºC, 25ºC and 28ºC both 

under standard conditions (100 µE of light) and in dark. Growth was followed 

by OD750nm and RP expression was analysed by luciferase activity assay 

(figure 44). The transformants included in the assay were the highest 

transformant of CC-124 and UVM4 strains obtained for vectors pPL-GAMss-

glucTEVhEGF-hygBR, pPL-ARSss-glucTEVhEGF-(SP)10-hygBR and pPL-ARSss-

glucTEVhEGF-(SP)20-hygBR. The highest expressing transformant obtained for 

vectors pPL-ARSss-glucTEVhEGF-PHC21A-hygBR and pPL-ARSss-gLucINTRON-

(SP)20-TEV-hEGF-hygBR were also included. No difference in growth was 

observed among CC124 and UVM4 transformants (results not shown). 

Significant differences could not be appreciated between growth at different 

temperatures. Immunoblots against gLuc were performed to complete the 

analysis of RP expression throughout culture stages (figure 44). 

 

A B 

Figure 43. Immunoblot of pPL-ARSss-gLucINTRON-(SP)20-TEV-hEGF highest expressing 
transformants. A) Transformants from CC-124 strain. 12 µl of 20X concentrated culture 
supernatant were loaded. B) Transformants from UVM4 strain. 8 µl of 24X concentrated 
culture supernatant were loaded. gLucINT-(SP)20: pPL-ARSss-gLucINTRON-(SP)20-TEV-hEGF. 
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In general terms, growth under standard conditions (light) performed better 

than growth in the dark both in terms of biomass and RP expression. The 

transformant UVM4#22 expressing the fusion protein gLuc:TEV:hEGF:PHC21A 

is the exception since its gLuc activity was higher under dark conditions.  

Moreover, it was shown that there is accumulation of RP until stationary phase 

of culture. By immunoblot analysis it was shown that after the culture reaches 

the stationary phase there are degradation products of the fusion protein and 

thus the increase in gLuc activity seen in some cases may be due to such 

degradation releasing gLuc. The exception is transformant UVM4#35 

Figure 44. Expression analysis of selected transformants by gLuc activity test at different 
growth stages under different growth conditions. Each panel shows the growth followed by 
optical density at 750nm in the graphics located above. Each panel shows the gLuc activity assay 
results in the graphics located above. gLuc activity assay was performed with supernatant 
corresponding to 0.5 µl of culture medium. D: dark, L: light, GAMss: pPL-GAMss-glucTEVhEGF-
hygBR, (SP)10: pPL-ARSss-glucTEVhEGF-(SP)10-hygBR, (SP)20: pPL-ARSss-glucTEVhEGF-(SP)20-
hygBR, PHC21A: pPL-ARSss-glucTEVhEGF-PHC21A-hygBR, INT-(SP)20: pPL-ARSss-gLucINTRON-
(SP)20-TEV-hEGF-hygBR. 
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expressing the fusion protein gLuc:(SP)20:TEV:hEGF for which the immunoblot 

analysis and the gLuc activity analysis are consistent: there is a maximum of 

expression under light conditions at 96h (48h after reaching stationary phase 

of culture) and there is no detectable degradation of the fusion protein under 

any condition by immunoblot.  

Finally, the immunoblot analysis confirmed higher degradation of fusion 

proteins in UVM4 strain transformants than in CC-124 strain transformants as 

previously seen (2.4 Use of glycomodules to enhance expression and secretion 

of nuclear transgenes of Chlamydomonas - figure 40). 
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Figure 45. Immunoblot analysis of 
selected transformants at 
different growth stages under 
different growth conditions. Two 
exposures are shown for each 
immunoblot: the one showed 
above corresponds to seconds of 
exposure and the one showed 
below corresponds to minutes of 
exposure. A) Immunoblot analysis 
of selected transformants from CC-
124 strains: CC-124#8 (expressing 
the fusion protein 
gLuc:TEV:hEGF:(SP)10) and CC-
124#11 (expressing the fusion 
protein gLuc:TEV:hEGF:(SP)20). 12 
µl of concentrated culture 
supernatant (18X) were loaded in 
each lane. B) Immunoblot analysis 
of selected transformants from 
UVM4 strain: UVM4#2 (expressing 
the fusion protein 
gLuc:TEV:hEGF:(SP)10), UVM4#4 
(expressing the fusion protein 
gLuc:TEV:hEGF:(SP)20), UVM4#22 
(expressing the fusion protein 
gLuc:TEV:hEGF:PHC21A) and 
UVM4#35 (expressing the fusion 
protein gLuc:(SP)20:TEV:hEGF). 12 
µl of concentrated culture 
supernatant (18X) were loaded in 
each lane. 
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Summarizing, the optimal growth stage to harvest cultures for maximum RP 

expression is just once the culture reaches stationary phase except for the 

case of fusion protein gLuc:(SP)20:TEV:hEGF for which maximum expression is 

observed 48 hours after have reached stationary. Moreover, no significant 

differences have been detected between expression at different 

temperatures. Given these results, selected transformants were grown at 

25ºC under standard light conditions (100 µE) and were harvested at 

stationary phase of growth to estimate maximum expression of RP by 

densitometry based on immunoblots. It is important to highlight that the 

densitometry-based quantification of RP expression is estimated based on 

theoretical protein backbone, without considering the significant molecular 

weight provided by glycomodules. Densitometry-based quantification results 

are shown in table 9. 

Since the fusion protein gLucINTRON:(SP)20:TEV:hEGF accumulates without 

degradation until 48h after reaching stationary phase (figures 44 and 45) the 

quantification was also estimated based on a culture harvested 48h after 

reaching the stationary phase. 
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A

S 

B 

Figure 46. Immunoblots used to estimate quantification of 
expression from CC-124 (A), UVM4 (B) transformants and (C) 
UVM4#35 transformant (culture supernatant harvested 48h after 
reaching stationary phase of culture). Just above each immunoblot 
there is indicated the microliters of cell extract (EXT; 100X relative to 
culture) or culture supernatant (CS, 24X relative to culture) that were 
loaded in each lane. Ponceau stained membranes are shown only for 
cell extracts as a loading control because concentration of protein in 
concentrated culture supernatant is too low to be detected by 
ponceau staining. 

C 
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Table 9. Densitometry based quantification results in selected transformants. There is 
indicated the optical density (OD750nm) of each culture at the moment of harvest. 
Quantification of glycomodules-containing protein estimated in reference to protein backbone. 
NQ: not quantified because signal was out of the range of the standard curve. ND: not 
determined. 

 

As can be seen in table 9, RP yields from 1 to 100 µg RP /L of culture have been 

achieved for the different isoforms and the highest expression levels reported 

have been achieved with UVM4 strain. Also, extracellular expression levels are 

generally higher than intracellular expression levels. 

 

 

 

transformant Fusion protein expressed OD750nm 
µg/L in 

CM 

µg/L in 

EXT 

UVM4#35 gLucINTRON:(SP)20:TEV:hEGF 2.6 1.8 4.6 

UVM4#35 gLucINTRON:(SP)20:TEV:hEGF 

48 h after 
reaching 

stationary 
phase 

134.3 ND 

UVM4#9 gLuc:3HA:TEV:hEGF:(SP)10 2.7 3.5 5.2 

UVM4#10 gLuc:3HA:TEV:hEGF:(SP)20 2.7 6.9 NQ 

UVM4#2 gLuc:3HA:TEV:hEGF:(SP)10 2.8 12.7 4.4 

UVM4#4 gLuc:3HA:TEV:hEGF:(SP)20 2.6 29.3 8.9 

UVM4#28 gLuc:3HA:TEV:hEGF 2.8 2.1 2.5 

UVM4#22 gLuc:3HA:TEV:hEGF:PHC21A 2.7 10.4 NQ 

CC-124#8 gLuc:3HA:TEV:hEGF:(SP)10 2.3 11.0 3.2 

CC-124#11 gLuc:3HA:TEV:hEGF:(SP)20 2.5 3.5 NQ 

CC-124#3 gLuc:3HA:TEV:hEGF 2.5 8.2 3.2 
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Strategy 2. Study of the effect of transgene copy number on 

nuclear transgene expression levels 

Several factors such as insertion position greatly influence the expression of a 

transgene in Chlamydomonas. Due to that, there is a high variability in the 

expression of the same cassette in independent clones of Chlamydomonas 

and this makes it difficult to establish a correlation between copy number and 

expression level of transgene from published studies. Furthermore, to our 

knowledge, there hasn’t been a systematic study to determine the relation 

between copy number and transgene expression in Chlamydomonas nucleus. 

To gain further insight into the effect of multicopy transgene on expression 

levels we designed two different strategies: 1) comparison of RP expression in 

diploid strains carrying two copies of transgene compared with its haploid 

counterparts, and 2) analysis of RP expression in haploid strains containing 

one or two copies of transgene. 

1. Analysis of recombinant protein expression in diploid cells 

Added to the increase of tolerance of diploid strains to various stresses, our 

interest in investigating Chlamydomonas diploids as RP expressing strains is 

based on the fact that they grow better in terms of biomass under nitrogen 

starvation conditions (Kwak et al. 2017). Since nitrogen becomes limiting 

when culture reaches stationary phase in a Chlamydomonas culture, we 

hypothesize that if diploid cells grow better under nitrogen starvation they 

would produce more RP at the latter stages of growth compared to their 

haploid counterparts. To our knowledge, the study of diploids to produce RP 

is an innovative approach that has not been previously tested in 

Chlamydomonas.  



Chapter 1 – Results 

98 
 

To study this approach, we used the cassette pPL-ARSss-glucTEVhEGF (figure 

47) that codes for a fusion protein comprising gLuc as a reporter and hEGF as 

our protein of interest fused by a TEV protease recognition sequence and a 

3HA tag, ARSss secretion sequence is placed just before gLuc sequence to 

direct the fusion protein to the periplasm. We took advantage of the 

previously used pPL-ARSss-glucTEVhEGF construct and replaced the gene 

AphVII (resistance to hygromycin b) for AphVIII gene (resistance to 

paromomycin).  

  

Both vectors (carrying cassette pPL-ARSss-gLucTEVhEGF and resistance to 

paromomycin or hygromycin B) were transformed into two cell walled strains 

with opposite mating type: CC-124 and CC-125. Then, all the possible 

transformants were picked to a maximum of 96. Screening through gLuc 

activity assay allowed the selection of independent transformants with similar 

expression levels: P1 and P2 were selected as mating type minus carrying 

paroR 

hygBR 

pPL-ARSss-glucTEVhEGF 

+ 

Figure 47. Schematics of vectors used to study the effect of transgene copy number on 
Chlamydomonas nuclear transgene expression levels. AR: HSP70-RBCS2 chimeric promoter, 
RPL23: 5’ RPL23 cis regulatory elements including 5’UTR and promoter, 3’T RPL23: 3’UTR and 
terminator of RPL23, ARSss: Chlamydomonas arylsulfatase 1 secretion signal, IR: intron 1 RBCS2, 
brackets represent cDNA of AphVII’’ gene. 
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3’T RPL23
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resistance to hygromycin, P3 and P4 were selected as mating type plus 

carrying resistance to paromomycin. 

 

The selected transformants were mated between them to obtain a diploid cell: 

P1 and P2 were both mated with P3 and P4. Eight diploid clones from each 

crossing were selected by their ability to grow on plates containing both 

antibiotics. Also, all progeny should be diploids since a maturation step 

required for zygote maturation was not included in the protocol. Confirmation 

of diploidy was performed by PCR looking for the presence of the minus-

specific MID gene (minus dominance) or the plus specific FUS1 gene (fusion) 

(Werner and Mergenhagen 1998). The results are shown in figure 49.  

 

 

 

Figure 48. Schematics of crossings performed to obtain diploid progeny. P; parental strain, D; 
diploid progeny. 

P1 D8x P3

P1 D7x P4

P2 D10x P3

P2 D9x P4

Mating type

Antibiotic resistance

-

HygR

+

ParoR

-/+

HygR/ParoR
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Since the PCR analysis confirmed the diploid nature of the selected cells we 

analysed the expression of three diploid strains resulting from each crossing 

by luciferase activity assay through culture stages. Luciferase activity in culture 

supernatant was assayed with two technical replicates for each diploid strain 

and with two biological replicates and two technical replicates for each 

parental strain. As it can be seen in figure 50, all cultures were at stationary 

phase of growth at 48h with the exception of P2, which was detected to be at 

stationary phase of growth at 72h. Moreover, diploid progeny does not 

outperform its haploid background strains in terms of gLuc activity. Our initial 

hypotehsis was that an increase of gLuc activity may be caused by higher 

biomass accumulation in diploid strains at the end of the culture growth (due 

to nitrogen starvation). However, a longer exponential growth phase and 

higher RP expression levels were not detected in the diploid progeny analysed 

and thus our hypothesis must be discarded.  

 

Figure 49. Confirmation by PCR of the diploid nature of the selected progeny. *Indicates a 
problem with the well that affected the electrophoresis of the sample. 

* 

Plus specific FUS1 gene 

Minus specific MID gene 

Plus specific FUS1 gene 

Minus specific MID gene 
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Figure 50. Expression analysis of diploid cells by gLuc activity at different growth stages. Left 
panels represent the growth of culture followed by optical density (OD). Only growth of one 
biological replicate is shown for each parental strain as there were not significant differences in 
growth between biological replicates. Right panels represent gLuc activity in relative luminescence 
units (RLU) assayed in culture supernatant with two technical replicates except for parental strains 
that were assayed with two biological and two technical replicates. D; diploid strain, P; parental 
strain. 
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2. Study of the relation between transgene copy number and 

recombinant protein expression in haploid cells 

This approach aimed to investigate the relation between gene copy number 

and RP yield in the nucleus of haploid Chlamydomonas cells. To that end, our 

experimental design was based on generating strains containing more than 

one copy of transgene by crossing. Since parental strains are independent 

transformants, it is expected that they carry independent insertions because 

transgene is inserted at different locations.  

To develop this strategy, we transformed a vector containing the cassette pPL-

ARSss-glucTEVhEGF (figure 47) in combination with a second cassette carrying 

either AphVIII (paromomycin resistance) or AphVII gene (hygromycin 

resistance). Independent clones expressing RP to similar levels were selected 

as parental strains as indicated previously (1. Analysis of recombinant protein 

expression in diploid cells). Parental strains (resistant either to hygromycin B 

or to paromomycin and expressing gLuc to similar levels) were mated to obtain 

a strain that contains two copies of the transgene as independent insertions. 

Meiosis product was analysed and, as expected, approximately 25% of the 

progeny was resistant to both antibiotics, a quarter was resistant only to 

paromomycin, a quarter was resistant only to hygromycin and a quarter was 

not able to grow on antibiotic selection. Selection of progeny was performed 

on the base of selectable markers: progeny resistant to each antibiotic 

(harbouring one transgene copy) or to both (harbouring two transgene copies) 

was selected.  

Expression levels in culture supernatant were tested by luciferase activity 

assay with two technical replicates of two biological replicates and 

luminescence values were normalized by culture density (OD 750 nm). The 

gLuc activities of parental strains and progeny are shown in figure 51. 



Chapter 1 – Results 

103 
 

As it can be seen in figure 51, progeny harboring one transgene copy number 

have expression levels similar to the parental strains while progeny harboring 

two copies of the transgene have an expression level approximately 2-fold 

relative to parental strains. Summarizing, the preliminary results obtained 

indicate a direct relation between gene copy number and transgene 

expression from the nucleus of Chlamydomonas.  

 

 

Figure 51. Luciferase activity assessment of gene copy number effect on RP expression from 
Chlamydomonas nucleus. P1: parental transformant mating type minus carrying resistance to 
hygromycinB; P2: parental transformant mating type plus carrying resistance to paromomycin; 
HP: transformants showing resistance to paromomycin and hygromycin B; P: transformants 
showing resistance to paromomycin; H: transformants showing resistance to hygromycinB. 
Results shown correspond to corrected RLU (RLU/OD750nm) assayed in culture supernatant. 
Error bars show the standard deviation between two biological replicates assayed with two 
technical replicates. 
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Strategy 3. Obtaining a Chlamydomonas strain with improved 

expression of nuclear transgenes 

We ideated a screening to isolate strains with impaired silencing mechanisms. 

Our experimental design is shown in figure 52. 

Figure 52. Schematic diagram of the experimental proposal to screen high expressing strains. 

We took advantage of the fact that there is a high variability in the expression 

of the same cassette from independent clones of Chlamydomonas by selecting 

one transformant with low expression levels. Our experimental approach is 

based on the mutagenesis of this low expressing transformant and a screening 

to obtain a mutant with improved expression of nuclear transgenes. Our 

screening tool is shBleR as it expression is directly proportional to its 

phenotype (see 1.1.1 Use of minimal FMDV 2A peptide for processing of a 

dicistronic vector in Chlamydomonas) thereby allowing a fast and easy 

screening. Our screening is based on the idea that genetic inactivation (by 

mutation through UV) of the silencing mechanism would reduce the 

Transformation of CC-124 with pARshBle

Selection of transformants with low shBle expression: 
shBlelowA and shBlelowB

UV mutagenesis

Selection of candidate 
strains:

higher shBle expression 
than mother strain 

Determination of resistance level by plating clones in 
increasing concentrations of zeocin 

Determination of shBle expression by western blot and 
comparison to mother strain

Selection of candidate strains: higher resistance level than 
mother strain

Evaluation of candidate 
strains: transformation 

with reporter gene (gLuc)

Determination of transformation efficiency and 
comparison to mother strain.

Determination of expression levels and comparison to 
mother strain.

Determination of resistance level by plating clones in 
increasing concentrations of zeocin 

Determination of shBle expression by western blot
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transcriptional repression of shBleR gene, thus allowing growth on higher 

zeocin concentrations (Neupert et al. 2009; Kurniasih et al. 2016). We used a 

cassette carrying shBleR driven by AR chimeric promoter and 3’UTR of RBCS2 

(figure 53).  

 

 

 

Figure 53. Schematics of pAR-his-shBle vector. AR; chimeric promoter HSP70-RBCS2, IR; 
intron 1 RBCS2, 3’T RBCS2: 3’UTR and terminator of RBCS2. 

Once transformed into Chlamydomonas strain CC-124, 96 transformants were 

initially selected on TAP-zeocin 15 µg/ml (considered low zeocin) and screened 

by their ability to grow in presence of increasing concentrations of zeocin. The 

strains shBlelowA and shBlelowB, which grew on 25 µg/ml zeocin but were 

sensitive to 100 µg/ml zeocin (and thus displayed low expression of shBle) 

were chosen for the subsequent mutagenesis experiment. Furthermore, from 

the same screening, we chose one strain that displayed resistance to medium 

zeocin concentrations (75 µg/ml) and one strain resistant to high zeocin 

concentrations (300 µg/ml). These two strains were called shBlemedium and 

shBlehigh respectively and were used as controls. Expression level of ShBle by 

these strains was corroborated by immunoblot (Figure 54). 

IR BleRAR IR BleR

6xhis

3’T RCBS2
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Conditions for UV mutagenesis were optimized to establish an assay that 

would led to a survival of 10-30% of the exposed cells (figure 55): between 200 

x 100 µJ and 300 x 100 µJ of UV exposure. 

Figure 55. Viability of mutagenized cells with increasing irradiation. 

Two independent experiments were performed with shBleLowA and 

ShBleLowB strains. In both cases mutagenized cells were plated on 100 µg/mL 

of zeocin. We selected all the mutants able to grow on 100 µg/ml zeocin, thus 

displaying an increased zeocin resistance: 32 mutants of ShBlelowA and 96 
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Figure 54. Zeocin sensitivity test and immunoblot of selected strains for 
mutagenesis. ShBlehigh and ShBlemedium were selected as controls, 
ShBlelowA and ShBlelowB were selected as background strains for UV 
mutagenesis. A) Zeocin sensitivity test of selected strains. Sensitivity test 
was performed by plating the same number of cells at increasing 
concentrations of zeocin. B) Immunoblot of selected strains. 50 µg TSP 
were loaded in each lane, primary antibody against shBle. Upper panel 
corresponds to an exposure of minutes and lower panel corresponds to 
an exposure of seconds. Ponceau stained membrane is shown as a loading 
control. 
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mutants of ShBlelowB. It is important to note that the assay included a non-

irradiated control to corroborate that the background strain did not give rise 

to colonies able to grow at 100 µg/ml zeocin and thus the colonies that grew 

were the result of UV irradiation.  

Subsequently, the zeocin resistance level of each individual clone was 

determined to identify those mutants that displayed the strongest resistance 

to zeocin. To do so, all the mutants obtained (32 mutants of ShBlelowA and 96 

mutants of ShBlelowB) were plated on increasing concentrations of zeocin. 

This step also represented a confirmation for their ability to grow in presence 

of higher zeocin concentrations compared to it parental strains. This growth 

performance assay revealed differences in the resistance level between 

mutants that could be due to different mutations leading to different zeocin 

resistance levels. All clones that were able to grow at a concentration of at 

least 100 µg/ml zeocin (resistance to four times higher concentration than its 

background strain) were selected as candidates: 8 resulting of the 

mutagenesis of shBlelowA (figure 56-A) and 19 resulting of the mutagenesis 

of shBlelowB (figure 57-A). Furthermore, we analysed the shBle protein 

expression level of selected mutants by immunoblot to corroborate the higher 

expression compared to it parental strains (figure 56-B and figure 57-B). 

 

 

 



Chapter 1 – Results 

109 
 

 

 

Figure 56. Zeocin sensitivity test and immunoblot analysis of mutants obtained from strain 
shBlelowA. A) zeocin sensitivity test of shBlelowA mutants; Mutants were spotted onto TAP 
agar plates containing increasing concentrations of zeocin. B) Immunoblot of shBlelowA 
mutants; 40 µg TSP loaded in each lane, primary antibody anti shBle. Membrane stained with 
Ponceau showed below immunoblot exposure as a loading control. 
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From this point on, we continued only with those mutants that showed at least 

the same shBle protein level by immunoblot than our control shBlehigh: all 

the clones of shBlelowB except for lowB#7, and only lowA#1 and lowA#7 from 

the shBlelowA mutants.  

Following the reasoning beyond our experimental design: higher zeocin 

resistance, increased shBle protein and enhanced nuclear transformation 

Figure 57. Zeocin sensitivity test and immunoblot analysis of mutants obtained from strain 
shBlelowB. A) zeocin sensitivity test of shBlelowB mutants; Mutants were spotted onto TAP agar 
plates containing increasing concentrations of zeocin. B) Immunoblot of ShBlelowB mutants; 40 
µg TSP loaded in each lane, primary antibody anti shBle. Membrane stained with Ponceau are 
shown below immunoblot exposure as a loading control. 
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efficiencies were the three expected indicators of reduced gene silencing 

when compared with background strains. At this point we had already 

checked the first two. However, both can be caused by a mutation that 

increases only the expression of ShBle: mutations enhancing promoter, mRNA 

stability or chromatin accessibility as examples. To further confirm or reject 

the putative high expressing clones these clones were transformed with a 

reporter gene: gLuc gene was our choice. We transformed the selected 

candidates with vector pPL-ARSss-glucTEVhEGF-hygR (2.2 Comparison of the 

efficiency of two different cis regulatory regions to drive transgene expression, 

figure 29) which carries two cassettes: i) the gene AphVII’ conferring resistance 

to hygromycin B driven by β-tubulin cis regulatory elements (5’ and 3’) and ii) 

the cassette ARSss–gLuc-3HA tag-TEV-hEGF-6xhis tag, the whole cassette 

driven by cis regulatory regions (5’ and 3’) of Chlamydomonas Ribosomal 

protein L23 (RPL23, Cre04.g211800) (López-Paz et al. 2017). Transformation 

experiments always included the wild type strain CC-124 (background strain 

of shBlelowB and shBlelowA) and the background strain ShBlelowB or 

ShBlelowA. We found variable transformation efficiencies between 

experiments, even for the control strains (CC-124 and ShBlelowB). 

