
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Developing gene fusions with fluorescent proteins as a strategy to increase secreted 
recombinant protein production in Chlamydomonas reinhardtii

Permalink
https://escholarship.org/uc/item/01q6n51b

Author
Louie, Michelle

Publication Date
2020

Supplemental Material
https://escholarship.org/uc/item/01q6n51b#supplemental
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/01q6n51b
https://escholarship.org/uc/item/01q6n51b#supplemental
https://escholarship.org
http://www.cdlib.org/


 

UNIVERSITY OF CALIFORNIA SAN DIEGO 

 

Developing gene fusions with fluorescent proteins as a strategy to increase secreted recombinant 
protein production in Chlamydomonas reinhardtii  

A Thesis submitted in partial satisfaction of the requirements  

for the degree Master of Science 

 

in 

 

Biology 

 

by 

 

Michelle Vanessa Louie  

 

 

 

 

 

 

Committee in charge:  

Professor Stephan Mayfield, Chair 
Professor James Golden, Co-Chair  
Professor Michael Burkhart 

2020



 
 

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright 

Michelle Vanessa Louie, 2020 

All rights reserved. 

 



 
 

 iii 
 

 

 

 

 

The Thesis of Michelle Vanessa Louie is approved, and it is acceptable in quality and form for 
publication on microfilm and electronically: 

 

 

_____________________________________________________________ 

 

_____________________________________________________________ 

Co-chair  

_____________________________________________________________ 

Chair  

University of California San Diego 

2020 

 
 
 
 
 
 
 
 
 
 
  



 
 

 iv 
 

DEDICATION 

 
This thesis is dedicated   

to my beloved family for their unwavering love and continuous support, 

to my mentors and lab members who have granted me their advice and encouragement,  

  and to my adorable plushie Moochipuni who accompanied during my long nights of writing. 

 

 

 

 

 

 

  



 
 

 v 
 

TABLE OF CONTENTS 

SIGNATURE PAGE..................................................................................................................... iii 

DEDICATION............................................................................................................................... iv 

LIST OF ABBREVIATIONS..................................................................................................... viii 

LIST OF SUPPLEMENTAL FILES.............................................................................................. x 

LIST OF FIGURES....................................................................................................................... xi 

LIST OF TABLES....................................................................................................................... xiv 

ACKNOWLEDGEMENTS.......................................................................................................... xv 

ABSTRACT OF THE THESIS................................................................................................... xvi 

CHAPTER 1: INTRODUCTION .................................................................................................... 1 

1.1 MICROALGAE AS A BIOMANUFACTURING PLATFORM ............................................................. 2 

1.1.1 Recombinant Protein Production in Chlamydomonas reinhardtii .................................. 4 
1.1.2 Protein Targeting and Post-Transitional Modification of RP ......................................... 6 
1.1.3 Historical Limitation of RP Expression in Algae ........................................................... 8 

1.2 PROJECT OVERVIEW ............................................................................................................. 10 

1.3 A TOOL TO QUANTIFY SECRETED RECOMBINANT PROTEIN PRODUCTION ............................ 11 

1.3.1 Fluorescent Proteins: Clover and DsRed ...................................................................... 13 
1.3.2 “Self-cleaving” 2A Peptides: F2A and E2A ................................................................. 13 
1.3.3 Double antibiotic selection markers: Ble and Hyg ....................................................... 15 
1.3.4 pMV2 Vector for Co-Expression of Clover and OPN ................................................. 15 

CHAPTER 2: EXPERIMENTAL RESULTS AND DISCUSSION ............................................. 17 

2.0 EXPERIMENTAL SUMMARY ................................................................................................... 18 

2.1 GENERATION OF C. REINHARDTII EXPERIMENTAL TRANSFORMANTS USING PMV1’S 
RECOMBINANT DNA CONSTRUCT ............................................................................................... 19 

 
2.2 RANDOM UV MUTAGENESIS AS AN ALTERNATIVE PROOF OF CONCEPT ............................... 25 



 
 

 vi 
 

2.3 ACQUISITION OF MORE PMV1 TRANSFORMANTS USING A FLUORESCENCE MICROPLATE 
READER ....................................................................................................................................... 34 

 
2.4 RANDOM UV MUTAGENESIS EXPERIMENT #2 —FACS USING CLOVER REPORTER ONLY ...... 41 

2.5 FLUORESCENCE MICROSCOPY ............................................................................................... 50 

2.6 GENERATION OF C. REINHARDTII EXPERIMENTAL TRANSFORMANTS USING PMV2’S 
RECOMBINANT DNA CONSTRUCT ............................................................................................... 51 

 
2.7 FUTURE DIRECTIONS ............................................................................................................ 58 

CHAPTER 3: METHODS AND MATERIALS ........................................................................... 60 

3.1. PLASMID CONSTRUCTION .................................................................................................... 61 

3.2. DNA PREP FOR TRANSFORMATION ..................................................................................... 63 

3. TRANSFORMATION VIA ELECTROPORATION ............................................................................ 63 

3.4. FLUORESCENCE-ACTIVATED CELL SORTING (FACS) .......................................................... 63 

3.5. FLUORESCENT QUANTIFICATION ......................................................................................... 65 

3.6. PREPARATION FOR PROTEIN QUANTIFICATION .................................................................... 66 

3.7. WESTERN BLOT ................................................................................................................... 67 

3.8.  UV MUTAGENESIS .............................................................................................................. 68 

APPENDIX A ................................................................................................................................ 70 

A.1: PROTOTYPE PMV0 CONSTRUCT: BLE-F2A-GFP-F2A-SP-TDTOMATO ............................... 71 

A.2: ASSEMBLING PMV0 CONSTRUCT ........................................................................................ 73 

A.3: ACQUIRING PMV0 TRANSFORMANTS .................................................................................. 73 

A.4: ATTEMPTS AT DETECTING CO-EXPRESSION OF GFP AND TDTOMATO FROM PMV0 
TRANSFORMANTS WITH FLUORESCENT MICROPLATE READINGS AND WESTERN BLOTTING ......... 74 

 
APPENDIX B ................................................................................................................................ 83 

B.1: ADDITIONAL WESTERN BLOTS OF MUTAGENESIS #2’S MUTANTS ....................................... 84 



 
 

 vii 
 

REFERENCES .............................................................................................................................. 87 

SUPPLEMENTARY ..................................................................................................................... 93 

 

  



 
 

 viii 
 

LIST OF ABBREVIATIONS 

Amp R —ampicillin resistant gene 

ars1 —arylsulfatase 

Ble —protein product of ble gene that binds to Zeocin 

βME —2-Mercaptoethanol 

CHYSEL —cis-acting hydrolyase element 

E2A —a 2A peptide derived from Equine rhinitis A virus 

ER —Endoplasmic reticulum 

F2A —a 2A peptide derived from Foot-and-Mouth Disease Virus 

FACS —fluorescence-activated cell sorting 

FDA — Food and Drug Administration 

FI —fluorescent intensity 

FP —fluorescent protein 

GFP —green fluorescent protein 

GRAS —generally regarded as safe 

H plates —antibiotic selection plates containing Hygromycin B 

H+Z plates —antibiotic selection plates containing both Zeocin and Hygromycin B 

Hyg —protein product of aph VII gene in the Hyg cassette that binds to Hygromycin B 

NCM —nitrocellulose membrane 

OFP —orange fluorescent protein 

OPN —Osteopontin 

ORF —open reading frame 

PCR —polymerase chain reaction 



 
 

 ix 
 

pMV0 —a plasmid vector containing a GFP reporter and secreted tdTomato gene 

pMV1 —a plasmid vector containing a Clover FP reporter and secreted DsRed gene 

pMV2 —a plasmid vector containing a Clover FP reporter and secreted OPN gene 

PTM —posttranslational modifications  

RBCS2 —rubisco small subunit 

RFP —red fluorescent protein 

RFU —relative fluorescence units 

RP —recombinant protein  

SP —secretion peptide 

UTR —untranslated region 

TAP —Tris Acetate Phosphate solution that is used as an algal growth media 

TSP —total soluble protein 

WT —wild type 

Z plates —antibiotic selection plates containing Zeocin 

 

  



 
 

 x 
 

LIST OF SUPPLEMENTAL FILES  

File 1: FASTA of the pMV1 vector sequence, pMV1 vector.fa  

File 2: FASTA of the pMV2 vector sequence, pMV2 vector.fa 

  



 
 

 xi 
 

LIST OF FIGURES 

Figure 1: Process of biomanufacturing recombinant proteins in microorganisms such as 
microalgae, bacteria, and yeasts...................................................................................................... 3  

Figure 2: Protein Synthesis in C. Reinhardtii.................................................................................. 7  

Figure 3: Gene expression pathway of a nuclear polycistronic transformation vector for secreted 
recombinant protein....................................................................................................................... 12  

Figure 4: The plasmids of the two vectors generated in this study and the general recombinant 
DNA schematic is generated from them for Chlamydomonas transformation.............................. 16 

Figure 5: A general overview of experimental workflow.............................................................. 18  

Figure 6: Fluorescent Activated Cell Sorting (FACS) to isolate the top 0.28% of transformant 
population with DsRed and Clover fluorescence intensities......................................................... 21  

Figure 7.1: Western Blots visualizing the expression of intercellular Clover and secreted DsRed in 
pMV1 transformants...................................................................................................................... 23  

Figure 7.2: Flow cytometric analysis for pMV1 transformants and FACS control strains............ 24  

Figure 8: UV mutagenesis kill curve.............................................................................................. 26  

Figure 9.1: The first FACS gate setup for the first random UV mutagenesis experiment to identify 
a mutant population producing DsRed........................................................................................... 28  

Figure 9.2: The secondary FACS gate setup from the first random UV mutagenesis experiment 
used to identify a group of mixed mutants producing both DsRed and Clover............................. 29  

Figure 9.3: Clover fluorescence distribution of mixed mutants found within Figure 9.2’s grey 
polygon from first UV mutagenesis experiment……………………………................................ 30  

Figure 10.1: Microplate readings of the fluorescent intensities from Mutagenesis #1’s pMV1 
mutants: Secreted DsRed vs cellular Clover................................................................................... 31  

Figure 10.2: The DsRed fluorescence distribution of the mutants from each of the six FACS sort 
conditions in Mutagenesis #1......................................................................................................... 32 

Figure 10.3: Western blot of Mutagenesis #1’s mutants from the T1% C and T5% C FACS sort 
for detecting Clover and DsRed co-expression………….............................................................. 33 

Figure 11.1: Western Blots of additional pMV1 transformant strains co-expressing Clover and 
DsRed............................................................................................................................................ 36 



 
 

 xii 
 

Figure 11.2: Normalized Western blots for pMV1 transformant strains used in the Mutagenesis 
#2................................................................................................................................................... 38 

Figure 11.3: Comparison of Zeocin only (Z) selected transformants vs Hygromycin B only (H) 
transformants for pMV1 construct expression using FACS graphs............................................... 40 

Figure 12.1: FACS of pMV1 mutants from the second random UV mutagenesis experiment to 
isolate mutants with Clover and DsRed co-expression solely based on cellular green fluorescence 
levels. ............................................................................................................................................ 42 

Figure 12.2: The Clover FP fluorescence distribution of mixed mutant population in the 
Mutagenesis #2 experiment........................................................................................................... 43  

Figure 13.1: Microplate readings of the fluorescent intensities from Mutagenesis #2’s pMV1 
mutants: Secreted DsRed vs cellular Clover.................................................................................. 45 

Figure 13.2: The Clover fluorescent intensity distribution of the mutants from each of the seven 
FACS sort conditions in Mutagenesis #2....................................................................................... 46  

Figure 13.3: The DsRed fluorescence distribution of the mutants from each of the seven FACS 
sort conditions in Mutagenesis #2.................................................................................................. 46  

Figure 14.1:  Normalized Western blots for Mutangensis#2 mutants............................................ 48 

Figure 14.2: Fluorescent microplate readings of both Clover and DsRed fluorescent intensities in 
pMV1 strains of both transformants and mutants.......................................................................... 49 

Figure 15: Live cell fluorescence microscopy of cells from the pMV1 mutant strain M-12.2 
expressing the pMV1 vector.......................................................................................................... 50 

Figure 16.1: The detection of Clover production in selected pMV2 transformants using Western 
blotting.......................................................................................................................................... 52 
 
Figure 16.2: The attempts of detecting secreted OPN from selected pMV2 transformants using 
Western blotting............................................................................................................................ 53 
 
Figure 17: Attempts of detecting OPN in cell lysates and acetone precipitated supernatant samples 
of pMV2 transformants................................................................................................................. 55 
 
Figure 18: Western blots for screening additional pMV2 transformants....................................... 57 
 
Figure 19: Assembly Process of Plasmids for pMV1 and pMV2 Vectors..................................... 62 
 
Figure 20: Workflow for screening and evaluating fluorescence protein expression in 
transformants and mutants............................................................................................................. 65 
 



 
 

 xiii 
 

Figure A.1: Gene expression pathway of pMV0 construct after integration into the nuclear genome 
of C. reinhardtii............................................................................................................................. 72 
 
Figure A.2: Secreted tdTomato vs cellular GFP from selected pMV0 transformants.................... 75 
 
Figure A.3: Western blots of selected pMV0 transformants.......................................................... 77 
 
Figure A.4: Dot blot of top six transformants with highest normalized tdTomato fluorescent 
intensities....................................................................................................................................... 79 
 
Figure A.5: Dot blots for screening tdTomato expression using an Anti-RFP primary antibody and 
an AP conjugated anti-rabbit IgG secondary antibody.................................................................... 
81 
 
Figure B.1: Normalized Western blots of Mutagenesis #2’s mutants from the seven FACS 
conditions...................................................................................................................................... 85 
 
Figure S1. Translational model of 2A peptide sequence “self-cleavage” mechanism................... 93 
 
 
 

 

 

 

 



 
 

 xiv 
 

LIST OF TABLES 

Table 1: Fluorescence Measurement Settings............................................................................... 65  

Table 2: UV Mutagenesis experiment design............................................................................... 67  

Table A.1: Fluorescence Measurement Settings for pMV0.......................................................... 73  

  

 
 
  



 
 

 xv 
 

ACKNOWLEDGEMENTS  

I would to acknowledge my family for their endless support and encouragement that made 

this paper possible.   I would also like to acknowledge Professor Mayfield, Doctor Anthony Berndt, 

as well as all of my fellow lab members for their mentorship and guidance throughout my time in 

the Mayfield lab.  

  



 
 

 xvi 
 

 

 
 
 

 

 

ABSTRACT OF THE THESIS 

 

Developing gene fusions with fluorescent proteins as a strategy to increase secreted recombinant 

protein production in Chlamydomonas reinhardtii 

 

by 

Michelle Vanessa Louie  

Master of Science in Biology 

University of California, San Diego 2020 

Professor Stephen Mayfield, Chair 
Professor James Golden, Co-Chair 

 

 Recombinant proteins are used for many industrial purposes including food processing, 

pharmaceuticals, and nutraceuticals. The use of Chlamydomonas reinhardtii, a type of microalgae, 

as a molecular farming platform has piqued research interests due to their edibility, photosynthetic 

capabilities, and eukaryotic cellular machinery, attributes that contribute to their potential to 

produce bioactive recombinant proteins in an economic and scalable way. However, several 

challenges remain before algae can be considered an industrial organism for expression of 
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recombinant proteins. One area that will require additional improvement is the low product 

yielding transgenic lines, brought about by a lack of molecular tools as well as efficient screening 

methods. To overcome these challenges, we developed a multi-cistronic nuclear transformation 

vector that utilizes an intracellular fluorescent protein reporter to facilitate the identification of 

transgenic strains with high expression levels, in a high-throughput fashion. This was made 

possible by establishing a linkage between an upstream fluorescent reporter gene and a 

downstream recombinant protein gene. A self-cleaving viral peptide was transcriptional fused 

between the two recombinant protein genes, allowing the fluorescent reporter to be produced 

separately from recombinant protein of interest. In this study we show the utility of this 

polycistronic vector and high-throughput screening method by first showing that both the upstream 

reporter and downstream protein of interest are produced in equal amounts over a range of 

expression levels. We then demonstrate that we can use the cassette and fluorescence-activated 

cell sorting to identify transgenic lines with increasing quantities of secreted recombinant proteins.  

We also show that mutagenesis can be used to increase the co-expression of FP reporter and RP 

from our vector after it is successfully transformed into C. reinhardtii.  

