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ABSTRACT OF THE DISSERTATION 

 

Synthetic Biology Engineering of Photosystem II: tapping into natural diversity 

 

 

by 

 

Javier Andrés Gimpel 

 

Doctor of Philosophy in Biology 

 

University of California, San Diego, 2014 

 

Professor Stephen P. Mayfield, Chair 

 

Photosynthetic organisms are the primary source for food and fuel in this planet. 

Microalgae have the potential to become a platform for the production of natural products, 

therapeutics and ultimately biofuels. Achieving consistent and efficient photosynthetic growth 

under fluctuating environmental conditions constitute a key aspect that needs optimization. 

Photosystem II is regarded as a major bottleneck within this respect. Due to the intrinsic nature of 

PSII, long evolutionary history, and large number of interacting proteins and cofactors, PSII is 

said to be in a “frozen metabolic” state making further advantageous evolution by natural 
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processes or by directed mutagenesis in the laboratory extremely challenging.  However, previous 

studies have shown that PSII complexes from a wide variety of species have evolved unique 

properties, and corresponding unique amino acid sequences, that might be responsible for these 

distinctive photosynthetic characteristics. 

The goal of this project is to develop the strains and genetic tools that will allow us to 

express complete sets of Photosystem II core genes in the homogeneous and tractable algae host, 

Chlamydomonas reinhardtii. This in turn will allow for studying the natural structural diversity of 

PSII from a variety of organisms. These tools, and the scientific knowledge derived from them, 

will be necessary for selecting, understanding, and engineering specific photosynthetic 

phenotypes to improve the productivity of photoautotrophic organisms.  

In order to achieve this goal several scientific questions had to be answered. First we 

proved that heterologous PSII regulatory sequences weren’t flexibly recognized in the chloroplast 

of C. reinhardtii. Second we showed that it is possible to recapitulate photosynthetic phenotypes 

from a different species (cyanobacterium) by expressing a single, yet key, PSII component (D1) 

in our eukaryotic algae host. We then generated a six-gene core-complex PSII knock-out strain 

(ΔpsbADCBEF) and successfully complemented it with set of genes from three microalgae: C. 

reinhardtii, Volvox carteri and Scenedesmus obliquus (Chlorophyceae). Finally we tested PSII 

genes from the green microalgae Chlorella vulgaris (Trebouxyophyceae) and the plant 

Arabidopsis thaliana (Magnoliophyta), and showed that there are limitations to the extent of 

compatibility between PSII sub-units when dealing with organisms that do not belong to the same 

class (taxon). 
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INTRODUCTION 
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Microalgae as biofactories 

 

  Microalgae are among the most ancient and diverse organisms on the planet. They have 

evolved to adapt to a wide range of environments and consequently have proven to be a rich 

source of genetic and chemical diversity (Blunt et al. 2012; Dufresne et al. 2008; Parker et al. 

2008; Tirichine and Bowler 2011). This diversity has been exploited as a unique source of 

bioactive compounds (Cardozo et al. 2007; Sharma et al. 2011). Currently, algae are the main 

sustainable source of commercial carotenoids and omega-3 fatty acids (Borowitzka 2013). In 

addition, microalgae have also proven to be cost-effective and safe hosts for expressing a wide 

array of recombinant proteins, including human and animal therapeutics, and industrial enzymes 

(Maliga and Bock 2011; Rosales-Mendoza et al. 2012; Specht et al. 2010; Tran et al. 2013). More 

recently, studies have shown that microalgae also have the potential to be an economically viable 

source of renewable biofuels (Davis et al. 2011; Jones and Mayfield 2011; Larkum et al. 2011; 

Stephens et al. 2010).  

  While the potential of microalgae as a source of a wide range of products is high, 

optimization of cultivation and processing technologies will be required before algal-derived 

biofuels and some of the strain-specific biomolecules can be profitable on a large scale. Techno-

economic analysis has identified that three of the five main factors that significantly contribute to 

the overall cost of production for algal biofuels are product (lipid) content, growth rate, and 

cultivation cell density (Davis et al. 2011).  These biological outputs are determined by a number 

of constraints including light intensity, nutrient supply, and the unique metabolism of individual 

species. Improvements in all these areas will be major drivers in creating the most efficient and 

economically viable strains of microalgae available for a diverse arrange of biotechnological 

applications. 

  Chapter 1 describes the current research efforts undertaken in the main branches of algae 
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biotechnology, particularly focusing in genetic engineering strategies for improving different 

aspects of microalgal strains.  

 

Current prospects and limitations of synthetic biology for systems engineering 

 

  The use of synthetic biology to engineer microbes for the production of biofuels and 

high-value bioproducts has been the subject of many recent reviews (Connor and Atsumi 2010; 

Larkum et al. 2011; Mitchell 2011; Montague et al. 2012; Picataggio 2009). Some have imagined 

using whole engineered synthetic genomes to precisely manipulate host metabolism. This has 

been encouraged by the generation and assembly of larger and larger gene sets up to whole 

genomes, which are functionally active in the host cell (Gibson et al. 2010a; Gibson et al. 2010b). 

Moreover, a more recent study reported the generation of an entire exogenous chloroplast 

genome, which may one day be used to manipulate algal metabolism (O'Neill et al. 2012).  

  Engineering an entire genome from scratch is still a daunting task that has only been 

achieved with a few relatively small genomes (Gibson et al. 2010a; Gibson et al. 2010b).  With 

the dramatic decreases in cost and exponential increases in efficiency of assembly of genome size 

DNA vectors, the true rate-limiting step has now become understanding how genomes function 

from a unified perspective, that is the components of DNA replication and gene expression that go 

beyond the simple promoter and regulatory elements themselves.  While millions to billions of 

base pairs of DNA can be synthesized, assembled and even transformed into host organisms, 

current projects are limited to only the assembly and study of thousands of base pairs (Baker 

2011). Ultimately this is due to the fact that genes do not act alone, but within complex interactive 

networks and systems, which have evolved together over time.  Our greatest deficit of knowledge 

lies in understanding the extent and complexity of these interactions. One method to relieve this 

deficit is to break down pathways and complexes into standard DNA sequences of defined 
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structure and function, termed biobricks, which can be then easily reassembled in a combinatorial 

fashion (Ellis et al. 2011). This will allow exploration of the flexibility and modularity of 

biological pathways and, in particular, large molecular complexes that have been under strong 

evolutionary constraint (Shi et al. 2005). By first understanding these building blocks, we can 

begin to build “designed for purpose” genomes and organisms for production of specific traits and 

products.  

To date, much of synthetic biology and in particular ‘biobricks’ have focused on genetic 

regulatory sequences (promoters, UTRs, terminators) that can be arranged in combinatorial 

fashions to gain understanding of gene expression. Although these initial elements are useful for 

driving expression of single coding regions or simple metabolic pathways, they represent only 

one of many phases that will be required to develop synthetic biology in a strict sense.  In order to 

create truly synthetic designed-for-purpose organisms that produce functional products, we must 

also understand the interactions and limitations at the level of functional protein complexes, 

which in most cases are the biological unit responsible for the different phenotypes. This is 

especially important in photosynthesis, the process that drives all food and fuel production, in 

which every functional unit is a multi-subunit complex (Nelson and Ben-Shem 2004).  

 

Improving photosynthetic traits through photosystem II engineering 

 

  Oxygenic photosynthesis is the process by which light energy is transformed into 

reducing power and chemical energy in order to fix carbon into carbohydrates, and ultimately into 

all cellular components. This step is the major bottleneck for overall photosynthetic growth, and 

hence the major bottleneck for the production of all food and most fuel on the planet. Therefore, 

improving photosynthetic traits is a key pathway of interest to enhance overall plant growth as 

well as to potentially increase productivity in algae biomass production (Stephenson et al. 2011; 
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Work et al. 2011).   

  One method to increase overall photosynthetic efficiency is to increase the robustness of 

the photosystem II (PSII) against abiotic stress. Over 90% of all light energy absorbed by the 

photosynthetic apparatus is dissipated as non-photochemical quenching. Most of this light energy 

is lost safely through photoprotective mechanisms as heat and fluorescence (Grossman et al. 

2012). However, excess quanta by itself, or in combination with other environmental extremes, 

can also damage the photosynthetic complex. Within this respect, the D1 subunit from PSII is 

particularly susceptible to be inactivated. D1 damage results in inhibition of electron transport 

within PSII and therefore loss of photosynthetic quantum yield, which is termed photoinhibition. 

While the exact mechanisms of photoinhibition remains controversial, repair and recovery of PSII 

requires the degradation and replacement of the damaged D1 protein (Aro et al. 2005; Barber and 

Andersson 1992; Vass 2012; Vass and Cser 2009). Furthermore, PSII has been shown to be the 

rate limiting component for the function of the whole photosynthetic apparatus under UV light, 

temperature, salinity and reactive oxygen species stresses (Kreslavski et al. 2007; Tyystjarvi 

2008). 

 

PSII is in a “frozen metabolic” state 

 

  PSII's inefficiency, despite the overwhelming significance of its function and 2.5 billion 

years of evolution, may be explained by the very nature of the complex itself (Williamson et al. 

2011). PSII is an essential biological catalyst that utilizes light energy to oxidize water to 

molecular oxygen, with the production of protons and reduced plastoquinone b. PSII is a homo-

dimer super-complex with each monomer composed of 20 different proteins that interact with at 

least 96 cofactors (Guskov et al. 2010; Shi et al. 2012; Umena et al. 2011). The PSII core complex 

is defined as the minimal set of proteins required to oxidize water in vitro (Tang and Satoh 1985). 
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The core is composed of D1 (psbA) and D2 (psbD), which harbor the highly conserved reaction 

center, flanked by CP47 (psbB) and CP43 (psbC), which contain the core light-harvesting antenna 

and are connected to the outer light-harvesting complex II, and the cytochrome b559 subunits α 

(psbE) and β (psbF) (Guskov et al. 2010; Umena et al. 2011). The PSII core also requires the 

major soluble protein (MSP; psbO) which helps stabilize the water-oxidizing complex (WOC).   