Nonetheless, as an increased transformation efficiency could be one indicator 

for a mutant with reduced gene silencing, transformation efficiency fold 

increase related to background strain CC-124 is shown in figure 58. Although 

most mutants did not show increased transformation efficiencies there were 

promising strains: mutB3, mutB12, mutB13, mutB14, mutB15 and mutB19.  
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Independently of the transformation efficiency obtained we further analysed 

the expression levels of the transformants of all our mutants by luciferase 

activity assay except for mutB16 for which we did not obtain transformants. 

Luminescence values were normalized by culture density (OD 750 nm) and 

expressed as relative luciferase units (RLUs). Transformants that showed 

luciferase activity above background (>1 x 103 RLUs) were considered 

positives. We used two metrics to assess performance in each mutant. The 

first was the proportion of positive transformants (luciferase activity above 

background: >1 x 103 RLUs) that was statistically analysed by Fisher’s exact 

test. The second metric was the distribution of positive RLU values binned by 

expression level and was statistically analysed by Wilcoxon-Mann-Whitney 

rank sum test. Both metrics were analysed between each mutant and its 

parental strains (CC-124 and either shBlelowB or shBlelowA). Differences were 
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Figure 58. Transformation efficiency (number of colonies obtained/µg transformed DNA) fold 
increase of the mutants referred to CC-124. Transformation efficiency was determined at two 
different antibiotic concentrations (hygromycin 30 or 60). * indicates mutants able to grow in 
30 µg/ml of hygromycin B without transformation and thus there is only measure of 
transformation efficiency at 60 µg/ml of hygromycin B. 
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considered significant when p < 0.05. Results are shown only for 

transformants with significant p-values in table 10.  

Regarding the mutants of shBlelowA strain (mutA1 and mutA7), the luciferase 

activity results for both mutants and shBlelowA were lower that the obtained 

for wild type strain CC-124 and consequently no statistical analysis was 

pursued with these strains. The fact that shBlelowA gave transformants with 

generally lower expression levels than CC-124 transformants may indicate a 

mutation that reduces its recombinant protein expression. 

Table 10. P-values resulting of the statistical analysis to determine candidates to be a high 

expressing strain. Only results for transformants with significant p-values are shown. Statistical 

analysis was performed with two metrics: proportion of positive transformants (Fisher’s exact 

test) and expression level of these positive transformants (Wilcoxon-Mann-Whitney rank sum 

test). Statistical analysis was performed against CC-124 strain and shBlelowB background strain. 

Results were considered significant when p < 0.05. Significant p-values are highlighted with an 

asterisk. Whitney RST; Wilcoxon-Mann-Whitney rank sum test. positives; number of 

transformants which RLU/DO750nm is superior to 1000. 

 
against CC-124 against shBlelowB 

Mutant Fisher  Whitney RST Fisher  Whitney RST 

MUTB12 0.835 0.022* 0.527 0.011* 

MUTB13 0.001* 0.759 0.000* 0.359 

MUTB14 0.101 0.376 0.040* 0.646 

shblelowB 0.831 0.313  

 

As indicated by the results presented in table 10, only mutants mutB12 and 

mutB13 remain as candidates to be high expressing strains. On one hand, 

there was a significant increase in expression levels for positive transformants 

of mutB12 compared with shBlelowB and CC-124 positive transformants 

determined by a two-tailed Mann-Whitney U test (p < 0.05). On the other 

hand, although its frequency of positives is significantly higher, MutB13 does 

not show significantly higher expression levels. However, instability of hEGF 
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may hamper the correct analysis of high expressing transformants by limiting 

the fusion protein accumulation. To further confirm or reject the high 

expressing strains we tested the accumulation of the fusion protein 

gLuc:(SP)20:TEV:hEGF (2.5 Introduction of an intronic sequence within reporter 

gene to enhance nuclear expression in Chlamydomonas - figure 41) that has 

shown an increased stability thereby avoiding possible difficulties in analysing 

expression levels due to instability. Screening of transformants was performed 

as exposed and the metrics used to statistically analyse the results were the 

same stated before. There was a significant increase (p = 0.0046) in expression 

levels for positive transformants of mutB13 compared with CC-124 positive 

transformants determined by a two-tailed Mann-Whitney U test. In this case, 

there was not a significant increase in expression levels for positive 

transformants of mutB12. Nevertheless, the highest expressing transformants 

from mutant backgrounds showed higher expression level than the highest 

expressing strains from CC-124 background (figure 59). 
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Figure 59. Comparison of pPL-ARSss-gLucINTRON-(SP)20-TEV-hEGF highest expressing 
transformants from CC-124, mutB12 and mutB13 strains. A) gLuciferase activity of selected 
transformants. Assay was performed with 20 µl of total culture. B) Immunoblot analysis of 
selected transformants. 12 µl of 18X concentrated culture supernatant were loaded. Primary 
antibody against gLuc. Two exposures are shown: the one showed above corresponds to 
seconds of exposure and the one showed below corresponds to minutes of exposition. gLucINT-
(SP)20: pPL-ARSss-gLucINTRON-(SP)20-TEV-hEGF. 
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To further confirm that mutB12 and mutB13 strains carry a mutation that 

helps transgene expression, these strains were mated with CC-125 pPL-ARSss-

glucTEVhEGFhygBR selected transformants (Strategy 2- 1. Analysis of 

recombinant protein expression in diploid cells - figure 47). The expression of 

both transgenes (gLuc and shBle) was analysed in the progeny. It is expected 

that progeny containing gLuc or shBle transgene will be divided in two 

populations: high or low expression (referred to transgene levels). If mutation 

segregates independently of transgene high expression levels will correlate 

with the mutation improving transgene expression.  

 

Figure 60. Resulting progeny from a cross between a high expressing strain and gLuc wild type 
transformants. gLuc: gLuciferase gene. shBleR: resistance gene to bleomycin family of 
antibiotics, MUT: mutation facilitating transgene expression, Luc: luciferase activity, zeoR: 
resistance to zeocin, ++: refers to higher expression levels, MT: mating type. 

A cross between CC-124 and CC-125 pPL-ARSss-glucTEVhEGFhygBR 

transformant was included as a control. gLuciferase activity levels greatly 

varied between progeny of the same crossing even for the control cross. These 

differences may be due to growth under non-optimal conditions in 96-well 

plates that cause variability in transgene expression. Also, differences 

between parental strains CC-125 and CC-124 that are not completely isogenic 
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may add variability. The high number of progeny clones needed made the 

assay not feasible with cultures grown under optimal conditions. The 

difficulties in analysing gLuc expression levels in the progeny hampered the 

confirmation or rejection of the presence of a mutation favouring transgene 

expression in our high expressing strain candidates.  
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Discussion 
In the context of recombinant proteins there is a challenge to develop 

expression systems and methodologies appropriate to address the cost and 

demand issues for a variety of applications (Fletcher et al. 2007; Ferrer-

Miralles et al. 2009). One of the alternative expression hosts proposed is 

Chlamydomonas reinhardtii. Despite all the advantages of this expression host 

(described in Introduction, page 12), the low expression levels of nuclear 

transgenes represent a limitation to its use for recombinant protein 

production. In chapter 1 we test several strategies designed to reduce or 

overcome this limitation. Through design of the DNA cassette on the base of 

a secreted fusion protein comprising a gLuciferase and hEGF, expression levels 

ranging from 1 to 100 µg RP /L of culture have been achieved. 

DNA cassette design and optimization to increase nuclear RP expression yields 

Our starting point was the fusion strategy of BleR2AGOI that had been 

previously reported as successful to select high expressing clones of 

Chlamydomonas (Rasala et al. 2012, 2014; Plucinak et al. 2015). Two versions 

of 2A were tested. However, the range of products or variability in transgene 

expression obtained makes it difficult to establish a correlation between 

protein expression and resistance to zeocin. This may be due to poor 

processing and/or intermediate fusion proteins that result in poor efficiency 

of shBle protein by preventing its biological function when compared to 

monomeric shBle. To summarize, despite having been previously reported 

efficient in Chlamydomonas (Rasala et al. 2012, 2014; Plucinak et al. 2015) we 

could not validate the Ble:2A:GOI strategy to select high transgene expressing 

transformants at least for the proteins tested. The fact that the proteins tested 

may be considered unstable (may be the case of hEGF) or were not adapted 
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to Chlamydomonas codon usage (as is the case of mCherry) may explain the 

differences in processing efficiency by 2A peptides. Moreover, other studies 

have reported partial processing with 2A peptides (Rasala et al. 2012; Kong et 

al. 2015; López-Paz et al. 2017). Also, strain and/or growth conditions may 

contribute to the variability in processing between studies. Interestingly, it 

was reported that when using the fusion consisting of shBle:2A and an enzyme 

from Botryococcus braunii, zeocin resistance level was not correlated with 

accumulated RP (Kong et al. 2015). They also reported the inability to sort 

highly expressing transformants of the target protein among the 

transformants that survived high zeocin concentrations. In the light of our 

results, their results may be attributable to poor processing and/or 

intermediate fusion proteins that result in poor efficiency of shBle protein by 

preventing its biological function when compared to monomeric shBle. 

We decided to keep BleR as a marker gene because we were able to increase 

expression of shBle by maintaining selected transformants on antibiotic 

containing plates. We further studied the approach based on the fusion 

comprising BleR and GOI by fusing it separated by a TEV protease recognition 

sequence. It was observed that the screening of clones by resistance to high 

zeocin concentrations leads to the selection of high expressing strains of shBle 

protein, but not to the selection of high expressing transformants of the 

complete fusion protein. The analysis of the insertion of the heterologous 

cassette showed that the selected high expressing clones had not inserted the 

complete cassette. Different scenarios were found on cassette integration: 

insertion of the resistance gene only, insertion in a coding region (transcribing 

for a chimeric fusion protein consisting of our designed protein and a native 

protein), insertion of the cassette with deletions that may transcribe for a 

partial fusion protein or not. These results support two possible explanations, 

not excluding between them: i) fusion protein results in poor efficiency of 

shBle protein by preventing its biological function when compared to 
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monomeric shBle or ii) instability of the fusion protein (Ble:TEV:hEGF) 

hampers the selection of high resistant transformants expressing the fusion 

protein. Only a small fraction of selected transformants had inserted the 

complete heterologous cassette thus expressing the full-length protein. The 

study of one transformant expressing the full-length protein allowed the 

estimation of the RP expression yield in approximately 1 µg/L culture. This 

expression level is low and does not allow RP production for industrial 

purposes. Furthermore, expression levels are below the expression level of 

0.25% TSP previously reported in Chlamydomonas with the Ble2A strategy,  an 

strategy also based on selection of transformants resistant to high 

concentrations of zeocin (Rasala et al. 2012). However, in this strategy the GOI 

was an enzyme and shBle and GOI were successfully expressed as discrete 

proteins. It is important to remark that differences in processing efficiency 

affecting the overall RP yield may be related with the nature of the GOI. 

Indeed, different yields of different RP are reported in the present work 

(monomeric shBle compared to fused shBle to hEGF or to fused ShBle to a 

region of a native Chlamydomonas protein).  

Regarding the approach based on the fusion comprising BleR and GOI, one of 

the transformants isolated expressed RP to high levels (80 µg/L). We studied 

the expressed RP and it consisted of part of our designed fusion protein and 

part of a native protein. Thereby, this chimeric protein is the result of a partial 

insertion of the heterologous cassette in frame in a coding region. This 

corroborates that the partial insertion of the cassette leads to different 

transgenes and prevents the selection of high expressing transformants of the 

full-length fusion protein with the strategy based on shBle:TEV:hEGF. 

Regarding the chimeric protein, it is possible that the native protein region 

increases the stability or solubility of the fusion protein, but it remains to be 

determined. On the other hand, the gene encoding for this protein has six 

introns, and one is 997 bp length. Given that the average for introns length in 
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Chlamydomonas is 373 bp (Merchant et al. 2007) this intron represents an 

interesting regulatory region to test. 

Interestingly, it was observed that selected clones expressing fusion proteins 

comprising shBle duplicated their expression level by maintenance in 

presence of zeocin for two months. A model to explain the evolution of 

antibiotic resistance in bacteria has been proposed in which a combination of 

continued selection, epigenetic inheritance and stochastic variation allows for 

the evolution of populations with gene expression patterns providing an 

increasing antibiotic resistance (Adam et al. 2008). The model is based on the 

idea that within an isogenic population there is random variation in the 

expression level of genes, creating phenotypic variation. This epigenetic 

variation shows an element of heritability and some cells with elevated 

expression of genes conferring antibiotic resistance survive antibiotic 

selection. The progeny of this cells will in turn show variation in expression 

levels and if selective process continues it will lead to an increase of the 

resistance level. As it has been shown that transgenerational epigenetic 

effects play a role in adaptive evolution in Chlamydomonas (Kronholm et al. 

2017), the model proposed for bacteria may explain our results. Maintenance 

in presence of zeocin will enhance expression of transgenes for which the 

strategy shBle:GOI is suitable. 

The strategy based on the fusion protein comprising Gaussia Luciferase as a 

reporter gene and hEGF as GOI is successful as it allows the high throughput 

screening of transformants leading to the highest expressing transformants of 

the full-length protein. With this expression strategy it could be observed that 

the fusion protein is accumulated in medium independently of strain type 

(with or without cell wall) and the maximum of expression through culture 

stages corresponds to the initial stationary phase of growth except for a fusion 

protein that accumulates in medium for 48h in stationary phase. This latter 
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fusion protein consists of shBle:(SP)20:TEV:hEGF and the fact that accumulates 

in medium for longer periods induces us to think that the inclusion of 

stabilizing regions may improve expression yields. We report that the 

maximum of RP expression through culture stages is protein dependent, being 

consistent with previously reported results that show accumulation of a fusion 

protein comprising gLuc and a GOI until stationary phase of culture (Lauersen 

et al. 2013b) and secreted GFP until 4 days later (Ramos-Martinez et al. 2017). 

Moreover, the effect of culture conditions on yield at each growth stage has 

been reported (Lauersen et al. 2015a) and remains to be determined for our 

fusion proteins.  

Interestingly, despite detecting intracellular and extracellular fusion protein 

by immunoblot against gLuciferase, only intracellular fusion protein was 

detected by immunoblot against HA tag. It is likely that a PTM prevents the 

detection of the 3HA tag from secreted proteins in Chlamydomonas. A similar 

effect has been shown in a secreted RP with a FLAG tag from insect cells. In 

this case, tyrosine O-sulfation abolished the FLAG-anti-FLAG interaction 

rendering a well-established tag system unsuitable for secreted proteins 

(Schmidt et al. 2012). Tyrosine sulfation is a PTM that occurs in secreted and 

transmembrane proteins of higher eukaryotic species and in all mammalian 

cell lines tested, but not in prokaryotes or in yeast. The functional importance 

of tyrosine sulfation in many proteins is not clear although it often functions 

in protein-protein interactions (Yang et al. 2015). It seems that sulfation does 

not depends on a defined consensus sequence (Rosenquist and Nicholas 1993) 

but three to four acidic amino acid residues are normally found within five 

residues of sulfated tyrosines (Rosenquist and Nicholas 1993). Moreover, it 

has been proposed that the charge of the residue in the amino-terminal (-1) 

position of the tyrosine is critical and must be neutral or acidic, whereas a 

basic residue abolishes sulfation (Lin et al. 1992). In the aminoacidic sequence 

of 3HA tag there are tyrosines that present the characteristics to be sulphated 
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and according to sulfinator tool results (https://web.expasy.org/sulfinator/) at 

least one of these tyrosines would be sulfated. To rule out or confirm this 

hypothesis, several sulfatase reactions may be performed with secreted RP to 

medium. However, if a PTM prevents the detection of the 3HA tag from 

secreted proteins in Chlamydomonas remains to be determined. 

Comparison between two cis regulatory regions (5’ and 3’) allowed to 

determine that the expression of RP driven by cis regulatory regions (5’ and 

3’) of Chlamydomonas Ribosomal protein L23 (RPL23, Cre04.g211800) (López-

Paz et al. 2017) was significantly better in terms of expression yield than 

expression driven by AR promoter (HSP70-RBCS2 chimeric promoter including 

RBCS2 first intron downstream) and 3’UTR RBCS2. 

Since it has been shown that the use of alternative signal peptides affects the 

efficiency of protein secretion and the overall yield of secreted proteins 

(Knappskog et al. 2007; Kober et al. 2013; Molino et al. 2018), different 

secretion peptides have been studied in terms of expression yield and 

secretion efficiency: Chlamydomonas arylsulfatase 1 secretion sequence 

(ARSss), metalloprotease gametolysin secretion sequence (GAMss) and 

Carbonic Anhydrase 1 secretion sequence (CAHss). Expression level resulted 

significantly higher with CAHss compared to GAMss and ARSss and resulted 

significantly higher with the use of GAMss compared to ARSss. Therefore, 

changing and optimizing secretion sequences represents a tool for improving 

transgene expression. 

A successful strategy to enhance yields and stability of secreted RP in plant cell 

cultures has been demonstrated based on (Ser-Pro)n glycomodules (Shpak et 

al. 1999; Xu et al. 2007). In previous studies in Chlamydomonas, this 

glycomodules conferred an enhanced protein stability and allowed 

accumulation of RP in culture medium. Due to the enhanced stability, yields 

of a (Ser-Pro)n-fused fluorescent protein increased up to 12 fold compared to 
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fluorescent protein without glycomodules reaching a maximum yield of 15 

mg/L (Ramos-Martinez et al. 2017). In the present work, a significant increase 

in the expression yield of a secreted fusion protein comprising hEGF was 

achieved either with (SP)10 and (SP)20 glycomodules. Furthermore, a fusion 

protein comprising the (SP)20 glycomodule after the gLuciferase gene and 

before the TEV protease cleavage sequence was designed with the aim to take 

advantage of the stabilizing effect of the glycomodule region together with 

the possibility of obtaining discrete hEGF (without glycomodules) after TEV 

protease cleavage. The highest expression levels reported in the present study 

were achieved with this fusion protein. This increased expression levels may 

be due to: i) an intronic sequence placed inside the gLuc gene, ii) the (SP)20 

glycomodule located between the reporter gene and the GOI and iii) the lack 

of 3HA tag. While all the other secreted fusion proteins accumulated until 

stationary phase of growth, this fusion protein accumulated for 48h at 

stationary phase of culture. It is unlikely that this effect is due to the intronic 

sequence placed inside the gLuc gene or due to the elimination of the 3HA tag. 

Contrary to the other fusion proteins, there is no detectable degradation of 

this fusion protein by immunoblot suggesting that the (SP)20 glycomodule 

placed N-terminally of hEGF confers higher stability. Despite that, the effect 

of both the intronic region and the lack of the 3HA tag cannot be analysed 

separately from the effect of (SP)20 glycomodule in the present work. Further 

studies are required to analyse the effect of the three regions separately.  

Given that fusion proteins comprising (SP)10 and (SP)20 glycomodules showed 

an enhanced stability allowing accumulation in medium of RPs, we 

investigated the existence of native glycomodules from Chlamydomonas in its 

more abundant secreted proteins that would confer higher stability to such 

proteins and thus may be used for enhancing RP yields. For that purpose we 

studied the presence of putative glycomodules in the most abundant 

Chlamydomonas proteins present in medium under different conditions (Baba 
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et al. 2011). Possible glycomodules (not necessarily with (SP)n motif) 

presenting several combinations and lengths of repetitive sequences were 

identified. We tested five sequences representing different native 

glycomodules by cloning them C-terminally to hEGF and none of this native 

glycomodules surpassed the performance of (SP)10 and (SP)20 glycomodules. 

However, PHC21A native glycomodule significantly increased the expression 

yield in comparison to the fusion protein without glycomodule. It is important 

to note that when we studied the glycomodules present in the most abundant 

secreted proteins in Chlamydomonas, we detected that one protein may 

contain several glycomodule region suggesting that the introduction of 

glycomodules at more than one site in the fusion protein may increase the 

stability and overall yield of expressed RP. Also, since the highest expression 

yield reported in the present study was achieved with the fusion protein 

gLuc:(SP)20:TEV:hEGF, it is interesting to further study PHC21A native 

glycomodule cloned C-terminally of gLuc to test the maximum expression yield 

achievable with such glycomodule. Also, it is interesting to test the expression 

of a fusion protein carrying more than one glycomodule sequence.  

It is important to highlight that statistics to compare regulatory regions, 

secretion peptides or stabilizing regions have been performed on the base of 

gLuciferase activity and this activity could be dependent on fusion protein. 

Despite that, the direct relation between gLuciferase activity and fusion 

protein has always been corroborated by immunoblot. Since gLuc activity may 

overestimate RP because of degradation, expression yields have been always 

estimated by densitometry of immunoblots. 

The highest expression levels reached in the present study have been achieved 

using UVM4 strain, a mutant strain that was isolated because it has an 

elevated expression of transgenes (Neupert et al. 2009). However, this strain 

showed higher degradation of recombinant proteins than the wild type strain 
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CC-124. Also, UVM4 culture supernatant presented higher viscosity when 

concentrated by filtration than that of CC-124 strain (data not shown). These 

facts represent a limitation for scalability and downstream processing of 

UVM4 strain. Since Chlamydomonas cell wall is composed of glycoproteins 

and carbohydrates (Ehrenberg et al. 1971; Roberts et al. 1972) such 

components are released to medium during growth. Indeed, it has been 

reported that cell wall less strains release more than twice the amount of 

protein per cell than the wild type (Zhang and Robinson 1990). As a result, it 

is likely that the higher viscosity found in UVM4 culture supernatant is due to 

a higher content of glycoproteins and carbohydrates in its medium. 

With the strategy based on a fusion protein comprising a reporter gene and a 

GOI, secreted RP yields have been increased from 1 to 100 µg/L by testing 

several regulatory regions, secretion peptides and stabilizing regions. It must 

be considered that the vector used to achieve the highest expression level 

reported in the present work do not include all the best strategies tested. 

Furthermore, merging of the best strategies becomes mandatory as a next 

step together with further analysis of native SPs cloning more than one and 

cloning one placed C-terminally of gLuc. It is likely that, with these steps, 

expression yield will be further increased. To our knowledge, the highest 

expression levels reported in Chlamydomonas nucleus were achieved with a 

fusion protein comprising GFP and glycomodules that reached a yield of 12 

mg/L (Ramos-Martinez et al. 2017). Despite not reaching such expression 

yields, our results are not directly comparable because GOI are different.  

Effect of transgene copy number on nuclear transgene expression levels 

The present study investigates gene dosage as a strategy to improve 

expression levels in the nucleus of Chlamydomonas from two approaches: 1) 

comparison of RP expression in diploid strains carrying two copies of 
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transgene compared with its haploid counterparts, and 2) analysis of RP 

expression in haploid strains containing one or two copies of transgene.  

Regarding diploid cells, our initial hypothesis was that an increase of RP may 

be caused by higher biomass accumulation in diploid strains at the latter 

culture growth stages (due to nitrogen starvation). However, there is not an 

increase in gLuc activity at the end of the culture growth in the diploid progeny 

analysed and thus our hypothesis must be discarded. However, further study 

of diploid cells for production of RP may still be interesting because they have 

previously shown an increased resistance to stresses (Kwak et al. 2017). 

Preliminary results have been obtained regarding the direct relation between 

copy number and transgene expression level in haploid cells. Such preliminary 

results indicate a direct relation between gene copy number and nuclear 

transgene expression. Further studies are needed to confirm the preeliminary 

results obtained. 