 

 

  



 

Chapter 1: Introduction 
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1.1 Microalgae as a Biomanufacturing Platform  

Microalgae are a diverse group of polyphyletic organisms that are essential to all aquatic 

and terrestrial environments. These photosynthetic microorganisms are capable of using the energy 

derived from photosynthesis, or in some cases organic carbon, to convert basic inorganic 

molecules into complex organic compounds and biomass through sophisticated biosynthetic 

pathways (Kumar et al., 2020).  As a result of their enormous genetic diversity, microalgae contain 

a vast portfolio of natural products, such as polysaccharides, polyunsaturated fatty acids, vitamins, 

and pigments (Barkia et al., 2019; Malavasi and Soru, 2020), and furthermore can be engineered 

to synthesize a broad range of recombinant products, including many high-valued recombinant 

proteins suitable for  use as therapeutic proteins, nutritional supplements, and industrial enzymes 

(León-Bañares et al., 2004; Specht et al., 2010).  Due to these reasons, they are regarded as an 

emerging industrial biotechnology platform for sustainable chemical compounds, proteins, and 

metabolites applicable for, but not limited to, biofuel, industrial, pharmaceutical, and nutraceutical 

industries (Rasala & Mayfield, 2015; Camacho et al., 2019).   
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Figure 1: Process of biomanufacturing recombinant proteins in microorganisms such as 
microalgae (green cell), bacteria (circular brown cell), and yeasts (long brown cell). Shown 
in this diagram is one of the most common and popular method for producing RPs with 
microorganisms using a bioreactor; this production method is known as fermentation.  Listed to 
the left are some common products made with the usage of purified RPs.  
 

Compared to the other existing recombinant protein (RP) production platforms, such as 

transgenic plants, animals, bacteria, yeast, insect, and mammalian tissue cells, microalgae 

platforms have a low-cost advantage for the production of high value, low volume proteins; 

therefore, they can potentially be exploited as a sustainable source of cheap recombinant proteins 

(Rasala and Mayfield, 2015; Molino et al., 2018).  Due to their unicellular and photosynthetic 

nature, microalgae are generally inexpensive to cultivate, relatively easy to keep sterile, and quick 

to multiply as a result of their short cell cycle (Specht et al., 2010).  As such, their cultures can 

easily be grown and maintained using simple mineral-salt media in bioreactors, greatly reducing 

the risk for pathogen contamination, while rapidly capable of being scaled-up (Specht et al., 2010).  
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Furthermore, on a large growth scale, microalgae can theoretically produce higher biomass and 

productivity yields per unit land area than other plant-based systems (Scaife et al., 2015), while 

utilizing non-arable land or saline and wastewater for cultivation (Kumar et al., 2020).   Moreover, 

due to their cellular complexity and machinery of eukaryotic species, certain microalgae are 

capable of creating and folding a variety of large and complex recombinant proteins (RPs) for 

secretion that prokaryotes cannot (Barrera, 2013; Rosales-Mendoza, 2011).  In addition, eukaryotic 

microalgae also possess three editable genomes, each with a unique gene expression pathway, 

which enables a wide range of recombinant proteins expression and application (Scaife et al., 

2015).  Finally, some species of green microalgae are considered “generally regarded as safe” 

(GRAS) by the United States’ Food and Drug Administration (FDA), making oral delivery of 

bioactive products in the form of alga pellets possible (Kwon et al., 2019).  These advantageous 

characteristics make microalgae a promising cell factory for producing recombinant proteins and 

products for industrial and pharmaceutical purposes.  

1.1.1 Recombinant Protein Production in Chlamydomonas reinhardtii  

One such green microalga, known as Chlamydomonas reinhardtii, has been shown to 

possess many of the previously mentioned characteristics, and has attracted attention for its ability 

to produce many commercial RPs, including therapeutic proteins and industrial enzymes (Rasala 

and Mayfield, 2011; Rosales-Mendoza et al., 2012; Scranton et al., 2015). Interestingly, 

Chlamydomonas is one of the most well-characterized microalgae models that is frequently used 

for biochemistry, physiology, and genetics research over the past 60+ years, and consequently 

possess refined methodologies for optimized cultivation, metabolic pathway manipulation, and 

genetic modification of the nuclear, chloroplast, and mitochondrial genomes (Mendoza et al., 

2012).  As such, it also has a set of well-developed genetic engineering tools and strategies for a 
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robust heterologous transgene expression from both chloroplast and nuclear genomes (Mussgnug, 

2015), and thus perceived as a versatile host for manufacturing recombinant proteins for 

biotechnological and industrial usage (Scranton et al., 2014).  

Because each expression pathway possesses its own distinct merits and limitations, the 

choice of genome for recombinant protein expression using transformation is often protein 

dependent, as described in Figure 2.  The usage of chloroplast for transgene expression allows for 

the precise recombinant DNA integrations into the chloroplast genome by homologous 

recombination, the possible simultaneous expression of multiple transgenes at high levels, and the 

accumulation of recombinant proteins inside the chloroplast, where disulfide bond formation and 

phosphorylation readily occur (Wannathong et al., 2015; Rasala et al., 2015; Scranton et al., 2015).  

Therefore, the Chlamydomonas chloroplast has been recognized as promising platform for 

producing non-glycosylated therapeutic proteins, such as immunotoxins, fusion-protein vaccines 

and antibodies, and can readily be scaled up for some proteins  (Almaraz-Delgado et al., 2014).  

Notably, in a large-scale study, the production of therapeutic bovine milk amyloid expressed from 

chloroplast achieved 3.28 mg/L yield (2% of total protein) in a 100 L outdoor facility (Gimpel et 

al., 2015) and accumulate up to 5% total soluble protein (TSP) under lab condition (Specht et al., 

2010).  However, commercial scale-ups of less valuable proteins are greatly hindered by the costly 

downstream protein purification from whole-cell extracts (Schroda, 2019).  Similarly, in other 

heterotrophic microbial production systems, this problem can be mediated by having the proteins 

be secreted into the media, where RPs can more easily be harvested (Yooh et al., 2010).   
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1.1.2 Protein Targeting and Post-Transition Modifications of RP 

This being said, nuclear transgene expression allows for the simultaneous expression of 

multiple transgenes using polycistronic vectors (Rasala et al., 2014), the production of recombinant 

proteins that require post-translation modifications (PTM), including glycosylation (Rivet et al., 

2014), and most importantly, the protein secretion mediated by secretion peptides (SP) (Molino et 

al., 2018), as shown in Figure 2.   
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Figure 2:  Protein Synthesis in C. Reinhardtii.  A schematic diagram of (1) DNA is transcribed 
to RNA in the nucleus; the RNA then undergoes RNA processing, in which exons are removed, 
and becomes mRNA.  (2) After mRNA is exported from the nucleus, it goes to the cytoplasmic 
ribosome, where mRNAs are translated to polypeptide chains, which is later folded into proteins. 
(3) Afterwards, the proteins either can remain in the cytoplasm or be targeted to the chloroplast 
(4), the mitochondria (5), or nucleus (6) or ER (7).  Proteins targeted to the ER can either be 
retained there with a KDEL sequence or go to golgi and be secreted from the cell with a secretion 
peptide (7-9).  Interestingly, N-glycosylation first occurs in the ER and further modification of N-
glycosyl groups occurs in the Golgi.  During protein targeting, the final destination of a protein is 
determined by the protein’s utility and function (listed in orange in the box diagram) and the 
specific targeting signal peptide attached to either the amine or carboxyl side of the protein.   
 

Notably, the majority of commercial therapeutic RPs requires glycosylation, a key protein 

modification that can affect the biological activity, proteolytic stability, and secreted quantity of 

RPs.  Therefore, this glycosylation capability of Chlamydomonas has offers new possibilities for 

the production of therapeutic glycoproteins in microalgae, adding to the existing list of products 
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(Mathieu-Rivet et al., 2014).  In addition, the transgene expression from the Chlamydomonas 

nucleus enables the secretion of recombinant protein into the media, which in turn allows the 

application of perfusion technologies to high-density cultivation, increasing daily productivity 

levels (Molino et al., 2018; Pollock et al., 2013).  The secretion of RPs also means the downstream 

purification process can be simplified and the costly cell lysis step can be avoided, allowing co-

products to be derived from the leftover algal biomass (Ramos-Martinez et al., 2017).  The biomass 

and bioactive compounds of Chlamydomonas have also been shown, in human clinical and 

toxicological studies, to provide health benefits and deemed suitable for nutritional purposes 

(Murbach et al., 2018; Fields et al., 2020).  Therefore, by utilizing the secretion strategy, the RP 

production cost can be significantly reduced, and additional co-products production can improve 

the economic feasibility of large-scale RP production.   

1.1.3 Historical Limitation of RP Expression in Algae 

However, these genetic modification and protein secretion advantages also come with 

certain obstacles; poor nuclear transgene expression has previously been observed frequently.  

From all the recombinant proteins expressed in C. reinhardtii, only a small subset were 

successfully expressed for secretion and were shown to achieve a range of 100 μg/L to 10 mg/L in 

yields (Lauersen et al., 2013; Ramos-Martinez et al., 2017) and one reported case of 0.2% TSP 

(Neupert et al., 2009), to our knowledge.  Overall, these yields are comparatively lower than those 

observed from the chloroplast expression, which commonly yields 1-10% of TSP, and rarely as 

high as 20% TSP depending on the recombinant protein (Almaraz-Delgado et al., 2014; Rasala et 

al., 2015), and those of other heterotrophic microbial hosts that can reach >1g/L (Ramos-Martinez 

et al., 2017). Thus, in order for C. reinhardtii to become a more productive and competitive 

biomanufacturing platform, more research must be done to develop more efficient genetic tools 
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and strategies in order to elevate the transgene expression and yield of secreted recombinant 

proteins.  

The combination of high demands and low productivities have led to significant efforts 

being made to improve secreted recombinant protein expression in order to capitalize on the 

benefits of Chlamydomonas’ commercial development.  Since then, considerable advances have 

been made to improve nuclear transgene expression in the nucleus such as the development of 

synthetic/chimera promoters, codon optimized transgenes, antibiotic selection markers, 

fluorescent reporters, and protein fusion techniques (Potvin and Zhang, 2010; Rasala et al., 2011; 

Rasala et al., 2012; Ramos-Martinez et al, 2017; Baier et al., 2018; Weiner et al., 2018; Schroda, 

2019).  Further expansion of this collection of genetic tools, coupled with the potential to enhance 

transgene expressing strains through a combination of mutagenesis and crossbreeding (Fields et 

al., 2019), offers a multitude of potential strategies for higher and consistent expression of 

transgenes in the nucleus.  

However, in spite of current progress, low nuclear expression still persists. This low 

nuclear transgene expression was suggested to be attributed to transgene silencing and position 

effects  More specifically, the transformation of the nuclear genome for recombinant protein 

expression primarily occurs through the random insertions of linear recombinant DNA in the 

double stranded break sites generated during electroporation by non-homologous end joining 

(Jinkerson and Jonikas, 2015).  During the repair of double stranded breaks sites, recruitment of 

silencing factors may occur that results in modifications of histone and subsequent condensation 

of the damaged chromatin at the transgene loci, and thus impairing the transgene transcription and 

expression; therefore, double strand breaks can initiate gene silencing (Schroda, 2019).  

Furthermore, random integration often leads to a “position effect”, in which the transgene 
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expression is affected by the surrounding chromosomal integration site, resulting in a high 

variation in expression level observed between transformants with same transgene (Schroda, 

2019).  Consequently, it is necessary to screen a large number of transformants for individuals 

with high RP expression levels.   

1.2 Project Overview 

Due to random integration of recombinant genes and the variable protein expression caused 

by a combination of multiple factors, RPs are expressed unevenly in microalgae cells, like C. 

reinhardtii.  As a result, after a nuclear transformation, transformants must be screened in order to 

discover transgenic cells with the ability to produce the secreted RPs.  However, this screening 

process can be very time consuming since the it may involve the screening tens of thousands 

individual transformants to find a RP expressing transformant cell.  

In this study, we propose a method to overcome the variability of position effect and the 

unpredictability of transcriptional productivity: by screening for secreted RP expression with a 

transcriptional fused fluorescent protein (FP) reporter.  By physically linking a FP reporter gene 

to a downstream RP gene in an expression vector, they can be coupled in such a way that the 

downstream RP gene should express proportionally to the upstream FP reporter.  Then the 

fluorescence from the FP reporter would enable us to screen thousands or even millions of 

transformation events in a high-throughput fashion to isolate transgenic cells with high FP 

expression, that are expected to also possess high RP expression.  The development of this 

screening method in concert with usage of enhanced genetic tools and strategies will allow us to 

identify rare transformants events, in a more quick and efficient manner, and achieve greater 

secreted recombinant protein production in C.  reinhardtii. 
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1.3 A Tool to Quantify Secreted Recombinant Protein Production  

Fluorescent proteins (FPs) are commonly used as reporters for monitoring gene expression 

in both the chloroplast and nucleus of Chlamydomonas, which is essential for improving the 

production of valuable RPs (Franklin et al., 2002; Rasala et al., 2013; Molino et al., 2018; Kim et 

al., 2020).  However, to our knowledge, its application in protein secretion research is currently 

limited: FPs are usually used secreted RP stand-ins to test the effectiveness of other developing 

genetic tools (Rasala et al., 2012; Molino et al., 2018), while the nuclear co-expression of FPs and 

secreted RPs has yet to be achieved in microalgae.  Hence, in this study, we designed and created 

a nuclear expression vector that can be used as a genetic tool to efficiently express RPs for 

secretion and to quantify its expression using an intercellular fluorescent protein reporter.  The aim 

of this study was to explore this use of FPs as an in-vivo quantitative reporter for secreted 

recombinant proteins by engineering their nuclear co-expression. 

This nuclear expression vector is comprised of various transcription-promoting regulatory 

elements and a downstream RP gene of interest that is linked to a fluorescent protein (FP) reporter 

gene in single open reading frame (ORF).  As a consequence of this linkage, transformants that 

integrate the vector’s recombinant DNA will gain the ability to co-express fluorescent protein 

reporters and secreted recombinant proteins; and thus, these two proteins would be simultaneously 

synthesize and exist in proportional quantities. Therefore, transgenic cells with high levels of 

fluorescence were hypothesized to also have high levels of corresponding secreted RPs.  By 

utilizing fluorescent protein reporters, individual transformants with favorable attributes, such as 

high fluorescence and secreted RP production, can be isolated from a pool of thousands using of a 

fluorescence 96-wells formatted microplate reader or a pool of millions using fluorescence 

activated cell sorting.  Therefore, the fluorescence generated from this expression vector’s FP 
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reporter enables the use of high-throughput screening methods to accelerate the process of isolating 

and engineering production strains with high level of secreted RP for industrial purposes.   

 
Figure 3: Gene expression pathway of a nuclear polycistronic transformation vector for 
secreted recombinant protein. A schematic representation of Chlamydomonas multi-gene 
expression vector. The expression of the vector cassette is regulated by the hsp70A-/rbcs2 
promoter (PAR1). Ble and Hyg cassette confer zeocin-resistance and Hygromycin B-resistance, 
respectively. Clover is a green fluorescent protein derivative that function as a secrete recombinant 
protein reporter. The recombinant protein (protein of interest) is targeted for secretion using a C. 
reinhardtii cell wall protein, pherophorin-C2, coding sequence that function as a secretion peptide 
(SP). Two viral 2A oligonucleotide sequences are fused between three genes: F2A and E2A, which 
are respectively derived from FMDV and Equine rhinitis A virus. Black arrows and red stars 
represent the beginning and the end of transcription, respectively. Red triangles represent the sites 
in which the co-translational “self-cleavage” process occurs during the formation of the 2A 
oligonucleotides, F2A and E2A, that enables the production of three distinct proteins from one 
mRNA transcript. 
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1.3.1 Fluorescent Proteins: Clover and DsRed 

For this project, we used two FPs to quickly establish the relationship between the upstream 

reporter gene is proportional to the downstream RP gene. We chose Clover (Lauersen et al., 2015), 

a FP derived from Green Fluorescent Protein (GFP), as our fluorescent protein reporter and DsRed 

(Bevis and Glick, 2002), a FP derived from Red Fluorescent Protein (RFP), as our secreted RP of 

interest for our proof of concept vector (pMV1) in order to easily visualize and rapidly quantify 

expression levels.  Our selection of FPs was based on the following reasons: 1) the availability of 

antibodies against GFP and DsRed derivatives for Western blotting experiments (Molino et al., 

2018), and 2) no overlap between the range of these FPs’ peak excitation and emission spectrums.  

An endogenous secretion peptide (SP) was fused to the N-terminal of the recombinant protein gene 

to ensure protein secretion for ease of downstream harvesting and purification.  In addition, 

multiple genetic elements, which were previously shown to individually increase transgene 

expression, were incorporated into this expression vector in order to amplify the effect for more 

efficient expression; these included the chimera promoter AR1 (PAR1)—consisting of a HSP70A 

promoter and rbsc2 5’UTR (Wu et al., 2008), conserved intron sequences, antibiotic selection 

markers, and codon-optimized genes of heterogenous proteins.   