  The large number of tightly-packed, interacting proteins and cofactors, as well as the 

essential nature of PSII's enzymatic function have placed a strong evolutionary constraint on PSII, 

resulting in a “frozen metabolic accident” (Shi et al. 2005). In other words, once oxygenic 

photosynthesis was achieved, the rate of molecular evolution of all the subunits slowed down 

drastically. Non-neutral modification of one protein would require concerted evolution of many 

of the others. The chances of this to happen over and over are very low, thus limiting the 

probability of enhancing PSII efficiency. Coevolutionary analysis of core PSII proteins (D1, D2, 

CP43, CP47 and PsbO) have revealed that amino acid substitutions in between pairs of interacting 

partners are significantly more correlated when compared to random non-interacting pairs (Shi et 

al. 2005). The strong protein-protein and protein-cofactor interdependency is also seen in the high 

evolutionary conservation among the PSII core complex proteins from cyanobacteria to higher 

plants. This conservation is higher in the core membrane-spanning complex proteins compared to 

more peripheral or soluble PSII proteins. For example, Prochlorococcus marinus membrane-

spanning D1 and D2 proteins average 0.2116 and 0.2061 substitutions per site, respectively, 

relative to the out-group Gloeobacter violaceus, while the soluble PsbO and PsbP average 1.2342 

and 1.3860 substitutions per site (Shi et al. 2005).  

  The strong evolutionary constraint on the PSII core complex extends to all photosynthetic 

organisms, including plants, algae, and cyanobacteria. Overall PSII structure and amino 

sequences of PSII core proteins are highly conserved between kingdoms (Allen et al. 2011; 

Williamson et al. 2011). In addition, high selective pressure and codependence are believed to 
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contribute to the retention of the six core membrane PSII proteins within the plastid genome of 

algae and plants. This plastid gene retention is in contrast to a majority of genes of cyanobacterial 

origin, including more peripheral PSII genes such as psbO, which are now localized in the nuclear 

genomes of plants and algae (Wicke et al. 2011). 

  Experimental studies also support the importance of coevolution among the PSII core 

complex. While the core psbA gene from the higher plant Poa annua was able to restore 

photosynthesis in a psbA-deficient Synechocystis sp. PCC 6803 mutant, the photoautotrophic 

growth rate was slowed by ~23% (Nixon et al. 1991). Moreover, the spinach CP43 and CP47 

were unable to restore photosynthesis in their respective Synechocystis sp. PCC 6803 knock-out 

mutants (Carpenter et al. 1993; Vermaas et al. 1996). In contrast, soluble MSPs from a wide range 

of species have been able to cross-reconstitute PSII from various heterologous hosts in vitro at a 

rate similar to the intra-specific control (Williamson 2008). Together this data suggests that the 

PSII core complex is in a “frozen metabolic” state that is highly resistant to evolutionary change 

(Shi et al. 2005). 

 

Utilizing natural diversity to improve PSII function  

 

  Given the coevolution of the PSII core proteins as a single functional unit, traditional 

methods of mutagenesis, even in combination with directed evolution techniques, are unlikely to 

result in a photosystem with more desirable traits. However, previous studies have shown that 

PSII complexes from a wide variety of species have evolved unique sequences that might be 

responsible for the photosynthetic properties observed in their host organisms (Burnap 2011; 

Seckbach 2007). These include complexes that are resistant to stresses such as low and high 

temperatures, high light, and reactive oxygen species.  

Of note are PSII from cyanobacteria that have multiple isoforms of D1, some of which 
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have been shown to be conditionally regulated in response to stress (Mulo et al. 2012; Mulo et al. 

2009). Most of these isoforms can be classified into 3 groups: D1:1 corresponds to the 

“housekeeping” isoform that is constitutively expressed under moderate levels of light.  It is 

proposed to confer a discrete, yet not clear, advantage in growth rate under standard growth 

conditions. D1:2 is the “high-light” isoform and confers clear advantages in growth rate and 

photosynthetic performance during high-light treatment (Krupa et al. 1991; Mulo et al. 2009; 

Schaefer and Golden 1989). The third isoform, D1', has recently been shown to be expressed 

under low oxygen conditions. The function of this protein still remains unknown (Sicora et al. 

2009; Summerfield et al. 2008). Additionally cyanobacteria can acquire a fourth isoform of D1 

that is present in some of the cyanophages that infect them. The viral psbA gene is actively 

expressed during infection, but the effects on photosynthesis are not well understood (Lindell et 

al. 2005; Sullivan et al. 2006). 

 The molecular effects caused by amino acid differences between D1 isoforms are best 

described for the D1:1-D1:2 pair of Synechococcus sp. PCC 7942. In this case the presence of 

D1:2 results in an increase in probability of back-flow of electrons (against the direction of the 

normal photosynthetic electron chain). This results in non-radiative dissipation of energy and is 

thought to be a photoprotection mechanism when electron acceptors in the forward direction are 

unavailable (usually during high-light). Glu130Gln substitution is proposed to be partially 

responsible for this phenomenon but there are still 24 unstudied amino acid difference between 

D1:1 and D1:2 that could also account for the observed phenotypes (Sane et al. 2002; Vass and 

Cser 2009). D1:2 may also protect PSII from photoinhibition by other mechanisms, such as 

increasing the rate of PSII repair (Krupa et al. 1991; Tichý et al. 2003). 

 In collaboration with Dr. Charles Dismukes laboratory (Rutgers University), we have 

analyzed the expression of the two Synechococcus sp. PCC 7942 D1 isoforms, as replacements 

into a D1 deficient Chlamydomonas reinhardtii strain (Vinyard et al. 2013). Synthetic codon-
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optimized versions of the Synechococcus psbAI (encoding D1:1) and psbAII (encoding D1:2) 

genes driven by C. reinhardtii regulatory elements were generated and expressed independently 

in a C. reinhardtii psbA- deficient strain. PSII oxygen evolution rates of the C. reinhardtii strains 

were analogous to the corresponding Synechococcus strains (expressing only one isoform) over 

varying flash durations. In fact, the relative forward electron transfer rates of the C. reinhardtii 

mutants carrying the individual D1 isoforms were similar to the Synechococcus lines expressing 

the same isoforms. More importantly, the backward electron transfer rates of the C. reinhardtii 

mutants also corresponded to their Synechococcus counterparts. The D1:2 isoform conferred a 

faster charge recombination rate, which contributes to photoprotection, compared to the D1:1 in 

the C. reinhardtii strain, which is consistent with previous reports (Sane et al. 2002).  

  The effect of the two D1 isoforms on the efficiency of the PSII water-oxidizing 

complex (WOC) was also measured in vitro and in vivo by fast repetition rate fluorometry. 

Studies in the C. reinhardtii D1 mutants showed that the D1:1 had higher WOC efficiency under 

low light, while D1:2 had higher efficiency under high light. Together with the analysis of 

patterns of flash oxygen yields, this study demonstrated for the first time that differences in WOC 

efficiencies is the mechanism by which the specific Synechococcus D1 isoforms confer 

environment-specific advantages. Determination of this mechanism was only possible in the C. 

reinhardtii background due to the ability to acquire extremely precise PSII fluorescence 

measurements in a eukaryotic algae, in contrast with cyanobacteria, which have high non-PSII 

fluorescence background (Schreiber 2004). 

  Most interestingly, competition experiments between the two D1 C. reinhardtii 

strains demonstrated that the expression of different D1 isoforms translated to uniquely enhanced 

growth under varying light conditions. When grown competitively in the dark under heterotrophic 

conditions, both C. reinhardtii strains achieved comparable growth densities. However, consistent 

with the oxygen evolution and WOC efficiency studies, under low-light phototrophic conditions 
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the D1:1 strain achieved ~30% higher cell density than D1:2. Reciprocally, under high-light 

phototrophic conditions, the D1:2 strain reached 500% higher cell density than its counterpart. 

Interestingly, the D1:1 strain accumulates 12% and 11% more biomass than the D1:2 and C. 

reinhardtii wild-type strains, respectively, when grown phototrophically until stationary phase 

under 60 μE m
-2
s

-1
 (Vinyard et al. 2013). The latter is a highly valuable trait for production of 

microalgae at commercial scales given the reduction of harvesting costs. 

 Chapter 2 presents further characterization of the C. reinhardtii D1:1 and D1:2 strains. A 

mutational analysis was undertaken in order to pinpoint the key amino acids responsible for the 

distinctive phenotypes. 

 

Chlamydomonas reinhardtii Dangeard (Chlorophyceae) as a universal PSII hybrid host 

 

  The goal of this project is to develop the genetic tools to explore the natural diversity 

of the Photosystem II by expressing complete sets of PSII core genes in a single algae host. 

This project will focus on the PSII core complex which has a well-defined functional boundary 

making it a potentially swappable “module” with a predictable output based on a defined input. 

As described above, the PSII core complex consists of the minimal set of six intrinsic membrane 

proteins and one soluble protein that together are able to transform water and light energy (inputs) 

into oxygen, protons and reduced plastoquinone b (outputs).  