Isolation of Chlamydomonas strains with improved expression of nuclear 

transgenes 

The experimental approach designed to isolate mutagenized strains with 

increased transgene expression led to the selection of two candidate strains. 

Both candidate strains have an increased shBle expression level compared to 

its background strain (shBlelowB) but when tested for expression of other 

transgenes, the increase in expression levels is not always statistically 

significant. We intended to study the presence of a favouring mutation by 

mating the candidate strains and studying its progeny. However, the 

difficulties in analysing transgene expression in the progeny hampered the 

confirmation or rejection of the presence of a mutation favouring transgene 

expression in our strain candidates. These differences may be due to growth 

under non-optimal conditions in 96-well plates that cause variability in 
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transgene expression added to differences between parental strains CC-125 

and CC-124 that are not completely isogenic. When tested for the expression 

of a reporter protein, the highest expressing transformants from mutB12 and 

mutB13 strains showed higher expression levels than the highest expressing 

transformants from CC-124 background. However, there are different 

expression levels between transformants suggesting that expression of 

nuclear transgenes in our candidate strains is still subjected to silencing 

mechanisms similarly as reported with other isolated high expressing strains 

(Kong et al. 2015). It has been shown that silencing in Chlamydomonas occurs 

at transcriptional and post-transcriptional levels (Cerutti 1997; Wu-Scharf et 

al. 2000; Jeong Br et al. 2002). If the favouring mutation affects a 

transcriptional silencing mechanism the increase in expression would not be 

significant if the mRNA or protein expressed are unstable or silenced. Due to 

that it is important to test the candidate strains with several transgenes. Also, 

if the favouring mutation affects a post-transcriptional silencing mechanism, 

the transgene will be still subjected to transcriptional silencing and to position 

effect. Given that multiple mutations can occur during UV mutagenesis, it 

would be interesting to map the mutation(s) and to study if it can favour 

transgene expression in an additive manner with other described mutations 

on silencing mechanisms (Wu-Scharf et al. 2000; Zhang et al. 2002; Casas-

Mollano et al. 2008; Kong et al. 2015). Since the isolated strains are wild type 

they can be mated to accumulate mutations favouring transgene expression 

obtaining a powerful strain for high transgene expression. 
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Methodology 
Chlamydomonas strains and culture conditions 

Algal cells were cultivated mixotrophically in liquid Tris-acetate-phosphate 

(TAP) medium at 25ºC under continuous illumination at 150 µE and 200 rpm 

orbital shaking unless otherwise stated. Strains were routinely maintained on 

TAP agar plates every three weeks. 

The Chlamydomonas strains used throughout the study are: CC-125, CC-124, 

CC-1690 (21gr), CC-1883, UVM4 and UVM11. Strains CC-1690 (21gr), CC-125 

and CC-124 were obtained from the Chlamydomonas Resource Center 

(http://chlamycollection.org/). Strains UVM4 and UVM11 are two mutants 

graciously provided by Prof. Dr. Ralph Bock (Neupert et al. 2009). 

Optical density at 750nm was determined either with BioTek PowerWave XS 

plate reader or with a spectrophotometer UVmini1240 (Shimadzu). 

Construction of expression cassettes 

Two cis regulatory regions were used in this study to drive expression of GOI. 

On one hand, HSP70A/RBCS2 chimeric promoter (Schroda et al., 2000) further 

improved by insertion of the RBCS2 first intron downstream (Sizova et al., 

2001), abbreviated as AR in the present study, was used in combination with 

3’UTR RBCS2. On the other hand, RPL23 (Cre04.g211800) cis regulatory 

elements (5’ and 3’) were used. PCR amplification from CC-124 

Chlamydomonas strain genome allowed us to obtain 5’UTR RPL23 

(F409/R410) and 3’UTR RPL23 (F411/R412).    

TRX h genomic sequence was amplified (F223/R222) from Chlamydomonas 

strain CC-124 to clone it in our vectors. The sequence of the mature form of 

hEGF (53aa) was codon-optimized for Chlamydomonas nuclear expression and 
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synthesized by GeneArt (Life Technologies, USA). The mCherry Ds gene was 

obtained from the plant binary vector CD3-960 (Nelson et al. 2007). A codon-

optimized Gaussia princeps luciferase (gLuc) gene was synthesized (Ruecker 

et al. 2008). Table 12 resumes all the cloning done to complete the present 

study. 

Table 11. Sequences of oligonucleotides used for vectors construction in this study. 

Oligonucleotides 
names 

Oligonucleotides sequence (5’-3’) 

R222- TRX h F CCCCTGCAATGCTTTTAC 

F223- TRX h R ATGGGCGGTTCTGTTATT 

F409 – 5’ RPL23 F GGCCTCTAGAGCACGTCCATAATGAAAGGTC 

R410- 5’ RPL23 R CGGAAGAATTCACTCTGCGCGCAGACAAGAG 

F411- 3’UTR RPL23 F GGGCATATGTAAAGGTGAGGCGGGGGTTCG 

R412- 3’UTR RPL23 R CCAGGTACCCCAGGCGCAGCTTCGCC 

F485- (SP)10 F 
TATGAGCCCCTCCCCCAGCCCGAGCCCTTCGCCTTCGCCCTCGCCGTCG
CCATCCCCGAGCCCCCTGCAGTAAGA 

R486- (SP)10 R 
TATCTTACTGCAGGGGGCTCGGGGATGGCGACGGCGAGGGCGAAGG
CGAAGGGCTCGGGCTGGGGGAGGGGCTCA 

F487- GAMss F TATCGAATTCACCATGTCGCTGG 

R488- GAMss R GGCAGATCTGGCCCACGCAGGAGCTGTGC 

F504- GP1 F 
TATGCCTCCTTCGCCGGCTCCTCCATCGCCGGCTCCTCCATCGCCGGCT
CCTCCATCGCCGGCTCCTCCTTCGCCGGCTCCTCCATCGCCGGGCCTGC
A 

R505- GP1 R 
GGCCCGGCGATGGAGGAGCCGGCGAAGGAGGAGCCGGCGATGGAG
GAGCCGGCGATGGAGGAGCCGGCGATGGAGGAGCCGGCGAAGGAG
GCA 

F506- LCL F 
TATGAGCAACTCCCCTGCCCCCGCCTCGTCGGCCCCTGCCCCGGCCCGC
TCCTCGTCGGCCAGCTGGCGTGACGCCCCCGCCTCGAGCTCCAGCTCG
AGCCTGCA 

R507- LCL R 
GGCTCGAGCTGGAGCTCGAGGCGGGGGCGTCACGCCAGCTGGCCGA
CGAGGAGCGGGCCGGGGCAGGGGCCGACGAGGCGGGGGCAGGGGA
GTTGCTCA 
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Table 12. Clonings performed for the present study. 

Vector 
Select.  
gene 

Content Cloning 

pARshBle2A BleR AR:Ble2A:RBCS2  
AR chimeric promoter (XbaI/EcoRI) fused to BleR gene: FMDV 
2A (EcoRI/PstI, XhoI) and 3'UTR (NdeI/KpnI) in pGEM7Z(-) 

pAR-his-shBle  BleR AR:his:Ble2A:RBCS2  6xhis introduced into pARshBle2A by overlap PCR 

pARshBle2AhEGF BleR AR:Ble2A:3HA:EGF:RBCS2  
Synthetic 3HA (PstI/XhoI) and synthetic EGF (XhoI/NdeI) 
introduced into pARshBle2A.  

pARshBle2ATRXH BleR AR:Ble2A:3HA:crTRX:RBCS2 
Synthetic 3HA (PstI/XhoI) and amplified TRXH (F222/R223, 
XhoI/NdeI) introduced into pARshBle2A. 

pARshBle2AmCherry BleR AR:Ble2A-mCherry:RBCS2  mCherry from CD3-960  cloned into pARshBle2A (PstI/XhoI)   

pARshBle2AEhEGF BleR AR:Ble2AE:3XHA:EGF:RBCS2 
Synthetic Ble:FMDV2Aextended replacing Ble:FMDV2A into 
pARshBle2AhEGF  (EcoRI/PstI) 

pAR-ARSss-glucTEVhEGF - AR:ARSss:gLuc:3HA:TEV:EGF 
Synthetic ARSssgluc3HATEV replacing shBle:2A into 
pARshBle2ATRXH (EcoRI/XhoI)  

pARshBle2AETRXH BleR AR:Ble2AE:3XHA:TRXH:RBCS2 
TRXH:3'UTR from pARshBle2ATRXH replacing EGF:3'UTR into 
pARshBle2AEhEGF (BamHI/BamHI)  
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Vector 
Select.  
gene 

Content Cloning 

pAR-ARSss-glucTEVhEGF-HygBR   AphVII’ 
5'RPL23:ARSss:gLuc:3HA:TEV:EGF:3
'RBCS2 + AphVII’ (hygB) 

Aph7' gene from Phyg3 (KpnI/EcoRV) into pAR-ARSss-
glucTEVhEGF (KpnI/SmaI) 

pPL-gLuc:hEGFHis:RBCS2 - 
5'RPL23:ARSss:gLuc:3HA:TEV:EGF:3
'RPL23  

PRPL23 5'UTR amplified (F409/410) used to replace AR 
chimeric promoter in pAR-ARSss-glucTEVhEGF (EcoRI/XbaI) 

pPL-gLuc:EGF-PL - 5'RPL23:ARSss:TEV:EGF:3'RPL23 
3' region of RPL23 amplified (F411/412) replacing 3' RBCS2 in 
pRPL23:gLuc:hEGFHis:RBCS2 (KpnI/NdeI) 

pPL-His-gLuchEGF-PL - 5'RPL23:ARSss:HisLUCEGF:3'RPL23 
6XHis:gLuc amplified (F433/R434) replacing gLuc:TEV in 
pRPL23:gLuc:hEGF:RPL23 (BglII/XhoI) 

pPLshBleTEVhEGF_no3HA BleR 5'RPL23:his:shBle:EGF:3'RPL23 
ShBle amplified (F457/R458) from pARshBle2A replacing 
luc:3HA in pPL-His:gLuchEGF-PL (EcoRI/XhoI)  

pPLshBleTEVhEGF  BleR 
5'RPL23:his:Ble:3HA:TEV:EGF:3'RPL
23 

 Synthetic 3HATEV (codon adapted) introduced in 
pPLshBleTEVhEGF_no3HA (XhoI) 

pPL-ARSss-glucTEVhEGF-hygBR   AphVII’ 
5'RPL23:ARSss:his:gLuc:3HA:TEV:EG
F:3'RPL23 + AphVII’ (hygB) 

aph VII gene from phyg3 (KpnI/EcoRV) introduced in pPL-
His:gLuchEGF-PL (SmaI/KpnI) 

pPL-ARSss-glucTEVhEGF-paroR AphVIII' 
5'RPL23:ARSss:his:gLuc:3HA:TEV:EG
F:3'RPL23 + aph VIII (paro) 

aph VIII gene from pSI103 introduced in pPL-His:gLuchEGF-PL 
(KpnI/SmaI) 

pPL-ARSss-glucTEVhEGF-(SP)10-hygBR  AphVII’ 
5'RPL23:ARSss:his:gLuc:3HA:TEV:EG
F:(SP)10:3'RPL23 + AphVII’ (hygB)  

(SP)10 (F485/R486-annealing+phosp.) introduced in pPL-ARSss-
glucTEVhEGF- hygBR  (NdeI) 
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Vector 
Select.  
gene 

Content Cloning 

pPL-ARSss-glucTEVhEGF-(SP)20-hygBR  AphVII’ 
5'RPL23:ARSss:his:gLuc:3HA:TEV:EG
F:(SP)20:3'RPL23 + AphVII’ (hygB)  

 synthetic (SP)20 replacing (SP)10 in pPL-ARSss-glucTEVhEGF-
(SP)10- hygBR (NdeI/PstI) 

pPL-GAMss-glucTEVhEGF-paroR AphVIII' 
5'RPL23:GAMss:his:gLuc:3HA:TEV:E
GF:3'RPL23 + AphVIII 

GAMss (amplified F487/R488 from synthesis product) 
replacing ARSss in pPL-ARSss-glucTEVhEGF-paroR (EcoRI/BglII) 

pPL-ARSss-glucTEVhEGF-LCL-hygBR  AphVII’ 
5'RPL23:ARSss:his:gLuc:3HA:TEV:EG
F:LCL:3'RPL23 + AphVII’ (hygB)  

LCL (F506/R507-annealing+phosp.) replacing (SP)10 in pPL-
ARSss-glucTEVhEGF-(SP)10- hygBR (NdeI/PstI) 

pPL-ARSss-glucTEVhEGF-GP1-hygBR  AphVII’ 
5'RPL23:ARSss:his:gLuc:3HA:TEV:EG
F:GP1:3'RPL23 + AphVII’ (hygB)  

GP1 (F504/R505-annealing+phosp.) replacing (SP)10 in pPL-
ARSss-glucTEVhEGF-(SP)10- hygBR (NdeI/PstI) 

pPL-ARSss-gLucINTRON-(SP)20-TEV-hEGF - 
pRPL23 5':ARSss:his:gLuc-intron-
gLuc:(SP)20:TEV:hEGF:3'RPL23 

synthetic ARSss:his:gLuc-intron-gLuc:(SP)20:TEV replacing 
ARSss:his:gluc:TEV into pPL-His-gLuc-hEGF-PL (EcoRI/XhoI) 

pPL-ARSss-gLucINTRON-(SP)20-TEV-
hEGF-paroR  

AphVIII' 
ARSss:his:gLuc-intron-gLuc: 
(SP)20:TEV:EGF+ Aph VIII (paro) 

Aph VIII gene from psi103 into pPL-ARSss-gLucINTRON-(SP)20-
TEV-hEGF  (KpnI/SmaI) 

pPL-ARSss-glucTEVhEGF-GP2-hygBR  AphVII’ 
5'RPL23:ARSss:his:gLuc:3HA:TEV:EG
F:GP2:3'RPL23 + AphVII’ (hygB)  

Synthetic GP2  replacing (SP)10 in pPL-ARSss-glucTEVhEGF-
(SP)10-hygBR (NdeI/PstI) 

pPL-ARSss-glucTEVhEGF-PHC21A-hygBR  AphVII’  
5'RPL23:ARSss:his:gLuc:3HA:TEV:EG
F:PHC21A:3'RPL23 + AphVII’ (hygB)  

Synthetic PHC21A replacing (SP)10 in pPL-ARSss-glucTEVhEGF-
(SP)10- hygBR (NdeI/PstI) 

pPL-ARSss-glucTEVhEGF-PHC21B-hygBR  AphVII’  
5'RPL23:ARSss:his:gLuc:3HA:TEV:EG
F:PHC21B:3'RPL23 + AphVII’ (hygB)  

Synthetic PHC21B replacing (SP)10 in pPL-ARSss-glucTEVhEGF-
(SP)10- hygBR (NdeI/PstI) 
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Vector 
Select.  
gene 

Content Cloning 

pPL-CAHss-glucTEVhEGF-paroR AphVIII'  
5'RPL23:CAHss:his:gLuc:3HA:TEV:E
GF:3'RPL23 + aph VIII (paro) 

CAHss (F533/R534-annealing+phosp.) replacing GAMss in pPL-
GAMss-glucTEVhEGF-paroR  (EcoRI/BglII)  
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In several cases DNA sequences were synthesized as two complementary 

oligos to be annealed. That was the case of a synthetic sequence (SP)10 

obtained from two codon optimized and complementary oligonucleotides 

(F485/R486). Extra bases at the 5’ and 3’ end of the double-stranded fragment 

were added to generate overhangs compatible with NdeI digested vector. 

Moreover, a Pst I site was also included at the 3’ end (immediately 5’ of Nde I 

site) of the double stranded fragment to easily substitute this fragment (Nde I 

/ Pst I) considering that the Nde I site at the 3’ end was not restored with the 

cloning into the vector. The oligonucleotides were resuspended in mQ water 

(final concentration of 10 µM) and phosphorylated 37ºC 20 min (10 units PNK 

from NEB, reaction buffer 250 mM Tris pH 7.6, 50 mM MgCl2, 5 mM ATP, 5 

mM DTT, 25% (w/v) polyethylene glycol-8000 – 2.5 µM of each oligo) and 

afterwards, PNK was inactivated at 75ºC 10 min. Then, to obtain the double 

stranded DNA fragment, the oligos were mixed in equal molar amounts in 

annealing buffer (10 mM Tris pH 8.0, 1 mM EDTA, 50mM NaCl), incubated at 

94°C for 5 minutes and allowed to cool down at room temperature. 

Sequences LCL and GP1 (LCL-F506/R507, GP1-F504/R505) were also 

synthesised as oligos, phosphorylated and annealed as indicated to replace 

(SP)10 (Nde I / Pst I) in pPL-ARSss-glucTEVhEGF-(SP)10-hygBR. 

Chlamydomonas matings 

Chlamydomonas mating type plus (MT+) and mating type minus (MT-) 

gametes were generated by incubating cells (previously grown for 4-7 days in 

TAP agar plates) for at least 4 hours in nitrogen-free liquid HSM. Afterwards, 

MT+ and MT- gametes were mixed for 2-4 hours and mating reactions were 

followed by microscopy until zygotes began to form. Then the cells were 

plated on HSM agar plates, incubated under 150 µE for 16 hours and then 

placed in the dark for at least 5 days to allow maturation of zygotes. Unmated 

cells were killed through exposure to chloroform vapours for 45 seconds and 
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plates were placed under continuous light until colonies were visible (between 

five to seven days). Once grown, part of the biomass was resuspended in TAP-

Tween 20 0.005% and a series of dilutions were plated in TAP agar plates. Once 

single colonies were visible, those were picked to a 96 well plate each well 

containing 200 µl of TAP medium. Generally, colonies were grown for five days 

to one week prior to assay or replicate plating. Progeny was further analysed 

appropriately in each case. 

To obtain diploids, zygotes were not allowed to mature and were plated 

directly on the proper antibiotics that would allow to select only fused cells 

carrying both parental antibiotic resistances. Diploid confirmation was done 

by genotype with specific MT+ and MT- genes: minus-specific MID gene 

(minus dominance) or the plus specific FUS1 gene (fusion) (Werner and 

Mergenhagen 1998).  

Chlamydomonas nuclear transformation by glass beads  

Cell wall less strains (cc1883, UVM4 and UVM11) were transformed by 

agitation in the presence of glass beads. Between 1.5-3 µg of linearized vector 

DNA (Sca I, Bioron) were used in each transformation performed as previously 

described (Kindle 1990). Transformations were plated on TAP agar with the 

appropriate antibiotic (25 µg/L paromomycin, 30 and 60 µg/L hygromycin B or 

10 µg/L zeocin). Plates were placed under continuous light until antibiotic 

resistant colonies were clearly visible (between five to seven days). 

Transformants were picked from plate and transferred to a 96 well plate each 

well containing 200 µl of TAP medium. Generally, colonies were grown for 

three to five days prior to assay or replicate plating. Replicate plate generation 

was performed with Replica plater (R2383, Sigma-Aldrich). The transformed 

DNA were either the linearized vectors (single restriction enzyme that cut only 

once). 
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Chlamydomonas nuclear transformation by electroporation 

Cell walled strains (CC-124, CC-125 and 21gr) were transformed by 

electroporation. The protocol followed in this study is based on the one 

described (Brown et al. 1991) including some changes. Cells were grown to 1–

2 106 cells/ml in TAP medium 25 ºC under constant illumination of 150 µE on 

a rotary shaker (200 rpm). Cells were harvested in the presence of 0.005% 

tween 20 by centrifugation (3000 g 5 min) and washed with 10 ml of ice-cold 

MAX Efficiency® Transformation Reagent for Algae (A24229, Invitrogen) for 

each 500 ml of culture. Then, cells were resuspended in ice-cold MAX 

Efficiency® Transformation Reagent for Algae at a final concentration of 

2.5x108 cells/ml. 250 µl of cells were incubated with 0.8-2.5 µg of DNA 

(linearized vectors) for 5 minutes on ice in a 4 mm cuvette (BioRad). An 

exponential electric pulse of 1000 V/cm was applied to the sample using a 

MicroPulser™ Electroporator (BioRad). Cells were recovered for 

approximately 20 hours in 10 ml of TAP 40 mM sucrose without direct light 

and gently shaking. After the recovery, cells were plated to two TAP-agar 

plates supplemented with the appropriate antibiotic (25 µg/L paromomycin, 

30 and 60 µg/L hygromycin B or 10 µg/L zeocin). Resulting colonies were 

treated as described above. 

Zeocin sensitivity tests 

In order to establish the antibiotic resistance level of different clones, liquid 

cultures grown in 96 well plates were tested for growth on TAP agar plates 

with increasing concentrations of zeocin (indicated in each figure). These 

zeocin sensitivity tests were performed by replicating 96 well plates 

(comparable grown colonies) with Replica plater (R2383, Sigma-Aldrich). 
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UV mutagenesis 

First, two strains with low expression of selectable marker were obtained: CC-

124 transfomants with low expression of shBle were selected by its ability to 

grow at 25 μg/mL of Zeocin but not on plates with 100 μg/mL of Zeocin. These 

low-Zeocin-resistant transformants selected (shBlelowA and shBlelowB) were 

used as background strains for UV mutagenesis. Both strains were grown in 

liquid TAP until exponential growth phase (1-2 × 106 cells/mL). Twenty 

milliliters of culture were transferred onto a 14 cm diameter Petri dish 

(168381, Thermo Fisher Scientific) and exposed to UV light using a 

Stratalinker® UV Crosslinker 1800 (Stratagene). After exposing cells to the 

desired quantity of irradiation, cells were immediately covered to be 

protected from light. Irradiated cells and non-irradiated cells were incubated 

overnight in the dark to minimize the amount of light-activated repair. Cells 

were then harvested (3000 gs 5 min) and resuspended in 750 µl of TAP. 

Resuspended cells were spread on a TAP agar plate supplemented with 100 

μg/mL of Zeocin to select mutants with increased levels of shBle expression. 

Genotype analysis 

DNA isolation was made following Scott Newman’s method (Newman et al. 

1990) subjected to some changes. 

Cells were grown on TAP agar plates for 3-5 days. Cells were scraped off plate 

into 1.5ml Eppendorf tube containing 50 µl TEN buffer (10 mM Tris-HCl pH 8.0, 

10 mM EDTA, 150 mM NaCl). After resuspending the cells by vigorous 

vortexing, these were incubated 95ºC 5min. 100 µl of water and one microliter 

of RNase (R6148 – 20 mg/ml, Sigma-Aldrich) were added and allowed to react 

for 10 min at RT. Subsequently, 300 µl of SDS-EB buffer (2% SDS, 400 mM NaCl, 

40 mM EDTA, 100 mM Tris-HCl, pH 8.0) were added and vortexed to mix. DNA 

was extracted once with 350 µl of phenol/CIA (1:1) for one minute by 

vortexing and phases were separated by centrifugation (14000 gs 5 min): 
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aqueous phase was transferred to a new tube. The extraction was repeated 

with 300 µl CIA (24:1) and the aqueous phase transferred again to a new tube. 

Two volumes of absolute ethanol were added, and DNA was allowed to 

precipitate ON at -80ºC. Next morning the tubes were centrifuged 14000 g 20 

min at 4ºC and ethanol was eliminated carefully. A wash of the pellet was 

made again with two volumes of original aqueous phase of 70% ethanol: 

centrifugation 14000 gs 5 min 4ºC and ethanol eliminated very carefully. The 

genomic DNA pellet was allowed to dry for 10 minutes and resuspended in 50 

µl of milli-Q water by pipetting and through a final incubation of 65ºC 20 min. 

The integration of the pPLshBleTEVhEGF heterologous cassette was 

determined by PCR analysis of this genomic DNA. PCR was developed under 

standard conditions for 35 cycles using RedTaq polymerase (Sigma). The 

oligonucleotides used are listed in table 13. 