1.3.2 “Self-cleaving” 2A Peptides: F2A and E2A 

Next, for the purpose of relatively matching the amount of fluorescence to the amount of 

secreted RPs expressed, the fluorescent protein gene is connected to the recombinant protein gene 

in single reading frame, with a viral 2A peptide fused in between.  2A peptides are short 18-22 

amino acid sequences that directs a non-proteolytic “self-cleavage” mechanism for co-expression 

(Rasala et al., 2014; Doronina et al., 2008). It is believed that during translational elongation, the 

2A peptide sequence induces a translational pause over the codon region of 2A’s last amino acid 
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and acts as cis-acting hydrolyase element (CHYSEL), mediating a site-specific release of the 

nascent polypeptide chain before downstream translation is resumed (refer to Figure S1 for more 

details) (Donnelly et al., 2001; Atkins et al., 2007; Doronina et al., 2008).  This process 

consequently results in the production of an upstream protein with C-terminus 2A sequence tail 

and a downstream protein with N-terminal of a Proline (the last amino acid of 2A) without altering 

the proteins’ activities and stability (de Felipe, 2004). Therefore, when a 2A sequence is fused two 

proteins in the same open reading frame (ORF), the co-expression of two bio-active proteins at 

equimolar amounts from one transcript under the control of a single promoter may be possible.  In 

previous Chlamydomonas studies, a Foot-and-Mouth-Disease Virus 2A (F2A) sequence is often 

fused between a selection marker, usually an antibiotic resistant gene like a bleomycin-resistance 

gene ble (Stevens et al, 1996), and a transgene-of-interest, as a nuclear expression strategy for 

genetic screening (Rasala et al. 2013; Scranton et al. 2015); however, when the antibiotic selection 

marker is replace with a FP marker, the resulting fluorescent screening method was shown to be 

ineffective, possibly due to the higher frequency of transgene silencing cases (Schmidt, 2017).  As 

such, for our project’s purposes, our expression vector must encode three key proteins -- an 

antibiotic selection marker, a fluorescent protein reporter, and a secreted recombinant protein of 

interest -- while allowing for their simultaneous co-expression.  To accomplish this, the nuclear 

expression strategy of using multiple 2A sequences can be employed to enable the transcriptional 

co-expression of multiple proteins encoded in a single ORF with the following co-translational 

“self-cleavage” into different peptides, resulting in the synthesis of three distinct functional 

proteins.  The nuclear expression of multiple genes has been successfully done once in C. 

reinhardtii using two 2A peptide sequences, one derived from Foot and Mouth Disease Virus 

(F2A) and the other from equine rhinitis A virus (E2A), for targeting of fluorescence proteins to 
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multiple organelles (Rasala et al., 2014).  By adapting this dual 2A strategy for protein secretion, 

we created a multi-cistronic expression vector comprising of two “self-cleaving” 2A – F2A and 

E2A – fusing between the three genes – an antibiotic selection marker ble, a Clover FP reporter, 

and RP of interest, respectively (see Figure 3).  Notably, amongst the two 2A, E2A was shown to 

have higher cleavage efficiency in other cell lines (Kim et al., 2011) and was hence positioned 

before the secretion peptide for high secreted recombinant protein yields.    

1.3.3 Double antibiotic selection markers: Ble and Hyg  

After this multi-gene cassette, another gene cassette (Hyg cassette) for antibiotic resistance 

gene aph VII (Bethold et al., 2002) was added to the vector in order to overcome the difficulties 

caused by transgene silencing using double antibiotic selection for positive transgene expression 

screening.  Under this double antibiotic selection approach, these selectable marker genes, ble and 

aph VII, were designed to flank the transgenes of interest (refer to Figure 2) and would confer the 

growth of transformants on media plates containing Zeocin and Hygromycin B, respectively, by 

producing protein products (refer to as Ble and Hyg, respectively, in this study) that bind to them. 

Thus, the transformants expressing both antibiotic selection markers were hypothesized to also 

express the transgenes that are flanked by them.   

1.3.4 pMV2 Vector for Co-Expression of Clover and OPN  

 Finally, to test the effectiveness of our expression vector and high throughput procedure 

for commercially valuable non-fluorescent recombinant proteins, a second vector (pMV2) was 

created with same design and process, by using the gene for a non-fluorescent recombinant protein, 

such as a bovine Osteopontin (OPN), in the place of the fluorescent protein DsRed.  OPN is a 

phosphorylated glycoprotein that mediates intestinal proliferation, cell adhesion and migration, 

tissue repair, and immune response via integrin binding.  In addition, this protein is found in at 
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high concentration in human milk and plays an important role in the cognitive development of 

infants; thus, recombinant OPN is used as a food additive to infant formula and other food products 

(Demmelmair et al., 2017).  A FLAG epitope tag was fused to the C-terminal of the OPN during 

the vector construction for Western blotting experiments.   

 
Figure 4: The plasmids of the two vectors generated in this study and the general 
recombinant DNA schematic is generated from them for Chlamydomonas transformation. 
The genetic components for these two expression vectors are identical, with the exception of the 
gene of interest (secreted RP): in pMV1, the gene of interest is DsRed and in pMV2, it is OPN.  
The ampicillin resistant gene (Amp R) is included to enable the genetic screen of these plasmids 
in E. coli cells after bacterial transformations.  After the plasmid amplification, they are extracted 
from the bacteria cells and linearized with the restriction enzymes (Kpn1 and Xba1); resulting the 
linearized recombinant DNA. The black upwards arrow with a rightwards tip indicates were 
transcription begin by RNA polymerase will begin and the * represents where transcription will 
end.  For the expression pathways of these vector after transformation, refer to Figure 2. 
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Chapter 2: Experimental Results and Discussion 
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2.0 Experimental Summary  

 
Figure 5: A general overview of experimental workflow.  1) Plasmid construct was assembled 
from PCR fragments using a Gibson Assembly kit.  2) Bacterial transformation was performed 
and 3) the integrated plasmid was amplified in bacteria.  4) After extraction and linearization, the 
plasmid was incorporated into the nuclear genome during transformation; transformants were then 
selected on antibiotic TAP/agar plates.  5) Transgenic cells were screened for Clover and DsRed 
fluorescence using a flow cytometer and a fluorescent microplate reader.  During the FACS 
session, the flow cytometer can generate data used to plot the fluorescence characteristics of the 
screened population.  The fluorescent intensities measured by the plate reader can also be used to 
generate scatter plots for further data analysis.  6) Based on the plate reading data, the transgenic 
cells that potentially produce both Clover and DsRed proteins were isolated and 7) their FPs 
production were confirmed with Western blot.  Transformants confirmed to produce both FPs were 
later used in a random UV mutagenesis experiment to generate genetic variation (4.2), and steps 
5-7 were repeated.  
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2.1 Generation of C. reinhardtii experimental transformants using pMV1’s recombinant 
DNA construct  
 
 To determine whether fluorescent proteins can be used as in-vivo quantitative reporter for 

secreted recombinant proteins in Chlamydomonas reinhardtii, we first needed to acquire 

transformants that co-express both the FP reporter and the secreted RP to test if high FP expression 

is correlated with high RP expression.  Thus, we constructed a multi-cistronic nuclear 

transformation vector in which of a fluorescent reporter (Clover) and a fluorescent recombinant 

protein (DsRed) with a secretion peptide were linked together in the same ORF by a “self-

cleaving” 2A peptide sequence and flanked by antibiotic resistance markers, Ble and Hyg.  This 

vector, known as pMV1 in the study, was employed as a proof of concept, and studied to develop 

a high-throughput screening method for non-fluorescence recombinant proteins.   

In our study, linearized pMV1’s recombinant DNA construct was electroporation into the 

wild type C. reinhardtii strain CC-124.  The resulting transformants were selected on TAP agar 

plates containing antibiotics, specifically 15ug/ml Zeocin and/or 30ug/ml Hygromycin B, 

afterwards in order to greatly reduce the amount of transformants to be sorted using fluorescence-

activated cell sorting (FACS).  It was observed from our pMV1 transformations, the survival rate 

of transformed cells in the antibiotic resistance selection varied depending on the type of antibiotic 

plates used for selection: the order highest to lowest survival rate of the plate types was 

Hygromycin B only (H), Zeocin only (Z), and lastly a combination of both antibiotics (H+Z). 

Notably, the number of individual clones surviving on H+Z plates were significantly less than 

those on single antibiotic plates; this suggests that double antibiotic selection applies a stronger 

selective pressure on the transformants than single antibiotic selection.  This also suggests that the 

pMV1’s construct design leads to the synthesis of functional Ble and Hyg protein products capable 

of conferring resistance to both Zeocin and Hygromycin B.   
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In the beginning of this project, there were no existing Chlamydomonas strain capable of 

DsRed expression, so the goal of our first pMV1 transformation was to acquire transgenic strains 

capable of cytosolic Clover accumulation and DsRed secretion for our study and usage as a 

positive control in future research.  The first successful transformation of pMV1 construct yielded 

approximately of 500 colonies per H plates (n=13), 250 colonies per Z plate (n=13), and 25 

colonies per H+Z plates (n=16).  These colonies were plate scraped into 50 ml TAP flasks, based 

on the type of antibiotic selections, and incubated for four days before being screened by FACS.  

Using a flow cytometer, the Clover and DsRed fluorescent intensities within millions of cells can 

be individually measured using GFP and DsRed filters: since Clover is a derivative of GFP, the 

GFP filter can be used to isolate the sub population of cells producing Clover.  We assumed that 

the transformants accumulating high levels of Clover should exhibit DsRed fluorescent intensities 

greater than the wild-type progenitor strain CC-124 (WT).  Thus, for this transformation, we 

established a FACS sorting gate to identify cells with extremely high Clover and DsRed 

fluorescent intensities (see Figure 6).  However due to time constraint of the scheduled flow 

cytometry appointment, only 5000 cells were sorted from the population of double antibiotic 

resistant transformants.   
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Figure 6: Fluorescent Activated Cell Sorting (FACS) to isolate the top 0.28% of transformant 
population with DsRed and Clover fluorescence intensities.  In this scatter plot, fluorescent 
characteristics of the cells passaged through the flow cytometer were plotted: the fluorescent 
intensity of Clover and DsRed was graphed on x-axis and y-axis, respectively.  Flow cytometry 
was performed to isolate the double antibiotic resistant transformants (green), that are potentially 
producing both Clover and DsRed. We used a wild type CC-124 strain (WT; red) and an existing 
lab strain with chloroplast GFP expression (Peak 5Q; blue) to identify cells that are not producing 
any FPs and cells that are producing only Clover.  Since we lacked a secondary positive control 
strain capable of producing DsRed, we established our FACS sorting gate (grey box) to sort for 
the top 0.28% of pMV1 transformants with extremely high DsRed and Clover fluorescent 
intensity. Notably, approximately 59% of the whole pMV1 transformants population is shown to 
possess relative fluorescent intensities similar to our WT population (shown in the black box).   
 

Afterwards, the sorted cells were collectively transported back to lab in a 50mL falcon with 

TAP, and re-plated onto H+Z plates for separation.  A week later, 1260 colonies were selected and 

grown in 96-wells microplates along with same FACS control strains for further screening with a 

fluorescence microplate reader.  With the use of a Tecan microplate reader, the Clover and DsRed 
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fluorescence intensities of the transformants were measured using optimal gain for each plate and 

further normalized by the chlorophyll’s autofluorescence.  Based on the normalized Clover 

fluorescence data, 25 transformants were selected from fifteen microplates picked into a single 

microplate for another round of plate reading to gauge their relative fluorescent intensities.  14 of 

the selected 25 transformants were chosen for Western blot to test for cytosolic Clover and secreted 

DsRed; only three were confirmed to possess both FPs (shown in Figure 7.1).  This result suggests 

that the acquired capability to survive double antibiotic selection does not guaranteed the co-

expression of FP reporter and secreted RP from our polycistronic construct in Chlamydomonas 

transformants.   

Notably, in Figure 7.1.a’s immunoblot for detecting Clover, another band around the 48 

kDa marker was found in addition to the expected Clover band.  This upper band appeared 

approximate around the estimated molecular weight of a protein product that was expected if the 

F2A failed to “self-cleaved” during translation.  However, no addition was found in the 

immunoblot of the cell lysate around the 72 kDa range, where a protein product would have been 

found if E2A fail to “self-cleaved”.  The absence of this potential third band suggests that the E2A 

peptide may have a higher self-cleaving efficiency than the F2A peptide in our polycistronic 

construct design in this Chlamydomonas WT strain after transformation.  

Next, in Figure 7.1.b’s immunoblot, the band for secreted DsRed appeared at slightly 

higher molecular weight range than was expected.  The estimated molecular weight for T4 DsRed 

that we calculated from our pMV1 construct was 25.9 kDa, but the DsRed band was found in the 

same molecular weight region as the expected 27.69 kDa Clover band, which appeared in Figure 

7.1.a.  However, since these bands only appeared for these three transformants’ supernatant 

samples and not in any other strains’ in the previous Western blots, they are most likely the product 
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of DsRed being detected.  This slight difference in molecular weight maybe due a PTM that could 

have been added onto the DsRed on the secretion pathway.   

In order to further verify the expression of DsRed within these transformants with an 

alternative method, these strains were grown in separate 50mL TAP flasks and analyzed with the 

flow cytometer.  Both Clover and DsRed fluorescence were observed from the transformant strains 

to be greater than WT in Figure 7.2.   

 
Figure 7.1: Western Blots visualizing the expression of intercellular Clover and secreted 
DsRed in pMV1 transformants.  A) Western blot of cell lysate samples.  AP conjugated anti-
GFP was used to detect Clover expression.  Two distinct sized bands were detected: the upper 
band represents Ble-F2A-Clover, while the bottom band represents only the Clover after “self-
cleavage”.  B) Western blot of supernatant samples.  A primary polyclonal DsRed antibody and a 
secondary AP conjugated anti-rabbit IgG antibody were used to detect DsRed from supernatant 
samples that were concentrated from 3 mL of supernatants by defiltration. 
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Figure 7.2: Flow cytometric analysis for three pMV1 transformants and FACS control 
strains.  FACS scatter plots of the three verified pMV1 transformants producing both DsRed and 
Clover when shown in comparison to the two control strains (WT CC-124 and PEAK 5Q) used 
for both flow cytometric analysis.  A) A scatter plot of Clover vs Chlorophyll.  The fluorescent 
intensity of Clover shown on the y-axis from the 488nm-laser excitation are higher in the 
population of three transformant strains (in the grey polygon) than the WT population (in the with 
black box) of the similar chlorophyll autofluorescence.  The chlorophyll fluorescent intensity 
shown on the x-axis represents the amount of chlorophyll within each cell; thus, cells with low 
chlorophyll are probably in the process of dying.  B) A scatter plot of DsRed vs Chlorophyll.  
Similar to plot A, the DsRed fluorescent intensity, relative to chlorophyll fluorescent intensity, is 
shown to be higher again in the transformant population than the WT population.  C) A scatter plot 
of Clover vs DsRed.  Amongst the transformant strains, within the grey polygon region, C6+ is 
observed to relatively possess more Clover fluorescence and less DsRed fluorescence, while D7+ 
and F6+ similarly possess relative fluorescent intensities for both FPs.  
 

Although we were able to discover three transformant strains with dual FP expression, we 

were unable to use them to determine if FPs could be used to quantitate secreted RPs because of 

inadequate sample quantity.  In addition, there is a possibility that some of these transformants 

originate from the same transformant colony for the following reasons: 1) all of the pMV1 

transformants (H+Z) shown in Figure 6, were cultured together in a single TAP flask for an 
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extended time period prior to flow cytometry in order to have a culture with an optimal cell density 

for FACS , and 2) the pMV1 transformant strains D7+ and C6+ displayed similar relative Clover 

fluorescent intensities in the FACS readings shown in Figure 7.2.   

While it was possible to determine if these transformants are unique individual 

transformants with further sequencing, we decided to obtain more unique co-expressing pMV1 

transformants with a greater variation of Clover expression for further analysis; hence, several 

more transformations were performed.  However, these following transformations often resulted 

in low numbers of transformants on single antibiotic TAP/agar plates and few to none on H+Z 

plates.  These transformants were further screened using the fluorescence microplate reader instead 

of FACS.  Although transformants with only Clover expression were frequently found in the 

screening Western blots, no further transformants with DsRed co-expression were recovered from 

these low yielding transformations.   

The lack of DsRed co-expression in the antibiotic resistance transgenic cells may be caused 

by endonucleolytic cleavage of the transforming recombinant DNA prior to genome integration 

during transformation (Zhang at el., 2014).  During integration, various cleaved DNA fragments 

may have been incorporated at different loci of the nuclear genome; this is may explain why some 

transgenic cell possess only Clover expression while being capable of Ble and Hyg co-expression.  