  The model species Chlamydomonas reinhardtii will serve as a uniform host in which to 

compare the phenotypic effect conferred by exchanging the PSII core complexes from a wide 

variety of species.  C. reinhardtii is a long established model system for studying molecular and 

genetic systems due in part to its rapid doubling time and sexual cycle, haploid cells, and fully 

sequenced and transformable nuclear, mitochondrial and plastid genomes (Gomes de Oliveira et 

al. 2011; Grossman et al. 2012; Maul et al. 2002; Popescu and Lee 2007).  
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  C. reinhardtii is particularly suited to study photosynthesis due to its ability to grow 

heterotrophically, the ease of chloroplast transformation, and extensive research optimizing 

foreign protein production within the chloroplast (Coragliotti et al. 2011; Purton 2007; Specht et 

al. 2010). In addition, Chlamydomonas provides some additional advantages over the also fast 

growing photosynthetic cyanobacteria. Chlamydomonas is eukaryotic and more closely related to 

higher plants. Therefore, tools developed for Chlamydomonas can potentially transfer more 

readily to important crop species. Secondly, Chlamydomonas does not contain the fluorescent 

pigments phycocyanins present in cyanobacteria. These phycocyanins cause high levels of 

background fluorescence, making precise fluorescence-based measurements of PSII activity 

difficult.  Inactive chlorophyll a associated with Photosystem I also gives off non-PSII 

fluorescence background noise. However, the PSI/PSII ratio is 3-5 times lower in 

Chlamydomonas compared to cyanobacteria (Schreiber 2004). Therefore, the non-PSII 

fluorescence background is significantly lower, increasing the signal-to-noise ratio of 

fluorescence-based PSII activity measurements in Chlamydomonas. 

 

Specific Aims 

   

  The goal of this project is to develop the genetic tools that will allow us to express 

complete sets of Photosystem II core genes in a homogeneous algae host. This in turn will 

allow for studying the natural structural diversity of PSII from a variety of organisms. 

These tools, and the scientific knowledge derived from them, will be necessary for selecting 

and engineering specific photosynthetic phenotypes to improve the production of 

bioproducts and biofuels in photoautotrophic organisms. Towards this end, we will engineer 

the green microalgae C. reinhardtii with six PSII core genes from a variety of photosynthetic 

organisms and compare the performance of these PSII core complexes for photosynthetic activity 
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and PSII protein accumulation. Achieving this main goal will require the development of the 

following specific aims: 

 

 Determination of the activity of heterologous regulatory regions in C. reinhardtii 

plastids. 

The construction of exogenous PSII expression vectors would be greatly facilitated if we could 

express complete genes from heterologous species. Heterologous promoters, 5’ untranslated 

regions (UTRs) and 3’ UTRs have not been systematically tested in C. reinhardtii chloroplasts. A 

study of this type is presented in Chapter 2. The results argue against the possibility of using 

complete heterologous genes for constructing PSII expression vectors. Chapter 3 is an 

application of the results from Chapter 2 for improving the expression of high-value 

recombinant proteins in microalgae at a greenhouse pilot scale. 

 

    Modification of photosynthetic performance by the expression of heterologous 

psbA coding regions. 

We initially tested if we can modify photosynthetic phenotypes by expressing only heterologous 

D1 proteins. Chapter 4 shows that we can recapitulate the photosynthetic phenotypes associated 

with the high-light and low-light D1 isoforms from Synechococcus sp. PCC 7942. Furthermore, 

this chapter describes how we used our Chlamydomonas system for understanding the D1 amino 

acid substitutions underlying these different phenotypes. 

 

 Production of a PSII core complex knock-out strain of C. reinhardtii. 

A strain lacking the psbA, psbD, psbB, psbC, psbE and psbF has been generated.  Chapter 5 

describes how we achieved this by transforming six constructs that loop out the targeted genes by 

homologous recombination, while at the same time recycling our antibiotic selection markers. 
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  Generation and analysis of C. reinhardtii cells with heterologous PSII core-

complexes. 

Chapter 5 describes our cloning strategy for generating the six gene PSII reconstitution vectors. 

We show that we could rescue photosynthesis of the knock-out strain with constructs containing 

the full set of genes from the Chlorophyceae microalgae C. reinhardtii, Volvox carteri and 

Scenedesmus obliquus. The strains generated were characterized for their photosynthesis 

efficiency and PSII protein accumulation. Chapter 6 describes additional strategies for 

reconstituting photosynthesis with PSII core-complex coding sequences from two more distantly 

related species, the Trebouxiophyceae algae Chlorella vulgaris and the higher plant Arabidopsis 

thaliana.   
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Abstract 

 

 Recombinant protein production in microalgae chloroplasts can provide correctly folded 

proteins in significant quantities and potentially inexpensive costs compared to other 

heterologous protein production platforms. The best results have been achieved by using the psbA 

promoter and 5’ untranslated region (UTR) to drive the expression of heterologous genes in a 

psbA-deficient, non-photosynthetic, algae host. Unfortunately, using such a strategy makes the 

system unviable for large scale cultivation using natural sunlight for photosynthetic growth. In 

this study we characterized eight different combinations of 5’ regulatory regions and psbA coding 

sequences for their ability to restore photosynthesis in a psbA-deficient Chlamydomonas 

reinhardtii, while maintaining robust accumulation of a commercially viable recombinant protein 

driven by the psbA promoter/5’UTR. The recombinant protein corresponded to bovine Milk 

Amyloid A (MAA), which is present in milk colostrum and could be used to prevent infectious 

diarrhea in mammals. This approach allowed us to identify photosynthetic strains that achieved 

constitutive production of MAA when grown photosynthetically in 100 L bags in a greenhouse.  

Under these conditions, the maximum MAA expression achieved was 1.86% of total protein, 

which corresponded to 3.28 mg per liter of culture medium. Within our knowledge, this is the 

first report of a recombinant protein being produced this way in microalgae. 
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Introduction 

 

 The chloroplasts of green algae have proven to be an excellent platform for the 

expression of recombinant proteins. High and consistent levels of protein accumulation can be 

achieved in plastids since they have strong endogenous promoters (eg. rbcL and psbA), the ability 

to insert genes by homologous recombination into the genome, and the lack of known positional 

effects and gene silencing mechanisms (Potvin and Zhang 2010; Specht et al. 2010) These 

advantages are shared with higher plant chloroplast expression, but microalgae expression 

systems are inherently faster to develop, potentially less expensive, and require less space when 

large numbers of transformants are required. Another advantage is that algae grow rapidly and 

easily in containment, thus making the scaling-up process faster and reduces concerns about 

recombinant gene spread to the environment. The time frame between transformation and scale-

up can be as short as two months (Mayfield et al. 2007), considerably shorter than with higher 

plants, where seed production requires years in plants like corn (Mayfield and Franklin 2005). 

Growth in containment also has the advantage of pathogen exclusion, which can affect algae 

growth and hinder commercialization of therapeutics (Specht et al. 2010). Furthermore, algae can 

achieve up to 50% protein by dry weight (Becker 2007) and since they are unicellular they don't 

have to maintain protein-poor differentiated structures like plants do.  

The highest levels of recombinant protein expression in C. reinhardtii have been obtained 

by using the psbA promoter and 5’ UTR. The psbA gene codes for the D1 protein which is 

essential for photosynthesis. Unfortunately, in order to achieve these high expression levels it is 

necessary to delete the endogenous psbA gene, thus rendering the cells non-photosynthetic 

(Manuell et al. 2007; Surzycki et al. 2009; Tran et al. 2009; Rasala et al. 2010; Rasala et al. 2011; 

Gregory et al. 2012; 2013; Jones et al. 2012; Georgianna et al. 2013; Tran et al. 2013a; 2013b; 

Barrera et al. 2014). It is proposed that there is an auto-attenuation mechanism by which the D1 
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protein inhibits translation of its own mRNA by an unknown mechanism that acts on the psbA 5’ 

UTR (Minai et al. 2006; Manuell et al. 2007; Marin-Navarro et al. 2007; Rasala et al. 2011). 

Alternatively, it has been shown that a psbA deficient strain expressing the therapeutic protein 

MAA (bovine Milk Amyloid A, also known as mammary-associated Serum Amyloid A, m-SAA) 

can be complemented with the endogenous psbA coding sequence driven by the psbD promoter 

and 5’ UTR, allowing for photosynthetic activity while still maintaining accumulation of the 

MAA protein. MAA production levels were lower in the complemented photosynthetic strains 

and protein accumulation was highly dependent on dark to light shifts for inducing expression 

(Manuell et al. 2007). The latter requirement renders the system unviable for commercial scale 

facilities that depend on natural sunlight for algae growth. Large scale production of MAA is a 

potentially viable solution for reducing the risks of infectious diarrhea, one of the main causes for 

child mortality in many underdeveloped areas of the world (Boschi-Pinto et al. 2009).  MAA has 

been shown to prevent enteropathogenic bacteria adherence to intestinal cells (Larson et al. 

2003), has direct anti-microbial properties (Molenaar et al. 2009), and has been shown to 

stimulate phagocytosis in macrophages (Domenech et al. 2012).  

 In a previous work we have been able to reestablish photosynthesis in a psbA deficient 

strain by complementing the strain with different combinations of endogenous and heterologous 

promoters and 5’ UTRs driving different psbA coding sequences (Figure 3.1) (Gimpel and 

Mayfield 2012). In the present work we show that the constitutive accumulation of the psbA-

driven MAA transgene can be optimized in an autotrophic strain by selecting the right 

combination of regulatory regions and psbA coding sequences used to reestablish photosynthesis. 

This allowed us to grow algae phototrophically while maintaining high levels of MAA production 

in 100 liter bags in a greenhouse set-up under natural sunlight conditions. Within our knowledge, 

this is the first report of a recombinant protein being produced this way in microalgae. 
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Figure  3.1  C. reinhardtii plastid chromosome diagrams showing the sites for genome 

integration for the MAA expression contruct (mSAA) and the psbA restoration cassettes. 