Table 13. Sequences of oligonucleotides used for PCR amplification in this study. 

Oligonucleotides names Oligonucleotides sequence (5’-3’) 

F475 - BleF1 ACATGGCCAAGCTGACCAG 

R476 - BleR2 CCCGGAAGTTCGTGGACAC 

F477 - BleF2 ACGACGTGACCCTGTTCATC 

R478 - TEVR TGGAAGTACAGGTTCTCGCG 

F479 - BleF3 GCAACTGCGTGCACTTCG 

R480 - EGFRev CACTTCAGGTCGCGGTACTG 

R448 - UTR-1rev CATGTCAGAGGCCCGAAAAC 

R481 - UTR-2rev TACTCCTTTCGTGCTGGCAG 

R428 - UTR-3rev CTCCCGGTTCCTCGCTATTC 

R482 - HA2 TACGGGTAGCCAGCGTAGT 
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Oligonucleotides names Oligonucleotides sequence (5’-3’) 

R483 - HA1 GCACGTCGTAGGGGTAGC 

R484 - endEGF ACATATGGTAGCGCAGCTCC 

R497 –  Adenosylhomocysteinase AAGATGAAGCGGTCCACCTG  

R490 – predicted  TCCAGGGCCTGCTTGATTTG 

Mating type determination was made by genotyping specific MT+ and MT- 

genes: minus-specific MID gene (minus dominance) or the plus specific FUS1 

gene (fusion) (Werner and Mergenhagen 1998). 

Table 14. Sequences of oligonucleotides used for mating type determination by PCR 

amplification in this study. 

Oligonucleotides names Oligonucleotides sequence (5’-3’) 

F338 – FUS1 gene (MT plus) GAGAACCTGTACTTCCAGAGC 

R339 – FUS1 gene (MT plus) GAGAACCTGTACTTCCAGAGC 

F341 – MID gene (MT minus) CGACGACTTGGCATCGACAGGTGG 

R340 – MID gene (MT minus) CTCGGCCAGAACCTTTCATAGGGTG 

Protein isolation and Immunoblot analyses 

Unless otherwise stated, 50 ml cultures were harvested at mid-log phase of 

grwoth by adding Tween 20 to 0.005% and centrifuging 3000 g 5 min. Pelleted 

cells were then resuspended in 200-300 µl of PBS or PBS triton 1% (indicated 

in each figure) in presence of 1X Protease inhibitors (P9599, Sigma) and 10 µM 

MG132. Immediately, resuspended cells were frozen in liquid nitrogen and 

maintained at -80ºC until analysed. To proceed to analyse the samples, those 

were rapidly thawed (through shaking with hands and vortexing) and 

centrifuged 12000 g 10 min. The resulting supernatant is considered the 

soluble fraction throughout the current study. If culture supernatant was the 
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fraction to be analysed, cells were separated as indicated and supernatant 

concentrated by centrifugation at 12000 gs through a membrane of 10 kDa 

(Vivaspin 500, 10 kDa MWCO PES, VS0101, Sartorius). 

Samples were quantified by Bradford method (B6916, Sigma) and denatured 

at 95ºC for 5 min in presence of 1x laemmli sample buffer (60mM tris ph 6.8, 

2% SDS, 10% glycerol, 200mM DTT, bromophenol blue). 

Samples were loaded into denaturing SDS-PAGE (Any kD™ Mini-PROTEAN® 

TGX™ Precast Protein Gels, BioRad) and ran at 200 V for 30 min. Transference 

to nitrocellulose membranes (1704159-Trans-Blot® Turbo™ Midi 

Nitrocellulose Transfer Packs, BioRad) was made with Trans-Blot® Turbo™ 

Transfer System (BioRad) at 1.3 A, 25 V, 7 min. Blots were blocked in PBS 

containing 5% non-fat dry milk for 1h at room temperature (RT) and incubated 

with primary antibodies diluted in PBX (1x PBS pH 7.4, 0.1% Tween-20) with 

3% dry milk at 4°C overnight. Antibody dilutions were as follows: rat-anti-HA 

(1:2000) (3F10, Roche, Switzerland), polyclonal rabbit serum anti shBle 

protein (1:1000) (cat # ant-sh, Invivogen), polyclonal rabbit anti-gLuciferase 

antibody (1:1000) (NEB) or a rabbit polyclonal anti-hEGF (1:500) (ab9695, 

Abcam). After washing in PBX for three times 10 min, the blot was incubated 

with horseradish peroxidase (HRP) conjugated goat-anti-rat-IgG (1:2500) 

(Thermo Fisher Scientific) or goat-anti-rabbit-IgG (1:40000) (Thermo 

Fisher Scientific) for 1h at RT, washed as described above, and processed for 

chemi-luminescence detection (WBLUF0100-Luminata Forte, Merck) using 

autoradiographic film (Super RX, Fujifilm). The exception is figure 45 that was 

detected using Odyssey Fc (LiCor) instead of autoradiographic film. 

Densitometry  

Densitometry was performed using the Fiji Software excepting the case of 

figure 46/table 9 that was estimated with Image Studio Software Lite 
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Software. A dilution series of shBle:3HA or gLuc:3HA was loaded as the 

samples. After separation of known quantities of ShBle:3HA protein, a 

calibration curve was generated, and the quantity equivalents of samples 

were determined. Quantification is corrected by comparison of the sizes 

between standard and target RP. We have assumed that transfer onto the 

membrane was uniform and that the affinity of the primary antibody against 

HA tag was equal for samples and standards since they share the same 

epitope.  

gLuciferase activity assay 

Bioluminescence assays were performed at RT with a 96-well microplate 

luminometer (Berthold LB 96V MicroLumat Plus Luminometer, Berthold 

technologies) with automated substrate injection. Unless otherwise stated, 

100 µl of algal culture were mixed with 100 µl of a coelenterazine buffer (100 

mM Tris, 500 mM NaCl, 10 mM EDTA, 10 µM coelenterazine) directly before 

measurement. Coelenterazine was always added to the buffer 30 min before 

the assay from a 2mM stock (in methanol). Light emission was recorded for 

1.5 s with a delay of 0.2s.  

Screenings were performed with culture from colonies grown in 96-well 

plates. Kinetic assays (figure 27, 36, 44, 50 and 51) were performed with 

culture extract or culture supernatant from cultures grown in Erlenmeyer 

flasks. 

Immunoprecipitation - Pierce Crosslink IP kit, anti HA-Roche clone F10 

1L cultures were grown to 1-3 x 106 cells/ml and harvested by adding Tween 

20 to 0.005% and centrifuging 4000 g 10 min. Supernatant was discarded and 

pelleted cells were resuspended in 2 ml of Extraction Buffer A (25 mM sodium 

phosphate, 300 mM sodium chloride, 10 % glycerol, 1% Triton, ph 7.4, 1X plant 

protease inhibitors (P9599, Sigma), 10 µM MG132, 1 mM phenantroline). 
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Immediately, resuspended cells were frozen in liquid nitrogen and maintained 

at -80ºC until analysed. To proceed to analyse the samples, those were rapidly 

thawed at room temperature and centrifuged 12000 g 10 min: the resulting 

supernatant is considered SN1. 1ml of extraction buffer A was added to the 

resulting pellet and the process was repeated: pellet was resuspended, frozen 

in liquid nitrogen, thawed at room temperature and centrifuged 12000 g 10 

min to collect the supernatant considered SN2. SN1 and SN2 were mixed and 

considered from now on as “input”. This “input” was diluted with extraction 

buffer without triton x-100 1:1 to proceed with immunoprecipitation (final 

0.5% triton x-100). 

The binding of antibody to protein A/G plus agarose (Cat No. 26147 Pierce 

Crosslink Immunoprecipitation kit - Thermo Fisher Scientific) was made 

following the manufacturer instructions: 40 µl of the resin slurry (gently mixed 

to obtain an even suspension) were added to a Pierce spin column and 

centrifuged 1000 g 1 min. Flow through was discarded. The resin was washed 

twice with 400 µl of 1X coupling buffer by adding the buffer, centrifuging and 

discarding the flow through. Then, 6 µg of antibody were prepared for 

coupling (30 µl Roche HA 3AF10 for each reaction) by adjusting the volume to 

200 µl with mQH2O and 20X coupling buffer and added to the resin. The 

coupling reaction was incubated on a rotator at room temperature for 2 h. 

After the two hours, the column was placed into a collection tube and 

centrifuged (flow-through was saved to verify antibody coupling). The resin 

was washed twice: once with 200 µl 1X coupling buffer and once with 600 µl 

1X coupling buffer, centrifuged and flow-through discarded.   

A preclearing step was made using control agarose resin. For each sample, 80 

µl of the control agarose resin slurry were added into a Spin column. The 

column was centrifuged to remove storage buffer and then was washed with 

100 µl of 1X coupling buffer, centrifuged and flow-through discarded. Then 
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the 600 µl of “input” were added and incubated 1h at 4ºC on a rotator. Then, 

the column was centrifuged 1000 g 1 min:  the column containing the resin 

was discarded and the flow-through (pre-cleared input) was saved. 

To proceed with the immunoprecipitation, the precleared lysate (600 µl) was 

added to the antibody-resin in the column and incubated in a rotator at 4ºC 

for 16 hours. Then the column was centrifuged and flow-through saved until 

confirming the result of the IP. The resin was washed three times for 10 

minutes with 600 µl of Extraction Buffer A with 0.5% triton X-100 at RT. The 

elution was made by adding 100 µl of HA peptide (Prod. 26184, Thermo Fisher 

Scientific, 1 mg/ml in filtered PBS 1X), incubated with shaking-rocking 30 min 

at RT, centrifuged and collected as first eluate (E1). The elution was repeated 

three times to obtain E2, E3 and E4.   

Finally, E1, E2, E3 and E4 were concentrated with Vivaspin 500 (10 kDa, 

Z614025, Sartorius) up to 25-30 µl. The result of IP was analysed by loading 

fractions of each step in a Coomassie stained SDS-PAGE and by immunoblot.  

Protein sequencing by LC-MSMS 

This work was performed at the Proteomics Platform of Barcelona Science 

Park, University of Barcelona; a member of ProteoRed-ISCIII network. 

The sample was in-gel digested as follows: The gel band was washed with 

ammonium bicarbonate (25 mM NH4HCO3) and acetonitrile (ACN).  The 

sample was reduced (DTT 20 mM; 60 min, 60ºC) and alkylated (iodoacetamide 

55 mM; 30ºC, 30 min, in the dark). Afterwards, the sample was digested for 

16 hours at 37ºC with trypsin (sequence grade modified Trypsin, Promega). 

Finally, the resulting peptide mixture was extracted from the gel matrix with 

10% formic acid (FA) and ACN and dried down in a SpeedVac vacuum system.    
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The dried-down peptide mixture was analysed in a nanoAcquity liquid 

chromatographer (Waters) coupled to a LTQ-Orbitrap Velos (Thermo Fisher 

Scientific) mass spectrometer. The tryptic digest was resuspended in 1% FA 

solution and an aliquot was injected for chromatographic separation. Peptides 

were trapped on a Symmetry C18TM trap column (5µm 180µm x 20mm; 

Waters) and were separated using a C18 reverse phase capillary column 

(ACQUITY UPLC M-Class Peptide BEH column; 130Å, 1.7μm, 75 μm x250 mm, 

Waters). The gradient used for the elution of the peptides was 1 to 40 % B in 

60 minutes, followed by gradient from 40% to 60% in 10 minutes. (A: 0.1% FA; 

B: 100% ACN, 0.1% FA), with a 250 nL/min flow rate.  

Eluted peptides were subjected to electrospray ionization in an emitter needle 

(PicoTipTM, New Objective) with an applied voltage of 2000 V. Peptide masses 

(m/z 300-1700) were analysed in data dependent mode where a full Scan MS 

was acquired in the Orbitrap with a resolution of 60,000 FWHM at 400 m/z. 

Up to the 15th most abundant peptides (minimum intensity of 500 counts) 

were selected from each MS scan and then fragmented in the linear ion trap 

using CID (38% normalized collision energy) with helium as the collision gas. 

The scan time settings were:  Full MS: 250 ms (1 microscan) and MSn: 120 ms.  

Generated .raw data files were collected with Thermo Xcalibur (v.2.2).   

A database was created by merging all protein entries for Chlamydomonas 

reinhardtii present in the public database Uniprot (v. 2/5/17) with a database 

containing common laboratory contaminant proteins; the following entry was 

also added to the database:  

 >GAT_quimera 

MAMHMAKLTSAVPVLTARDVAGAVEFWTDRLGFSRDFVEDDFAGVVRDDVTLFISA

VQDQQDQVVPDNTLAWVWVRGLDELYAEWSEVVSTNFRDASGPAMTEIGEQPWG

REFALRDPAGNCVHFVAEEQDSRGYPYDVPDYAGYPYDVPDYAGSYPYDVPDYAGRE
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NLYFQSRSRNSDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKW

WELRYHM  

The .raw file obtained in the mass spectrometry analysis was used to search 

against the database described above. The software used was Thermo 

Proteome Discoverer (v.1.4.1.14) with Sequest HT as the search engine. Both 

a target and a decoy database were searched to obtain a false discovery rate 

(FDR), and thus estimate the number of incorrect peptide-spectrum matches 

that exceed a given threshold. To improve the sensitivity of the database 

search, Percolator (semi-supervised learning machine) was used in order to 

discriminate correct from incorrect peptide spectrum matches. The following 

search parameters were applied: Database/Taxonomy: 

uniprot_Creinhardtii_170502_cont.fasta Enzyme:  Trypsin Max. miscleavage 

sites 2 Fixed modifications : Carbamidomethyl  (C) Variable modifications: 

Oxidation (M), Peptide tolerance: 10 ppm and  0.6Da (respectively for MS and 

MS/MS spectra)  Percolator Target FDR (Strict): 0.01; Validation based on: q-

Value   

The search results were visualized in Proteome Discoverer (v.1.4.1.14) and 

exported to Excel as a list of identified proteins. The results have been filtered 

so only proteins identified with at least 2 high confidence peptides (FDR> 1%) 

are included in the list. 
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Introduction 
Growth factors (GF) represent a large family of proteins that modulate cell 

responses such as cell adhesion, cell survival, proliferation, chemotaxis and 

differentiation. GF are used in several applications including regenerative 

medicine, tissue engineering or cosmetics (Hajimiri et al. 2015; Martino et al. 

2015). 

Tissue engineering and regenerative medicine combine biomaterials, GF, and 

stem cells to repair failing organs. The field of tissue engineering is expanding 

with several products in clinical use and numerous other in clinical studies 

(Guilak et al. 2014). Since GF are often required to promote tissue 

regeneration (Tabata 2003), as regenerative medicine and cell therapy 

projects advance to the clinic, access to a reliable source of stem cells, 

biomaterial and GF will be needed (Gimble et al. 2007). Thus, difficulties in the 

supply of these materials may prevent progression of the industry (Karnieli et 

al. 2017). A related field that also uses GF is the in vitro fecundation (IVF) 

(Chronopoulou and Harper 2015). 

In vitro cell culture of mammalian lines needs the addition of GF to maintain 

the desired characteristics and growth. Apart from the addition of specific GF 

depending on cell lines, traditionally, GF and other supplements are added to 

in vitro cultures of mammalian cells in the form of fetal bovine serum (FBS). 

However, the use of FBS is problematic because there exists variability in 

composition between batches, there is an inherent risk of contamination by 

animal pathogens (Van Der Valk et al. 2004; Schiff 2005) and the collection of 

serum causes animal suffer (Van Der Valk et al. 2004). Replacing FBS is highly 

desired as demonstrated by several attempts to achieve it (Lindroos et al. 

2009; Tan et al. 2015; Karnieli et al. 2017; Lee et al. 2018) and to replace FBS, 
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recombinant GF will be needed. Although defined media have been 

successfully used for culturing numerous cell lines their cost is considered to 

be high (Babcock et al. 2012). 

The cosmetic industry is continuously searching new anti-aging products. GFs 

are synthesized by skin cells and because of its role in the formation of the 

extracellular matrix (ECM) and control of other GF, they have become 

important targets of cosmetic applications. Nowadays, several anti-aging 

products contain recombinant GFs, mostly expressed in E.coli 

(http://www.caregen.com/) although they are also produced in plants 

(http://plantaderma.es/, https://nbm21.en.ec21.com/). 

Current RP expression hosts include bacteria, yeasts, insect cell lines, plants, 

mammalian cell lines and transgenic animals, each of these production 

platforms having its limitations (Demain and Vaishnav 2009; Ferrer-Miralles et 

al. 2009; Corchero et al. 2013). See the general introduction of this thesis for 

more extensive information about expression platforms (Introduction, page 

1). The most suitable expression host has to be selected depending on each 

product (Schmidt 2004). Since GF differ greatly in size and characteristics 

(PTMs needed, oligomerization, etc.) there are GF that may be expressed in 

E.coli such as hEGF but others require complex PTMs to be fully active and 

thus are best suited for expression in eukaryotic systems, for example Human 

Platelet Derived Growth Factor (PDGF) (Deepa et al. 2013). However, in the 

context of the increasing demand caused by cell therapy projects reaching 

clinical approval, alternatives to the costly and limited production in 

mammalian cells are needed. It is important to note that animal-free, 

endotoxin-free GF are highly desired for stem cell cultures, serum-free 

applications, chemically-defined media and other in vitro pre-clinical work. 

Transgenic plants as GF production hosts have an advantageous low cost of 

cultivation, high mass production, flexible scale-up, lack of human pathogens 
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and addition of eukaryotic PTMs (Ferrer-Miralles et al. 2009). There are 

examples of marketed plant expressed GF used as cell culture media 

components (www.invitria.com) or in cosmetics (http://plantaderma.es/, 

www.nbm21.en.ec21.com). Main challenges for plant-derived RPs include low 

yields, the long process required to generate transgenic plant lines, the 

associated scale-up costs, PTM patterns differing from mammalian ones, the 

possibility of gene flow and the negative public perception of transgenic plants 

(Ferrer-Miralles et al. 2009; Hernández et al. 2014).  

Compared to plants, microalgae have some extra benefits: the quick 

production of RP (only requires weeks from initial transformants to production 

volumes), the growth in containment, no risk of displacement of cultures, no 

risk of gene flow and an easier downstream processing in case of secreted RP 

(Rasala and Mayfield 2015; Rosales-Mendoza 2016). If RP is secreted to 

medium there is no need of breaking cells, avoiding the release of intracellular 

content that would hamper the integrity of RPs (due to intracellular proteases) 

and the downstream processing (due to cell debris including sugars, proteins, 

DNA, etc.). On the contrary, in the case of plants, cells must be broken to 

recover RP involving a more complex downstream processing. In the context 

of the demand for a scalable production of efficient endotoxin-free and 

animal-free GF, microalgae represent a promising host. 

Human Epidermal Growth Factor (hEGF), a common cellular activator, is our 

model for the GF family. Our objective is to validate Chlamydomonas as a 

candidate host for the production of GF. The challenge we face in the present 

chapter is to recover RP from culture medium starting from low 

concentrations (µg/L), and to purify and process the fusion protein to obtain 

functional hEGF. The purification method mainly depends on the 

characteristics of the target protein, the quantities needed and the desired 

purity grade. For example, high purity levels may be not necessary for 
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cosmetic applications but are mandatory for therapeutic uses. Affinity 

chromatography is a frequent first purification step when it is possible to tag 

the target protein as it is our case. If required, additional purification steps are 

included to remove impurities. For instance, hEGF and other GFs expressed in 

plants (Nicotiana benthamiana) are purified up to 97% of purity through an 

initial step of affinity chromatography followed by anionic exchange 

(http://plantaderma.es/). In our case, since the starting RP concentrations are 

low, it is likely that we will need several purification steps including different 

methods to achieve purified hEGF. This chapter aims at developing a scalable 

optimized purification method to recover and purify RP from Chlamydomonas 

medium, therefore validating it as an industrial host. 

  



Chapter 2 – Results 

153 
 

Results 
The objective of the present chapter is to validate Chlamydomonas as an 

expression platform for a functional small and simple protein and to assess 

the suitability of Chlamydomonas as an industrial RP host. This general goal 

will be achieved by pursuing specific objectives: to purify hEGF from culture 

medium and to test its functionality. 

1. Purification of different hEGF isoforms 

1.1. Development of a purification procedure at lab scale 

Fusion proteins comprising several hEGF isoforms have been successfully 

expressed and secreted to medium with yields from 1 to 100 µg RP/L culture 

(Chapter 1 - Strategy 1 - 2.6 Characterization and quantification of transgene 

expression during cell culture growth - table 9). The concentration of 

expressed RP in culture medium hampers its direct purification and a previous 

concentration step is required. At lab scale this concentration step was solved 

by lyophilization. After concentration, the purification process designed has 

several steps as shown in figure 61. 

 

Figure 61. Schematic representation of initial purification proposal. 

To optimize IMAC as the second step of the purification proposal three resins 

were tested as they may show differences on yield of RP purification or purity 

IMAC
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concentration 

Purification of 
gLuc:3HA:TEV:hEGF 
fusion protein

Purification of 
gLuc:3HA:TEV protein

hEGF found in Flow 
through



Chapter 2 – Results 

154 
 

level achieved: Ni2+, Co2+ and Ni2+-EXCEL. Ni2+-EXCEL is a resin optimized for 

purification of proteins secreted to medium. Since culture supernatant 

containing RP is concentrated by lyophilization, the concentration of salts may 

interfere with the purification and due to that IMAC was tested with and 

without a previous step of dialysis. Transformant CC-124#3 expressing the 

fusion protein gLuc:3HA:TEV:hEGF (transformed with pPL-GAMss-

gLucTEVhEGF vector, see Strategy 1 - 2.3 Comparison of the effect of 

several secretion peptides on expression yields – figure 32) with an expression 

level previously quantified at 8 µg RP/L (Chapter 1 - Strategy 1 - 2.6 

Characterization and quantification of transgene expression during cell culture 

growth - table 9) was selected for the development of the IMAC step. 

Supernatant from a culture at stationary phase of growth was concentrated 

80X by lyophilization and once resuspended was (both directly and after 

dialysis to the purification buffer) purified either by Ni2+, Co2+ or Ni2+EXCEL 

resins (for each 500 µl of culture approximately 1 µl of resin slurry was added). 

Purification efficiency was assessed by immunoblot (figure 62).   

  

As it can be seen in the immunoblot, the Ni2+EXCEL resin allows an efficient 

purification avoiding the dialysis step (there is not RP found in flow through) 

Figure 62. Immunoblot assessment of IMAC purification with different resins and sample 
conditions. 12 µl were loaded in each lane. Primary antibody against gLuciferase. The 
immunoblot showed at right was exposed during minutes while the other two immunoblots 
were exposed during seconds. D: dialyzed, ND: non-dialyzed, I: input, FT: flow through, E1: first 
elution, E2: second elution, R: third elution together with resin. 
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while there is no binding of RP to the other two resins (RP is only found in flow 

through). Besides, the three resins efficiently purify RP from the dialysed 

sample (only a small proportion of RP is found in flow through). Also, most 

purified RP is eluted in the first elution (E1). Furthermore, regarding the 

purification of dialysed samples, it can be observed that two bands appear at 

both input and first elution: one at the expected molecular weight (34.2 kDa) 

and one slightly lower. It can also be observed that only the lower band is 

detected in the flow through (FT) indicating that only the fusion protein of the 

expected molecular weight is purified. A hypothesis is that there is 

degradation or cleavage of the 6xhis tag that causes the loss of RP during 

purification. Given these results, the best option is to directly purify with 

Ni2+EXCEL resin avoiding the step of dialysis. It will be necessary to determine 

if the purification of the other fusion proteins show the same performance. 