Although the cause of the observed low transformation efficacies is unknown, possible causes may 

be attributed to less optimal conditions for electroporation or recovery and a combination of 

epigenetic transgene silencing and “position effect” (Schroda, 2019).   

2.2 Random UV Mutagenesis as an Alternative Proof of Concept  
 
 Due to the low quantity of pMV1 transformants with Clover and DsRed co-expression, a 

random mutagenesis experiment with UV irradiation was performed in an attempt to increase the 
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variations of FPs’ expression levels and to determine if there are relatively similar corresponding 

RP expression levels.  The treatment of Chlamydomonas with UV radiation induces DNA damage 

and incomplete repair of DNA can result in genetic modifications to the nuclear genome at random 

loci; thereby, effecting gene expression and commonly decreasing the viability of mutagenized 

cells leading to cell death while potentially increasing the variability of transgene co-expression in 

surviving mutants.  This experiment was performed in parallel to the last pMV1 transformation, 

as alternative proof of concept.  During UV mutagenesis, a mixed culture of pMV1 transformant 

strains (F6+, D7+, and C6+) were exposed to the UV light for 15 seconds and in periods of 

increasing 10 seconds intervals until the 65 seconds limit, which corresponded with 97% colony 

death on an observed kill curve (refer to Figure 8).   

 
Figure 8: UV mutagenesis kill curve.  This figure shows that that as the UV exposure time in the 
mutagenesis experiment increases, the percentage of mutagenized population that survive 
decreases. 
 

This time-kill curve was used to assess effects of UV radiation on an microalgae culture 

over time, which revealed an inverse correlation between the UV exposure period and the 

surviving mutagenized cell population.  This relationship suggests that extended UV exposures 

increasingly decline the viability of a cell culture; one possible explanation is that long periods of 
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exposure to UV radiation may result in greater accumulation of mutations which lead to higher 

death rates.  Thus, more of the mutagenized culture was collected as the UV exposure period 

increases in order to obtain unique mutants with varying amounts of accumulating mutations.  This 

kill curve was used to estimate the volume of culture so that approximately equal cell amounts are 

collected for each exposure period into a single mix culture.  

The mutagenized mix culture (mixed mutants) was sorted by FACS; a WT control strain 

and a portion of the non-mutagenized mix culture (0 sec control) were used to establish sorting 

gates.  To increase the likelihood of recovering mutants with both Clover and DsRed expression, 

we first established a FACS gate (grey box) to select a mutant population with above-WT DsRed 

fluorescence and average Chlorophyll signals (Figure 9.1); then we examined the selected 

population’s Clover fluorescence and re-selected a group of mutants with above-WT fluorescence 

levels for both Clover and DsRed (Figure 9.2).  Finally, from this group, the mixed mutants were 

sorted into six categories based on their relative Clover fluorescent intensity (Figure 9.3).   
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Figure 9.1: The first FACS gate setup for the first random UV mutagenesis experiment to 
identify a mutant population producing DsRed.  The DsRed and Chlorophyll fluorescent 
intensities were graphed on the x-axis and y-axis, respectively.  This scatter plot of flow cytometric 
data compares the population of mixed mutants (green dots), which were derived from a mixture 
of F6+, D7+, and C6+ strains, and the two control strains used for FACS.  These control strains 
consist of a healthy untransformed wild type CC-124 population (red dots encompassed with the 
black polygon) and a population of the initial TF strains with zero second of UV exposure (the 
blue dots within the grey polygon).  The population of cells with less that 102 of relative chlorophyll 
autofluorescence were deem as dead cells.  The grey box represents the FACS gate used to select 
mutants producing DsRed. 
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Figure 9.2: The secondary FACS gate setup from the first random UV mutagenesis 
experiment used to identify a group of mixed mutants producing both DsRed and Clover.  
This scatter plot shows Clover and DsRed fluorescent intensities of the subpopulation mixed 
mutant cells (green) previously selected in Figure 9.1, in the comparison to the two FACS control 
strains, consisting of WT (red encompassed with a black box) and 0 sec control (blue).  The FACS 
gate depicted as a grey polygon was used to select the group of mixed mutants with dual 
fluorescence that were further sorted by their Clover fluorescence (refer to Figure 9.3).  
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Figure 9.3: Clover fluorescence distribution of mixed mutants found within Figure 9.2’s grey 
polygon from first UV mutagenesis experiment.  A histogram of the mixed mutants used for 
FACS to sort cells into six distinct ranges of Clover fluorescent intensity: these levels are indicated 
by overhanging brackets (refer to FACS Sort Conditions legend).  The x-axis shows the range of 
Clover fluorescent intensity while the y-axis shows the number of cells counted relative to 97% of 
mixed mutant group encompassed by the grey polygon in Figure 9.2. This histogram illustrates 
normal bell curve of Clover fluorescent intensity observed from the mixed mutant population.  
 

Afterwards, the FACS sorted mutants were isolated using the antibiotic TAP/agar plates, 

then randomly selected into 96-wells microplates, and screened for FPs fluorescence in a plate 

reader.  The microplate readings were taken after two weeks of growth using manual gain setting 

for all plates instead of optimal gain to obtain consistent and comparable results, and the 

fluorescence intensities of both Clover and DsRed for each mutant were normalized by optical 

density.  After plotting the normalized fluorescence data, a strong positive correlation was 

observed between the Clover and DsRed fluorescent intensities of the FACS sorted mutants 

(shown Figure 9.1).   
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Figure 10.1: Microplate readings of the fluorescent intensities from Mutagenesis #1’s pMV1 
mutants: Secreted DsRed vs cellular Clover.  The Clover and DsRed fluorescence of 1764 
mutants were quantified and plotted in this graph.  A positive correlation between the Clover 
reporter and the secreted fluorescent RP DsRed was found from the all the mutant (linear trendline: 
y= 1.9801x -2900.1 with R2 = 0.7884) and also amongst all the mutagenesis#1’s FASC sorting 
conditions in the boxed legend.   
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Figure 10.2: The DsRed fluorescence distribution of the mutants from each of the six FACS 
sort conditions in Mutagenesis #1.  Normalized DsRed fluorescent intensity values were used to 
generate this box plot; X represents the average for each sort condition group labeled in the bottom 
legend.  
 

In addition, when the DsRed fluorescence distribution for each FACS sort category was 

plotted in a box graph (see Figure 9.2), the mutants from T5% C group had the highest average 

DsRed fluorescence, followed by the T1% C and T10% C groups, respectively.  As expected, the 

mutants sorted from the bottom Clover distribution collectively possess lower DsRed fluorescence 

averages than the mutants sorted from the upper Clover distribution. However, interestingly, there 

are a few mutants in B10% C, B5% C, and B1% C group that displayed higher DsRed levels than 

the Top % Clover group’s averages.  We hypothesized that these outliers were possibly in the 

middle of their growth cycle and exhibited lower Clover fluorescence on the day they were FACS 

sorted.  Next, ten mutants from the T1% C and T5% C groups were further tested using Western 

blotting to confirm the observation of FP co-expression after mutagenesis.  
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Figure 10.3: Western blot of Mutagenesis #1’s mutants from the T1% C and T5% C FACS 
sort for detecting Clover and DsRed co-expression. A) Western blot of cell lysate samples 
normalized by OD. B) Western blot of concentrated supernatant samples prepared from 
diafiltrating of 4ml of supernatant.  The expression of Clover and DsRed in all mutants was higher 
than the progenitor strain F6+ and WT.  C) A repeat of Western blot B, but with 1:2 dilution of 
loading samples used in Western blot B for higher resolution bands.  
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The aliquots of saturated flask cultures which were used to generate the Western blot 

samples were collectively harvested.  The Figure 10.3.a’s immunoblot  was normalized by using 

calculated relative ratios from OD readings taken prior to the harvest to determine the amount of 

saturated cultures used to produce the cell lysate samples.  An increase of Clover expression was 

observed in our selected mutant strains than in the positive control, progenitor strain F6+.  In 

Figure 9.3.b, we see that some of the mutants contain higher levels of relative DsRed expression 

in some of the mutants than the F6+ strain.  These immunoblots suggests that the co-expression of 

the FP reporter and secreted RP is conserved even after mutagenesis as expected.  

However, notably in Figure 10.3.b, we detected an additional band beneath the DsRed band 

that we previously observed from pMV1 transformants in Figure 7.1.b for secreted DsRed.  In 

order to obtain a higher resolution band for analysis, we re-ran this Western blot after diluting the 

concentrated supernatant samples by a 1:2 dilution factor (Figure 10.3.c).  The lower molecular 

weight band in this blot appear fainter than the upper band, which we previously assumed to be 

DsRed.  Therefore, the additional band is most likely an indication of degraded DsRed that resulted 

from the proteins being degraded over time in the aging flask cultures.  Further studies on these 

samples were discontinued in favor of re-doing the mutagenesis experiment with the slight 

alteration—FACS sorting based on only the Clover reporter.  

2.3 Acquisition of more pMV1 transformants using a fluorescence microplate reader 

In our final pMV1 transformation attempt, we increased the amount of recombinant DNA 

used (from 2 mg to 3-4 mg) along with the number of electroporation performed (from 1 to 4).  

We observed estimates of 100-150 colonies per the Z plates, 150-200 colonies per the H plates, 

and 17 colonies total from the H+Z plates; these results were relatively similar to what was 

previously observed in the first transformation.  All transformants from the double selection and 
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approximately half from the Zeocin only and Hygromycin only selections were picked into 

microplates for further analysis using the plate reader.  Afterwards, all antibiotic selection plates 

were rinsed with 2 mL of TAP and all remaining cells on plates were scrapped into a TAP flask to 

be screen by FACS.  

For the handpicked colonies, multiple plate readings were performed at three time 

periods—7 days, 24 days, and 50 days after a 1:5 dilution of saturated well cultures to check for 

changes in microplate reading data.  Interestingly, the positive control F6+ strain’s accumulated 

recombinant DsRed proteins remained stable in 96-wells microplates during the entire 50 days 

period and demonstrated FPs fluorescence levels greater than three standard deviations above the 

mean of WT strain’s fluorescence levels during this period.  Using these parameters as a guideline, 

we isolated 59 of 857 screened transformants for a second round of fluorescence screening.  After 

normalizing the fluorescence intensities to OD, only 20 of 59 (33.9%) re-exhibited Clover and 

DsRed fluorescence intensities greater than three standard deviations above the average WT, while 

10 of the 20 showed values above mean of positive control F6+ and the capability to survive on 

H+Z plates.  Of these 10, the co-expression of FPs in seven transformants was further verified with 

Western blots in Figure 11.1 showing the relative Clover and DsRed levels higher than the positive 

control F6+.   

Notably, the DsRed bands shown in Figure 11.1.b closely resembles the bands from Figure 

10.3.b.  This is because the flask cultures for these transformant strains were grown at the same 

time using the same cultivation protocol and conditions as the flask cultures used for Figure 10.3; 

furthermore, the same Western blot protocol was also used to generate the Western blots in Figure 

10.1.  Therefore, the appearance of double DsRed bands is most likely due to the same reason as 

previously mentioned for Figure 10.3.b.  
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A) 

 
B) 

 
Figure 11.1: Western Blots of additional pMV1 transformant strains co-expressing Clover 
and DsRed.  A) Western blot of cell lysate samples that used AP conjugated anti-GFP to detect 
Clover expression. The amount of cells used for cell lysis were normalized by OD prior to 
performing the Western blot. B) Western blot of concentrated supernatant samples prepared from 
diafiltrating of 4 mL of supernatant. A primary polyclonal DsRed antibody and a secondary AP 
conjugated anti-rabbit IgG antibody were used to detect DsRed. 
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Next, two of these newly found transformants, DA-D1 and DA-G4, were used in addition 

to F6+ and D7+ strains from the first transformation for the second UV mutagenesis experiment 

(Mutagenesis #2) in order to add more genetic variation.  In the Mutagenesis #2 experiment, we 

aimed to determine if we can increase the expression of the secreted RP with UV mutagenesis and 

to reconfirmed if we can use high Clover expression to FACS sort mutants with corresponding 

high RP expression. These four transformant strains were demonstrated to possess distinct 

expression levels of Clover corresponding to similar relative levels of DsRed in Figure11.2.  While 

the DsRed bands for F6+ and D7+ are super faint in Figure 11.2.c, the presence of these bands was 

also confirmed visually.  
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Figure 11.2: Normalized Western blots for pMV1 transformant strains used in the 
Mutagenesis #2.  A) Western blot for the Beta-subunit of ATPase in the cell lysate samples as a 
loading control.  B) Western blot for quantitating accumulated Clover in the cell lysate samples.  
C) Western blot for quantitating secreted DsRed in the acetone precipitated supernatant samples 
with the primary antibody monoclonal anti-DsRed and the secondary antibody AP conjugated anti-
mouse IgG. 
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As for the other transformant population from the plate scrapes, we collected fluorescence 

data with the flow cytometer and used the Flowjo software to generate scatter plots (Figure 11.3) 

in order to analyze the selectivity of different types of single antibiotic selection plates.  We 

visually compared two populations of transformants that were selected on our two type of single 

antibiotic selection plates. We chose the pMV1 transformant F6+ strain as a positive control over 

the D7+ and C6+ strains due to its ability to produce Clover and DsRed and its positive linear 

correlation of relative FPs fluorescence previously shown by its population during flow cytometry 

(see Figure 7.2).  In the comparison of Figure 11.3 A) vs. C) and B) vs. D), the population of 

transformants selected with Z plates was observed to possess the most Clover producing 

transformants and the most the DsRed producing transformants, respectively.  This result was 

expected because in the pMV1 construct Ble in the same ORF as Clover and DsRed while Hyg in 

regulated by a different promoter in a separate gene cassette.  
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Figure 11.3: Comparison of Zeocin only (Z) selected transformants vs Hygromycin B only 
(H) transformants for pMV1 construct expression using FACS graphs.  The red, blue, and 
green dots represent the wild type CC-124 cells (WT), F6+ cells, and pMV1 transformants, 
respectively. The black box outlines the fluorescent intensity ranges for healthy WT, while the 
grey box outlines the range for the positive control F6+ strain that produces both Clover and 
DsRed.  A and B) FACS graph generated using the flow cytometric data from pMV1 transformants 
selected on Z plates. C and D) FACS graph generated using the flow cytometric data from pMV1 
transformants selected on H plates.   
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2.4 Random UV mutagenesis experiment #2 —FACS using Clover reporter only 

Another UV mutagenesis experiment (Mutagenesis # 2) was performed after the 

Mutagenesis #1 for the following purposes: 1) to evaluate if higher levels of FP reporter’s 

fluorescence are generally correlated with higher amount of secreted RPs, 2) to develop a high 

throughput screen method utilizing the FP reporter in our polycistronic construct design for 

identifying recombinant Chlamydomonas strains capable of producing valuable secreted 

recombinant proteins, which are usually non-fluorescence, and 3) to investigate the potential of 

increase the secreted RP yields from our polycistronic construct in expressing transformants via  

UV mutagenesis.  The pervious Mutagenesis #1’s experimental protocol was repeatedly conducted 

with on the following four pMV1 transformant strains: F6+, D7+, DA-D1, and DA-G4.  However, 

the flow cytometry performed on this mutagenized mix culture instead entailed the FACS of 

healthy mutant cells based on only their chlorophyll autofluorescence and their corresponding 

Clover fluorescent intensity levels (Figure 12.1).  This was done in order to simulate a trial FACS 

method for identifying non-fluorescent RP expressing strains using the fluorescence emitted from 

the FP reporter.  The population of mutant were FACS using the following the histogram of the 

mutants’ Clover fluorescent intensity distribution shown in Figure 12.2; and, 1,500 cells from each 

of the seven FACS sorting conditions (labeled 1-7) were collected.   
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Figure 12.1: FACS of pMV1 mutants from the second random UV mutagenesis experiment 
to isolate mutants with Clover and DsRed co-expression solely based on cellular green 
fluorescence levels.  A scatter plot of flow cytometric data showing the comparison between the 
population of mixed mutant cells (green dots), which were derived from a mixture of cells from 
four pMV1 transformant strains (initial TF strains), and the two control strains used for FACS.  
These control strains consist of a healthy untransformed wild type CC-124 population (red dots 
encompassed with a black box) and a population of the initial TF strains with zero second of UV 
exposure (the blue dots within the grey box).  The population of cells with less that 102 of relative 
chlorophyll autofluorescence were deem as dead cells. as a positive control for establishing the 
FACS gate represented by the grey box.  Flow cytometry was performed on the mixed mutant cells 
within FACS gate (the grey box) to isolate the different groups based on their Clover fluorescence 
levels. 
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Figure 12.2: The Clover FP fluorescence distribution of mixed mutant population in the 
Mutagenesis #2 experiment.  A histogram of the mixed mutants used for FACS to sort the 
mutagenized cells into seven groups based on the set seven Clover fluorescent intensity levels, 
which are depicted by the seven overhanging brackets (and refer to FACS Sort Conditions legend).  
The y-axis shows the number of cells counted relative to 85% of mixed mutant population (in 
Figure 12.1), which was previously encompassed by a grey box.  The x-axis also shows the Clover 
fluorescent intensity and illustrates two peaks of Clover fluorescence within the mixed mutant 
population.  
 