Integration of the MAA construct results in the deletion of the endogenous psbA gene by 

homologous recombination. The exogenous psbA cassette is inserted at a distal intergenic site. 

The sequence sources for Alt-psbA5’ and Alt-psbA-CDS are detailed in Table 3.1. 
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Materials and Methods 

 

Algae strains and growth conditions  

 

 All strains were previously described in Gimpel and Mayfield 2012. We preserved the 

original names for the strains in this paper. The genotypes are presented in Figure 3.1 and Table 

3.1. For the protein expression experiments, photosynthetic strains were grown at 25°C in 50 ml 

of minimal medium (HSM) (Sueoka 1960) in agitated flasks, under 100 μmol·m
-2
·s

-1
 of 

continuous illumination in a CO2 supplemented growth chamber. The KO strain was grown in 

TAP medium (Gorman and Levine 1965) without CO2 supplementation. Cultures were inoculated 

at 10
6
 cells/ml and grown for 48 hours before harvesting for protein extraction.  

 

Sample processing and Western blots 

 

 50 ml of cultures were spun down by centrifugation and resuspended in exactly the same 

volume (10 ml) of PBS. Sample processing, quantitation and Western blots were performed as in 

Gimpel and Mayfield 2012. Monoclonal rat anti-MAA antibody was obtained from Dr. 

McDonald laboratory (McDonald et al. 1991).  Goat alkaline phosphatase conjugated anti-rat 

(Sigma, St. Louis, MO, USA) was used as the secondary antibody for MAA Western blots. 

 

Growth rate and Photosystem II (PSII) quantum yield measurements 

 

 Cells were inoculated into 16 mm test tubes with 6 ml of HSM up to a concentration of 

1x10
5
 cells/ml in three replicates per strain. Tubes were placed in a roller drum within a 25°C 

growth chamber supplemented with carbon dioxide, under 100 μmol·m
-2
·s

-1
 of continuous 
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illumination. Cell growth was monitored once a day by reading absorbance at 750 nm directly 

from the test tube in a DU730 spectrophotometer (Beckman Coulter, Brea, CA, USA). Doubling 

times were calculated with the data from 4 daily time-points.  An aliquot of mid-exponential 

growing cells (~10
6
 cells/ml) was taken from each tube and used for PSII quantum yield 

measurement using an Aquapen-C PAM fluorometer (Photon System Instruments, Drasov, Czech 

Republic). Cells were diluted to 4 µg/ml total chlorophyll in HSM supplemented with 5 mM 

sodium bicarbonate. 2 ml of cell suspensions were placed in cuvettes for dark adaptation for 5 

minutes before measuring. A 455 nm probe pulse at 27% intensity and a saturating pulse at 50% 

intensity gave the highest quantum yield values at this chlorophyll concentration and were used in 

this study. 

 

Greenhouse growth 

 

 Greenhouse growth was conducted from 11/14/13 to 11/26/13 in the field station facility 

of the University of California, San Diego, CA, US (32.885456°, -117.229978°). 100 L 10-mil 

high-density polyethylene bags (Landsberg Co., San Diego, CA, US) were hanged on racks 

within the greenhouse, having natural sunlight as the only light source (Figure 3.3a) (Schoepp et 

al. unpublished) 1.5 L of TAP medium with algae in stationary phase (~10
7
 cells/ml) was used to 

inoculate 100 L of filter-sterilized HSM medium.  Air and CO2 were supplied to the system 

together, and filtered through a 0.2 µM filter before entering the polybag. Air was maintained at a 

flow rate of approximately ten liters per minute. 5% CO2 was supplied at an output pressure of 10 

psi. Cultures were dosed with CO2 every half hour for five minutes using solenoids controlled by 

a timer.  
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Polybag sampling 

 

 Culture samples were collected daily between 8 and 10 AM. Sampling for estimating 

recombinant protein production was done on day 12 of the culture at 2 PM.  Optical density at 

750 nm was measured daily using a Bausch and Lomb Spectronic 20 spectrometer. An optical 

density-dry weight correlation curve was created by measuring a series of dilutions created from 

mid and late exponential phase cultures of the same strain (R
2
=0.98, Figure S1). Dry weights 

were obtained by filtering 50 ml of culture using fritted glass filter assemblies (Product # 1424, 

ChemGlass, Vineland, NJ, US) and 4.7 cm Whatman GF-F glass fiber filter discs (GE 

Healthcare, Piscataway, NJ, US). Filters were prewashed five times using 10-15 mL of DI water 

and dried overnight in a 105˚C oven. Filters were allowed to cool in a desiccator before weighing. 

Weights were taken on an analytical balance readable with ±0.1 mg accuracy. Culture pH was 

measured daily using a SMS120 pH meter (Milwaukee, Rocky Mount, NC, US). Temperature 

was read daily using a generic infrared thermometer. Visual observations were also made; no 

crop protective actions were taken during the growth. 

 

MAA ELISA 

 

 In order to have a protein standard we expressed an N-Terminal Flag-tagged MAA in 

arabinose-inducible BL21 E. coli (Invitrogen, Carlsbad, CA, USA) as described in Molenaar et al. 

2009. MAA was then affinity purified from the total soluble protein using anti-Flag M2 resin 

according to the manufacturer instructions (Sigma). Elution was performed with glycine-HCl pH 

3.5 buffer. Purified MAA was quantitated and mixed with wild-type algae for making the ELISA 

standards. 96-well Nunc Maxisorp clear plates were used (Thermo Scientific, Waltham, MA, 

USA). 1 µg of total protein from standards and unknown samples were loaded in each well in 
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triplicates. Protein binding was done overnight at 4°C  with 100 mM carbonate/bicarbonate 

coating buffer pH 9.6 supplemented with 25% isopropanol, as described in Doyle et al. 2001. 

Blocking was performed for 2 hours at room temperature with 10 mg/ml BSA in PBS. PBS 

without detergent was used for all washes. A rabbit anti-MAA polyclonal antibody was used in a 

1:10,000 dilution in PBS 1 mg/ml BSA for two hours at room temperature. This primary antibody 

was generated in our laboratory. Horseradish peroxidase conjugated goat anti-rabbit (Sigma) was 

used as a secondary antibody for 2 hours at room temperature in a 1:20,000 dilution in PBS 1 

mg/ml BSA.  The assay was developed using the 1-Step Ultra TMB-ELISA substrate according 

to the manufacturer instructions (Thermo Scientific). 
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Results 

 

 We tested all photosynthetic strains from Gimpel and Mayfield 2012 for MAA 

accumulation under photosynthetic growth by Western blot, and could detect consistent protein 

accumulation in six of the strains. The types of psbA expression cassettes used for 

complementation that resulted in MAA accumulation are shown in Table 3.1.  The six productive 

strains were then inoculated at the same density, grown in the same volume of minimal media, 

and harvested simultaneously for comparing MAA protein productivity. Figure 3.2a shows a 

Western blot loaded on a total protein basis, thus showing the relative amount of MAA 

accumulation per biomass unit. In this case, the strains Duna, Scene and Chlamy atpA resulted in 

the highest MAA accumulation. All strains appeared to accumulate very similar amounts of the 

D1 protein. 3.2b shows a Western blot in which the same equivalents of culture media were 

loaded. This represents the amount of MAA that can be harvested after a given amount of growth 

time. Unlike Figure 3.2a, the detected levels of proteins are influenced by both the ability of the 

strain to accumulate the recombinant protein and the photosynthetic growth rate of that strain.  

This analysis showed that the Duna and Scene strains had the highest productivity of MAA. In 

both Western blots we could not detect MAA in strains Chlamy psbD and Chlamy psbA.  
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Table 3.1  Strains used in this study, their sequences for restoring psbA expression, PSII quantum 

yields (Fv/Fm), and growth rates. Strain names correspond to the same as in Gimpel and 

Mayfield 2012.  All strains contain the C. reinhardtii psbA 3’ UTR for driving psbA expression. 

The full names for the different species are: Thalassiosira pseudonana (diatom), Synechococcus 

elongatus PCC 7942 (cyanobacteria), Dunaliella salina and Scenedesmus obliquus (green algae).  

 

Strain  

Name 

Promoter 

5’ UTR 

psbA  

Coding Sequence 

PSII  

Quantum yield 

Growth Rate  

[day
-1

] 

TS1 psbA C. reinhardtii T. pseudonana 0.65±0.01 1.38±0.04 

Syne1Opt
a
 psbA C. reinhardtii S. elongatus 0.69±0.01 1.56±0.07 

Duna psbA D. salina C. reinhardtii 0.66±0.00 1.46±0.02 

Scene psbA S. obliquus C. reinhardtii 0.68±0.00 1.49±0.02 

Chlamy atpA atpA C. reinhardtii C. reinhardtii 0.57±0.00 1.18±0.02 

Chlamy tufA tufA C. reinhardtii C. reinhardtii 0.50±0.01 1.15±0.03 

Chlamy psbD
b
 psbD C. reinhardtii C. reinhardtii 0.71±0.00 1.53±0.03 

Chlamy psbA
b
 psbA C. reinhardtii C. reinhardtii 0.73±0.00 1.70±0.04 

WT psbA C. reinhardtii psbA C. reinhardtii 0.74±0.01 1.73±0.03 

KO
b
 psbA deficient psbA deficient N.A. N.A. 

 

a
Contains a codon optimized version of the heterologous psbA coding sequence (Vinyard et al. 

2013).  
b
Originally reported in Manuell et al. 2007 as strains "psbA-psbA", "psbD-psbA" and  "psbA-m-

SAA", in the same order as in the table.  