Purified RP by IMAC from transformant UVM4#4 expressing the fusion protein 

gLuc:3HA:TEV:hEGF:(SP)20  (transformed with pPL-ARSss-gLuc-TEV-hEGF-(SP)20 

vector, see Chapter 1 - Strategy 1 - 2.4 Use of glycomodules to enhance 

expression and secretion of nuclear transgenes of Chlamydomonas– figure 38) 

with an expression level previously estimated at 29 µg/L (Strategy 1 - Chapter 

1 - Strategy 1 - 2.6 Characterization and quantification of transgene expression 

during cell culture growth - table 9) was selected because its higher yields 

would allow to study minimal TEV protease concentrations needed for 

cleavage. Several TEV protease and DTT concentrations were tested at 

different temperatures (results not shown) and the optimal reaction 

conditions were determined: 3h at room temperature (RT), 0.2 units of TEV 

protease per 20 µl of reaction without addition of DTT. 

1.2 Purification and processing of different hEGF isoforms 

Selected transformants were grown until stationary phase of growth 

(OD750nm 2.5) because it was previously seen that RP is accumulated in 
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culture medium until this stage of growth (Chapter 1 - Strategy 1 - 2.6 

Characterization and quantification of transgene expression during cell culture 

growth - figure 44). Transformant UVM4#35 was the exception since it was 

grown for 48 h after reaching stationary phase of growth because it had been 

shown that gLuc:(SP)20:TEV:hEGF accumulates in culture medium without 

detectable degradation until this culture stage (Chapter 1 - Strategy 1 - 2.6 

Characterization and quantification of transgene expression during cell culture 

growth - figure 44). 400 ml of culture supernatant from each transformant 

were purified following the purification proposal presented in figure 61. 

Immunoblots were performed to assess the results of these purification 

processes. The same purification was performed for CC-124 and UVM4 strains 

and no signal was detected by immunoblot (results not shown). As it is shown 

in figure 63, all the different fusion proteins behave similarly to the isoform 

previously tested: all were recovered and eluted in first fraction. Also, the 

different fusion proteins were successfully digested by TEV protease but 

gLuc:(SP)20:TEV:hEGF (expressed by transformant UVM4#35). This fusion 

protein was successfully recovered from medium but was not cleaved by TEV 

protease presumably because the TEV protease cleavage site is just next the 

(SP)20 glycomodule and its physical conformation may hamper the cleavage. A 

silver stained SDS page was used to assess the purification level achieved in 

fractions submitted to evaluation of hEGF proliferation activity (2.2 In vitro 

activity assessment of partially purified hEGF isoforms) and it showed (figure 

63-C) that purified hEGF is a minor part of the protein fraction. 

Several TEV protease and DTT concentrations were tested at different 

temperatures to see if the fusion protein gLuc:(SP)20:TEV:hEGF could be 

cleaved by TEV protease but no cleavage was detected (results not shown). 
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Figure 63. Analysis of RP purification from selected transformants. A) Immunoblot assessment 
of RP purification from selected transformants. Equivalent volumes were loaded in each lane. 
Primary antibody against gLuciferase. I: input – lyophilized culture supernatant resuspended in 
ultrapure water, I clarified: input after clarification by centrifugation, FT: flow through, E: 
elution, E diafiltrated/concentrated: elution after a change of buffer and a concentration of 2.5X. 
GAMss: pPL-GAMss-glucTEVhEGF-hygBR, (SP)10: pPL-ARSss-glucTEVhEGF-(SP)10-hygBR, SP(20): 
pPL-ARSss-glucTEVhEGF-(SP)20-hygBR, INT-(SP)20: pPL-ARSss-gLucINTRON-(SP)20-TEV-hEGF. 
Immunoblot exposures shown were selected to maximize information from each fusion protein 
purification process and are not directly comparable. B) Silver stained SDS page of fractions of 
second IMAC (after TEV protease cleavage of elution from first IMAC). 20 µl were loaded at each 
lane. 

A 

B 
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1.3 IEX purification of processed hEGF 

As explained, following the proposal presented in figure 61 hEGF represented 

a minor proportion of the total protein content in the obtained fractions. Thus, 

the inclusion of a subsequent purification step is needed. To achieve higher 

purity levels ion exchange chromatography (IEX) was proposed as schematized 

in figure 64.  

 

Figure 64. Schematic representation of improved purification proposal. 

Transformant CC-124#3 expressing the fusion protein gLuc:3HA:TEV:hEGF was 

selected to further develop the downstream processing to obtain purified 

hEGF. This transformant was selected because, with an expression level 

previously estimated at 8 µg RP/L (Chapter 1 - Strategy 1 - 2.6 Characterization 

and quantification of transgene expression during cell culture growth - table 

9), is the highest expressing transformant of a fusion protein which cleavage 

releases discrete hEGF. RP from 5 L of culture supernatant (from a culture at 

stationary phase of growth with an OD750nm of 2.25) was purified following 

the proposal presented in figure 64 (details in methodology). IMAC (figure 65) 

and IEX (figure 66) results were assessed by immunoblot against gLuciferase 

and against hEGF. 
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Once fusion protein had been purified by IMAC and digested by TEV protease, 

the next step was to purify processed hEGF by IEX. Since the hEGF expressed 

in the present work has an isoelectrical point (pI) of 5.8 

(https://web.expasy.org/compute_pi/) a standard anionic exchanger column 

purification was tested. The purification with an anionic exchanger column 

was performed at pH 8, expecting that hEGF would bind to the column and 

elute at some point of the linear gradient. However, as it is shown in figure 66, 

hEGF did not bind to the column and is found in the FT fractions. Moreover, 

both the chromatogram and a silver stained SDS page (figure 67-C) showed 

that the flow through fraction contains a variety of proteins where hEGF 

represents a minority of the total protein content. Since pI may be far from 

the theoretical value, to lower the ionic strength of the buffer or to increase 

the pH of buffer are proposed to optimize the purification. Alternatively, 

purification with a cationic exchanger column may be tested. 

Figure 65. Immunoblot 
assessment of RP IMAC 
purification from CC-124#3 
transformant. Equivalent 
volumes were loaded in 
each lane. Primary antibody 
used is indicated below 
immunoblots. Ponceau 
stained membranes are 
shown below immunoblots. 
I: input – lyophilized culture 
supernatant resuspended in 
ultrapure water, I clarified: 
input after clarification by 
centrifugation, FT: flow 
through, E: elution, E 
diafiltrated/concentrated: 
elution after a change of 
buffer and a concentration 
of 2.7X, E 
diafiltrated/concentrated-
TEVp cleaved: previous 
fraction subjected to TEV 
protease digestion. 

https://web.expasy.org/compute_pi/
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Figure 66. IEX purification of RP from CC-
124#3 transformant. A) IEX chromatogram. 
A dark blue line represents the absorbance 
at 280nm (left axis) and a light blue line 
represents the molarity of NaCl (right axis). 
mAU: mili absortion units, FT: flow through, 
E: elution. B) Immunoblot assessment of 
IEX purification of RP. Two immunoblots of 
selected fractions were performed: one 
with a primary antibody against gLuciferase 
(lower panel) and one with a primary 
antibody against hEGF (upper panel). 12 µl 
were loaded at each lane. Ponceau stained 
membranes are shown below immunoblots. 
FT: flow through, E: elution. C) Silver stained 
SDS page of flow through fractions from IEX 
purification. 12 µl were loaded in each lane.  
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2. hEGF activity assessment of isoforms 

2.1 Development of In vitro activity assay conditions 

To assess the activity of our hEGF isoforms a robust in vitro assay was needed. 

In the assay named “MTT test” the yellow tetrazolium MTT (3-(4, 5-

dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) is reduced by 

metabolically active cells and the resulting intracellular purple formazan can 

be solubilized and quantified by spectrophotometric means. As MTT test 

measures the number of cells metabolically active (alive) it does not measure 

proliferation but viability. However, it is generally accepted as a measure of 

proliferation (Mosmann 1983). 

In order to develop an assay to assess the activity of recombinant hEGF, the 

induction of proliferation by a commercial hEGF was tested in NIH 3T3 cells in 

complete medium (DMEM+10%FCS) and in basal medium (DMEM) by MTT 

test. As can be seen in figure 67, there is not an increase of proliferation 

induced by hEGF in complete medium. When tested in basal medium a 

tendency can be observed in NIH3T3 cells: with increasing concentrations of 

hEGF there is an increase of the number of cells at the end of the assay. 

However, it is necessary to highlight that NIH3T3 cells mostly died in basal 

medium and thereby the tendency is more related with an increase of survival 

than with an increase in proliferation.  
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A subsequent MTT test was performed with NIH 3T3 cells under different 

medium conditions: basal medium + 0.5% fetal calf serum (FCS), basal medium 

+ 1% FCS, basal medium + 2% FCS. 

As can be seen in figure 68, there is an increase in proliferation induced by 

hEGF under the three conditions tested (0.5%, 1% and 2% FCS). In all three 

conditions there is a maximum of induction of proliferation at 10 ng/ml. 

However, it seems that the induction of proliferation has more impact as 

lower is the FCS percentage and thus the best condition to test proliferation 

induced by hEGF is in basal medium + 0.5% FCS. Although the tendency of the 

induction of proliferation can be appreciated, the variability between 

replicates prevents the assay from being robust.  
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Figure 67. hEGF proliferation induction in NIH 3T3 cells in complete medium (CM) and basal 

medium (BM) by MTT test. Error bars show the standard deviation of three biological 

replicates. Initial concentration of cells was 3x103 cells per well. 
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With the aim to improve the assay, a subsequent MTT was performed starting 

with a higher number of cells: higher optical density at the end of the assay 

was expected to reduce variability between replicates. This was confirmed as 

seen in figure 69. 
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Figure 68. hEGF proliferation induction in NIH 3T3 cells under different medium by MTT test. 

Error bars show the standard deviation of three biological replicates. Initial concentration of 

cells was 6x103 cells per well. 
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Figure 69. hEGF proliferation induction assessment in NIH3T3 cells in basal medium (BM) + 
0.5% FCS. Error bars show the standard deviation of six biological replicates. Initial concentration 
of cells was 1x104 cells per well. 
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Summarizing, we established the optimal conditions for assessment of hEGF 

functionality by induction of proliferation in NIH3T3 cells by MTT assay: basal 

medium + 0.5% FCS, hEGF between 1 and 100 ng/ml and a starting number of 

1x104 cells per well. 

2.2 In vitro activity assessment of partially purified hEGF isoforms 

As it can be seen in figure 63 (1.2 Purification and processing of different hEGF 

isoforms), isoforms of hEGF from the selected transformants were successfully 

recovered from culture supernatant by IMAC and successfully cleaved by TEV 

protease. The exception was the fusion protein gLuc:(SP)20:TEV:hEGF 

(expressed by transformant UVM4#35) which was not cleaved by TEV 

protease. Proliferation induction of different processed hEGF isoforms (FT 

IMAC2) obtained from UVM4 transformants was tested: hEGF:(SP)10 (obtained 

from transformant UVM4#2) and hEGF(SP)20 (obtained from transformant 

UVM4#4). Instead of processed hEGF, the fusion protein gLuc:(SP)20:TEV:hEGF 

purified by IMAC (E1 IMAC1) from transformant UVM4#35 was tested.  Both 

fractions (E1 from IMAC and FT from second IMAC) obtained from UVM4 were 

tested as a negative control. Results are shown in figure 70. 
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Unexpectedly, fractions from non-transformed UVM4 strain induced 

proliferation. That hampers the analysis of hEGF proliferation activity of 

partially purified RPs and corroborates the need to further purify RP to test its 

activity. Besides, the fusion protein gLuc:(SP)20:TEV:hEGF shows an statistically 

significant higher viability when compared to its UVM4 control fraction at the 

three concentrations tested. That may indicate hEGF activity but that cannot 

be determined by the present assay because while UVM4 culture was 

harvested when it arrived at stationary phase, transformant #35 was let to 

grow for 48h after reaching stationary phase of the culture. Thereby, it is likely 
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Figure 70. MTT proliferation induction assessment of hEGF isoforms expressed in 
Chlamydomonas. Fraction A – corresponds to E1 of first IMAC (figure 63) and thus contains 
IMAC enriched full length fusion protein. Fraction B – corresponds to FT of second IMAC (figure 
63) and thus contains processed hEGF. Both fractions contain RP 200X relative to initial culture 
volume. Assay was performed in basal medium containing 0.5 % FCS in NIH3T3 cells. Error bars 
show the standard deviation of six biological replicates. Initial concentration of cells was 1x104 
cells per well. - ; basal medium containing 0.5 % FCS, * indicates significant increase in viability 
determined by a two-independent sample t-test (p < 0.05). hEGF:(SP)10 was obtained from 
transformant UVM4#2, hEGF:(SP)20 was obtained from transformant UVM4#4 and 
gLuc:(SP)20:hEGF was obtained from transformant UVM4#35, Ø makes reference to fractions 
obtained from UVM4 strain. 
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that the components responsible of proliferation activity of the wild type 

fractions are enriched during this extra period. 

In a subsequent assay, lyophilized culture supernatant from CC-124 strain 

(dialysed to PBS) and a UVM4 fraction (FT second IMAC, figure 63) were tested 

in presence and absence of a commercial hEGF to evaluate if the induction of 

proliferation had an additive behaviour or if it was masked. As it can be seen 

in figure 71, both fractions induce proliferation. Whereas the culture 

supernatant from CC-124 is concentrated 53X relative to initial culture, the 

partially purified fraction of UVM4 is 200X concentrated relative to initial 

culture. However, when compared to the negative control (0.5% FCS), the 

concentrated supernatant showed significant increase in proliferation for the 

three concentrations tested while the partially purified fraction from UVM4 

showed significant increase in proliferation only in the less diluted 

concentration tested. Thus, concentrated culture supernatant from CC-124 is 

more effective than the IMAC purified fraction from UVM4. When compared 

between themselves in presence or absence of hEGF, it is important to 

highlight that the effect of the fractions and the commercial hEGF seem to be 

synergistic rather than additive. The reason why the induction of proliferation 

when hEGF is added to the wild type fraction from UVM4 is more pronounced 

than when added to the concentrated medium may be an overdosing effect 

similar to the tendency observed between 0.5%, 1% and 2% of FCS.  
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     Figure 71. Proliferation induction assessment of Chlamydomonas extracellular fractions in 
presence or absence of hEGF by MTT assay. A) Proliferation induction assessment of IMAC 
enriched fraction (EF). B)  Proliferation induction assessment of concentrated culture 
supernatant (CCS). All the conditions tested were assayed in basal medium containing 0.5 % 
FCS in NIH3T3 cells. Error bars show the standard deviation of six biological replicates. Initial 
concentration of cells was 1x104 cells per well. EF: IMAC enriched fraction 200X relative to 
initial culture volume, CCS; concentrated culture supernatant 53X relative to initial culture 
volume, - ; basal medium containing 0.5 % FCS, * indicates a significant increase in viability 
determined by a two-independent sample t-test (p < 0.05). 
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Discussion 
As reported in Chapter 1, hEGF has been successfully expressed as a fusion 

protein to gLuciferase and a combination of stabilizing regions. The challenge 

we face in the present chapter is the purification and processing of the 

different fusion proteins and testing the activity of varied Chlamydomonas 

expressed hEGF isoforms. A scalable protocol based on culture supernatant 

concentration, IMAC purification and TEV protease processing has been 

developed and validated. Unexpectedly, over the course of these experiments 

it was found that Chlamydomonas secreted components induce proliferation 

of murine fibroblasts. The reported proliferation induced by Chlamydomonas 

extracellular fractions as well as the synergistic effect seen when tested 

together with hEGF, unveils the potential of secreted components of 

Chlamydomonas. However, the reported activity found in Chlamydomonas 

extracellular fractions hindered the functional testing of expressed hEGF. 

To purify the fusion proteins expressed in Chapter 1, a purification was 

proposed based on affinity chromatography (specifically IMAC) to recover RP 

from concentrated culture supernatant. The step of culture supernatant 

concentration was solved at laboratory scale by lyophilization. Nevertheless, 

it is worth to note that the scalability of this step has been proven since we 

have successfully concentrated Chlamydomonas culture supernatant 

containing expressed hEGF up to 200-fold by tangential flow filtration (TFF) 

with a membrane of 10 kDa (results not shown). Regarding the lab scale 

procedure performed, RP was enriched and partially purified from 

concentrated culture supernatant (lyophilized) by IMAC and subsequently the 

fusion proteins were processed by TEV protease releasing discrete hEGF. 

However, hEGF represented a minimal proportion of total protein in the final 

fraction and, thus, further purification steps are needed. Our purification 
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strategy was based on affinity chromatography that is a frequent first 

purification step when the target protein can tagged as it is in our case. The 

addition of a different extra tag would allow the performance of two affinity 

chromatography purifications in tandem, likely allowing higher purity levels. 

Another option is to add a purification step based on another type of 

chromatography. Ion exchange chromatography (IEX) separates proteins with 

differences in surface charge. In the present work an anionic exchanger 

column was tested for the purification of processed hEGF and the target 

protein did not bind to the column. Since pI may be far from the theoretical 

value, to lower the ionic strength of the buffer or to increase the pH of buffer 

are proposed to optimize the purification. Alternatively, an option is to test 

the purification with a cationic exchanger column.  

It is important to note that the expression levels hamper the efficient 

purification of RP. In order to maximize RP yields, apart from optimizing RP 

expression itself, Chlamydomonas culture should be optimized. 

Chlamydomonas is usually cultivated in batches of TAP medium (containing 

acetate as a carbon source) and despite a fast growth, the culture enters the 

stationary phase of growth without reaching high densities, resulting in 1-2 

g/L of dry weight biomass (Fields et al. 2018). For example E.coli grows to more 

than 100 g/L of dry weight biomass (Korz et al. 1995). High density cultures of 

other algae have been reported (Mandalam and Palsson 1998; Xiong et al. 

2008; Kim et al. 2011), but only a few studies have explored the optimization 

of Chlamydomonas culture. One of these studies reported biomass densities 

of 9 g/L dry weight by using a combination of fed-batch and hollow-fiber cell-

recycle systems (Chen and Johns 1995). Recently, a mixotrophic fed-batch 

cultivation strategy has been shown to significantly increase biomass density, 

productivity, and yield of RP (Fields et al. 2018). In this study culture densities 

were increased from 0.45 ± 0.03 to 23.69 ± 0.5 g/L dry weight and total RP 
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(GFP) was increased up to 2.5-fold (Fields et al. 2018). Despite these advances, 

a comprehensive study to extend the growth of Chlamydomonas is needed: 

exhausted nutrients, secondary metabolites inhibiting growth and medium 

optimization have to be analysed. Optimization of Chlamydomonas growth 

will enhance the host by maximizing its productivities and allowing more 

efficient purification processes.  

Once recovered from concentrated culture supernatant, the different fusion 

proteins were successfully digested by TEV protease, releasing discrete hEGF 

except for the fusion protein gLuc:(SP)20:TEV:hEGF (expressed by transformant 

UVM4#35). This fusion protein was successfully purified but was not cleaved 

by TEV protease, presumably because cleavage site is next to the (SP)20 

glycomodule and its physical conformation may hamper the cleavage. It has 

been shown in Chapter 1 that, while the other fusion proteins reach their 

maximum expression level when culture arrives at stationary phase, 

gLuc:(SP)20:TEV:hEGF accumulates without detectable degradation for 48 h 

once the culture reaches stationary phase. The same factor that hinders the 

processing by TEV protease may be protecting the RP from proteases found in 

medium and thus may be responsible of the accumulation of this fusion 

protein to higher levels and for longer culture times than the other isoforms. 

This fusion protein accumulated in medium surpassing the 100 µg/L that is the 

highest yield reported in the present work. Thus, further work is essential to 

obtain processed hEGF at this expression yields. As a next step we propose the 

inclusion of a flexible linker between the TEV protease recognition sequence 

and the (SP)20 glycomodule to analyse if the fusion protein is accumulated to 

the same levels (compared to the fusion protein without flexible linker) and if 

it can be efficiently cleaved by TEV protease. Flexible linkers are included to 

obtain a certain degree of movement or interaction (Chen et al. 2013). 
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To assess the activity of our hEGF isoforms a robust in vitro assay was needed. 

However, performance of the assay in complete medium did not allow to see 

induction of proliferation by hEGF and thus the assay had to be optimized. The 

optimal conditions for assessment of hEGF activity by induction of 

proliferation in NIH 3T3 by MTT assay were established: basal medium + 0.5% 

FCS, hEGF between 1 and 100 ng/ml and a starting number of 1x104 cells per 

well. 

Several fractions containing partially purified fusion protein or processed hEGF 

were tested in vitro on murine fibroblasts. Remarkably, all tested fractions 

including fractions from non-transformed UVM4 strain induced proliferation. 

The proliferation induction of Chlamydomonas secreted components is so 

high that hampers the analysis of recombinant hEGF activity.  

Two fractions from non-transformed strains were tested in presence and 

absence of a commercial hEGF to evaluate if the induction of proliferation had 

an additive behaviour or if it was masked. The two extracellular fractions from 

non-transformed strains tested were concentrated culture supernatant from 

CC-124 strain and a UVM4 IMAC enriched fraction. When compared to the 

control condition (FCS 0.5%), the concentrated supernatant from CC-124 

showed a significant increase in proliferation induction for the three 

concentrations tested while the partially purified fraction from UVM4 showed 

a significant increase in proliferation induction only in the less diluted 

concentration tested. When compared between themselves in presence or 

absence of hEGF, both show a synergistic effect on proliferation induction. 

Even though both resulted statistically significant, the induction of 

proliferation when hEGF was added to the fraction from UVM4 was more 

pronounced than when added to the concentrated culture supernatant from 

CC-124. This may be an overdosing effect similar to the observed at increasing 

concentrations of FCS.  
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The induction of proliferation by extracellular components described is 

interesting as it may have several applications. Extracellular polymeric 

substances (EPS) have recently been shown to have high value in diverse 

applications: anti-adhesive materials, antitumoral agents, anti-inflammatory, 

antivirals and skin care products (Xiao and Zheng 2016). The most abundant 

extracellular metabolites are carbohydrates, commonly named 

exopolysaccharides, but proteins, nucleic acids and lipids among others are 

also present in the medium. Polysaccharides from microalgae of the species 

Parachlorella kessleri or Parachlorella beijerinckii (Patent US 8,927,522 B2), 

and exopolysaccharides from Pseudoalteromonas s.p (Patent EP2646115 B1) 

have been demonstrated beneficial for skin care. Similarly, a glycoprotein 

from Pseudoalteromonas antartica (Patent EP1402898 B1) has been reported 

to improve the adhesion of human dermal fibroblasts and promote the cellular 

growth of human epidermal keratinocytes. Also, a purified fungal glycoprotein 

(Patent EP2875805 B1) has shown a stimulatory effect on keratinocyte cell 

regeneration. Given all the exposed, it is expected that the extracellular 

content of Chlamydomonas holds an unexplored potential. 

Skin care is a potential application for the proliferation induction by 

extracellular components described since the cosmetic industry is 

continuously searching natural products to delay skin aging. Skin aging is 

manifested as a reduction in the extracellular matrix components (ECM) and 

polysaccharides and glycoproteins play a key structural role by forming a 

matrix to support the cells in the dermis and also regulate the activity of cells 

that surround them (Kleinman et al. 1981). Recombinant GF are already being 

used in cosmetics since GF are one of the components of ECM controlling cell 

growth, proliferation, and differentiation. It is important to note that the 

animal origin of some cosmetic actives used nowadays (as collagen) involve 

safety risks and are not well perceived from market. The synergistic effect 
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described between Chlamydomonas secreted components and hEGF suggests 

that it may become a natural and effective cosmetic treatment. 