Two peaks were observed in the histogram of the mixed mutant population’s Clover 

fluorescence distribution in Figure 12.2, unlike like first mutagenesis experiment that exhibited a 

normal bell curved Clover distribution with one peak.  Notably, there was a broader range in the 

levels of Clover expression amongst the progenitor transformant strains used for Mutagenesis #2 

than those used for Mutagenesis #1 (refer to Figure 10.2.a and Figure 7.1.a respectively).  

Therefore, this difference may be due the increase variation of Clover expression in transgenic 

cells before mutagenesis and the effect of random UV mutagenesis to randomly alter transgene 

expression for better or worse.   
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After flow cytometry session, the treatment of sorted mutants was the same as the first 

mutagenesis experiment, from antibiotic selection to plate reading, with exception of the growth 

condition of the 96-wells microplates for the two weeks period between the colony picking and 

the plate reading.  During the first mutagenesis experiment, the microplates containing the mutants 

were placed on top a lab bench under dimmer lighting to minimize the amount of evaporation that 

may occurred during the long growth period.  However, for this experiment, the microplates were 

placed in the lab’s cultivation room in order to obtain more accurate fluorescence microplate 

reading data on the FPs co-expression levels in transgenic cells under regulated indoor lab growth 

conditions.  Afterwards, from the microplate readings, both the Clover and DsRed fluorescence in 

each picked mutant were plotted in a scatter plot (Figure 13.1) and the Clover and DsRed 

fluorescent intensities distributions for each FACS categories were separately shown in box plots 

in Figure 13.2 and 13.3.   
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Figure 13.1: Microplate readings of the fluorescent intensities from Mutagenesis #2’s pMV1 
mutants: Secreted DsRed vs cellular Clover.  The fluorescent intensities of 1,226 mutants were 
normalized by OD and plotted in this scatter plot using excel.  A positive correlation the cellular 
Clover and secreted DsRed fluorescence was observed from the plot and a positive linear trendline 
of y=0.5447x+3934.8 with R2= 0.3921 was also calculated with excel.  A legend for mutants’ 
FACS sort conditions were listed in the right box.   
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Figure 13.2: The Clover fluorescent intensity distribution of the mutants from each of the 
seven FACS sort conditions in Mutagenesis #2.  Using the normalized Clover fluorescence, we 
plotted the distribution of Clover fluorescence within each FACS sort conditions, which could be 
found in the bottom legend.  The Clover distribution in this plot matches with the relative ranges 
of Clover distribution used for FACS sorting the mutants in the FACS groups: the average relative 
fluorescent is the highest in the T1% C sort group, and the plotted averages decreases as the Clover 
distribution ranges for FACS sorting also decreases. 
 
 

 
Figure 13.3: The DsRed fluorescence distribution of the mutants from each of the seven 
FACS sort conditions in Mutagenesis #2.  Using the normalized DsRed fluorescence, we plotted 
the mutant’s distribution of DsRed fluorescent intensities based on the different FACS sort 
conditions (listed in the bottom legend) used to obtain them. The mutant groups selected with top 
Clover sorting conditions also have higher DsRed fluorescence ranges than those chosen with the 
bottom Clover sorting conditions. 
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In summary, the scatter plot in Figure 13.1 demonstrates a strong positive correlation 

between the fluorescent intensities of normalized Clover and those of normalized DsRed; and, this 

supports what was previous found in Mutagenesis #1’s microplate readings (Figure 10.1).  

Occasionally, a few were found with higher relative expression of one FP than the other, based on 

the assumption that higher fluorescence intensities are relative to higher FP expression levels.  

However, most of the time, higher Clover expression is generally relatively correlated to the 

DsRed expression.  In addition, the Clover fluorescence distribution in Figure 13.2 shows a linear 

regression trend amongst the averages and the maximum normalized fluorescent intensity value as 

the set Clover FACS condition decreased; this also suggests that the mutants from higher Clover 

FACS sort groups tend to display higher Clover fluorescence intensities in the microplate readings.  

A similar trend was observed from the DsRed fluorescence distribution in Figure 13.3; which was 

expected due our construct’s design for the co-expression of the FP reporter and secreted RP.  

In our previous mutagenesis experiment, the mutants from the T1% C and T5% FACS 

groups displayed visually higher FPs fluorescence during the microplate readings and in higher 

quantity within the Western blots (Figure 9.3) compared to the F6+ progenitor transformant strain.  

Therefore, in our investigation about whether UV mutagenesis can increase the co-expression of 

FP and RP from pMV1 transformants, we performed normalized Western blots with two mutants 

from the T1% C group (M-12.2 & M-12.5) and one mutant from the T5% C group (M-13).     
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A) 
 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

C)        

 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 14.1:  Normalized Western blots for Mutangensis#2 mutants.  A) Western blot for the 
Beta-subunit of ATPase in the cell lysate samples as a loading control.  B) Western blot for 
quantitating the accumulated Clover in the cell lysate samples.  C) Western blot for quantitating 
secreted DsRed in the acetone precipitated supernatant samples with the primary antibody 
monoclonal anti-DsRed and the secondary antibody AP conjugated anti-mouse IgG.    
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Figure 14.2: Fluorescent microplate readings of both Clover and DsRed fluorescent 
intensities in pMV1 strains of both transformants and mutants.  We normalized the fluorescent 
intensities (FI) by OD of 750nm and plotted the average of the triplet readings for each strain taken 
before sample harvesting was done for Figure 14.1.  This plate reading data matches the relative 
visual band intensities observed for both Clover and DsRed in Figure 14.1b and 14.1.c, 
respectively. 
 

In Figures 14.1 and 14.2, the mutant strains M-12.2 and M-13 displayed a visual increase 

in both Clover and secreted DsRed compared to the four progenitor transformant strains.  This 

implies that we can potentially use our construct to generate Chlamydomonas transformants with 

the ability co-express secreted RP with a FP reporter and perform UV mutagenesis afterwards as 

a method to increase the co-expression and thereby increasing the yields of the secreted RP.  In 

addition, due to our pMV1 construct design, the Clover expression levels found in our mutants 

appears to be relative correlated to the detected levels of secreted DsRed.  This suggests that 

generally the UV mutagenesis experiment did not greatly affect the functionally of the FP 

reporter and thus can still be used to estimate secreted RP yield.  
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2.5 Fluorescence microscopy 
 

 
Figure 15: Live cell fluorescence microscopy of cells from the pMV1 mutant strain M-12.2 
expressing the pMV1 vector. Microscope images were taken of Chlamydomonas cells 
undergoing mitosis from a strain derived from a pMV1 transformation and an additional UV 
mutagenesis.  Top right image shows the Clover fluorescent proteins (green) accumulated in the 
cytoplasm, while lower left image shows the DsRed fluorescent protein (red) targeted for secretion.  
A merged image of the detected red and green fluorescence is shown at the bottom right. Scale 
bar, 5 μm. 
 
 We reconfirmed the co-expression of both DsRed and Clover FPs in our pMV1 mutant 

strain M-12.2, which was confirmed to have the highest expression of FPs in Figure 14.  In Figure 

15.’s merged image, the Chlamydomonas cells displayed green fluorescence signals that were 

highly concentrated in the cytoplasm and specks of red fluorescence signals like we expected.  The 

green fluorescence is shown to be concentrated in the region between the chloroplast and nucleus 

and suggests the accumulation Clover FPs in the cytoplasm.  And the specks of red fluorescence 

represent the DsRed FPs on the secretion pathway in the Golgi or inside of vesicles on its way to 

be secreted.  In this image, the yellow regions represent overlapping regions inside the cells where 

both fluorescence signals were emitted; this is most likely to be around the ER area where the FPs 
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are synthesized by the ribosomes.  Furthermore, these yellow regions look similar to the ER 

regions captured in panel O of Figure 1 in Rasala’s 2014 paper.   

2.6 Generation of C. reinhardtii experimental transformants using pMV2’s recombinant 
DNA construct  
 
 To determine the effectiveness of a high-throughput fluorescence screen method to identify 

Chlamydomonas transformants capable of secreted recombinant protein production using our 

nuclear expression vector, we constructed another multi gene vector called pMV2 that consists of 

the same fluorescent reporter gene and a non-fluorescent recombinant protein gene. In this 

experimental trial, we replaced the DsRed gene with an Osteopontin (OPN) gene tagged with 

FLAG and applied the same general vector design and vector assembly method and transformation 

protocol as the pMV1 vector to generate the pMV2 vector and its algal transformants. All 

transformants underwent dual antibiotic selection on H+Z plates; afterwards, a total of 1,200 

transformants were handpicked into microplates and screened using fluorescent microplate reader.  

Although we originally planned to follow the same fluorescent screen protocol as the pMV1 

transformants and FACS the top 1% of Clover producing transformants, due to unforeseen 

circumstances and lack of time we skipped the flow cytometry step and only performed a 

fluorescent screen with the fluorescent microplate reader. After we normalized the Clover 

fluorescent intensity readings by their corresponding optimal density values, we chose the 

transformant with the highest normalized Clover fluorescence from each microplate, which 

resulted in a total of 15 transformants for further testing to confirm the production of Clover and 

OPN by Western blotting.  The liquid samples of the selected transformants were directly taken 

from the microplates and grown to saturation in shaker flasks containing 50 mL of TAP for the 

Western blots shown in Figure 16.1 and 16.2.   
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A) 

 
B) 

 
Figure 16.1: The detection of Clover production in selected pMV2 transformants using 
Western blotting.  For each sample, a 100 ul of cell lysate was generated from 1ml of a saturated 
liquid culture via centrifugation and treatment with Bug Buster.  20 ul of the cell lysate was boiled 
in 1X Laemmli/BME before being loaded onto 10-wells 12% SDS-PAGE gels.  In addition, cell 
lysate samples from the wild type CC-124 strain (WT) also loaded in our gels as a negative control. 
After electrophoresis, the proteins with the gels were transferred to NCM and probed with a 
polyclonal alkaline-phosphate conjugated goat anti-GFP antibody for protein detection. The 
arrows indicates where a band signifying Clover production are expected to appeared: the upper 
black arrow indicates the Ble-F2A-Clover-E2A band (~46.91 kDa) that appears if the self-cleavage 
only occurs after E2A cleavage, while the lower green arrow indicates where Clover-E2A band 
(~27.69 kDa) the appears only if both 2A peptides self-cleaved properly.  A) Western blot for 
Clover detection in of cell lysates of transformants chosen from the first seven microplates (P.1-
7).  This blot also includes a sample derived from our pMV1 transformant strain DA-D1 that served 
as a positive control. B) Western blot for Clover detection in of cell lysates of transformants chosen 
from the later eight microplates (P.8-15).   
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A)                                                                          B) 
 
 
 
 
 
 
 
 
 
 
 

                                            C)  

 

 

 

 

 

 

 

 

 

Figure 16.2: The attempts of detecting secreted OPN from selected pMV2 transformants 
using Western blotting.  Western blot A and B were used to screen for OPN production in the 
growth media of pMV2 transformants.  From each saturated culture, 5 ml was collected and 
centrifuged to isolate 4 mL of supernatant fraction.  The supernatant fractions were filtered and 
diafiltrated with Amicon 4 columns to concentrate the secreted proteins. Next, 30 ul of 
concentrated supernatant sample was boiled in 1X Laemmli/ βME and load into a 10-wells 12% 
SDS page gel. After the gel transfer process, both NCMs were stained with an AP conjugated anti-
FLAG antibody.  No obvious bands were detected from blot A or B.  However, since the positive 
control (FLAG+ aka D2M 1690 later) possess an excessive amount of protein with FLAG tag, the 
signal from our transformants’ potential bands are undermined in blot A.  Therefore, we chose to 
retest four samples from blot A, which resulted in Western blot C.  For C) we reselected our four 
transformants on H plates and used colonies from the plates to start our 50 mL liquid cultures.  We 
used the same protocol to concentrate the protein, but this time we diafiltrated 45mL of filtered 
supernatant into 200 ul with Amicon 15 columns instead.  The rest of the Western blot continue to 
follow the same protocol described for blot A and B, with an extended 24 hours incubation period 
in NBT/BCIP solution.  The secreted OPN product was expected to be found around 30.51 kDa, 
which is indicated by the black arrow.  However there seemed to be faint traces of a band, which 
could potentially be OPN, around the 35 kDa region in the well lane of the pMV2 transformant 
P.3.   
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 Of the chosen 15 transformants, 13 were shown to produce Clover (Figure 16.1), while 

the pMV2 transformant P.3 was also shown to potentially produce OPN (Figure 16.2.c).  

Previously, the secreted DsRed (RP) from pMV1 construct appeared at a slightly higher molecular 

weight on a Western blot than expected.  Thus, the secreted OPN in from pMV2 construct may 

similarly appeared at higher molecular weight due to its phosphorylation PTMs. However, the 

P.3’s 35 kDa band is very faint and can be due to a lack of protein expression.   

 We attempted another way to confirm OPN expression in the supernatant by processing 

the concentrating the supernatant using acetone precipitation. We once again cultivate the seven 

pMV2 transformant strains in 5 mL centrifuge tubes that contained 3 mL TAP for 4 days and 

harvested 2 mL of supernatant of which underwent acetone precipitation. The concentrated 

proteins were resuspended with 20 ul of molecular bio water and used for another Western blot.  

Although no definite bands were found in the concentrated supernatant samples around 30-35 kDa 

region that we expected OPN to be found, we detected a white band around the 35 kDa region in 

Figure 17.a’s immunoblot. Notably, this white band was exclusively found in only our pMV2 

transformants and not in the WT used for the transformation.  Although a 30-35 kDa band was 

detected within our cell lysate samples in Figure 17.b, this band was also detected in our WT. 

Therefore, we cannot detect OPN using this method.   
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Figure 17: Attempts of detecting OPN in cell lysates and acetone precipitated supernatant 
samples of pMV2 transformants.  A) Western blot of supernatant samples.  2 mL of supernatant 
were concentrated with acetone precipitation and 20ul of the resuspended samples were run in 
12% SDS page gel to generate the Western blot.  An arrow was used to indicate region were a 
white band was spotted in each of the pMV2 transformant strains but not in the WT or in the D2M 
1690 strain, which secrete a protein with a FLAG tag.  B) Western blot of cell lysates samples. 20 
ul of cell lysate samples were used in the same Western blot protocol with overnight incubation 
period in NBT/BCIP solution to develop the bands.  
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Afterwards we decided to choose an addition 50 colonies with greater than 3x standard 

deviation WT Clover fluorescence in plate readings.  We transferred 100ul of each sample from 

the microplates’ wells to 1 mL of TAP contained 5mL centrifuge tubes and cultivated them for 

five days before harvesting the samples for Western blot.  Acetone precipitation was performed 

on the supernatant factions, which were used screen for OPN by Western blot afterwards.   
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A) 

 
B) 

 
Figure 18: Western blots for screening additional pMV2 transformants.  A) Western blot of 
precipitated supernatant samples that used AP conjugated monoclonal anti-FLAG antibodies to 
screen for OPN. The D2M 1690 sample was diluted 1:5 before it was used as a positive control in 
the Western blot. B) Western blot of the cell lysate samples from seven transformants that 
displayed a 48 kDa band signal. AP conjugated anti-GFP antibodies were used to detect Clover 
expression.  
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In our OPN Western blot screen, the pMV2 transformants did not exhibit any 30-35 kDa 

bands, however some displayed a band around the 48 kDa region that wasn’t found in the WT 

instead.  We selected seven of the transformants that had this band and chose to run another 

Western blot using their cell lysate samples, however only three of the seven were capable of 

expressing Clover.  In addition, in Figure 16.2.c, a faint 48 kDa was previously detected from the 

diafiltrated supernatant sample of WT, therefore this 48 kDa band is unlikely to be related OPN.  

In conclusion, we were unable to confirm the production of OPN in our pMV2 

transformants during the course of this study.  One possibility to consider is the possible cleavage 

of the FLAG tag from the C-terminus of OPN during the secretion pathway.  In this case, the 

detection of OPN via the FLAG tag becomes invalid.  However, due to the lack of competent 

commercial antibodies against OPN, we lack other methods of detecting OPN in the absence of a 

FLAG tag on a Western blot at this time.  