 

 We further measured the growth rates and photosynthetic capabilities (quantum yield of 

PSII) of all strains.  As shown in Table 3.1, the expression of psbA using different regulatory 

regions clearly affects the photosynthetic growth performance of the algae. These results also 

show that there is good correlation between the doubling time and the quantum yield of PSII (R
2
 

= 0.91) under our growing conditions. The strains with the fastest growing rates and most active 

PSII, Chlamy psbA and Chlamy psbD, did not appear to accumulate detectable levels of MAA 

protein (Figure 3.2).  Chlamy atpA had the second slowest growth rate and second lowest PSII 

activity, but one of the highest MAA accumulation per unit of biomass (Figure 3.2a). 

Unfortunately its overall MAA productivity is still low (Figure 3.2b) and therefore is not 
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considered a good production strain candidate. On the other hand strains Duna and Scene had 

both high photosynthetic capabilities and high accumulation of MAA, which resulted in the 

highest overall MAA productivity (Figure 3.2b). We selected Scene for growth at a larger scale in 

greenhouse conditions because of its higher growth rate and higher PSII quantum yield.  

 

Figure 3.2 Anti-AtpB, D1 and MAA Western blots. AtpB was used as a loading control. The 

numbers underneath represent the amount of total protein loaded relative to WT. a Equal amount 

of total protein loaded (10 µg per well). b Equal amount of culture volume loaded (equivalent to 

75  µl of algae culture per well).  

 

 Table 3.2 shows the different growth and MAA accumulation parameters for three 100 L 

bags grown in a greenhouse in San Diego, California, US in November 2013 (fall season). The 

cells grew with an average maximum productivity of   0.051±0.016 g·L
-1
·day

-1
 that was reached 

after nine days of culture (Fig 3b, Table S1). The bags temperature averaged 23.1±4.7°C, and also 
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reached the maximum values after nine days (Figure 3.3c). The pH of the bags was maintained 

stable at 6.6±0.2 by bubbling CO2 into the bags.  We harvested cells at day 12, at the highest 

biomass accumulation, to perform MAA ELISA assays. The average MAA yield was 2.27±0.88 

mg·L
-1 

of culture. This corresponded to an accumulation level of 1.39±0.40% of total protein 

content. It is worth noting that there were considerable differences in growth and MAA 

production between the three bags and that is why we show them separately on Table 3.2. This 

variability in the parameters can be explained by the different position of the bags with respect to 

the natural sunlight source. Bag D11 is exposed to the most sunlight during the day, and has the 

highest MAA accumulation, while bag D7 had less light exposure and less MAA accumulation, 

and bag D9 is shaded by the other two bags and had the lowest MAA accumulation (Figure 3.3a). 

 

Table 3.2 Growth parameters and MAA expression data collected from the cultures grown in 100 

L bags under greenhouse conditions.  

 

Bag 

Dry weight
a
 

[g·L
-1

] 

Max. Productivity
b
 

[g·L
-1

·day
-1

] T°C
c
 pH

c
 

MAA
d
 

[mg·L
-1

] 

MAA
d
 

% expression 

D7 0.265 0.047 (11) 23.0±4.6 6.6±0.2 1.86±0.07 1.21±0.05% 

D9 0.256 0.037 (11) 23.1±4.6 6.5±0.2 1.66±0.06 1.12±0.04% 

D11 0.278 0.069 (9) 23.4±4.9 6.6±0.2 3.28±0.21 1.86±0.12% 

Average
e
 0.267±0.011 0.051±0.016 23.2±0.2 6.6±0.1 2.27±0.88 1.40±0.40 

 

a
Achieved on day 12 of the culture 

p
Parentheses show the day in which the maximum productivity was attained. 

c
The uncertainity (except for the “Average” row) corresponds to the standard deviation from all 

daily measurements. 
d
The uncertainity (except for the “Average” row) corresponds to the standard deviation from the 

triplicate wells in the ELISA plate. 
e
The uncertainity represents the standard deviation between the three bags without error 

propagation. 
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 Figure 3.3 a Hanging polybags set-up in the greenhouse. b Average growth curve of the three 

bags from this study (red line). Each bag is represented by a different symbol. c Average daily 

temperature of the three bags. Error bars cannot be seen.  The complete daily data set of biomass, 

productivity, temperature and pH is presented in the Table S1. 
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Discussion 

 

 Algae have significant potential for the production of recombinant proteins due to their 

high levels of heterologous protein accumulation, and the ability to scale rapidly using 

inexpensive growth media and facilities. To date, the highest levels of heterologous protein 

accumulation in the model algae C. reinhardtii have been achieved using the psbA promoter to 

drive expression of the gene of interest within a non-photosynthetic psbA-deficient strain (Specht 

et al. 2010). This study confirms the possibility of achieving robust recombinant protein 

expression using the psbA promoter to drive expression, but in a photosynthetic algae host.  

Additionally, the expression of the transgene is constitutive and not dependent upon induction by 

shifting the light conditions. To achieve this we tested different combinations of 5’ 

promoters/UTRs and psbA coding sequences from various organisms to restore psbA expression 

(Gimpel and Mayfield 2012), without abolishing translation of the gene of interest. The key for 

achieving this seems to rely on the specific 5’ regulatory elements, because the expression of 

different heterologous psbA coding sequences resulted in low MAA accumulation (strains TS1 

and Syne1Opt). There is no clear pattern that we could observe that identified which 5’ regulatory 

element was likely to work, but there are some trends that could be recognized. 5’ elements that 

allowed for the highest or lowest PSII activity did not result in highest overall productivity of 

MAA, either because they did not accumulate much MAA protein (strains Chlamy psbA and 

psbD), or because they did not accumulate much overall biomass (strains Chlamy atpA and tufA). 

The two 5’ regulatory regions that resulted in the highest MAA productivity per volume per day 

had both mid-range PSII activity and reasonable MAA accumulation per biomass unit (strains 

Duna and Scene). Interestingly, these 5’ promoter/UTRs were the only ones that were from 

different species, and corresponded to the psbA 5’ regulatory regions from the closely related 

green algae Dunaliella salina and Scenedesmus obliquus (Chlorophyceae).  
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 We took the best strain (Scene) to larger scale in a greenhouse facility designed for 

growing 100 L bags of algae using natural sunlight. The daily maximum dry weight productivity 

of this strain was (0.051±0.016 g·L
-1
·day

-1
), which is lower than what we have achieved before 

with wild-type C. reinhardtii in the summer months (0.07-0.08 g·L
-1
·day

-1
). We attribute this to 

the lower temperature and lower solar irradiation present in November in San Diego. According 

to the National Oceanic and Atmospheric Administration records, the daily average temperature 

in San Diego in November is 16.6°C compared to 22.2°C in August. The total sunshine duration 

in November is 230 h compared to 295 h for August. The weather limitations are also reflected in 

the fact that the dates with the highest productivity coincide with the warmest days, which usually 

also have more solar irradiation (Figure 3.3, Table S1). Moreover, the bag that was exposed to the 

most sunlight (D11) also achieved the highest productivity (Table 3.2).  

 The maximum yield of MAA attained in this study on a dry weight biomass basis (11.8 

g·Kg
-1

) is 46-fold higher than the amount present in bovine colostrum (0.267 g·L
-1

, alternatively 

0.255 g·Kg
-1

), the natural source of MAA (McDonald et al. 2001; Morin et al. 2001). 23 grams of 

the algae would provide the same amount of MAA as a liter of colostrum. Bovine colostrum can 

be sold for US$138 per liter (Re-Borne Bovine Colostrum, Santa Cruz Animal Health, Dallas, 

TX, USA). The production cost for the most expensive to produce commercial algae, 

Haematococcus pluvialis, is $100 per kilogram of dry weight biomass (Benemann 2013). H. 

pluvialis is a green freshwater algae from the same order as C. reinhardtii (Chlamydomonadales). 

Using this conservative production cost value and the information from Table 3.2 we can estimate 

that it would be possible to produce the equivalent of MAA at a cost sixty times lower than that 

of the selling price of the commercial bovine colostrum. It is worth noting that since MAA is an 

orally-administered protein, there would be no costs associated with the downstream purification 

of the product. 
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 It is important to note that the growth conditions used in this study haven’t been 

optimized for recombinant protein expression purposes. Our 100 L culture bags have a long 

optical path length, thus limiting light penetration, and their hanging positions tend to make them 

shade each other. Greater gains in biomass and MAA yields could be readily achieved by 

cultivation in shallow ponds (Ritchie and Larkum 2012). This would increase the light 

availability for photosynthetic growth and would also enhance expression of the gene of interest. 

MAA is driven by the psbA promoter/5’UTR for which translation can be induced 50-100 fold in 

the presence of high light (Bruick and Mayfield 1998). This is also supported by the fact that bag 

D11, which received the highest amount of light, had the highest percent expression of MAA 

(Table 3.2).  Together these data suggest that algae are close to become a technically and 

economically viable expression platform for recombinant proteins. 
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CHAPTER 4:  

Engineered Photosystem II reaction centers optimize 

photochemistry versus photoprotection at different solar intensities 
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Abstract 

 

Photosynthetic organisms are the primary source for food and fuel in this planet. 

Microalgae have the potential to become a platform for the production of natural products, 

therapeutics and ultimately biofuels. Achieving consistent and efficient photosynthetic growth 

under fluctuating environmental conditions constitute a key aspect that needs optimization. 

Photosystem II is regarded as a major bottleneck within this respect. In the present work we have 

developed strains and genetic tools for engineering the six genes of the PSII core complex as a 

synthetic module in Chlamydomonas reinhardtii. We have generated a strain with deletions for 

all six PSII genes. We had also refactored the six genes into a single expression construct for 

three microalgae PSII. Complementation of the knock-out strain with the core PSII from C. 

reinhardtii, Volvox carteri and Scenedesmus obliquus resulted in reconstitution of PSII activity to 

85%, 53% and 55% of that of the wild-type control. 