Nowadays, the biopharmaceutical industry needs to adopt animal-free cell-

culture systems to eliminate the variability between batches and the risks of 

contamination. Besides, the challenge is to adopt this culture components 

while reducing costs. Currently, plant hydrolysates (produced by the 

enzymatic or acidic digestion of a given raw material such as cotton or wheat) 

are being used to culture a variety of cell lines such as CHO (Merten et al. 1999; 

Ballez et al. 2004; Babcock et al. 2012). Thus, a potential application for the 

proliferation induced by Chlamydomonas secreted components described 

may be related to cell culture. 

Given the potential industrial applications of the proliferation induced by 

Chlamydomonas secreted components, we have filed a patent application 

titled “IMAC-enriched microalgal culture supernatant and uses thereof”. 
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Methodology 
Chlamydomonas strains and culture conditions 

Algal cells were cultivated under standard conditions as previously stated (see 

Chapter 1, Methodology, page 129). 

Protein isolation and Immunoblot analyses 

Immunoblots of concentrated culture supernatant were performed as 

previously stated (see Chapter 1, Methodology, page 129). 

Lyophilization and dialysis of wild type culture supernatant 

To obtain a cell free concentrated culture supernatant, culture was 

centrifuged 4000 g 10 min to obtain a cell-free supernatant that was frozen at 

-80ºC and concentrated at least 50-fold by lyophilization followed by 

resuspension in mQH2O. Concentrated supernatant was dialyzed against 

phosphate buffered saline 3 times 1/150 the volume of the sample. A second 

centrifugation (3000 g 5 min) was performed to remove aggregates and cell 

debris. Concentrated and dialysed culture supernatant was tested in 

proliferation assays. 

IMAC purification 

Once culture reached late phase of growth, 400 ml of culture supernatant 

were separated from cells by the addition of 0.005% Tween20 followed by 

centrifugation at 4000 g 10 min, concentration 40X by lyophilization and 

resuspension in mQH2O. Concentrated culture supernatant was centrifuged at 

3000 g 5 min to remove aggregates and cell debris. Clarified concentrated 

supernatant was applied to 0.5 mL of Nickel Sepharose Excel resin (17371201, 

GE) previously equilibrated in Buffer A (50 mM potassium phosphate pH 8, 0.3 
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M NaCl, 0.1% Triton X-100), and incubated under slow rotation at 4ºC for 4 h 

in the presence of 1X Protease inhibitors (P9599, Sigma). Resin bound proteins 

were washed 5 times with 20 resin volumes of Buffer A. Elution was performed 

by incubating resin with 5 mL Buffer B (50mM potassium phosphate, 0.3 M 

NaCl, 0.1% Triton X-100, 0.5M imidazole). Concentration and diafiltration of 

eluted fraction was performed (Vivaspin® 20 10 kDa MWCO, 28-9323-60, GE 

Healthcare) to obtain a final 2 ml eluate in Buffer C (50 mM potassium 

phosphate pH 8, 50 mM NaCl). BSA was added to the elution at a final 

concentration of 0.1% (w/v).  

Three resins were previously tested: Nickel Sepharose Excel resin (17371201, 

GE Lifesciences), Nickel HisPur™ Ni-NTA Resin (88221, Thermo Fisher 

Scientific) and HisPur™ Cobalt (89964, Thermo Fisher Scientific). These three 

resins were tested following the IMAC procedure stated before but with some 

changes: medium was concentrated 80X by lyophilization, 75 µl of resin were 

added to purify 500 µl of concentrated culture supernatant and elution was 

performed in 500 µl (E1 and E2). Resin was loaded into an SDS page once 

eluted by direct boiling in 500 µl of laemmli sample buffer. Each resin was 

tested directly with concentrated culture supernatant and with concentrated 

culture supernatant dialysed to Buffer A (50 mM potassium phosphate pH 8, 

0.3 M NaCl, 0.1% Triton X-100). 

TEV protease cleavage and second IMAC 

Elution from IMAC purification (200X relative to initial culture volume) was 

cleaved by TEV protease (ProTEV Plus, Promega) by addition of 1 unit of TEV 

protease per 100 µl of elution. Reaction was incubated under slow rotation 

during 2h at RT. 

After the TEV protease cleavage reaction of elution from IMAC purification, 75 

µl of Nickel Sepharose Excel resin (17371201, GE Lifesciences) previously 
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equilibrated in PBS was added to the reaction and incubated for 1 h 45 min at 

RT under slow rotation. If TEV protease cleavage has been successful, hEGF 

should be in the flow through while TEV protease, gLuciferase and 

unespecifically co-purified proteins should be in the resin fraction. 

IEX purification 

5L of supernatant from a culture that had reached OD750nm 2.25 were 

purified by IMAC as stated previously with the changes listed above: 

- Culture supernatant was concentrated 60X by lyophilization. 

- Clarified concentrated culture supernatant was applied to 1 mL of Nickel 

Sepharose Excel resin. 

- Resin bound proteins were washed 4 times with 20 resin volumes of Buffer 

A.  

- Concentration and diafiltration of the eluted fraction was performed 

(Vivaspin® 20 10 kDa MWCO, 28-9323-60, GE Healthcare) to obtain a final 

volume of 1.6 ml in Buffer C (50 mM potassium phosphate pH 8, 50 mM NaCl).  

Elution from IMAC purification was cleaved by TEV protease by addition of 1 

unit of TEV protease per 100 µl of elution. Reaction was incubated under slow 

rotation overnight at 4ºC. 

Cleaved elution was applied to an anionic exchanger column (HiTrap® Q High 

Performance, GE) previously equilibrated in buffer C (50 mM potassium 

phosphate pH 8, 50 mM NaCl). Bound protein was washed with 5 column 

volumes of buffer C and elution was performed with a linear gradient of 20 

column volumes: from 0% to 100% of buffer D (50 mM potassium phosphate 

pH 8, 1 M NaCl).   
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Proliferation assays - Mitogenic Activity Assessment  

This work was performed by the Biomed division of Leitat. 

A MTT (3-(4,5-dimethylthazol-2-yl)-2,5-diphenyltetrazolium bromide) test, 

with an NIH 3T3 cell line (mouse embryonic fibroblast cells), was used to assess 

functionality of hEGF produced in Chamydomonas. This assay is dependent on 

the reduction of the tetrazolium salt MTT by the mitochondrial 

dehydrogenase of viable cells to form a purple insoluble formazan product and 

thus measures viable cells at the end of the assay.  

The sub-culturing process was carried out in 90% DMEM with 10% FCS at 37°C, 

5% CO2 and 90% humidity. Viability was checked every new sub-culture by 

trypan blue staining. MTT assays were performed with cells between an 80 

and 90% of confluency and a viability superior to 90%.  

10000 cells (unless otherwise stated) were plated in 100 µl of complete 

medium (90% DMEM and 10% FCS) with a 1% gelatine coating in 96 well 

plates. 24 h hours later a wash with DMEM (PBS with Ca2+ and Mg2+ in the 

optimization assays) was performed and the products (filter sterilized with a 

0.22 µm nylon filter) dissolved in DMEM + 0.5% FCS (100 µl) were added.  A 

commercial hEGF was added at 10 ng/ml (unless otherwise stated) as a 

positive control. Control experiments were carried out using the complete 

culture medium. The culture plates were incubated at 37°C in a CO2 (5%) 

incubator for 72 hours. After the incubation, the culture medium was 

eliminated and new medium containing 10 µl of MTT (5 mg/mL in PBS, pH 7.4) 

was added and incubated for 3h at 37ºC. After this incubation, the medium 

was eliminated, extraction buffer was added (50% formamide and 15% SDS in 

H2O) and let to react for 1h at 37ºC. After 4 hours, 150 μL of dimethylsulfoxide 

(DMSO) was added to all wells to dissolve the formazan crystals, and optical 

density (OD) was measured at a wave length of 570 nm (Multiskan Ascent, 

Thermo Fisher Scientific). The value obtained at 0% viability (cells treated with 
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2.5% triton X-100) was considered background signal. For normalization, the 

cell viability in each condition was expressed as a percentage relative to 

viability in DMEM 0.5% FCS that was set at 100%. 
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Introduction 
Over the past decades, the value of monoclonal antibodies (mAbs) has been 

demonstrated by their wide and diverse applications as research tools, in 

industrial processes, in diagnostics, and as therapeutics. Due to their wide 

range of applications, there is a high demand for mAbs. Global sales revenue 

for therapeutic mAbs was nearly $75 billion in 2013, representing 

approximately 50% of the total sales of all biopharmaceutical products, and 

has been estimated to grow to nearly $125 billion by 2020 (Ecker et al. 2015). 

This market is continually growing with dozens of new mAb therapeutics in 

different clinical phases. With 10 new approved mAb products in US in 2017 

(6 also in EU), a new record for the annual number of novel antibody 

therapeutics approved has been set (Kaplon and Reichert 2018). Approved 

mAbs are mainly produced in Chinese hamster ovary (CHO) cells and some are 

produced in murine myeloma cell lines NS0 and SP2/0 (Liu 2015). Although 

this mammalian systems produce effective and safe recombinant mAbs, they 

have a limited manufacturing capacity and high costs. An alternative to meet 

market demands is to produce mAbs in heterologous expression systems such 

as bacteria, yeast, insect cells, or plants. Each of these expression hosts has its 

own limitations in product efficacy, safety, response time, scalability and cost. 

See the general introduction of this thesis for more extensive information 

about expression platforms (Introduction, page 1). Briefly, the problem when 

using bacteria as an expression host is the inability for correctly folding 

complex proteins. In the case of insect cells, yeast and plants, glycosylation 

patterns differ from those of humans and this may introduce not only 

differences in the activity of the RP but also the risk of immunogenicity. 
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Glycoengineering, generally applied to mAb production in non-mammalian 

hosts such as yeast, insect cells and plants, aims to humanize the mAb 

glycosylation profile reducing the immunogenicity risk or improving mAb 

biological function (Li et al. 2006). Most FDA approved mAbs are human or 

humanized, being humanization intended to reduce the immunogenicity of 

rodent-derived mAbs in humans and improve their biological functions 

(Ahmadzadeh et al. 2014). The effects of glycosylation on pharmacodynamics 

of antibodies has been well reported: glycosylation is critical on IgG receptor-

mediated effector functions (Nose and Wigzell 1983; Tao and Morrison 1989; 

Liu 2015). Besides, it is also known that glycosylation may positively or 

negatively impact on the Fc effector functions (Shields et al. 2002). 

Glycosylation in the variable region can also influence antibody function: it has 

been shown that glycosylation in the variable fragment region can enhance or 

reduce the antigen-binding activities (Wallick et al. 1988; Wright et al. 1991).  

New mAb modalities are also being developed to deliver cytotoxic drugs 

(antibody-drug conjugates, immunotoxins and immunoliposomes) (Pirie et al. 

2011; Sapra and Shor 2013) or immunomodulatory cytokines 

(immunocytokines) to tumor cells (Carnemolla et al. 2013; Danielli et al. 2015). 

Also, in addition to full-size mAbs, smaller antibody fragments capable of 

antigen binding are also studied and employed: a variety of single-chain 

variable fragments (scFvs) formats  consisting of variable domains of heavy 

chains and light chains (Ahmad et al. 2012), and camelid VHH domains 

(nanobodies). Camelid VHH domains are the smallest antibody-derived 

biologically active molecules with a high antigen-binding capacity while being 

water soluble, heat stable, and pepsin resistant (Van Der LindenY et al. 1999).  

Plants are promising as an expression host for mAbs and other RP because are 

cost effective and scalable as well as safe (no mammalian pathogens). 
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Furthermore, plants can perform PTMs of target proteins, including 

glycosylation. However, glycosylation is a concern as the plant glycosylation 

pattern may induce immunogenicity in humans. Plant expressed mAb started 

with the expression and assembly of a full-length antibody in transgenic 

Nicotiana tabacum plants almost 30 years ago (Hiatt et al. 1989). Later, a 

hybrid secretory IgA and IgG mAb that recognized surface antigen I/II of 

Streptococcus mutants in vitro (Ma et al. 1995) was expressed in N. tabacum 

plants and was further evaluated for the treatment of dental caries in humans 

(Ma et al. 1998). Since then, different transgenic plant hosts have been used 

to produce a variety of mAbs (with varied yield and quality) (De Muynck et al. 

2010) and engineered antibody fragments of potential importance for a 

diversity of applications (Benvenuto et al. 1991; Owen et al. 1992; de Neve et 

al. 1993). 

In 2012, the first plant biopharmaceutical was approved for use in humans 

meaning a key step towards market acceptance and commercial viability for 

plant biopharmaceuticals (Mor 2015). In addition, the recent success with the 

experimental treatment of Ebola patients with a mixture of plant-produced 

mAbs (ZMapp) during the 2014–2015 Ebola crisis in West Africa is a prove of 

the potential of this approach. Also, a monoclonal antibody for the purification 

of the hepatitis B vaccine has been expressed in plants (Valdés et al. 2003). 

Despite the benefits as an expression host, plants have also some drawbacks: 

risk of crops displacement, possibility of gene flow and a costly downstream 

processing. Microalgae have attracted attention as an alternative 

recombinant protein host because they offer the benefits of plants coupled 

with high productivities associated with microbial growth. Thus, microalgae 

are promising as expression hosts due to: low production cost, possibility of 

growth in containment, no gene flow by means of pollen or other vehicles, 

high growth rates, better safety (no human pathogens) and, in the case of 
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eukaryotic microalgae, the ability to accomplish PTMs (Rosales-Mendoza 

2016). Also, some algae species hold a GRAS (generally recognized as safe) 

status and thus can be orally administered to humans as oral vehicle of 

vaccines, therapeutic RP or food supplement both for veterinary or human 

purposes (Specht and Mayfield 2014; Beltrán-López et al. 2016). Another 

advantage is the quick generation of RPs, requiring only weeks between the 

production of transformants and their scale up to production volumes. See the 

general introduction of this thesis for more information about RP hosts 

(Introduction, page 1). 

The diatom Phaedodactylum tricornutum has been studied as a feasible 

alternative host for mAb production. Several fully-assembled mAbs have been 

expressed in P. tricornutum retained in the endoplasmic reticulum (Hempel et 

al. 2011) or secreted to medium (Hempel and Maier 2012; Hempel et al. 2017) 

with a maximum expression level reported of 2500 ng/ml (Hempel and Maier 

2012). One of this expressed mAbs in Phaedodactylum tricornutum showed a 

reduced affinity to its receptors compared to mammalian mAb, and it has 

been suggested to be due to differences in glycosylation of the Fc region 

(Vanier et al. 2017). 

Despite the fact that RP have been successfully expressed in other microalgae, 

current work is performed with Chlamydomonas reinhardtii (Chlamydomonas 

hereafter). Since Chlamydomonas has been a model organism for decades 

(Harris 2001) it is the best characterized microalgal species and a variety of 

proteins have been successfully expressed in Chlamydomonas. mAb 

expression history in Chlamydomonas is briefly presented below. 

The first algae-expressed mAb was expressed in Chlamydomonas chloroplast 

and consisted in a human antibody against a glycoprotein (GP-D) of Herpes 

Simplex Virus Infection (HSV). The antibody consisted of a unique large single 

chain (HSV8-lsc) containing the entire IgA heavy chain fused to the variable 
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region of the light chain by a flexible linker (Mayfield et al. 2003). The antibody 

was expressed in a soluble form and was properly dimerized by disulphide 

bonds. 

Also, a full-length neutralizing human IgG1 mAb, 83K7C, directed against PA83 

of Bacillus anthracis, was expressed in Chlamydomonas chloroplast (Tran et 

al. 2009). Both chains accumulated as soluble proteins and were fully-

assembled. In vitro studies showed that algae-based 83K7C binds its antigen 

similarly to its mammalian counterpart (Tran et al. 2009). 

Immunotoxins (chimeric mAbs fused to eukaryotic toxins) cannot be 

expressed in eukaryotic cells because of their toxicity and cannot be expressed 

in bacteria due to the bacterial inability to properly fold complex proteins. 

Algal chloroplasts allow proper folding and assembly of complex eukaryotic 

proteins thanks to the presence of chaperones and isomerases while 

remaining resistant to eukaryotic toxins (Tran et al. 2013b). This advantage 

allowed the expression of an immunotoxin designed for the treatment of B 

cell lymphoma in Chlamydomonas chloroplast. This immunotoxin contained 

an scFv (single-chain variable fragment) against the B cell surface antigen CD22 

fused to the translocation and enzymatic domains (domains II and III) of 

exotoxin A from Pseudomonas aeruginosa (PE40) (Tran et al. 2013b). 

Expression and accumulation (to 0.2–0.4% of TSP) of monomeric and dimeric 

immunotoxin proteins was shown. Such Immunotoxins possessed binding and 

cytotoxic activity against B cell lymphoma lines in vitro. Moreover, treatment 

with this immunotoxins significantly prolonged the survival of 

immunodeficient mice with implanted human B cell xenograft tumors (Tran et 

al. 2013b). In a different study, monomeric and dimeric immunotoxins 

αCD22Gel and αCDCH23Gel were also expressed in Chlamydomonas 

chloroplast by fusing anti-CD22 scFv (single chain variable fragment) to 

gelonin, a toxin from Gelonium multiflorum which fusions to scFv antibodies 
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were previously shown to reduce the viability of targeted tumor cells (Pirie et 

al. 2011). This immunotoxins accumulated in Chlamydomonas chloroplasts up 

to 0.1–0.3% of TSP (Tran et al. 2013a) and both were able to bind to and 

reduce the viability of B cell lymphoma lines but not T cells that do not express 

CD22 (Tran et al. 2013a). 

Finally, three different camelid VHH domain–based antitoxins were expressed 

in Chlamydomonas chloroplast for the treatment of botulism: two monomers 

(C2 and H7) and one heterodimer (H7-fs-B5) containing two different VHH 

domains separated by a flexible spacer (Barrera et al. 2015). The antitoxins 

accumulated as soluble proteins up to ∼5% of TSP and were able to bind to 

botulinum neurotoxin serotype A similarly to VHH antibodies produced in 

E.coli. It was also shown that these antitoxins can be orally delivered intact to 

the stomach and small intestine of mice. 

Despite the advantages that chloroplast offers, there are applications for 

which glycosylation is crucial (antibody glycosylation has a critical role in 

antibody effector function (Tao and Morrison 1989; Liu 2015)) and for this 

applications mAbs could not be expressed in Chlamydomonas chloroplast. 

Consequently, expression of mAbs in Chlamydomonas nucleus is the next step 

to further study the suitability of Chlamydomonas as a versatile recombinant 

protein expression host. 

The challenge we face in the present Chapter is the nuclear expression of a 

mAb in Chlamydomonas. To do that, we design a vector to express both chains 

to high levels and we develop a screening that aims to identify transformants 

expressing the fully assembled mAb. Analysis of the mAb expression and mAb 

characteristics will be conducted.  
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Results 
1. Cassette design 

The selected monoclonal antibody (mAb) to be expressed was m5C3. This 

monoclonal antibody belongs to murine IgG1 isotype and recognises S100A4 

soluble protein. S100A4 is a member of the S100 calcium-binding protein 

family secreted by tumor and stromal cells and has been shown to be crucial 

in promoting metastasis (Schmidt-Hansen et al. 2004). Moreover, S100A4 has 

been shown to be a good biomarker for tumor diagnostic and therapies using 

antibodies against S100A4 have been considered promising strategies to treat 

cancer (Hernández et al. 2013). 

Our expression strategy is based on the design of a single vector (figure 72) 

containing three cassettes: one for the expression of an antibiotic resistance 

for initial selection of transformants (BleR), one for the expression of the heavy 

chain (HC) and one for the expression of the light chain (LC). Since repetitive 

sequences may be silenced in Chlamydomonas (Ceruttti et al. 1997; Schubert 

2004), we included three different cis regulatory regions (5’ and 3’): AR 

promoter and 3’UTR RBCS2 to drive expression of bleomycin resistance, 

ferredoxin 1 (FDX1, also called PETF, Cre14.g626700) cis regulatory regions (5’ 

and 3’) to drive expression of the heavy chain (HC) and Chlamydomonas 

Ribosomal protein L23 (RPL23, Cre04.g211800) regulatory regions to drive 

light chain (LC) expression. The FDX1 and RPL23 highly expressed regulatory 

regions have been recently described (López-Paz et al. 2017) and we 

previously corroborated the increase of RP expression levels with RPL23 cis 

regulatory regions (Chapter 1, Strategy 1, 2.2 Comparison of the efficiency of 

two different cis regulatory regions to drive transgene expression). It is 

important to highlight that RPL23 gene has naturally occurring introns in its 5’ 
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and 3’ untranslated regions (López-Paz et al. 2017). The 5’cis regulatory region 

(1004 bp) contains the predicted promoter and 5’ UTR that is predicted to 

contain an intron. The 3’UTR is also predicted to contain an intron and 

adjacent DNA is used (total of 725 bp). 

The sequences coding for m5C3 were provided by Leitat Biomed (Patent 

WO2011157724 A1). Sequences coding for m5C3 were codon adapted with 

IDT web tool (https://eu.idtdna.com/CodonOpt) and murine secretion 

sequence was maintained.  

 

A 

Figure 72. Schematic representation of the vector used for the expression of m5C3 
antibody. A) FM-zeoR vector map. B) Schematics of Heavy chain. C) Schematics of Light 
chain. AR: HSP70-RBCS2 chimeric promoter, IR: intron 1 RBCS2, 3’T RBCS2: 3’UTR and 
terminator of RBCS2, RPL23: 5’ RPL23 cis regulatory elements including 5’UTR and 
promoter, 3’T RPL23: 3’UTR and terminator of RPL23, FDX1: 5’ FDX1 cis regulatory 
elements including 5’UTR and promoter, 3’T FDX1: 3’UTR and terminator of FDX1, CDRs: 
Complementarity-determining regions. 
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2. Screening of transformants 

2.1 Initial screening of transformants 

As mentioned earlier, the high variability in expression levels among 

Chlamydomonas transformants makes necessary the development of high 

throughput screenings to select the highest expressing transformants. Since 

our objective is to select a transformant expressing a fully assembled mAb, the 

screening should lead to transformants expressing both chains simultaneously 

in a high throughput manner. Our approach was based on an initial selection 

of transformants resistant to zeocin, thus indicating the insertion of 

heterologous DNA. Subsequently, the technique of choice was sandwich ELISA 

(Enzyme-Linked Immunosorbent Assay). For the present study the plate was 

coated with an Anti-Mouse IgG, Fc-γ Fragment Specific antibody, then samples 

were incubated (fully-assembled mAb would be captured) and finally a 

peroxidase conjugated anti-mouse IgG, F(ab’)2 fragment specific (that would 

bind if a complete mAb has been captured previously) was used to develop 

the assay (see figure 73).  
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It is important to highlight that selected transformants were always analysed 

by immunoblot since the secondary antibody used to perform the sandwich 

ELISA is an antibody against mouse IgG F(ab’)2 region (present in both chains) 

and, although it recognizes preferentially the LC, it is possible that a positive 

transformant by sandwich ELISA only expresses one chain. 

The inclusion in the assay of standard curves together with wild type cell 

extract or culture supernatant corroborated that neither the crude cell extract 

nor culture supernatant prevent the mAb from being recognised by the assay 

(figure 74). 