2.7 Future Directions  

Continuation of the pMV2 trial 

Further experiments are needed to determine the effectiveness of pMV2 vector in a high 

throughput screening method for non-fluorescent secreted recombinant protein production 

utilizing the fluorescent protein reporter.  Further screening of the pMV2 transformants is 

recommended to find other transformants with higher level OPN expression to determine the 

correlation between the reporter and RP of interest.  Another non-fluorescence RP gene with a 

more stable protein product and more commercial antibodies may be needed to replace OPN gene 

in this project, if OPN remains difficult to detect.  

  To further assess if mutagenesis can increase the recombinant protein expression levels, 

another UV mutagenesis experiment should be performed. Our study suggests that there’s a 
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positive linear correlation between FP reporter and a RP of interest in most cases after mutagenesis, 

thus a high throughput FACS method can be applied to isolate mutants with high FP fluorescence 

levels, which are hypothesized to also have high RP production levels. 

Further research with pMV1 

 The pMV1 construct used to test the FACS screen efficiency for isolating industrial strain 

when antibiotic selection steps are removed.  Another transformation experiment with the pMV1 

construct can be performed and the screening of transformants can be done with using only the 

fluorescent screen methods mention in this study to see if it’s possible to generate an industrial 

ready-made strain without antibiotic selection.  

Possible adaptations of pMV1 for further studies 

Further trials with other non-fluorescent industrial RP of various sizes as the protein of 

interest would be useful to test for the size limit for RP of interest that can be used in this vector 

construct.  And interestingly, in another viral 2A peptides comparison study, two other 2A peptides 

were found to possess higher cleavage efficiency than F2A and E2A (Kim at el., 2011); this may 

open up new research possibilities.  For instance, the expression of multiple industrial RP of 

interests may be possible by extending our vector construct with the fusion of additional 2A 

peptide sequences and RP genes.  Another possibility is to replace the 2A peptide sequences in the 

pMV1 construct with other 2A peptide sequences with higher cleavage efficiency in order to 

strengthen the correlation between the FP reporter and RP of interest so that the quantification of 

secreted RP expression by using the FP expression is made possible. 
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Chapter 3: Methods and Materials 
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3.1. Plasmid Construction  

The vectors, pMV1 and pMV2, and their PCR primers were designed with SnapGene, a 

molecular biology software, from existing vectors in the Mayfield lab with the help of Anthony 

Berndt.  These PCR primers were synthesized (Integrated DNA technologies) and used with the 

existing vectors in PCR reactions to amplify DNA fragments that contained the vector components 

listed in Figure 19.  Next, the Clover gene, E2A peptide, PH2 secretion peptide, and the gene of 

interest into one fragment with a SOE PCR reaction, in order to reduce the number of DNA 

fragments used in the vector assembly.  The gene of interest was a DsRed gene in the case of 

pMV1 vector’s assembly, and an OPN gene with a flag tag in pMV2’s.  Afterwards, Gibson 

Assembly kit (New England BioLabs) was used to assembly the DNA fragments into the vector 

constructs.   
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Figure 19: Assembly Process of Plasmids for pMV1 and pMV2 Vectors.  

These constructed plasmids were then transformed into α-DH5 competent cells, which 

were plated onto agar plates containing LB and ampicillin. This bacterial transformation was done 

for the following two reasons: first, to select and isolate clones that contained the designed vectors, 

and second, to easily amplify the vectors in preparation for the transformation into microalgae.  

After sequencing (Eton Biosciences), the vectors inside the clones were confirmed to be identical 

the expected designed vectors. The FASTA files of the sequenced vectors are shown in 

Supplementary Figure S2.  
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3.2. DNA Prep for Transformation 

The sequenced vectors were amplified in E. coli and extracted using a Monarch Plasmid 

Miniprep Kit (New England BioLabs). Afterwards, the plasmids were linearized by Kpn-1 HF and 

Xba-1 restriction enzymes (New England BioLabs). A DNA precipitation was done to concentrate 

the linearized DNA and to remove the residual salts and enzymes in preparation of transformation.  

3. Transformation via Electroporation 

In this study, the Chlamydomonas reinhardtii wild type strain CC-124 was transformed by 

electroporation.  For the electroporation, the CC-124 cells were grown mid-log growth phase (~3 

x 106 cells/mL) in TAP flasks on a rotary shaker under constant illumination (50 μmol 

photons/m2s).  The cells were harvested by centrifugation and resuspended in Max Efficiency 

Transformation Reagent (GeneArt) at a concentration of 2x108  cells/mL.  And, in 4mm cuvettes, 

250 μL of cells were incubated with 3-4 μg of linearized, purified plasmid on wet ice for 5 minutes.  

Then, these cells were electroporated with electric pulse from a GenePulser XCellTM 

electroporation device (BioRad) set at 500 V, 50 μF, and 800 Ohm.  Afterwards, the cells recovered 

in 10 mL of TAP with 40 mM sucrose for 18 hours and then plated onto three types of TAP/agar 

plates supplemented with only zeocin (15 μg/mL), only hygromycin (30 ng/mL), and both zeocin 

(15 μg/mL) and hygromycin (30 ng/mL), respectively. After 7 days of incubation, the antibiotic 

resistant colonies were collected and further cultivate to be screened for gene integration with 

FACS. 

3.4. Fluorescence-activated Cell Sorting (FACS) 

 The colonies from the antibiotic TAP/agar plates are plate scraped into a TAP flask; one 

flask for each type of antibiotic selection used.  The cultures are growth under constant lighting on 

a rotary shaker for 3-5 days; during this period, one day before FACS appointment, the cells in the 
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cultures must be filtered through a 0.2 μm filter in order to prevent clogging the FACS machine 

during the sorting.  4 mL of each culture were taken were to the Flow Cytometry Core Facility at 

Scripps Research using a MoFlo Astrios EQ jet-in-air sorting flow cytometer.  Since Clover is 

GFP-deviated FP, the Clover fluorescence in the transgenic cells can be detected using the FACS’s 

GFP filter.  In this study, the 488 nm laser was used to excite Clover and chlorophyll fluorescence 

which were detected at 488-513 nm and 488-710 nm, respectively; while the 562 nm laser was 

used to excite the DsRed fluorescence, at 561-579 nm.  Chlorophyll and Clover fluorescence 

intensities of PEAK 5Q cells were used to establish gates for isolating transformants with Clover 

fluorescence.  A similar gating strategy was used for isolating mutants with Clover and DsRed 

fluorescence in mutagenesis experiments with the strains from which the mutants were derived 

were used as the positive controls. Then we further narrowed the gates to isolate and sort mutants 

with different levels of GFP fluorescence.  The sorted cells were collected in 50 mL Falcons, each 

containing 5 mL TAP, rather than 96-wells microplates for easier transportation and higher 

survival rate.  These sorted cells were immediately plated onto antibiotic TAP/agar plates to 

separate the cells and incubated at 25°C under constant illimitation.  After a week, the cells would 

grow into colonies and be picked to be for further fluorescent quantification.   
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3.5. Fluorescent Quantification  

In order to screen and evaluate the recombinant expression of the fluorescent proteins, 

transformants and mutants were evaluated with the protocol presented in Figure 20. 

 

Figure 20: Workflow for screening and evaluating fluorescence protein expression in 
transformants and mutants.  Path A (marked by the blue arrows) represents the workflow for 
selecting and analyzing transformants, while path B (marked by the black arrows) represent the 
same for mutants derived from transformants co-expressing Clover and recombinant protein of 
interest. The diagram in the lower left illustrates the gene expression pathway within a transgenic 
Chlamydomonas cell, and it also shows where each of synthetized proteins accumulate after they 
expressed.  After the proteins are made in the cytoplasmic ribosome from the mRNA of the 
designed constructs, Clover and Hyg remains in the cytoplasm, Ble goes to the nucleus due to a 
NSL peptide not drawn, and the protein of interest goes to the Golgi and is secreted due to the 
secretion peptide (the orange dot) attached to N-terminal of the protein.  
 

 The colonies from the antibiotic selection plates were selected and cultured in transparent 

flat-bottomed 96-wells microplates (Thermo Fischer Scientific Inc.) with 200 μL of TAP in each 
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well under constant illumination for 7 days.  Then, the cultures were re-diluted 1:4 into a new 96-

wells microplates and grown for another 2-3 days, followed by a plate reading with a microplate 

reader (Tecan) to measure the fluorescence intensity of the fluorescent proteins produced.  

These measurements were taken at fixed gains with the excitation and emission 

wavelengths, shown in Table.1, and normalized to chlorophyll fluorescence and culture biomass 

(OD750).  The fluorescence of CC-124 wild type was used as a negative control to observe the 

autofluorescence of C. reinhardtii.  The fluorescence intensity for both Clover and DsRed were 

normalized by chlorophyll using the formula, FP fluorescence/ Chlorophyll fluorescence or by 

optical density (OD of 750 nm) using the formula, FP fluorescence/OD750.  Colonies that 

repeatedly exhibited normalized fluorescence intensity three standard deviations greater than wild 

type’s average in three independent screens were considered as candidates for further analysis by 

Western blot.  Microsoft Excel was used to analyze data and render figures.  

Table 1. Fluorescence Measurement Settings 
Fluorescence  
For:  

Gain Excitation/Bandwidth 
(nm/nm) 

Emission/Bandwidth 
(nm/nm) 

Reference 

Clover 200 505/9 540/20 (Lauersen et al., 2015; 
Lambert, n.d.)) 

DsRed T4 200 555/9 585/20 (Bevis and Glick, 2002; 
Lambert, n.d.) 

Chlorophyll 135 440/9 680/20 (Molino at al., 2018) 

 
3.6. Preparation for Protein Quantification 
 

Samples were cultured in 50 mL TAP flasks on rotary shakers under constant illumination 

for 5-7 days. 1 mL of each culture was transferred into microcentrifuge tubes and the cells were 

pelleted at 16,000xg for 5 minutes.  The cell-free media was collected into a new tube and an 

acetone precipitation was performed to concentrate the secreted proteins into 50 μL of 1X TBST; 

this represent the secreted protein fraction. The pelleted cells were resuspended with 100 uL of 
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BugBuster (Millipore), followed by a 5-minutes incubation on wet ice to lyse cells and to release 

intracellular Clover.  Then, the cell lysate was collected after it was separated from the cell residue 

by centrifugation; this represented the intracellular protein fraction. Western blots were done on 

the secreted and intracellular fractions. 

In preparation for normalized Western blot based on equal volume, the samples were 

grown in 3 mL TAP inside 5 mL centrifuge tubes until saturation.  Afterwards, the cultures were 

diluted 1:6 into other tubes with 3 mL TAP and grown for three days before OD readings were 

taken.  The OD readings were used to calculate relative ratios used to normalize the amount of 

culture collected for the next round of dilutions.  The collected samples were centrifuged for 5 

minutes at 10,000xg and 4°C in 5 mL centrifuge tubes.  After the supernatant was removed, the 

remnant cell pellet was resuspended with 3 mL TAP and grown again for another 3-4 days on the 

shaker under constant lighting before the samples harvested. The secreted and intracellular 

fractions were then processed as previously mentioned above.  

3.7. Western Blot  

The proteins from the samples of cell lysates and supernatants were denatured by the 

addition of 4x Laemmli buffer and b-mercaptoethanol followed by incubation at 70°C for 10 

minutes. The proteins were separated with 12% SDS-PAGE gels at 130 volts and transferred to 

nitrocellulose membrane at 0.35 Amps for 1 hour.  The membranes were blocked with 5% milk 

TBST and probed appropriate antibodies.  All membranes with intracellular proteins were probed 

with a polyclonal alkaline-phosphate conjugated goat anti-GFP antibody (ab6661; abcam).  For 

membranes with secreted proteins, a polyclonal rabbit anti-DsRed primary antibody (632496; 

Takara) and an alkaline-phosphate conjugated anti-rabbit IgG secondary antibody (A3687; Sigma) 
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was used to probe for DsRed; while an alkaline-phosphate conjugated anti-flag antibody (A9469; 

Sigma) was used when probing for OPN-FLAG tagged.  

3.8.  UV Mutagenesis  

As a proof of concept for determining the correlation between Clover and DsRed, a UV 

mutagenesis experiment was performed on three pMV1 transformants strains in which Clover and 

DsRed co-expression was verified by Western blot.  In this experiment, the three strains were 

cultured in separate 50 mL TAP flasks on shakers until late growth phase. Then the cultures were 

mixed together in a large shallow petri dish and exposed under UV light for the various period of 

times listed in Table.2 to create mutants with unique genetic variations.  And based on a 

predetermined survival cell rate after different UV exposure periods, the calculated volumes of 

mutagenized mixed culture, in Table.2, were transferred into a new TAP baffled flask at the 

different time periods in order to collect constant amounts of cells.  The mutagenized culture was 

left to recover on a rotary shaker in the dark for first three days, followed by a 1:5 dilution into 

new media and moved to another rotary shaker under constant illumination of bright light for the 

next four days, prior to FACS. 

Table 2. UV Mutagenesis experiment design  

UV exposure 
time (seconds) 

Estimated % 
of cell survival 

% of total mixed culture 
volume taken 

0 100% 1.19% 

15 46.5% 2.56% 

25 26.27% 4.53% 

35 14.84% 8.01% 

45 8.39% 14.18% 

55 4.74% 25.10% 

65 2.68% 44.43% 
 



 
 

 69 
 

Using FACS, mutants with seven different levels of Clover fluorescence signals (Figure 

12.2) were sorted from a population that possessed above CC-124 wild type’s fluorescent signals 

of chlorophyll, Clover, and DsRed.  The sorted cells were plated on TAP/agar plates and their 

colonies picked into 96-wells microplates and left to grow under dim light for two weeks.  To 

evaluate the recombinant expression of Clover and DsRed, these fluorescent proteins’ 

fluorescence intensities were measured from the mutants with a Tecan microplate reader. The 

data was analyzed and complied into a figure with Microsoft Excel. 

3.9.  Fluorescence Microscopy  

The images were taken and processed using the method described in Rasala et al. 2014, 

however the GFPex/GFPem filters (excitation 470/40 nm, emission 515/30 nm) and the 

TRITCex/TRITCem filters (excitation 558/28 nm, emission 617/73 nm) were used to capture the 

Clover and DsRed signals, respectively in Figure 15.  
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Appendix A 
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A.1: Prototype pMV0 construct: Ble-F2A-GFP-F2A-SP-tdTomato  

 Prior to the creation of pMV1 construct, a prototype construct (pMV0) was developed with 

a similar components and configuration to serve as a proof of concept construct (refer to Figure 

A.1).  With the help of Anthony Berndt, we designed this pMV0 construct from an existing lab 

vector (pES10 vector) that contained Ble-F2A-GFP-F2A-ars1-OFP construct.  Previously, this 

nuclear transformation of the pES10 vector construct had resulted in transformants with detectable 

GFP expression, but undetectable secreted OFP expression on Western blot.  Therefore, we chose 

to replace the OFP gene with another FP gene, specifically tdTomato from another existing lab 

vector (pBR9-tdTomato vector), as the fluorescent RP of interest and to retest this vector 

configuration again for co-expression.   

Consequently, unlike pMV1, this pMV0 construct used two F2A peptide sequences instead 

of the use of two distinct 2A peptides (F2A and E2A).  GFP was also kept as pMV0’s FP reporter 

from pES10 vector due to the availability of reliable commercial antibodies against it for Western 

blotting.  On the other hand, tdTomato was first chosen as the secreted fluorescent RP of interest 

in this construct for following reasons: 1) due to its large size as a tandem dimer FP, it is similar 

to other large complex therapeutic proteins that are desired for industrial production, 2) its peak’s 

excitation and emission spectrum does not overlap with those of chosen FP reporter, GFP, and 

lastly 3) it’s one of the brightness FPs expressed from the nuclear genome of C. reinhardtii (Rasala 

et al., 2013).  This tdTomato gene was assembled into pMV0 after the ars1 secretion peptide for 

secretion and at its C-terminal a FLAG-tag was attached during the PCR amplification from our 

designed PCR primer.  This FLAG-tag enables the usage of anti-FLAG antibodies, in addition to 

commercial RFP-derived antibodies for tdTomato, during the immunoblotting process for protein 

detection.  
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Figure A.1: Gene expression pathway of pMV0 construct after integration into the nuclear 
genome of C. reinhardtii.  The schematic representation of the pMV0 construct shown under the 
recombinant DNA section possess many of the same genetic components and configuration as 
pMV1 (shown in Figure 2).  As a result, the flow of this pMV0’s gene expression pathway remains 
the same as the one belonging to pMV1, excluding the Hyg cassette.  Notably, the differences are 
the following: 1) GFP was used as a secrete recombinant protein reporter, 2) the secondary 2A is 
another F2A, 3) the ars1 secretion peptide (SP) used was from pES10 vector, 4) tdTomato became 
the RP (protein of interest) is targeted for secretion, and 5) no Hyg cassette present in construct.  
Black arrows and red stars represent the beginning and the end of transcription by RNA 
polymerase, respectively. Red triangles represent the sites in which the co-translational “self-
cleavage” of the elongating polypeptide chain during translation.  Dashed grey arrow shows where 
the resulting proteins would be localized.  
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A.2: Assembling pMV0 construct 

 Both the pBR9-tdTomato vector and the pES10 vector underwent bacterial transformation 

for the purpose of vector amplification and sequencing of all desired genetic components.  