 

Introduction 

 

Oxygenic photosynthesis is the process by which light energy is transformed into 

reducing power and chemical energy in order to fix carbon dioxide into carbohydrates and 

ultimately into all cellular components. This step is the major bottleneck for overall 

photosynthetic growth, and hence the major bottleneck for the production of all food and most 

fuel on the planet. Therefore, improving photosynthetic traits is a key pathway of interest to 

enhance overall plant growth, as well as to potentially increase productivity in algae biomass 

production (Stephenson et al. 2011; Work et al. 2011; O’ Neill et al., 2012; Scharff and Bock, 

2014).   
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  Photosystem II (PSII) is regarded as the most susceptible component of the 

photosynthetic machinery to abiotic stress. It is directly affected by UV-light, high salinity, low 

and high temperature, reactive oxygen species, and high-light (Kreslavski et al., 2007; Tyystjarvi 

et al., 2008). Nonetheless, there are examples of photosynthetic organisms that can tolerate all 

these conditions independently, while the key to their success might rely in their PSII genes 

(Seckbach et al., 2008; Burnap et al., 2011). There are currently 499 chloroplast and 103 

cyanobacteria genomes available, and an estimated total of 385,000 photosynthetic species 

(Guiry, 2012; Mora et al., 2011). This diversity could be harnessed for engineering desired PSII 

traits into commercial species, but the task is not simple. 

PSII is a homo-dimer super-complex with each monomer composed of at least 20 

different proteins that interact with up to nearly 100 cofactors (Guskov et al. 2010; Umena et al. 

2011; Shi et al., 2012). The PSII core complex is defined as the minimal set of proteins required 

to oxidize water in vitro (Tang and Satoh 1985). The core is composed of D1 (psbA) and D2 

(psbD), which harbor the highly conserved reaction center, flanked by CP47 (psbB) and CP43 

(psbC), which contain the core light-harvesting antenna, and the cytochrome b559 subunits α 

(psbE) and β (psbF) (Barber, 2003; Guskov et al. 2010; Umena et al. 2011). All of the above 

proteins are encoded by the plastid genome. The PSII core also requires the manganese-

stabilizing protein (MSP; PsbO) which caps the water-oxidizing complex (WOC) and is coded by 

the nuclear genome. PsbO from a wide range of species have been able to cross-reconstitute PSII 

from various heterologous hosts in vitro at a rate similar to the intra-specific controls (Enami et 

al., 2008; Williamson, 2008).  

The large number of tightly-packed, interacting proteins and cofactors, as well as the 

essential nature of PSII's enzymatic function have placed a strong evolutionary constraint on it, 

resulting in a “frozen metabolic accident” (Shi et al. 2005). This strong interdependency is seen in 

the high conservation among the PSII core complex proteins from cyanobacteria to higher plants 
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after 2.3-2.5 billion years of evolution (Allen et al., 2011; Williamson et al., 2011). This 

conservation is higher in the core membrane-spanning proteins compared to more peripheral or 

soluble PSII proteins, such as PsbO (Shi et al. 2005).   

Engineering of PSII by random or scanning mutagenesis would disrupt this “frozen 

metabolic” state, likely resulting in an enzyme which lacks some of the emergent properties of the 

whole complex.  Furthermore, it would require 20
2096

 amino acid substitutions to scan all 

possibilities for the six-protein core complex. In contrast we propose to take advantage of the 

readily available PSII natural sequence diversity to engineer the heterologous core complex as a 

whole, while maintaining the interactions that have evolved since 2.3 Bya. For achieving this we 

undertook a “genome refactoring” approach, which consisted in deleting the core PSII genes and 

rearranging them in tandem in a single construct for easier manipulation. This strategy has been 

previously found effective for engineering whole genomes and metabolic pathways in viruses and 

bacteria (Chan et al., 2005; Ghosh et al., 2012; Gibson et al., 2010; Jaschke et al., 2012; Shao et 

al., 2013; Temme et al., 2012; Wang et al., 2013).  In the present report, we generated six 

Chlamydomonas reinhardtii (eukaryotic microalgae) strains lacking one to six PSII core genes 

(psbABCDEF). We then complemented the six strains with three DNA constructs containing the 

complete set of PSII core genes in tandem from the green algae C. reinhardtii, Volvox carteri and 

Scenedesmus obliquus. The refactored core complexes from the three algae could restore PSII 

activity in all of the knock-out strains.  
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Results and Discussion 

 

Generation of PSII deletion strains 

 

As described in work from previous authors, homologous recombination in C. reinhardtii 

chloroplast proved to be very efficient for both, deleting the PSII genes, and recycling the 

selection markers used for this purpose (Fischer et al., 1996). Six PSII-deficient strains were 

generated lacking psbA, psbAD, psbADC, psbADCB, psbADCBE, and psbADCBEF (Figure 5.1). 

The order of deletion was based on that PsbAD, BC and EF contribute as functional pairs to 

specific purposes within PSII (Barber, 2003; Williamson et al., 2011).  It is worth noting that we 

tested the transformation of two deletion constructs simultaneously by using kanamycin and 

spectinomycin cassettes in each of the plasmids. However we could never obtain transformants in 

double selection plates.  

 
 

Figure 5.1 Confirmation of PSII gene deletions in the ΔpsbADCBEF strain. The upper band 

corresponds to an amplicon from the 16S rRNA gene as a control within the same PCR reaction. 

The lower bands correspond to amplicons from the corresponding PSII gene. WT: wild-type 

strain. KO: ΔpsbADCBEF strain. L: Generuler 1kb Plus DNA Ladder, the strongest band 

corresponds to 500 bp (Thermo Scientific). 

 

 

All knock-out strains grew well in TAP medium (containing acetate), and they were not 

light-sensitive. Table 5.1 shows the exact genome positions that were deleted and explains the 
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rationale behind each deletion site. Complete deletion of the genes, including 5’ and 3’ regulatory 

regions, would ensure no further recombination with the PSII rescue vectors (which include 

endogenous regulatory regions) (O’neill et al., 2012). Unfortunately, some of these regions may 

be involved in the regulation of additional genes. The best way of determining if a deletion does 

not affect the expression of off-target genes is by complementation with the endogenous genes 

that were deleted. This strategy proved necessary for establishing that the 3’ unstranslated regions 

(UTR) of psbE and psbF are essential for photosynthetic growth. The psbF 3’ UTR is likely to 

affect the expression of psbL, which is immediately downstream of psbF and is part of the same 

operon (Mor et al., 1995).  Interestingly, the off-target function of the psbE 3’ UTR is difficult to 

predict since the closest gene (rps9) is located 855 downstream of the psbE stop codon. Moreover 

rps9 codes for a plastid ribosomal protein and its loss-of-function is lethal in plants (Tiller and 

Bock, 2014), while deletion of the psbE 3’ UTR in C. reinhardtii was not lethal, but impeded the 

restoration of photosynthesis. 
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Table 5.1 DNA coordinates of the deleted PSII genes. Numbers represent base pairs with respect 

to the start codon (5’) and stop codon (3’) of the CDS. The psbA “CDS” coordinates includes 

introns. 

 

Gene 5' CDS 3'  Comments 

psbA 300 6639 1525 psbA has been preivously deleted and complemented (Manuell 

et al., 2007) 

psbD 0 1059 0 psaA exon 3 is transcribed in the same operon downstream of 

psbD (Choquet et al., 1988).  5' and 3' UTRs were not deleted 

in case they affected the trans-splicing of psaA. 

psbC 546 1386 0 psbC  5' UTR is 546 bp long (Rochaix et al., 1989). The psbC 

promoter and 3' UTR were not deleted because they might 

drive the expression of the tRNA-His 273 bp downstream of 

psbC stop codon.  ORF2971 is 943 bp upstream of psbC. The 

5' deletion leaves a 393 bp 3'UTR for ORF2971.   

psbB 0 1527 451 psbB is the first gene of an operon containing psbT and psbH  

(Vaistij et al., 2000).  The deletion of the complete psbB-psbT 

intergenic region effectively exchanges the promoter/5’UTR 

of psbT with that of psbB. 

psbE 0 248 0 psbE is not part of an operon (Mor et al., 1995; Bordreau et 

al., 1997). There is a tRNA-Met 113 bp upstream of the psbE 

start codon. Not deleting the psbE 3' UTR was required for 

rescuing photosynthetic function of the knock-out strain.   

psbF 0 135 0 psbF is transcribed at the beginning of an operon along with 

psbL (Mor et al., 1995). Not deleting the psbF 3' UTR was 

required for rescuing photosynthetic function of the knock-out 

strain.  

  

Construction of six-gene PSII expression vectors 

 

We constructed vectors containing the six core PSII genes from three green algae species: 

C. reinhardtii, V. carteri and S. obliquus. C. reinhardtii PSII served as a control and for assessing 

the viability of our knock-out strains. V. carteri was chosen as a closely related specie from the 

same order as C. reinhardtii (Volvocales).  S. obliquus belongs to a different order 

(Sphaeropleales), so it only shares the same class with C. reinhardtii (Chlorophyceae) (Tippery 

et al., 2012). Table 5.2 shows that the amino acid sequence identities of the PSII proteins are in 

accordance with these phylogenetic relationships. The close relatedness of these two algae to C. 

reinhardtii is also reflected on the codon usage bias for these genes, measured as the codon 
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adaption index (Sharp and Li, 1987) (Table 5.2). Given the codon usage similarities, we assumed 

that we could amplify these coding sequences from the genomic DNA of the algae instead of 

codon-optimizing and synthesizing them. We also made sure that none of the genes carried 

introns. 