Figure 73. High throughput screening designed to select Chlamydomonas transformants 
expressing a fully-assembled mAb. A) High throughput screening proposed. B) Sandwich ELISA 
detail. 
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The plasmid FM-zeoR (see figure 72) was transformed into the cell walled 

strain CC-124 and 184 initial transformants (resistant to 15 µg/ml zeocin) were 

screened by sandwich ELISA. Since we had no information about if the used 

murine secretion sequence would be functional in Chlamydomonas, our 

screening was performed with 100 µl of total culture (including culture 

medium and intracellular content from lysed cells that were previously 

disrupted by a cycle of freeze/thaw). Four out of 184 transformants showed, 

at least, a 5-fold increase of signal relative to background and were selected 
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Figure 74. Sandwich ELISA standard curves in PBS, in culture supernatant from CC-124 and in 
total cell extract from CC-124. 
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for further analysis: 18B1, 19A1, 19A2 and 19A3. Two negative transformants 

were also selected as negative control strains for further studies: 18B2 and 

19B1.  

 

Figure 75. Sandwich ELISA screening of CC-124 transformants. The assay was performed with 
total cell extract. Results are presented as RLU (relative luminescence units). Results are shown 
only for selected transformants for further analysis (four positives marked in blue and two 
negatives marked in light brown). MBS; Mean background signal. 

The expression level of the six selected transformants was further confirmed 

in a second assay where medium was separated from cells to examine signal 

present in each fraction. These results confirmed 19A3 as the highest 

expressing transformant with 99.5% of the mAb found in culture medium 

(figure 76).  
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Figure 76. Sandwich ELISA analysis of intracellular and extracellular mAb expression in 19A3 
transformant. Cells were grown to late log phase of growth and assay was performed with 
culture supernatant (results presented as blue bars) or cell extracts (results presented as green 
bars). RLU: relative luminescence units. 

In order to study the expression of mAb by 19A3 transformant, mAb was 

determined by sandwich ELISA in samples taken at different culture stages 

throughout the culture growth. As it can be seen in figure 77, whereas 

maximum intracellular expression occurred during mid exponential phase, 

mAb is accumulated in medium reaching its maximum expression at late 

log/stationary phase of growth. 
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Figure 77. Kinetics of mAb expression in 19A3 transformant analysed by sandwich ELISA. 
Signal corresponding to intracellular mAb is presented in green and referred to right axis. Signal 
corresponding to extracellular mAb is presented in blue and referred to left axis. Intracellular 
and extracellular signal correspond to 100 µl of culture. 
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To be able to evaluate mAb by immunoblot, culture medium from 19A3 

transformant at the late exponential phase of growth (named P1) was 

concentrated by tangential flow filtration (30 kDa) to 45.33 X (named P2) and 

then it was concentrated by centrifugation-based filtration (10 kDa) to 1700 X 

(named P3). mAb was analysed by sandwich ELISA and by immunoblot at each 

concentration step (figure 78). The sandwich ELISA results obtained indicated 

that mAb concentration increase was not proportional to volume reduction. A 

subsequent sandwich ELISA analysis performed with higher dilutions of the 

samples indicated that there is an inhibitor of the assay in culture medium that 

concentrates together with mAb and hampers the detection of mAb in 

concentrated samples (results not shown). The immunoblot analysis was 

performed with an antibody against mouse IgG F(ab’)2 region (detects 

preferentially the LC) and an antibody against mouse IgG (detects 

preferentially the HC) and showed that, while there was detectable LC, there 

was undetectable HC. Thereby, we decided to transform 19A3 transformant 

with an additional copy of HC to increase the expression of the fully-assembled 

mAb (2.2 Retransformation and screening of transformants).  
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As an alternative, the cell wall-less mutant strain UVM4 was also transformed 

with the plasmid FM-zeoR (see figure 72). 96 initial transformants (resistant to 

15 µg/ml zeocin) were screened by sandwich ELISA. Growth and assay 

conditions were identical to the ones performed for the screening of CC-124 

strain transformants. Nine out of 96 transformants showed, at least, a 50-fold 

increase of signal relative to background. Four of these nine transformants 

Figure 78. Analysis of mAb expressed in 19A3 clone after concentration by filtration. A) 
Sandwich ELISA results in RLU (relative luminescence units). Error bars show the standard 
deviation of two technical replicates. Above bars there is indicated the concentration relative to 
initial culture (volume) at each concentration step. B) Immunoblot analysis of concentrated 
mAb. Primary antibody anti-mouse IgG, F(ab’)2 fragment specific (detects preferentially the LC) 
or anti-mouse IgG (detects preferentially the HC). C+: mouse monoclonal anti-Thymine Dimer 
antibody, HC: heavy chain, LC: light chain. 
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showed, at least, a 100-fold increase of signal relative to background and thus 

selected for further analysis. 

 

To evaluate mAb expression in UVM4 selected transformants (1, 2, 3 and 4) 

an immunoblot analysis was performed (figure 80). The immunoblot was 

performed using an anti-mouse IgG and an anti-mouse F(ab’)2 region. 

Importantly, no band or signal was detected in UVM4 negative control with 

any of the antibodies used. 

Figure 79. Sandwich ELISA screening of UVM4 transformants. The assay was performed with 
total cell extract. Results are presented as RLU (relative luminescence units). Results are shown 
only for positive transformants: selected transformants for further analysis are represented as 
blue bars, positive transformants not selected for further analysis are represented as brown 
bars. MBS; Mean background signal. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

MBS 1 2 3 4 5 6 7 8 9

R
LU

 (
x1

0
6 )

transformant



Chapter 3 – Results 

201 
 

 

Since it expresses both HC and LC, transformant UVM4-2 was selected for 

further analysis. An immunoblot was performed under reducing and non-

reducing conditions with the aim of further characterizing expressed mAb 

(figure 81). As it can be seen in figure 81, immunoblot under reducing 

conditions confirmed the expression of both chains and specific signal at a size 

that corresponds to fully assembled antibody was observed under non-

reducing conditions. However, under both conditions (reducing and non-

reducing) stoichiometry differs from m5C3: LC is overexpressed relative to HC, 

presumably due to poor expression or higher instability of this chain compared 

to LC. 

Figure 80. Immunoblot evaluation of 
mAb expressed in UVM4 selected 
transformants. Primary antibody 
anti-mouse IgG, F(ab’)2 fragment 
specific or anti-mouse IgG. 28 µl of 
100X concentrated culture 
supernatant were loaded. m5C3: 
purified monoclonal 5C3 antibody 
expressed in mammalian cells, HC: 
heavy chain, LC: light chain. 

Figure 81. Immunoblot evaluation of mAb expressed by UVM4-2 transformant. Primary 
antibody anti-mouse IgG, F(ab’)2 fragment specific or anti-mouse IgG. 12 µl of 80X 
concentrated culture supernatant were loaded. m5C3: purified monoclonal 5C3 antibody 
expressed in mammalian cells, (HC+LC)2: complete mAb, HC: heavy chain, LC: light chain. 
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2.2 Retransformation and screening of transformants 

As it has been demonstrated for both transformants analysed (CC-124 19A3 

and UVM4-2) the expression of chains is differential: there is an excess of LC 

relative to HC. In the case of 19A3 the expression of HC does not achieve 

detectable levels. Due to that, we decided to retransform 19A3 transformant 

with an additional copy of HC to increase the expression of the fully-assembled 

mAb. To that end, we designed the HC-paroR vector (figure 82). 

 

HC-paroR vector was transformed into 19A3 transformant and 376 initial 

transformants (resistant to 25 µg/ml paromomycin) were analysed by 

sandwich ELISA as reported (2.1 Initial screening of transformants). When 

performing the sandwich ELISA, the median RLU value of all the initial 

transformants was taken as background since it was similar to 19A3 signal. 

Therefore, clones that showed RLU 3-fold above background signal were 

considered positives and were selected for further analysis (figure 83). 

Figure 82. HC-paroR vector map. AR: HSP70-RBCS2 chimeric promoter, 3’T RBCS2: 3’UTR and 
terminator of RBCS2, IR: intron 1 RBCS2. FDX1: 5’ FDX1 cis regulatory elements including 5’UTR 
and promoter, 3’T FDX1: 3’UTR and terminator of FDX1. 
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Because in the initial screening some values were close to the saturation range 

of the assay, a second sandwich ELISA was performed to accurately determine 

expression levels of the six selected transformants (figure 84).  

Figure 84. Sandwich ELISA confirmation of 19A3 selected transformants. Results are 

presented as RLU (relative luminescence units). Cells were grown to late log phase and assay 
was performed only with culture supernatant. Standard deviations of five technical replicates 
are presented as error bars. 

Figure 83. Sandwich ELISA screening of 19A3 transformants. The assay was performed with 
total cell extract. Results for selected transformants are presented as fold-increase relative to 
19A3 expression level. 
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Transformants 19A3-1 and 19A3-6 were the highest expressing transformants 

and its mAb expression level was estimated by sandwich ELISA in a subsequent 

analysis (results shown in figure 85). Corroborating the results obtained with 

19A3 (figure 76, page 197) in the three analysed transformants the expression 

of mAb was mainly found in culture medium: approximately 1% of mAb was 

found in cell extracts. 

Table 15. Sandwich ELISA 
quantification of extracellular ( 
E ) and intracellular ( I ) mAb 
expression in selected 
transformants. 

 

To evaluate mAb expression in the selected transformants 19A3-1, 19A3-6 and 

19A3 an immunoblot analysis was performed. Immunoblots were performed 

using an anti-mouse IgG Fc region and an anti-mouse IgG F(ab’)2 region under 

reducing conditions (figure 86). Also, an immunoblot under non-reducing 

conditions was performed with an antibody against mouse IgG (figure 86). As 

it can be seen under reducing conditions there is an increase in the expression 

of HC in the transformants 19A3-1 and 19A3-6 relative to its 19A3 background 

strain. Moreover, it can be seen under non-reducing conditions that there is 

an increase in the expression of fully assembled mAb in transformants 19A3-
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Figure 85. Sandwich ELISA quantification of intracellular and extracellular mAb expression in 
CC-124 selected clones. Cells were grown to late log phase of growth and assay was performed 
with culture supernatant or cell extracts. m5C3 standard curve was included to estimate 
expression in transformants. Sandwich ELISA results are presented in RLU (relative 
luminescence units), green bars represent signal corresponding to intracellular mAb and blue 
bars represent signal corresponding to extracellular mAb. Error bars show the standard 
deviations of three technical replicates. 
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1 and 19A3-6 relative to 19A3 that correlates with the increase of expression 

of HC. 

Expression of mAb in selected clones was estimated on the base of these 

immunoblots. Based on the non-reducing immunoblot approximately 0.4 µg/L 

of complete mAb was estimated in clones 19A3-1 and 19A3-6 and around a 

0.1 µg/L was estimated in 19A3 transformant. Based on the reducing 

immunoblot using anti-F(ab’)2 region approximately 1.5 µg/L of the LC were 

estimated in 19A3-1, 19A3-6 and 19A3 transformants. In the case of the HC, 

based on the reducing immunoblot anti- mouse IgG (detects preferentially the 

HC) around a 0.2 µg/L were estimated for clones 19A3-1 and 19A3-6 whereas 

the HC was too low to be quantifiable in 19A3 transformant. That estimation 

of expression corroborates that the increase in HC copy number resulted in an 

increase of the expression of complete mAb. 

Figure 86. Immunoblot evaluation of mAb expressed in 19A3-1 and 19A3-6 transformants and 
comparison to its background strain 19A3. Primary antibody anti-F(ab’)2 fragment specific or anti-
mouse IgG. 12 µl of 80X concentrated culture supernatant were loaded. Two exposures are shown 
for each immunoblot: the one showed above corresponds to seconds of exposure and the one 
showed below corresponds to minutes of exposition. m5C3: purified monoclonal 5C3 antibody 
expressed in mammalian cells, (HC+LC)2: complete mAb, HC: heavy chain, LC: light chain. * 
Indicates a non-specific recognition in CC-124 of a protein slightly higher than the HC.  

* 
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2.3 mAb expression characterization in selected transformants 

In order to analyse the expression of mAb in selected transformants (19A3-1 

and 19A3-6 of CC-124 strain and UVM4-2) mAb was quantified by sandwich 

ELISA in samples taken at different culture stages throughout the culture 

growth (figure 88). Growth rate was monitored by OD (750nm) and no 

significant differences in growth were observed between transformed and 

wild type strains (Figure 87).  
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Figure 87. Kinetics of growth in transformants expressing m5C3. Growth was monitored by 
optical density (OD) at 750nm. 
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Corroborating the results obtained with 19A3 transformant (figure 77, page 

197), whereas there is accumulation of extracellular mAb at latter stages of 

culture for all the selected transformants, the highest levels of intracellular 

mAb are reached at early stages of growth. Values of quantification of 

extracellular and intracellular mAb at different stage of cell culture for each 

transformant are presented in table 16.  
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Figure 88. Kinetics of mAb expression analysed by sandwich ELISA in selected transformants. 
A) Quantification of extracellular mAb B) Quantification of intracellular mAb.  
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Table 16. Sandwich ELISA quantification of mAb expression in selected transformants at 
different culture stages. Results in µg/L. I: intracellular mAb, E: extracellular mAb, ND; not 
detected. 

 

 

 

 

 

 

An immunoblot was also performed to evaluate mAb expression at each 

growth stage. This immunoblot was performed under reducing and non-

reducing conditions with an anti-mouse F(ab’)2 region.  Fully assembled mAb 

is detected at the different stages of the culture without variations in its 

expression. Moreover, there is accumulation of mAb in medium at the late 

exponential phase of growth that corresponds exclusively to the fully-

assembled mAb without detectable degradation bands. Moreover, as it can be 

observed in the immunoblot under non-reducing conditions, there is more 

fully-assembled mAb in transformant 19A3-6 and 19A3-1 than in transformant 

UVM4-2. That is not consistent with ELISA quantification results which 

indicated that transformant UVM4-2 was the highest expressing 

transformant. However, since transformant UVM4-2 expresses an excess of 

LC, this excess of LC may be unspecifically recognised by sandwich ELISA. 

Furthermore, fully assembled mAb was estimated based on immunoblots by 

densitometry and higher expression of transformant 19A3-6 relative to 

transformant 19A3-1 was corroborated with an expression level of 

approximately 1 µg/L consistent with sandwich ELISA results. Considering both 

 24h 48h 72h 96h 

19A3-1 E 0.339 0.829 0.827 0.839 

19A3-6 E 0.665 1.185 1.113 1.276 

UVM4-2 E ND 1.649 2.181 2.482 

19A3-1 I 0.011 0.007 0.007 0.007 

19A3-6 I 0.021 0.015 0.012 0.015 

UVM4-2 I 0.046 0.054 0.032 0.030 
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sandwich ELISA and immunoblot results transformant 19A3-6 was selected for 

further mAb characterization. 

 

A 

B 

Figure 89. Immunoblot evaluation of mAb expression in selected transformants at different 
culture stages. Primary antibody anti-mouse IgG, F(ab’)2 fragment specific. 12 µl of 80X 
concentrated culture supernatant were loaded in each lane. Two exposures are shown for each 
immunoblot: the one showed above corresponds to seconds of exposure and the one showed 
below corresponds to minutes of exposition. m5C3: purified monoclonal 5C3 antibody expressed 
in mammalian cells, (HC+LC)2: complete mAb, HC: heavy chain, LC: light chain. A) Immunoblot 
under non-reducing conditions. B) Immunoblot under reducing conditions. 
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3. In vitro mAb characterization 

To further characterize the expressed mAb, several culture batches of 20 L 

were performed. Culture supernatant from these cultures was concentrated 

by TFF (30 kDa) to achieve higher concentrations of mAb to allow in vitro 

characterization assays.  

3.1 mAb evaluation by immunoblot in reducing and non-reducing 

conditions 

Firstly, mAb concentrated by TFF was evaluated by immunoblot to 

corroborate the integrity of the mAb after the concentration process. 

 

 

 

 

Figure 90. Immunoblot evaluation of concentrated mAb by TFF. Upper panel corresponds to 
immunoblot under non-reducing conditions and lower panel corresponds to immunoblot under 
reducing conditions. Primary antibody anti-mouse IgG, F(ab’)2 fragment specific. Several 
volumes of concentrated culture supernatant from transformant 19A3-6 were loaded. 
Concentration was performed by TFF from 30L to 250 ml (120X). m5C3: purified monoclonal 5C3 
antibody expressed in mammalian cells, (HC+LC)2: complete mAb, HC: heavy chain, LC: light 
chain. 
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3.2 Evaluation of recognition of Ag by ELISA 

To determine whether the m5C3 antibody expressed in Chlamydomonas is 

able of binding its target antigen S100A4, ELISA assays were performed with 

the non-purified concentrated culture supernatant containing recombinant 

5C3 and compared to purified 5C3 from hybridoma cells. Interestingly, 

concentrated culture supernatant containing Chlamydomonas expressed 5C3 

was able to bind to S1004.   

 

 

  

Figure 91. Analysis of human S100A4 recognition by ELISA. m5C3: m5C3 expressed in hybridoma 
cells. Chlamydomonas m5C3: concentrated culture supernatant containing m5C3 expressed in 
Chlamydomonas. 

Purified m5C3 

Chlamydomonas m5C3 
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Discussion 
In the present chapter we report the expression of a fully-assembled mAb in 

Chlamydomonas nucleus, to our knowledge not previously described. 

Although the expression of a fully-assembled mAb has been reported in 

Chlamydomonas chloroplast (Tran et al. 2009), this organelle does not 

glycosylate and thus the biological activity of mAbs expressed in chloroplast 

would always be limited. The expression of a fully-assembled mAb in 

Chlamydomonas nucleus means a step forward for Chlamydomonas as a 

biotechnological platform.  

Expression of a fully assembled monoclonal antibody (mAb) requires the 

expression and assembly of the heavy chain (HC) and the light chain (LC). Since 

free HC are not exported (Morrison and Scharff 1975) it is particularly 

important to express both proteins simultaneously. Several strategies may be 

employed for the expression of multiple recombinant genes: the use of 

multiple vectors with diverse selection markers, the use of a single vector with 

a polycistronic mRNA or the use of a single vector producing multiple RNAs. 

However, the use of multiple vectors results in different expression levels 

because of random genomic insertion, making necessary the performance of 

large screenings due to the low probability of having both genes expressed at 

the same level. Even though expression of separate proteins from dicistronic 

genes has been achieved with viral FMDV 2A sequences (Rasala et al. 2012), 

the efficiency of processing becomes a limitation as seen in the present work 

(Chapter 1) and reported (Rasala et al. 2012; Kong et al. 2015; López-Paz et al. 

2017). Although expression of two proteins from dicistronic mRNAs containing 

a non-structured junction sequence between the two ORFs has been 

described, the expression of the downstream gene resulted lower than the 

expression of the upstream gene (Onishi and Pringle 2016). Finally, the use of 
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a single vector involving several copies of a strong regulatory region 

introduces the risk of silencing (Ceruttti et al. 1997; Schubert 2004). Our 

expression strategy is based on a single microalgae expression vector 

containing three different regulatory regions (5’ and 3’) to co-express three 

different genes simultaneously and at high levels from the same vector: a 

resistance to antibiotic and two target proteins. The expression strategy 

developed in the present work emerges as a tool, not only for the expression 

of a fully assembled mAb but for the expression of protein complexes or 

components of metabolic pathways that need to be expressed simultaneously 

at high levels. Co-expression of subunits is an important requirement in the 

study and production of protein complexes. When subunits are expressed 

separately they may not be soluble, active or stable, and therefore a system 

to co-express proteins in a stoichiometric manner is a highly desirable tool. In 

addition, it may be useful in metabolic engineering where the objective is to 

obtain a modified strain overexpressing different genes with a determined 

objective (e.g. higher growth or the production of a specific metabolite). 

Since our objective was to select a transformant expressing a fully assembled 

mAb, we needed a high-throughput screening leading to transformants 

expressing both chains simultaneously. We developed a high-throughput 

screening based on sandwich ELISA (Enzyme-Linked Immunosorbent Assay) 

after an initial selection of transformants resistant to antibiotic (indicating the 

insertion of heterologous DNA cassette). Sandwich ELISA was designed to be 

performed with total extracts from colonies grown in 96-well plates, lysed by 

a freeze-thaw cycle. This screening allowed us to process a high number of 

transformants to detect those expressing both chains assembled as a mAb. 

However, since the secondary antibody used in the sandwich ELISA detects 

the F(ab’)2 region (present in both chains), there is the possibility that the 
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assay detects transformants expressing only one chain. Due to that, sandwich 

ELISA results have been always corroborated by immunoblot. 

Analysis of the expression of mAb in Chlamydomonas selected transformants 

by sandwich ELISA and immunoblot showed that mAb accumulates in culture 

medium. In addition, it has been shown by immunoblot that this accumulation 

in medium corresponds exclusively to the fully-assembled mAb without 

detectable degradation bands. Furthermore, mAb expression was quantified 

by immunoblot in selected transformants and the highest expressing 

transformant of the fully-assembled mAb was 19A3-6, with an expression level 

of 1 µg/L. However, sandwich ELISA results indicated that UVM4-2 was the 

highest expressing transformant. It has been also seen by immunoblot that 

this transformant expresses an excess of LC. Thus, this excess of LC may be 

unspecifically recognised by ELISA sandwich explaining the inconsistency 

between sandwich ELISA and immunoblot results. It is interesting to highlight 

that UVM4 resulted in higher expression levels than CC-124 since the latter 

needed to be transformed with an additional copy of HC to express both 

chains to detectable levels. 

Analysis of mAb expression in Chlamydomonas transformants showed that LC 

is overexpressed relative to HC, presumably due to poor expression or 

instability of this chain compared to LC. In fact, the initial transformant 

isolated from CC-124 strain needed to be transformed with an additional copy 

of HC because expression of HC was undetectable. The retransformation of 

this transformant with a second copy of HC increased the expression of both 

HC and fully-assembled mAb. It has been reported that LC:HC ratio plays an 

important role in mAb expression and quality: having LC in excess is not only 

beneficial for mAb expression, it also keeps aggregate and fragment levels low 

(Ho et al. 2013). Since an excess of LC is found in our isolated transformants, 

it would be interesting to further study the accumulation of HC gene copies to 
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determine the LC:HC optimal ratio that maximize mAb expression in 

Chlamydomonas.  

It has been shown that the use of alternative signal peptides affects the 

efficiency of protein secretion (Knappskog et al. 2007; Kober et al. 2013; 

Molino et al. 2018) and thereby signal peptide selection affects the overall 

yield of secreted proteins in an expression system. An study in CHO cells 

showed that when two signal peptides are linked to different antibodies the 

impact of the signal peptides on production of the antibodies can be very 

different (Haryadi et al. 2015). In the same study, by optimizing HC and LC 

signal peptides, a 2-fold increase in antibody yield was achieved compared to 

the original signal peptides with Rituxan (one of the top selling antibody 

therapeutics). These results demonstrate the importance of signal peptide 

optimization for the production of recombinant antibodies and suggest that, 

in addition to the signal peptide, a portion of the variable region of the 

antibody also affects the secretion efficiency (Haryadi et al. 2015). In the 

present work the native murine secretion peptide from mAb was maintained 

and it successfully drove secretion reinforcing the idea of the existence of a 

conserved secretion mechanism (Pool 2005). Optimization of signal peptides 

on mAb expression in Chlamydomonas is an interesting further step, for 

example testing the effect of Chlamydomonas native signal peptides. 

We demonstrate the expression of a fully-assembled mAb in Chlamydomonas 

nucleus that recognises its antigen. It would be interesting to test if the Fc part 

of the antibody is also functional by testing its binding to receptors. 

Differences in glycosylation may cause conformational changes of the Fc 

domain, which could change its binding affinity to Fc receptors resulting in 

changes of immune effector functions (Tao and Morrison 1989; Liu 2015). 

Preliminary results obtained have shown no interaction between receptors 

and Chlamydomonas expressed mAb (results not shown). However, the assays 
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were performed with the concentrated culture supernatant that may contain 

interfering components. Thus, these assays should be performed with purified 

m5C3. Furthermore, the characterization of the glycosylation of the expressed 

mAb is a key next step. Analysis of glycosylation is important because of the 

risk of immunogenicity and the impact of glycosylation patterns on 

pharmacokinetics (Goetze et al. 2011). 