Afterward sequencing, PCR was performed on these source vectors in order to amplify the 

tdTomato gene and all of the pES10 vector, excluding the OFP gene, for pMV0’s vector backbone.  

Afterwards, these PCR products were joined together using a Gibson Assembly kit, and a bacterial 

colony with the correctly assembled pMV0 construct was found without mutations upon 

sequencing. 

A.3: Acquiring pMV0 transformants  

 For our first three attempts at pMV0 transformation, we electroporated our construct into 

a Chlamydomonas wild type CC-2938 strain, however none of these attempts yielded any positive 

transformants on our TAP/agar plates containing 15μg/mL of zeocin.  During the third attempt, 

our transformation recovery was optimal for both our pMV0 transformants and our positive control 

transformants, which were generated from our transformation of a pBR9-GFP vector construct 

that contained both GFP and Ble.  After plating, growth was observed on TAP/agar plates for both 

transformant population, however only the pBR9-GFP control were able to grow on the Z plates -

- pMV0 transformants did not.  Therefore, for our 4th transformation attempt, we switched the CC-

2938 strain for another wild type strain known as CC-125 and proceed with the electroporation 

and this resulted in many zeocin resistance pMV0 transformant colonies.  From failed attempts of 

CC-2938 transformations, we learned the following: 1) 40 mM of sucrose in TAP was optimal 

recovery solution for the 16-hour transformation recovery period; 2) higher sucrose concentrations 

may results in more dead cells and thus a lower recovery efficacy; and most importantly 3) 

transformation efficacy of a genetic construct can be dependent on the WT strain used.   
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A.4: Attempts at detecting co-expression of GFP and tdTomato from pMV0 transformants 

with fluorescent microplate readings and Western blotting  

From the 4th transformation, 1,408 colonies were picked in 96-wells microplates and 

screened with the fluorescent plat reader.  The fluorescent intensities of GFP, tdTomato, and 

Chlorophyll were measured using with the settings shown in Table A.1; the measurements of FPs 

were then normalized by the Chlorophyll signals in excel.   

Table A1. Fluorescence Measurement Settings for pMV0 
Fluorescence 
for: 

Gain Excitation/Bandwidth 
(nm/nm) 

Emission/Bandwidth 
(nm/nm) 

Reference 

GFP Optimal 488/9 522/20 (Cormack et al., 2004; 
Lambert, n.d.) 

tdTomato Optimal 554/9 590/20 (Shaner et al., 2004; 
Lambert, n.d.) 

Chlorophyll Optimal 440/9 680/20 (Molino at al., 2018) 

 

Twelve transformants with high normalized GFP fluorescent intensities were selected from 

different microplates to be grown together in a single microplate plate for another round of 

measurement.  Since these transformants were previously measured using different optimal gain 

values, we wanted to compare their fluorescent intensities using the same optimal gain values and 

to the fluorescent intensities of CC-125.  
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Figure A.2: Secreted tdTomato vs cellular GFP from selected pMV0 transformants.  
Microplate fluorescent intensities readings of GFP and tdTomato were normalized by chlorophyll 
autofluorescence signals and graphed based on relative fluorescence units (RFU).  A general 
positive linear trendline of y = 0.056x + 0.0248 with R² = 0.6618 was found: higher GFP correlated 
with higher tdTomato.  The names of the individual transformants can be found in the legend to 
the right.  
 

However, the background fluorescent intensities could be skewed due to variations in cell 

cycle, growth rates, and culture density during the period of fluorescent plate reading. Thus, 

Western blots were performed on both cell lysate and supernatant in order to confirm the co-

expression of GFP and tdTomato, respectively, in these transformants.  For each transformant, 1ml 

of saturated liquid culture was harvested and centrifuged, the supernatant and cell pellet were 

separated afterwards. Afterwards the cell pellets were treated with BugBuster to release the soluble 

proteins in the cell lysates, which were isolated with centrifugation, while the supernatant fractions 

were concentrated using acetone precipitation and resuspend with 50 uL of TAP.  The cell lysates 

and supernatants samples were boiled in 1X Laemmli/BME and loaded onto 15-wells 12% SDS-
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PAGE gels.  After electrophoresis, the proteins with the gels were transferred to NCM and probed 

with antibodies for protein detection (Figure A.3). 
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A)                                      
 
 
 
 
 
 
 
 
 
 
B)              D) 
 

 
 

 
 
 
 
 
 
 
C) 

  
 
 
 
 

 
 
 
 
 
Figure A.3: Western blots of selected pMV0 transformants.  A) Western blot of cell lysate for 
GFP detection.  AP conjugated anti-GFP antibody was used to visualized GFP.  A band for GFP 
was detected from all selected transformants but not wild type CC-125.  B) Western blot of 
supernatant for tdTomato detection.  Anti-RFP primary antibody and AP conjugated anti-rabbit 
IgG secondary antibody were used to visualize tdTomato.  However, no bands were detected from 
the transformants.  C) Western blot of cell lysate for tdTomato detection with anti-RFP.  Since 
tdTomato are made in the cell before they are secreted, we expected to find traces of tdTomato 
within the cell lysate of the cells if tdTomato is being expressed.  Anti-RFP primary antibody and 
AP conjugated anti-rabbit IgG secondary antibody were also used to stain tdTomato; but only 
background bands were found on blot.  D) Western blot of cell lysate for tdTomato detection with 
AP conjugated anti-FLAG.  Since we were unable to detect tdTomato from the previous Western 
blots, we tried staining with another antibody.  AP conjugated anti-FLAG was used to detect the 
FLAG tag attached to the C-terminal of tdTomato protein.  But, once again, no bands were found.  
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Western blotting reveals that our pMV0 transformants did acquired the ability to express 

GFP from our construct and were able to properly accumulate GFP within the cell.  Since the 

number of cells harvested for Western blotting were not normalized, the observed band intensities 

for GFP in the Western blot does not match the normalized GFP fluorescence intensities from the 

fluorescent microplate readings; this was expected.  The presence of the GFP band coupled with 

the zeocin resistance observed during the antibiotic selection demonstrates that the Ble-F2A-GFP 

portion of the pMV0 construct were successfully integrated into the selected transformants.  

However, it is unknown whether the rest of the pMV0 construct was also properly integrated or 

expressed.   

The lack of bands for tdTomato in a Western blot generally means that an insufficient level 

of tdTomato was accumulated in the cell lysates and the supernatant fractions.  This could be due 

to either having no expression of tdTomato gene or having extremely low RP expression from the 

transformant cells. For the former case, no tdTomato expression could be caused by 

endonucleolytic cleavage of the pMV0 construct after the GFP gene during transformation (Zhang 

at el., 2014).  However, if the latter case was true despite the incorporation of the whole construct 

without cleavage, then the absence of tdTomato expression may suggests that the pMV0 construct 

design is unsuitable for the expression and secreted of large recombinant proteins like tdTomato.  

In the latter case, it could be tdTomato was synthesized at extremely low quantities resulting in an 

insufficient amount being present in the 1ml of culture used for our Western blot.  Therefore, we 

attempted to screen pMV0 transformants for tdTomato by performing dot plots.  By growing the 

transformant cells directly on a nitrocellulose membrane (NCM) in a TAP/agar plate for a week 

under lab conditions would allow for the secreted proteins to bind directly onto the NCM, thereby 

eliminating the need to concentrate the supernatant and to run concentrated supernatant through a 
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SDS-PAGE gel.  After a week the colonies would be rinsing off NCM, and the NCM would be 

stained with the antibodies to detect the tdTomato.  In order to select the transformants with most 

likelihood of expressing tdTomato, the microplates with the pMV0 transformants were re-screened 

with a fluorescence plate reader and after normalization of readings with the chlorophyll 

fluorescent intensity, the top six transformants with the highest normalized tdTomato fluorescent 

intensities were screen by dot blot.  We chose to stain the dot plot with AP conjugated anti-FLAG 

antibody since we possessed lab strains producing proteins with FLAG tag at different expression 

levels to use as our positive control.   

 
Figure A.4: Dot blot of top six transformants with highest normalized tdTomato fluorescent 
intensities. Triplicate of each sample were grown on the NCM; the name and the normalized 
tdTomato fluorescent intensity of each sample can be found on the right legend.  AP conjugated 
anti-FLAG antibody was used to probe for cells expressing RP with FLAG tag.  From this dot blot, 
we observed that some of the dot intensities of our transformants is around the level of wild type 
CC-125 (WT), while the ones that are darker than WT is also lighter than the dot intensities of 
FLAG control strain with the lowest protein expression.  
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 Based on the band intensities of the T1 transformant’s colonies, there may be some 

tdTomato expression.  However, a major limitation of the dot blot is that the NCM accumulated 

proteins cannot be separated by molecular weight as in a Western blot.  As a result, we are unable 

to confirm if this transformant is truly tdTomto expressing. Notably, the usage of the AP 

conjugated anti-FLAG antibody for staining resulted in a dot for our dot blot (Figure A.4) but no 

bands appeared in our Western blot for the cell lysate (Figure A.3.d) when used.  The most 

probable reason is that the Western blot wasn’t incubated as long as the dot blot in NBT/BCIP 

solution during band signal development.  

 Due to the limitation of the dot blot, we next tried staining our blots with the Anti-RFP 

primary antibody and the AP conjugated anti-rabbit IgG secondary antibody since we observed no 

background band in our supernatant Western blot (Figure 4.3.b).  We believed that if there was an 

absence of dots from our wild type control then all dots from our transformant colonies would be 

due to the presence of tdTomato. Thus, for the dot blots used for screening large batch of 

transformants that were ready to blot after the development of blot in Figure A.4. 
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Figure A.5: Dot blots for screening tdTomato expression using an Anti-RFP primary 
antibody and an AP conjugated anti-rabbit IgG secondary antibody.  A) 200 transformants 
were screened by dot blot; 50 transformants per blot and each with a single WT CC-125 control 
(indicted by a dark green box).  The darkest dot indicated by the black arrow on blot D [51-100] 
was from a bacteria colony that grew on the dot blot and not a transformant colony; hence it is 
ignored.  B) Due to the varying of dot intensities observed in blots shown in A), we chose to do 
another dot blot with 13 transformants with the dark dots in the screening blots.  We loaded two 
colonial replicates of each transformant and included ten replicates of our WT controls placed 
throughout the blot to check if location of the colonies would affect the dot intensity after blot 
development. Each transformant was assigned a color in the upper key, and boxes with 
corresponding colors were drawn on A) blots to show which blot the transformants were originally 
screened from.  From this blot, we observed a variation of dot intensities from the WT, however 
none of the selected 13 transformant had darker dot intensities when compared to the WT control 
dots.  
 

From our dot blots in Figure A.5 we observed background dots developing from the 

locations where WT CC-125 colonies previously grew.  This could be caused the antibodies cross 

reacting with the acetone-soluble secreted proteins that were previously removed from the 

supernatant fraction prior to Western blotting during acetone precipitation process.  
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However, due to the lack of strong tdTomato expression at detectable levels, all further 

studies on the pMV0 construct and its transformants were discontinued in the favor of developing 

an improved construct design (pMV1) for our FP reporter studies.  
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Appendix B 
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B.1: Additional Western Blots of Mutagenesis #2’s mutants  

Mutants from each of the seven FACS conditions were tested by Western blot to assess the 

stability of the FP and RP gene co-expression from our pMV1 vector after mutagenesis. The 

following mutants chosen based for this test on their fluorescence plate readings and were selected 

by FACS using the following set conditions: M-12.2 and M-12.5 are from the T1% C, M-13 is 

from T5% C, M-14 is from T10% C, M-7 is from M68% C, M-4.2 is from B10% C,  M-5 is from 

B5% C and M-6 is from B1% C (refer to Figure 12.2).  Since the mutants were initially FACS 

based on their exhibited levels Clover fluorescence, we expected them to possess similar relative 

levels of Clover expression. Furthermore, due to our vector configuration that results in 

heterogenous protein co-expression, we also expected the levels of the co-expressing secreted 

DsRed to be relatively similar when compared to Clover. Thus, we expected to observe the 

amounts of both FPs to decrease as we proceed down the list of mutants mention above.  
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Figure B.1: Normalized Western blots of Mutagenesis #2’s mutants from the seven FACS 
conditions. A) Western blot for the Beta-subunit of ATPase in the cell lysate samples as a loading 
control.  B) Western blot for quantitating the accumulated Clover in the cell lysate samples with 
the AP conjugated anti-GFP antibody.  C) Western blot for quantitating secreted DsRed in the 
acetone precipitated supernatant samples with the primary antibody monoclonal anti-DsRed and 
the secondary antibody AP conjugated anti-mouse IgG. All of the mutants exhibited both Clover 
(FP) and DsRed (secreted RP) co-expression.  
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In these Western blots (shown in Figure B.1), we observed both intercellular Clover and 

secreted DsRed from all the chosen mutants; and, as expected, the mutant with most Clover and 

DsRed is M-12.2 from the Top 1% Clover fluorescence (T1% C) FACS group.  However, M-12.5, 

which was from the same FACS group, didn’t exhibit as much Clover and DsRed as M.12.2, 

despite it exhibited similar level of fluorescence on the plate readings.  This may be due to M-12.5 

possessing mutations that resulted in a increase the FPs’ fluorescence instead mutations that would 

result in increasing the rate protein co-expression or protein stability.  On the hand, other mutants 

like M-14 and M-4.2 possessed higher protein yields than what were expected based on plate 

readings.  This could be also be attributed an effect of the mutations introduced during 

mutagenesis; mutations that could resulted in an increase in protein yields but also the improper 

protein folding of the FPs’ linker that may have decreased the FPs’ fluorescence.  This assessment 

suggests that while a fluorescence plate reader can estimate the amount of fluorescence emitted by 

the FPs, a Western blot is required to confirm the protein yields of the mutants, and additional 

testing is highly recommended to verify the RP’s conformation and bioactivity.  

Another observation we observed is the relative correlation between amounts of 

intercellular Clover FP and secreted DsRed RP found from the mutants.  Notably, the amount of 

DsRed found in Figure B.1.c in the mutants generally reflects the similar relative levels of Clover 

found in Figure B.1.b.  This suggests that after mutagenesis, the heterogenous protein co-

expression of both FP and secreted RP remains stable in the mutants, therefore the amount Clover 

FP detected in a Western blot can used to estimate the amount of secreted RP produced by the 

mutants. 