 

Table 5.2 Amino acid sequence identities and codon adaption indexes (CAI) with respect to C. 

reinhardtii sequences. The numbers in parentheses correspond to the total of amino acids in the 

C. reinhardtii homologs. A CAI value of 1.00 would indicate that the codons are perfectly 

optimized for C. reinhardtii plastid codon preferences (Sharp and Li, 1987). 

 

% Identity PsbA 

(352) 

PsbD 

(352) 

PsbB 

(508) 

PsbC 

(461) 

 PsbE 

(82) 

PsbF 

(44) 

Average  

C. reinhardtii 100% 100% 100% 100% 100% 100% 100% 

V. carteri 99% 99% 99% 98% 99% 95% 98% 

S. obliquus 94% 99% 95% 95% 94% 82% 93% 

CAI               

C. reinhardtii 0.67 0.77 0.81 0.80 0.87 0.83 0.79 

V. carteri 0.65 0.73 0.76 0.78 0.71 0.87 0.75 

S. obliquus 0.67 0.80 0.81 0.78 0.86 0.86 0.80 

 

     All PSII expression constructs contained the C. reinhardtii 5’ and 3’ regulatory 

regions for driving the expression of their corresponding coding sequences. Using the 

endogenous regulatory regions complicates the assembly process for the heterologous species, but 

we have previously shown that exogenous 5’ UTRs are poorly recognized in C. reinhardtii 

chloroplasts (Gimpel and Mayfield, 2013). The length of the regulatory regions used in our 

expression vectors are shown in Table 5.3.   
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Table 5.3 DNA coordinates of the C. reinhardtii 5’ and 3’ regulatory regions cloned into our PSII 

expression vectors. Numbers represent base pairs with respect to the start codon (5’) and stop 

codon (3’) of the CDS. The CDS coordinates correspond to the ones from C. reinhardtii. 

  

Gen

e 

5' CDS 3' Comments 

psbA 351 1059 346 psbA transcription starts 90 bp upstream of the start 

codon (Bruick and Mayfield, 1998). 

psbD 450 1059 211 psbD transcription starts 74 bp upstream of the start 

codon (Nickelsen et al., 1999). 

psbC 846 1386 237 psbC transcription starts 546 bp upstream of the start 

codon (Rochaix et al., 1989). 

psbB 397 1527 324 psbB transcription starts 147 bp upstream of the start 

codon (Vaistij et al., 2000). 

psbE 607 248 317 unknown transcription start 

psbF 625 135 330 unknown transcription start 

 

All expression vectors were successfully constructed by the USER cloning technique. We 

chose this approach mainly because it is based in PCR products and can assemble up to ten 

fragments at the same time (Geu-Flores et al., 2007; Villiers et al., 2010). Additionally, this 

technique permits using the same primers and PCR fragments when they are shared between 

different constructs. In this case the same primers and fragments for the regulatory regions were 

used for cloning our PSII expression vectors. It is worth noting that Gibson assembly offers 

similar advantages and potential for assembling even more fragments in the same reaction 

(Gibson, 2011). A Gibson assembly kit wasn’t available at the time we started this project and we 

already had all the USER cloning reagents.  

 We efficiently assembled the six genes for our C. reinhardtii PSII construct in a single 

step, without the need of any kind of optimization (Figure 5.2A). We then attempted to construct 

the PSII vectors for the other two algae by assembling thirteen pieces at the same time. These 

proved to be unviable since the resulting bacterial clones were always missing one or more 

fragments, which were difficult to detect without sequencing. Instead we sub-cloned five 

fragments into three plasmids, each one carrying a pair of complete PSII genes. Each pair of 

genes was then amplified and assembled into the final vector (Figure 5.2B). This strategy proved 
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to be more efficient and reliable, yet it required the sequencing of both the sub-clones and the 

final plasmid. Nonetheless the initial strategy also depended heavily on sequencing in order to 

discard the misassembled clones.       

 

 

Figure 5.2 USER assembly of six-gene PSII expression vectors. A Assembly of C. reinhardtii 

derived vector HCR63-CrPSII. B Assembly of V. carteri and S. obliquus vectors, HCR63-VcPSII 

and HCR63-SoPSII. Arrows represent USER cloning PCR primers. 5’ HOM and 3’ HOM: 

regions for homologous recombination into the chloroplast genome. Kan: kanamycin resistance 

cassette.  
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Transformation of knock-out strains and functionality of reconstituted PSII 

 

The three PSII vectors were transformed in the six knock-out strains resulting in eighteen 

possible combinations. The knock-out strains were readily transformed and selected in kanamycin 

TAP medium plates. Transformants from patches were then tested for autotrophic growth in HSM 

medium. All eighteen tested combinations resulted in rescue of photosynthesis. 

For the analysis of PSII function it is important to consider that the biogenesis and 

assembly of active PSII is a tightly regulated process (Komenda et al., 2012). Deletion of any of 

the six PSII core proteins results in absence or severe reduction of accumulation of the other five. 

The same is true for most of the non-core PSII components (de Vitry et al., 1989; Baena-

Gonzales and Aro, 2002; Minai et al., 2006). 

The most widely used and accepted measurement for assessing the potential of PSII for 

utilizing light energy corresponds to the ratio between the variable chlorophyll fluorescence and 

the maximum chlorophyll fluorescence of dark adapted samples (quantum yield, Qy, Fv/Fm). 

This measurement is proportional to the amount of PSII available for active photochemistry 

(Baker, 2008). The Qy of all generated strains are presented in Table 5.4.  The strains 

reconstituted with the C. reinhardtii PSII vector (first row) showed the overall highest Qy, as 

expected. Nonetheless, all these strain had a lower Qy than the WT control.  Qy decreased as 

more genetic modifications were added to the strains. This might reflect the dependency of 

optimal chloroplast gene regulation upon genome context. On one hand genome context is 

modified when endogenous loci are disrupted after the PSII targeted gene deletions. This has 

been predicted to affect operon components and tRNA genes associated with these PSII loci 

(Table 5.1). On the other hand PSII genes that are transformed into a new site might be 

deregulated because their expression cassettes might be missing cis-acting DNA elements that 

haven’t been identified yet. In addition, expression of the transformed genes might be affected 
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when they are no longer part of an operon for which posttranscriptional regulation is dependent 

upon polycistron maturation (Stern et al., 2010). It is not surprising then that the lowest Qy were 

observed in complemented strains ΔpsbADCBE and ΔpsbADCBEF which have accumulated the 

largest amount of exogenous genetic modifications. Nonetheless it is encouraging that we could 

recover 85.7% ± 1.3% PSII functionality in our C. reinhardtii refactored six-gene knock-out 

strain (Table 5.1). 

Interestingly, the highest Qy corresponded to the C. reinhardtii reconstituted ΔpsbADCB 

strain and not the strains with fewer genetic modifications: ΔpsbA, ΔpsbAD and ΔpsbADC.  psbB 

is at the beginning of  an operon followed by psbT and psbH, which also code for components of 

PSII (Vaistij et al., 2000).  The complemented strains ΔpsbA, ΔpsbAD and ΔpsbADC might have 

a lower Qy because they contain two psbB copies (the endogenous and the one from HCR63-

CrPSII). Expression of two psbB genes could be sequestering an increased amount of the post-

transcriptional and translational factors (eg. Mbb1) that are shared and required for the expression 

of the other genes from this endogenous operon (Vaistij et al., 2000). Thus the limited expression 

of psbT and psbH genes might be reducing the number of active PSII (Qy) in the ΔpsbA, ΔpsbAD 

and ΔpsbADC strains (Summer et al., 1997; Ohnishi and Takahashi, 2008).  

 The Qy from strains reconstituted with V. carteri and S. obliquus follow a similar trend. 

The first three strains ΔpsbA, ΔpsbAD and ΔpsbADC show a steady but minor decrease in Qy.  

The following reconstituted knock-out, ΔpsbADCB, exhibits a steep Qy decrease which doesn’t 

vary considerably when ΔpsbADCBE is complemented. Finally there is a less pronounced Qy 

decrease when the ΔpsbADCBEF strain is rescued. We expected that the heterologous PsbB 

(CP47) and/or PsbC (CP43) proteins were going to constitute the most limiting components for 

achieving PSII complementation. They are the largest proteins of the core complex; they are less 

conserved than the D1/D2 pair (Shi et al., 2005) (Table 2.2); and they have to receive excitons 

from the even less conserved Light-Harvesting II complex surrounding PSII (Ballotari et al., 
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2012). Particularly, CP47 has extensive interactions with the less conserved PsbO protein from 

the PSII oxygen evolution center (Eaton-Rye and Putnam-Evans, 2005; Enami et al., 2008; 

Williamson, 2008). Futhermore a spinach psbB gene was not able to rescue a Synechocystis sp. 

PCC6803 ΔpsbB strain. Only chimeric cyanobacteria-spinach CP47 proteins could rescue PSII 

function, but only up to 40% that of wild-type. Finally, the apparent Qy reduction observed when 

strain ΔpsbADCBEF was complemented is likely to be related to the fact that PsbF has the lowest 

amino acid sequence identity out of the six core proteins from V. carteri and S. obliquus (Table 

5.2).  

 

Table 5.4 Photosystem II quantum yields of transformed strains according to the variable 

fluorescence measurements (Fv/Fm). A higher Qy is indicative of a higher proportion of active 

PSII complexes. 