Furthermore, it would be interesting to expand the potential of the host by 

expressing a human or humanized mAb model since the majority of the mAb 

in clinical development are human or humanized.  

It is important to highlight the concentration up to 1000-fold of culture 

supernatant from Chlamydomonas achieved by tangential flow filtration (TFF) 

because indicates an easy downstream processing of Chlamydomonas 

secreted proteins. Although expression levels achieved in plants are higher 

(Zeitlin et al. 2013) the downstream processing is costly because implies cells 

grinding. Thus, the ease of downstream of secreted proteins in 

Chlamydomonas may mean the difference between Chlamydomonas and 

plants as a recombinant protein host together with the ease of culture in 

closed bioreactors, no risk of crops displacement and no risk of gene flow.  
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Methodology 
Chlamydomonas strains and culture conditions 

Algal cells were cultivated under standard conditions as previously stated (see 

Chapter 1, Methodology, page 129). 

Construction of expression cassettes 

All plasmids were built on the pGEM7Z(-) backbone. Three cis regulatory 

regions were used in this study to drive expression of GOI. On one hand, 

HSP70A/RBCS2 chimeric promoter (Schroda et al., 2000) further improved by 

insertion of the first intron of RBCS2 downstream (Sizova et al., 2001), 

abbreviated as AR in the present study, was used in combination with 3’UTR 

of RBCS2. On the other hand, RPL23 (Cre04.g211800) cis regulatory elements 

(5’ and 3’) and ferredoxin 1 (FDX1, also called PETF) (Cre14.g626700) cis 

regulatory regions (5’ and 3’) were used (López-Paz et al. 2017).  

The sequences coding for m5C3 were provided by Leitat Biomed (Patent 

WO2011157724 A1). The sequences of HC and LC of 5C3 mAb were codon-

optimized with the IDT web tool (https://eu.idtdna.com/CodonOpt) for 

Chlamydomonas nuclear expression and synthesized by GeneArt (Life 

Technologies, USA), murine secretion sequence was maintained. HC was 

synthesized with restriction sites EcoRI/XhoI. LC was synthesized with 

restriction sites EcoRI/NdeI. FDX1 regulatory regions (Cre14.g626700) were 

amplified from CC-124 strain (5’ region - F421/R422 and 3’ region - F423/R424) 

and cloned (5’ - KpnI/BamHI, 3’ – BamHI/SacI) into vector pARshBle2A 

(containing AR chimeric promoter (XbaI/EcoRI) fused to BleR gene and 3'UTR 

RBCS2 (NdeI/KpnI) in pGEM7Z(-), see methodology chapter 1, table 12, page 

131) to obtain vector pFDX-incomplete. Then, HC was cloned into vector pFDX-

incomplete (EcoRI/XhoI) obtaining the vector pFDX-HC-zeoR. RPL23 regulatory 
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regions (Cre04.g211800) were amplified from CC-124 strain (5’ region - 

F409/R410 and 3’ region - F411/R412) and cloned (5’- XbaI/EcoRI and 3’- 

NdeI/KpnI) in pAR-ARSss-glucTEVhEGF (see methodology chapter 1, table 12, 

page 130) replacing AR chimeric promoter for 5’ region of RPL23 and 3’UTR 

RBCS2 for 3’ region of RPL23 to obtain a vector named pPL-incomplete. Then, 

LC was cloned into vector pPL-incomplete (EcoRI/NdeI) obtaining vector pPL-

LC. Finally, the LC gene driven by RPL23 regulatory regions from vector pPL-LC 

(XbaI/SmaI, blunted) was cloned XbaI (blunted) into pFDX-HC-zeoR obtaining 

the vector FM-zeoR. Vector FM-zeoR carries three cassettes: one for the 

expression of an antibiotic resistance for initial selection of transformants 

(BleR) driven by AR chimeric promoter and 3’UTR RBCS2, one for the 

expression of the heavy chain (HC) driven by FDX1 regulatory regions and one 

for the expression of the light chain (LC) driven by RPL23 regulatory regions. 

The 5’ cis regulatory region of RPL23 (1004 bp) contains the predicted 

promoter and 5’ UTR that is predicted to contain an intron. For the RPL23 3’ 

cis regulatory region the 3’UTR of RPL23 is also predicted to contain an intron 

and adjacent DNA is used (total of 725 bp). 

To obtain the vector HC-paroR, gene AphVIII (resistance to paromomycin) 

driven by AR chimeric promoter and 3’UTR RCBS2 was cloned from vector 

psi103 (https://www.chlamycollection.org/product/psi103-aphviii/ - 

XbaI/KpnI) replacing shBleR gene (resitance to zeocin) and FDX regulatory 

regions into pFDX-HC-zeoR.  

Table 17. Sequences of oligonucleotides used for vectors construction in this study. 

Oligonucleotides 
names 

Oligonucleotides sequence (5’-3’) 

F409 – 5’ RPL23 F GGCCTCTAGAGCACGTCCATAATGAAAGGTC 

R410- 5’ RPL23 R CGGAAGAATTCACTCTGCGCGCAGACAAGAG 
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Oligonucleotides 
names 

Oligonucleotides sequence (5’-3’) 

F411- 3’UTR RPL23 F GGGCATATGTAAAGGTGAGGCGGGGGTTCG 

R412- 3’UTR RPL23 R CCAGGTACCCCAGGCGCAGCTTCGCC 

F421 – 5’ FDX1 F TTAGGTACCTGGAGGGGTAATCCGTGGG 

R422 - 5’ FDX1 R 
AAAGGATCCGCCAGATCTGCCGAATTCTTTTGAAGGTTGT

GAGTGG 

F423 - 3’UTR FDX1 F TTCGGGATCCGGCCTCGAGGCGCTTTCGCCATCTGC 

R424 - 3’UTR FDX1 R AAAGAGCTCCTCTCCTCAGAACGCGGAG 

 

Protein isolation and Immunoblot analyses 

Culture supernatant was separated from cells as indicated previously and 

supernatant was concentrated by centrifugation at 12000 gs through a 

membrane of 10 kDa (Vivaspin 500, 10 kDa MWCO PES, VS0101, Sartorius) 

unless otherwise stated. Immunoblots under reducing conditions were 

performed as previously stated (see Chapter 1, Methodology, page 140). 

Immunoblots under non-reducing conditions were performed following the 

same protocol but using laemmli loading buffer without reducing agent (120 

mM tris pH 6.8, 4% SDS, 20% glycerol, bromophenol blue). The antibodies used 

were: Peroxidase AffiniPure Goat Anti-Mouse IgG, F(ab’)2 fragment specific 

(115-035- 006, Jackson Immunoresearch, 1:10 000) or goat anti-mouse IgG 

HRP conjugated (926-80010, LiCor, 1:25 000). 

Purified m5C3 from hybridoma cells (kindly provided by Leitat Biomed, 

obtained as reported (Hernández et al. 2013)) was used as a reference for 

quantification by densitometry using Fiji software. 
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Sandwich ELISA  

Greiner CELLSTAR® 96 well plates (M0187, Sigma) were coated with 1 µg/mL 

of Goat Anti-Mouse IgG, Fc-γ Fragment Specific (115-005- 071, Jackson 

Immunoresearch) in PBS and incubated at 4°C, 16 h. After five washes with 

PBX (PBS containing 0.1% Tween-20, pH 7.5), 100 µl of sample (total cell 

extract or culture supernatant, indicated in each figure) were added and the 

plate was incubated at 37°C for 1 h. After five washes with PBX, the Peroxidase 

AffiniPure Goat Anti-Mouse IgG, F(ab’)2 fragment specific (115-035-006, 

Jackson Immunoresearch, 1:20 000) was added and incubated at 37°C 1h. 

After five washes (100 µl PBX) 50 µl of Luminata Forte ELISA HRP Substrate 

(ELLUF0100, Merck) were added and luminescence was recorded by a 96-well 

microplate luminometer (Berthold LB 96V MicroLumat Plus Luminometer, 

Berthold technologies). Light emission was recorded for 1 s. Purified m5C3 

from hybridoma cells (provided by Leitat Biomed (Hernández et al. 2013)) was 

used as standard curve. 

Total extracts were used in initial Sandwich ELISA screening of transformants. 

To do so, initial clones (resistant to 15 µg/ml zeocin) were grown in 96 well 

plates to mid-log phase and frozen at -80ºC in presence of protein inhibitors. 

After thawing the cells at 37ºC for 10 min, 100 µl of total cell extract (including 

both intracellular content from lysed cells and culture supernatant) were 

analysed by sandwich ELISA previous separation of cell debris by 

centrifugation.  

Culture supernatant was separated from cells by centrifugation in presence of 

0.005% tween 20 (4000 g 10 min) when sandwich ELISA was performed only 

with supernatant. 
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Tangential flow filtration (TFF) 

Between 30 and 40 L of culture supernatant from a culture at late exponential 

phase of growth (OD750nm approximately at 1.5) was separated from cells by 

centrifugation and 0.005% tween 20 was added. Culture medium was filtered 

through a 1 μm cut-off membrane (PE, filtres Peiró). Then, culture medium 

was concentrated by TFF with hollow fiber of 30 kDa (mPES Minikross Sampler, 

total length of 47.0 cm, effective length of 41.5 cm and surface of 1600 cm2, 

Spectrum). The retentate, holding all particles bigger than 30 kDa, was 

continuously cycled in order to reduce its final volume to 200 ml. This 

concentration process needed 8 hours of TFF process. Once concentrated to 

200 ml, concentrated culture supernatant was centrifuged 10000 g 10 min to 

eliminate precipitated particles and cell debris. 9 batches were concentrated 

150X as explained and maintained at -20ºC. Once 9 batches had been 

concentrated as explained (approximately 270 L in 1800 ml) these 150X 

concentrated culture supernatant was concentrated to 200 ml with the same 

TFF system and hollow fiber (5 hours of process). Finally, this concentrated 

culture supernatant was centrifuged again to eliminate precipitated particles 

at 10000 g 10 min. Thus, at the end, 200 ml of a culture supernatant 

concentrated 1350X relative to initial culture volume were obtained. 

Recognition of Ag by ELISA. 

This work was performed by the Biomed division of Leitat. 

Corning® 96 Well EIA/RIA Assay Microplate (CLS3590, Sigma) were coated with 

3 µg/mL of human S100A4 (expressed and purified in E.coli, (Hernández et al. 

2013)) in PBS and incubated at 4°C, 16 h. After five washes with PBS several 

concentrations of purified m5C3 and dilutions of concentrated culture 

supernatant from Chlamydomonas (1/50, 1/100, 1/200, 1/400, 1/800) were 

added and the plate was incubated at 37°C for 1 h. After five washes with PBS, 

the Peroxidase AffiniPure Goat Anti-Mouse IgG, Fc-γ Fragment Specific (115-
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035-071, Jackson Immunoresearch, 1:20 000) was added and incubated at 

room temperature for 45 min. After five washes (100 µl PBS), the ELISA was 

developed by the addition of Tetramethylbenzidine substrate (Sigma) 

followed by incubation for 30 min at RT before stopping the reaction with 1 M 

of HCl. Absorbance at 450 nm was recorded using a Multiskan Ascent 

spectrophotometer (Thermo Corporation). Using GraphPad prism 7.04 a 

standard curve was constructed by plotting absorbance values versus purified 

m5C3 known concentrations and unknown concentrations of concentrated 

Chlamydomonas culture were interpolated using this standard curve.  
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The development of improved recombinant protein production hosts is a need 

to address costs and demands of a range of markets such as the cosmetic, 

industrial, research or therapeutic (Fletcher et al. 2007; Ferrer-Miralles et al. 

2009). The development of RP expression hosts moves forward not to a 

unique advantageous host but to a variety of hosts with distinct characteristics 

that will be suitable depending on the target product and/or target 

application. Lowering the costs of RP production is desirable for several 

applications that cannot hold the costs of production in mammalian cells. Also, 

the biobetter concept is a key concept for the development of recombinant 

technologies: alternative recombinant hosts may improve the properties of 

products already marketed. An example is the first plant biopharmaceutical 

approved by the FDA in 2012 (Mor 2015). Together with the continuous 

improvement of current expression systems available, several alternative 

recombinant hosts have been proposed. 

Microalgae are emerging as an alternative RP expression host, being 

Chlamydomonas the best characterized microalgal species. Despite the fact 

that high expression levels have been achieved in its chloroplast, there are 

applications for which PTMs are crucial (for example antibody glycosylation 

has a critical role in antibody effector function (Tao and Morrison 1989; Liu 

2015)) and the chloroplast cannot perform PTM. Furthermore, RP expressed 

in the chloroplast remain in this organelle and cannot be secreted, involving 

the need for a complex extraction (Mayfield et al. 2007). Despite all the 

advantages of Chlamydomonas as RP expression host (Introduction, page 12) 

and the successful expression of RP in its chloroplast, the low expression levels 

in its nucleus represent a limitation to its use for RP production. This thesis 

aims to help in consolidating this host as a versatile RP expression platform by 

testing several strategies designed to reduce or overcome those limitations. 

The design of a secreted fusion protein comprised of gLuciferase as a reporter 
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gene and hEGF as our GOI allowed the development of a high-throughput 

screening that enables the detection of the highest expressing clones. 

Versions of the fusion protein including different regulatory and stabilizing 

regions have been expressed in various Chlamydomonas strains resulting in 

expression levels ranging from 1 to 100 µg RP /L of culture. Furthermore, 

Chlamydomonas native stabilizing sequences have been studied and five were 

tested. One of this five stabilizing sequences resulted in a significant increase 

in RP yields although expression levels did not surpass previously described 

sequences from plants tested in Chlamydomonas. Several of the strategies 

assessed resulted in an increase of expression levels. It is expected that 

combination of these strategies will result in a further increase in recombinant 

protein expression levels. In addition, further research on the described native 

stabilizing region of Chlamydomonas would be a consequent next step of the 

present study.  

A scalable purification process from culture medium has been developed 

consisting of a concentration step of culture medium for posterior IMAC and 

processing by TEV protease. This scalable purification process has been 

validated with different fusion proteins that were successfully recovered by 

affinity chromatography from Chlamydomonas culture medium and cleaved 

by TEV protease releasing discrete hEGF. However, the fusion protein leading 

to the highest expression levels reported in the present work (100 µg RP/L) 

could not be cleaved by TEV protease likely due to the proximity of the (SP)20 

glycomodule. Further studies to achieve the expression to these levels while 

allowing the cleavage of the fusion protein must be performed.  

The next step regarding hEGF is to achieve high purity levels enabling the 

functional testing of processed hEGF. To that end, the optimization of a 

subsequent purification step is proposed. It is important to note that the low 

expression levels hamper the efficient purification of RP. To maximize RP 



Discussion and future prospects 

229 
 

yields, apart from optimizing RP expression itself, Chlamydomonas culture 

should be optimized. Chlamydomonas is usually cultured in batch with TAP 

medium, entering the stationary phase of growth without reaching high 

densities and resulting in 1-2 g/L of dry weight (Fields et al. 2018). Despite a 

few advances towards this end (Chen and Johns 1995; Fields et al. 2018), a 

comprehensive study to extend the growth of Chlamydomonas is lacking: 

exhausted nutrients, secondary metabolites inhibiting growth and medium 

optimization have to be analysed. Optimization of Chlamydomonas growth 

will enhance the host by maximizing its productivities and allowing more 

efficient purification processes.  

A fully-assembled monoclonal antibody that recognises its antigen has been 

expressed, secreted and accumulated in Chlamydomonas culture medium. To 

our knowledge it has not been described previously and thus means a step 

forward for Chlamydomonas as a recombinant protein host. An expression 

strategy and a high throughput screening have been developed leading to the 

selection of transformants expressing a fully-assembled mAb. Our expression 

strategy is based on a single microalgae expression vector containing three 

different regulatory regions (5’ and 3’) that have previously drove transgene 

expression to high levels to co-express three different genes simultaneously 

from the same vector: a selectable marker and two target proteins. This 

expression strategy emerges as a tool not only for the expression of a fully 

assembled mAb but for the expression of other protein complexes where 

different genes must be constitutively expressed to high levels. In addition, it 

may be useful in metabolic engineering where the objective is to obtain a 

modified strain overexpressing different genes with a determined objective 

(e.g. higher growth or the production of a specific metabolite).  

The achieved concentration of Chlamydomonas culture medium by TFF (up to 

1000-fold) indicates an easier downstream processing of Chlamydomonas 
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secreted proteins when compared to plants. Although expression levels in 

plants are higher (Zeitlin et al. 2013) the downstream processing is costly 

because implies cells grinding. Thus, the ease of downstream of secreted 

proteins in Chlamydomonas may represent the difference between 

Chlamydomonas and plants as a RP host together with the fact that is a more 

ecologically conscious alternative (no possibility of gene flow and no crops 

displacement). 

During the course of this work, we unexpectedly found that secreted 

components from Chlamydomonas possess proliferative activity on fibroblast 

cells independently of the presence of recombinant protein. Furthermore, the 

induction of proliferation by these secreted components acts synergistically 

with hEGF.  Extracellular polymeric substances (EPS) of other organisms have 

been shown to have high value in diverse applications: anti-adhesive 

materials, antitumoral agents, anti-inflammatory, antivirals and skin care 

products (Xiao and Zheng 2016). Due to that, it is expected that the 

extracellular content of Chlamydomonas holds an unexplored potential. 

Nowadays, microalgae products are mainly derived from their biomass. Thus, 

huge volumes of medium are wasted after biomass harvesting of batch 

cultures because medium recycling to save costs involves the risk of growth 

inhibition. Thereby, the waste of high volumes of medium involves 

environmental pollution and higher production costs. The generation of high 

value products from waste medium would be meaningful for environmental 

and commercial reasons and therefore the exploitation of Chlamydomonas 

culture medium becomes even more interesting. 

The work reported is a step forward for Chlamydomonas as a biotechnological 

platform. The cassettes and related high-throughput screenings developed 

expand the molecular toolbox available for Chlamydomonas nucleus RP 

expression. The developed strategies allowed the expression of a fusion 
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protein comprised of a small growth factor and a luciferase reporter with 

yields ranging from 1 to 100 µg/L of culture. Furthermore, a tetrameric protein 

(a mAb consisting of two light chains and two heavy chains) has been correctly 

expressed, folded, secreted and accumulated in medium. In addition, the 

development and validation of a scalable purification method to obtain the 

processed target protein from culture medium confirms feasibility of a simple 

downstream processing of expressed and secreted RP that may represent the 

advantage in front of other expression hosts. The reported proliferative 

activity induced by Chlamydomonas secreted components as well as the 

synergistic effect seen when tested together with hEGF unveils the potential 

of secreted components of Chlamydomonas. The work reported validates 

Chlamydomonas as a versatile recombinant protein host. 
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1. The strategy based on a fusion protein comprising shBle and hEGF led to 

the selection of transformants expressing a variety of RP products due to 

partial insertions of the cassette. Thus, this strategy could not be validated 

for the selection of high expressing clones of the proteins tested. 

2. Clones expressing fusion proteins comprising BleR gene duplicated their 

expression level through the maintenance in presence of zeocin for two 

months. This will enhance expression of transgenes for which the strategy 

shBle:GOI is suitable. 

3. The strategy based on a fusion protein consisting of Gaussia princeps 

luciferase, TEV protease recognition sequence and hEGF enables the high 

throughput selection of the highest expressing transformants of the full-

length fusion protein. The use of gLuc:TEV:hEGF allows the expression, 

secretion and accumulation of the fusion protein in medium. Stage of 

culture corresponding to maximum expression is protein dependent. 

4. The use of different regulatory regions, secretion peptides and stabilizing 

regions resulted in RP (gLuc:hEGF) expression yields ranging from 1 to 100 

µg/L.  

5. We have identified a Chlamydomonas glycomodule sequence that results 

in higher expression levels compared to fusion protein without 

glycomodule. 

6. Although UVM4 may be a preferred strain due to its increased RP 

expression, the observed higher degradation of RP and higher viscosity of 

its concentrated culture supernatant may limit its use at the industrial 

scale.  

7. Preliminary results suggest that increased transgene copy number in 

haploid strains correlate with higher RP protein production. No 

differences have been observed in RP expression in diploid cells relative 

to haploid cells. 
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8. Two candidate strains for improved nuclear RP expression have been 

isolated by means of a UV mutagenesis screening. 

9. We have developed and validated an optimized scalable purification 

process from culture medium consisting of a concentration step for 

posterior IMAC and processing by TEV protease. 

10. Components present in culture supernatant from Chlamydomonas at 

stationary phase of growth induce proliferation of murine fibroblasts. The 

proliferation induced by Chlamydomonas secreted components acts 

synergistically with recombinant hEGF.  

11. We have developed an expression strategy and a high-throughput 

screening that allows the selection of transformants expressing a fully 

assembled monoclonal antibody. 

12. A fully-assembled and functional monoclonal antibody has been 

expressed from Chlamydomonas nucleus, secreted and accumulated in 

culture medium. 

13. The achieved 1000-fold concentration of Chlamydomonas culture 

supernatant by TFF indicates that a simple downstream processing of 

expressed and secreted RP is feasible.
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Appendix 1 

Recombinant protein expression and purification from E.coli to 

allow quantification based on densitometry of immunoblots 

Since expression levels from Chlamydomonas nucleus were expected to be in 

the range of µg/L, densitometry based on immunoblot was chosen for 

quantification of the protein of interest. To that end, recombinant gLuc:3HA 

and shBle:3HA:6xhis were expressed in E.coli and purified. Plasmids pET22b-

Ble-6xhis-3HA, pET22b-3FLAG-Ble-6xhis-3HA and pET22b-gLuc-3HA were 

transformed into E.coli strain Rosetta™ 2(DE3)pLysS (see table 18 for vector 

details). A pool of colonies resistant to carbenicillin (and thus carrying and 

expressing the heterologous vector transformed) were grown and expression 

was induced. Soluble protein was extracted and purified by IMAC in a Äkta 

system (ÄKTApurifier, GE) with Co2+ columns (28-9537-66 HiTrap TALON 

Crude, GE Healthcare). Quantification of the purified protein was made by 

Bradford and purity was checked by Coomassie Brilliant Blue stained SDS page 

(figure 92). These purified proteins were used to make standard curves for 

quantification by densitometry of immunoblots throughout the present study. 
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Table 18. Detail of vectors for expression in E.coli used in the present study. 

 

 

   

Vector Content Cloning 

pET22b-Ble-6xhis-3HA Ble:6xhis:3HA 
Ble (EcoRI/HindIII) and 3HA 
(HindIII/XhoI) introduced to 
pET22b 

pET22b-3FLAG-Ble-6xhis-3HA  3FLAG:Ble:6xhis:3HA 
FLAG introduced to pET22b-
Ble-6xhis-3HA (EcoRI/NcoI) 

pET22b-gLuc-3HA  gLuc:3HA 
gluc introduced to pET22 
(EcoRI/XhoI) 

Figure 92. Immunoblot and coomassie stained SDS-page of purified shBle:3HA:6xhis, gLuc:3HA 
and 3FLAG:shBLE:3HA:6xhis proteins expressed in E. coli. A) purified shBle:3HA:6xhis. Left panel: 
immunoblot against shBle protein. Right panel: Coomassie stained SDS-page of purified protein. B) 
Purified gLuc:3HA. Left panel: immunoblot against gLuc protein. Right panel: Coomassie stained 
SDS-page of purified protein. C) 3FLAG:shBLE:3HA:6xhis. Left panel: immunoblot against shBle 
protein, against FLAG tag and against 6his tag. Right panel: Coomassie stained SDS-page of purified 
protein. 

A B 
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