 

  



 
 

 87 
 

REFERENCES 

1. Almaraz-Delgado, A. L., Flores-Uribe, J., Pérez-España, V. H., Salgado-Manjarrez, E., 
and Badillo-Corona, J. A. (2014). Production of therapeutic proteins in the chloroplast of 
Chlamydomonas reinhardtii. AMB Express, 4(1). doi: 10.1186/s13568-014-0057-4\ 
 

2. Atkins, J. F., Wills, N. M., Loughran, G., Wu, C.-Y., Parsawar, K., Ryan, M. D., Wang, 
C. H., and Nelson, C. C. (2007). A case for "StopGo": Reprogramming translation to 
augment codon meaning of GGN by promoting unconventional termination (Stop) after 
addition of glycine and then allowing continued translation (Go). Rna, 13(6), 803–810. 
doi: 10.1261/rna.487907 
 

3. Baier, T., Kros, D., Feiner, R. C., Lauersen, K. J., Müller, K. M., and Kruse, O. (2018). 
Engineered Fusion Proteins for Efficient Protein Secretion and Purification of a Human 
Growth Factor from the Green Microalga Chlamydomonas reinhardtii. ACS Synthetic 
Biology, 7(11), 2547–2557. doi: 10.1021/acssynbio.8b00226 
 

4. Barkia, I., Saari, N., and Manning, S. R. (2019). Microalgae for High-Value Products 
Towards Human Health and Nutrition. Marine Drugs, 17(5), 304. doi: 
10.3390/md17050304 

 
5. Berthold, P., Schmitt, R., and Mages, W. (2002). An Engineered Streptomyces 

hygroscopicus aph 7″ Gene Mediates Dominant Resistance against Hygromycin B in 
Chlamydomonas reinhardtii. Protist, 153(4), 401–412. doi: 10.1078/14344610260450136 

 
6. Bevis, B. J., and Glick, B. S. (2002). Rapidly maturing variants of the Discosoma red 

fluorescent protein (DsRed). Nature Biotechnology, 20(1), 83–87. doi: 10.1038/nbt0102-
83 

 
7. Camacho, F., Macedo, A., and Malcata, F. (2019). Potential Industrial Applications and 

Commercialization of Microalgae in the Functional Food and Feed Industries: A Short 
Review. Marine Drugs, 17(6), 312. doi: 10.3390/md17060312 

 
8. Cormack, B., Valdiva, R., and Falkow, S. (1996). FACS-optimized mutants of the green 

fluorescent protein (GFP). Gene, 173(1), 33-38. doi: 10.1016/0378-1119(95)00685-0. 
9. de Felipe, P. (2004). Skipping the co-expression problem: the new 2A "CHYSEL" 

technology. Genetic Vaccines and Therapy, 2(13), 1–6. doi: 10.1186/1479-0556-2-13 
 

10. Demmelmair, H., Prell, C., Timby, N., and Lönnerdal, B. (2017). Benefits of Lactoferrin, 
Osteopontin and Milk Fat Globule Membranes for Infants. Nutrients, 9(8), 817. doi: 
10.3390/nu9080817 

 
11. Donnelly, M. L. L., Luke, G. E., Mehrotra, A. D., Li, X. undefined, Hughes, L. 

undefined, Gani, D. undefined, and Ryan, M. undefined. (2001). Analysis of the 
aphthovirus 2A/2B polyprotein ‘cleavage’ mechanism indicates not a proteolytic 



 
 

 88 
 

reaction, but a novel translational effect: a putative ribosomal ‘skip.’ Journal of General 
Virology, 82(5), 1013–1025. doi: 10.1099/0022-1317-82-5-1013 

 
12. Doronina, V. A., Wu, C., Felipe, P. D., Sachs, M. S., Ryan, M. D., and Brown, J. D. 

(2008). Site-Specific Release of Nascent Chains from Ribosomes at a Sense 
Codon. Molecular and Cellular Biology, 28(13), 4227–4239. doi: 10.1128/mcb.00421-08 

 
13. Fields, F. J., Ostrand, J. T., Tran, M., and Mayfield, S. P. (2019). Nuclear genome 

shuffling significantly increases production of chloroplast-based recombinant protein in 
Chlamydomonas reinhardtii. Algal Research, 41, 101523. doi: 
10.1016/j.algal.2019.101523 

 
14. Fields, F. J., Lejzerowicz, F., Schroeder, D., Ngoi, S. M., Tran, M., McDonald, D., Jiang, 

L., Chang, J. T., Knight, R., and Mayfield, S. (2020). Effects of the microalgae 
Chlamydomonas on gastrointestinal health. Journal of Functional Foods, 65, 103738. 
doi: 10.1016/j.jff.2019.103738 

 
15. Franklin, S., Ngo, B., Efuet, E., and Mayfield, S. P. (2002). Development of a GFP 

reporter gene for Chlamydomonas reinhardtii chloroplast. The Plant Journal, 30(6), 733–
744. doi: 10.1046/j.1365-313x.2002.01319.x 

 
16. Franklin, S. E., and Mayfield, S. P. (2004). Prospects for molecular farming in the green 

alga Chlamydomonas reinhardtii. Current Opinion in Plant Biology, 7(2), 159–165. doi: 
10.1016/j.pbi.2004.01.012 

 
17. Gimpel, J. A., Hyun, J. S., Schoepp, N. G., and Mayfield, S. P. (2014). Production of 

recombinant proteins in microalgae at pilot greenhouse scale. Biotechnology and 
Bioengineering, 112(2), 339–345. doi: 10.1002/bit.25357 

 
18. Jinkerson, R. E., and Jonikas, M. C. (2015). Molecular techniques to interrogate and edit 

the Chlamydomonas nuclear genome. The Plant Journal, 82(3), 393–412. doi: 
10.1111/tpj.12801 

 
19. Kim, J. H., Lee, S.-R., Li, L.-H., Park, H.-J., Park, J.-H., Lee, K. Y., Kim, M.-K, Shin, 

B.-A., and Choi, S.-Y. (2011). High Cleavage Efficiency of a 2A Peptide Derived from 
Porcine Teschovirus-1 in Human Cell Lines, Zebrafish and Mice. PLoS ONE, 6(4). doi: 
10.1371/journal.pone.0018556 

 
20. Kim, S. Y., Kim, K. W., Kwon, Y. M., and Kim, J. Y. H. (2020). mCherry Protein as an 

In Vivo Quantitative Reporter of Gene Expression in the Chloroplast of Chlamydomonas 
reinhardtii. Molecular Biotechnology, 62(5), 297–305. doi: 10.1007/s12033-020-00249-9 

 
21. Kumar, R., Ghosh, A. K., and Pal, P. (2020). Synergy of biofuel production with waste 

remediation along with value-added co-products recovery through microalgae cultivation: 
A review of membrane-integrated green approach. Science of The Total 
Environment, 698, 134169. doi: 10.1016/j.scitotenv.2019.134169 



 
 

 89 
 

 
22. Kwon, K.-C., Lamb, A., Fox, D., and Jegathese, S. J. P. (2019). An evaluation of 

microalgae as a recombinant protein oral delivery platform for fish using green 
fluorescent protein (GFP). Fish & Shellfish Immunology, 87, 414–420. doi: 
10.1016/j.fsi.2019.01.038 

 
23. Lambert, T. (n.d.). Clover at FPbase. Retrieved from 

https://www.fpbase.org/protein/clover/  
 

24. Lambert, T. (n.d.). DsRed.T4 at FPbase. Retrieved from 
https://www.fpbase.org/protein/dsredt4/ 

 
25. Lambert, T. (n.d.). EGFP at FPbase. Retrieved from https://www.fpbase.org/protein/egfp/  

 
26. Lambert, T. (n.d.). TdTomato at FPbase. Retrieved from 

https://www.fpbase.org/protein/tdtomato/  
 

27. Lauersen, K. J., Berger, H., Mussgnug, J. H., and Kruse, O. (2013). Efficient recombinant 
protein production and secretion from nuclear transgenes in Chlamydomonas 
reinhardtii. Journal of Biotechnology, 167(2), 101–110. doi: 
10.1016/j.jbiotec.2012.10.010 

 
28. Lauersen, K. J., Kruse, O., and Mussgnug, J. H. (2015). Targeted expression of nuclear 

transgenes in Chlamydomonas reinhardtii with a versatile, modular vector 
toolkit. Applied Microbiology and Biotechnology, 99(8), 3491–3503. doi: 
10.1007/s00253-014-6354-7 

 
29. León-Bañares, R., González-Ballester, D., Galván, A., and Fernández, E. (2004). 

Transgenic microalgae as green cell-factories. Trends in Biotechnology, 22(1), 45–52. 
doi: 10.1016/j.tibtech.2003.11.003 

 
30. Lumbreras, V., Stevens, D. R., and Purton, S. (1998). Efficient foreign gene expression in 

Chlamydomonas reinhardtii mediated by an endogenous intron. The Plant Journal, 14(4), 
441–447. doi: 10.1046/j.1365-313x.1998.00145.x 

 
31. Malavasi, V., Soru, S., and Cao, G. (2020). Extremophile Microalgae: the potential for 

biotechnological application. Journal of Phycology. doi: 10.1111/jpy.12965 
 

32. Mathieu-Rivet, E., Kiefer-Meyer, M.-C., Vanier, G. T., Ovide, C. M., Burel, C., Lerouge, 
P., and Bardor, M. (2014). Protein N-glycosylation in eukaryotic microalgae and its 
impact on the production of nuclear expressed biopharmaceuticals. Frontiers in Plant 
Science, 5. doi: 10.3389/fpls.2014.00359 

 
33. Molino, J. V. D., Carvalho, J. C. M. D., and Mayfield, S. P. (2018). Comparison of 

secretory signal peptides for heterologous protein expression in microalgae: Expanding 



 
 

 90 
 

the secretion portfolio for Chlamydomonas reinhardtii. Plos One, 13(2). doi: 
10.1371/journal.pone.0192433 

 
34. Molino, J. V. D., Carvalho, J. C. M. D., and Mayfield, S. (2018). Evaluation of secretion 

reporters to microalgae biotechnology: Blue to red fluorescent proteins. Algal 
Research, 31, 252–261. doi: 10.1016/j.algal.2018.02.018 

 
35. Murbach, T. S., Glávits, R., Endres, J. R., Hirka, G., Vértesi, A., Béres, E., and 

Szakonyiné, I. P. (2018). A Toxicological Evaluation of Chlamydomonas reinhardtii, a 
Green Algae. International Journal of Toxicology, 37(1), 53–62. doi: 
10.1177/1091581817746109 

 
36. Mussgnug, J. H. (2015). Genetic tools and techniques for Chlamydomonas 

reinhardtii. Applied Microbiology and Biotechnology, 99(13), 5407–5418. doi: 
10.1007/s00253-015-6698-7 

 
37. Neupert, J., Karcher, D., and Bock, R. (2009). Generation of Chlamydomonas strains that 

efficiently express nuclear transgenes. The Plant Journal, 57(6), 1140–1150. doi: 
10.1111/j.1365-313x.2008.03746.x 

 
38. Pollock, J., Ho, S. V., and Farid, S. S. (2012). Fed-batch and perfusion culture processes: 

Economic, environmental, and operational feasibility under uncertainty. Biotechnology 
and Bioengineering, 110(1), 206–219. doi: 10.1002/bit.24608 

 
39. Potvin, G., and Zhang, Z. (2010). Strategies for high-level recombinant protein 

expression in transgenic microalgae: A review. Biotechnology Advances, 28(6), 910–918. 
doi: 10.1016/j.biotechadv.2010.08.006 

 
40. Ramos-Martinez, E. M., Fimognari, L., and Sakuragi, Y. (2017). High-yield secretion of 

recombinant proteins from the microalga Chlamydomonas reinhardtii. Plant 
Biotechnology Journal, 15(9), 1214–1224. doi: 10.1111/pbi.12710 

 
41. Rasala, B. A., Muto, M., Sullivan, J., and Mayfield, S. P. (2011). Improved heterologous 

protein expression in the chloroplast of Chlamydomonas reinhardtii through promoter 
and 5′ untranslated region optimization. Plant Biotechnology Journal, 9(6), 674–683. doi: 
10.1111/j.1467-7652.2011.00620.x 

 
42. Rasala, B. A., and Mayfield, S. P. (2011). The microalga Chlamydomonas reinhardtii as a 

platform for the production of human protein therapeutics. Bioengineered Bugs, 2(1), 50–
54. doi: 10.4161/bbug.2.1.13423 

 
43. Rasala, B. A., Lee, P. A., Shen, Z., Briggs, S. P., Mendez, M., and Mayfield, S. P. (2012). 

Robust Expression and Secretion of Xylanase1 in Chlamydomonas reinhardtii by Fusion 
to a Selection Gene and Processing with the FMDV 2A Peptide. PLoS ONE, 7(8). doi: 
10.1371/journal.pone.0043349 

 



 
 

 91 
 

44. Rasala, B. A., Barrera, D. J., Ng, J., Plucinak, T. M., Rosenberg, J. N., Weeks, D. P., 
Oyler, G. O., Peterson, T. C., Haerizadeh, F., and Mayfield, S. P. (2013). Expanding the 
spectral palette of fluorescent proteins for the green microalga Chlamydomonas 
reinhardtii. The Plant Journal, 74(4), 545–556. doi: 10.1111/tpj.12165 

 
45. Rasala, B. A., and Mayfield, S. P. (2014). Photosynthetic biomanufacturing in green 

algae; production of recombinant proteins for industrial, nutritional, and medical 
uses. Photosynthesis Research, 123(3), 227–239. doi: 10.1007/s11120-014-9994-7 

 
46. Rasala, B. A., Chao, S.-S., Pier, M., Barrera, D. J., and Mayfield, S. P. (2014). Enhanced 

Genetic Tools for Engineering Multigene Traits into Green Algae. PLoS ONE, 9(4). doi: 
10.1371/journal.pone.0094028 

 
47. Rosales-Mendoza, S., Paz-Maldonado, L. M. T., and Soria-Guerra, R. E. (2011). 

Chlamydomonas reinhardtii as a viable platform for the production of recombinant 
proteins: current status and perspectives. Plant Cell Reports, 31(3), 479–494. doi: 
10.1007/s00299-011-1186-8 

 
48. Scaife, M. A., Nguyen, G. T., Rico, J., Lambert, D., Helliwell, K. E., and Smith, A. G. 

(2015). Establishing Chlamydomonas reinhardtii as an industrial biotechnology host. The 
Plant Journal, 82(3), 532–546. doi: 10.1111/tpj.12781 

 
49. Schroda, M. (2019). Good News for Nuclear Transgene Expression in 

Chlamydomonas. Cells, 8(12), 1534. doi: 10.3390/cells8121534 
 

50. Scranton, M. A., Ostrand, J. T., Fields, F. J., and Mayfield, S. P. (2015). Chlamydomonas 
as a model for biofuels and bio-products production. The Plant Journal, 82(3), 523–531. 
doi: 10.1111/tpj.12780 

 
51. Shaner, N. C., Campbell, R. E., Steinbach, P. A., Giepmans, B. N., Palmer, A. E., & 

Tsien, R. Y. (2004). Improved monomeric red, orange and yellow fluorescent proteins 
derived from Discosoma sp. red fluorescent protein. Nature Biotechnology, 22(12), 1567-
1572. doi:10.1038/nbt1037 

 
52. Specht, E., Miyake-Stoner, S., and Mayfield, S. (2010). Micro-algae come of age as a 

platform for recombinant protein production. Biotechnology Letters, 32(10), 1373–1383. 
doi: 10.1007/s10529-010-0326-5 

 
53. Stevens, D. R., Purton, S., and Rochaix, J.-D. (1996). The bacterial phleomycin 

resistance gene ble as a dominant selectable marker in Chlamydomonas. Molecular and 
General Genetics MGG, 251(1), 23–30. doi: 10.1007/bf02174340 

 
54. Stoffels, L., Finlan, A., Mannall, G., Purton, S., and Parker, B. (2019). Downstream 

Processing of Chlamydomonas reinhardtii TN72 for Recombinant Protein 
Recovery. Frontiers in Bioengineering and Biotechnology, 7. doi: 
10.3389/fbioe.2019.00383 



 
 

 92 
 

 
55. Weiner, I., Atar, S., Schweitzer, S., Eilenberg, H., Feldman, Y., Avitan, M., Blau, M., 

Danon, A., Tuller, T., and Yacoby, I. (2018). Enhancing heterologous expression in 
Chlamydomonas reinhardtii by transcript sequence optimization. The Plant 
Journal, 94(1), 22–31. doi: 10.1111/tpj.13836 

 
56. Wu, J., Hu, Z., Wang, C., Li, S., and Lei, A. (2008). Efficient expression of green 

fluorescent protein (GFP) mediated by a chimeric promoter in Chlamydomonas 
reinhardtii. Chinese Journal of Oceanology and Limnology, 26(3), 242–247. doi: 
10.1007/s00343-008-0242-x 

 
57. Yoon, S., Kim, S., and Kim, J. (2010). Secretory Production of Recombinant Proteins in 

Escherichia coli. Recent Patents on Biotechnology, 4(1), 23–29. doi: 
10.2174/187220810790069550 

 
58. Zhang, R., Patena, W., Armbruster, U., Gang, S. S., Blum, S. R., and Jonikas, M. C. 

(2014). High-Throughput Genotyping of Green Algal Mutants Reveals Random 
Distribution of Mutagenic Insertion Sites and Endonucleolytic Cleavage of Transforming 
DNA. The Plant Cell, 26(4), 1398–1409. doi: 10.1105/tpc.114.124099 

 
 
  



 
 

 93 
 

SUPPLEMENTARY 
 

 
 
Figure S1. Translational model of 2A peptide sequence “self-cleavage” mechanism.  A 
schematic representation that depicts how 2A peptide sequence allows for the creation of two 
polypeptide chains from one mRNA transcript. This figure was inspired by a figure from Dr. 
Martin Ryan’s laboratory webpage at www.standrews.ac.uk/ryanlab/page2.htm. Steps 1-3 depicts 
the normal procedure for translational elongation, while steps 4-5 shows the translational pause, 
previously termed “StopGo” (Atkins et al., 2007), and release of the growing nascent polypeptide 
chain. Step 6 shows the resumption of translation and continue until the stop codon. The “Stop” 
and “Go” of this translation pause are indicated by the red and green sign, respectively, and the 
yellow arrow sign represents the fast-forward of the translation process.  The solid-colored balls 
represent the amino acids: teal color for the Protein 1, blue for 2A, red for Protein 2. The string of 
lettered balls with blue outline represents the amino acids of the conserved 2A peptide’s motif; it 
is believed that the mRNA or polypeptide sequence of this motif triggers the translational pause.   
 
 
 