 

 

Construct 

   C. reinhardtii V. carteri S. obliquus 

Strain HCR63-CrPSII HCR63-VcPSII HCR63-SoPSII 

ΔpsbA 0.72 ± 0.01 0.72 ± 0.02 0.70 ± 0.01 

ΔpsbAD 0.71 ± 0.02 0.69 ± 0.01 0.69 ± 0.01 

ΔpsbADC 0.71 ± 0.00 0.66 ± 0.01 0.66 ± 0.01 

ΔpsbADCB 0.74 ± 0.01 0.51 ± 0.01 0.46 ± 0.00 

ΔpsbADCBE 0.66 ± 0.01 0.48 ± 0.02 0.46 ± 0.01 

ΔpsbADCBEF 0.66 ± 0.01 0.41 ± 0.01 0.43 ± 0.01 

Wild-type 0.77 ± 0.01   

 

  

Accumulation of core proteins of reconstituted PSII  

 

We performed ELISA assays in order to quantitate the accumulation of four of the PSII 

core components (D1, D2, CP43 and CP47) in all 18 reconstituted strains (Table 5.5). PSII 

protein accumulation in the C. reinhardtii PSII complemented strains showed a decreasing trend 

as the number of knock-out genes increases. The only case that seems to favor PSII protein 
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accumulation is the deletion of the endogenous psbB gene (HCR63-CrPSII strain ΔpsbADCB). As 

mentioned before this might have allowed for the increased expression of other PSII components 

present in the endogenous psbB-psbT-psbH operon (Vaistij et al., 2000). Interestingly, for some 

of the C. reinhardtii complemented strains the D1 protein accumulation levels seem to be lower 

than the other three components . We attribute this to the high turnover rate of D1, which is 

constantly degraded and replaced without the disassembly of the rest of PSII. This process of 

constant repair is highly regulated at the post-transcriptional and translational level (Minai et al., 

2006; Mulo et al., 2012), and some of those mechanisms could have been affected by the 

extensive genetic modifications in these strains. 

Protein accumulation in the strains complemented with V. carteri and S. obliquus PSII 

genes showed a similar trend that for Qy. As more endogenous genes were being replaced by 

heterologous homologs the amount of PSII proteins decreased. In both cases the CP43 protein 

accumulation tended to vary independently of the others. It has been shown that CP43 can 

accumulate to some extent without the presence of the other core PSII components. Additionally, 

CP43 is assembled at the final steps during PSII biogenesis, so the remaining sub-units can also 

accumulate to low levels in its absence (de Vitry et al., 1989; Baena-Gonzales and Aro, 2002; 

Komenda et al., 2012). It also appears that the S. obliquus derived strains tend to accumulate 

more D1 protein relative to the other three sub-units. This might be due to its lower amino acid 

identity which might make it a less suitable target for the D1-specific proteases (Komenda et al., 

2012; Mulo et al., 2012). Besides the D1 protein itself has been shown to auto-attenuate its 

translation through an interaction with the 5’UTR of the psbA mRNA (control by epistasy of 

synthesis) (Minai et al., 2006). Perhaps the S. obliquus D1 protein is less apt for auto-attenuating 

translation initiation from the C. reinhardtii psbA 5’ UTR.   
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Table 5.5 ELISA results for quantification of D1, D2, CP43 and CP47 proteins from all strains 

generated in this study. Values correspond to percentage of wild-type C. reinhardtii protein 

accumulation.  ± represents the standard deviation from triplicate wells in the ELISA plate. 

 

    Protein       

Construct Strain D1 D2 CP43 CP47 

C. reinhardtii ΔpsbA 104.7 ± 7.5 104.3 ± 5.8 101.4 ± 2.6 97.1 ± 5.6 

HCR63-CrPSII ΔpsbAD 88.6 ± 10.2 96.1 ± 6.6 92.5 ± 5.0 99.6 ± 3.3 

  ΔpsbADC 57.3 ± 2.6 76.9 ± 3.9 84.1 ± 4.6 78.4 ± 3.8 

  ΔpsbADCB 77.4 ± 6.4 85.8 ± 5.1 89.7 ± 2.9 91.2 ± 3.4 

  ΔpsbADCBE 52.6 ± 4.0 71.7 ± 3.3 78.2 ± 1.4 82.4 ± 1.5 

  ΔpsbADCBEF 57.4 ± 3.1 63.3 ± 1.8 67.0 ± 1.8 73.7 ± 3.1 

        

V. carteri ΔpsbA 45.5 ± 0.6 40.7 ± 1.0 54.4 ± 1.8 44.7 ± 1.3 

HCR63-VcPSII ΔpsbAD 46.4 ± 0.8 43.9 ± 1.5 57.3 ± 2.9 

 

46.7 ± 1.4 

  ΔpsbADC 27.0 ± 1.3 25.5 ± 1.4 30.5 ± 0.5 28.1 ± 1.3 

  ΔpsbADCB 28.9 ± 2.7 27.7 ± 1.1 22.9 ± 0.7 24.0 ± 1.2 

  ΔpsbADCBE 19.6 ± 0.5 19.1 ± 0.4 18.5 ± 0.7 13.0 ± 0.4 

  ΔpsbADCBEF 16.9 ± 1.8 18.9 ± 0.5 21.8 ± 1.1 13.6 ± 0.6 

        

S. obliquus ΔpsbA 75.7 ± 11.7 66.7 ± 1.8 71.4 ± 4.8 66.9 ± 3.9 

HCR63-SoPSII ΔpsbAD 57.6 ± 1.8 44.0 ± 1.5 51.0 ± 1.5 46.4 ± 2.1 

  ΔpsbADC 36.4 ± 2.8 31.7 ± 0.9 19.3 ± 0.8 35.6 ± 0.7 

  ΔpsbADCB 25.2 ± 1.8 13.8 ± 0.3 12.1 ± 0.4 11.1 ± 0.4 

  ΔpsbADCBE 21.4 ± 0.1 11.9 ± 0.2 11.0 ± 0.2 9.1 ± 0.3 

  ΔpsbADCBEF 23.1 ± 2.1 10.7 ± 0.4 10.0 ± 0.3 8.2 ± 0.2 

        

  Wild-type 100.0 ± 5.8 100.0 ± 2.0 100.0 ± 3.3 100.0 ± 6.5 

 

Conclusions 

  

 We have successfully deleted the six core PSII genes from C. reinhardtii and transform 

them back in a single refactored DNA construct, obtaining 85% reconstitution of PSII function. 

This opens the way for genetic engineering of the PSII core complex as a synthetic biology 

“module”. Natural PSII protein variants or synthetic isoforms can now be simultaneously tested 
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using our USER cloning vectors and the knock-out algae strains.  This system could be readily 

applied for reverse genetic studies to understand the structure-function relationships within PSII, 

as we have previously shown with a C. reinhardtii psbA knock-out strain (Vinyard et al., 2014). 

Furthermore the system could also facilitate engineering of multiple components of PSII for 

improving algae growth under diverse environmental conditions. Someday these discoveries 

might be further translated into plant crops. 

As an initial approach we tested the set six core proteins from two closely related algae 

species, resulting in photosynthesis restoration in both cases. Nonetheless, every time we 

increased the number of heterologous components of PSII, the Qy of the complemented strains 

decreased. This in turn confirms that there are limiting interactions with other constituents of 

PSII, which is composed of at least fourteen proteins other than the core sub-units (Shi et al., 

2012). PsbO appears as a candidate for generating these limiting interactions, since it is less 

conserved than the six core proteins (Shi et al., 2005) and it binds to D1, D2, CP43, CP47 and 

PsbE (Enami et al., 2008; Williamson, 2008). We are currently testing if expression of 

heterologous PsbO proteins could further increase the Qy of strains carrying the corresponding 

heterologous PSII core centers.  The Light Harvesting Complex II (LHCII), surrounding PSII, 

appears also as a candidate for incompatibility since it shows great variability across 

photosynthetic organisms, unlike PSII. LHCII from green chloroplasts are constituted by several 

proteins encoded by multiple nuclear gene families in a single organism. Additionally there is no 

crystal structure of LHCII bound to PSII that could allow for precise identification of interactions 

between LHCII and the inner light harvesting antennas CP43 and CP47 (Ballotari et al., 2012). 

The solution for this potential problem would be to engineer heterologous PSII along with its 

corresponding LHCII. The latter would be an endeavor even more ambitious than the one 

presented in this work. 
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Materials and Methods 

 

Strains, culture conditions, biolistic transformation and PCR screens 

 

The wild-type strain for this work corresponded to Chlamydomonas reinhardtii Dangeart 

137c mt+ (Chlamydomonas Resource Center, University of Minnesota). The strain used for 

generating the PSII deletion strains corresponded to a 137c mt+ which had its psbA genes 

replaced by a spectinomycin cassette (Rasala, unplublished). All strains were grown on TAP 

medium (containing acetate as a carbon source) at 25°C in agitated flasks or 1.5% agar plates, 

except for the PSII quantum yield experiments. Constant illumination of 65 μmol·m
-2
·s

-1
 was 

provided by white fluorescent tubes.  Biolistic transformation was performed as described in 

Rasala et al., 2011. TAP agar plates containing kanamycin 100 μg/mL were used for selection. 

PCR screens for confirming gene deletion and genome homoplasmicity were executed as in 

Rasala et al., 2010.  

 

Generation of PSII deletion vectors and strains 

  

For all cloning experiments we used the USER Fusion PCR-based ligase-independent 

cloning technique (Geu-Flores et al., 2007). PCRs were carried out using in-house purified PfuX7 

polymerase (Norholm, 2010). Uracil containing primers were purchased from IDT (Coralville, 

IA, USA). All PCR fragments were gel-purified using the Qiaquick Gel Extraction Kit (Valencia, 

CA, USA). USER enzyme was purchased from New England Biolabs (Ipswich, MA, USA).  

Six vectors were constructed for deleting the six PSII core genes by homologous 

recombination. All vectors were derived from plasmid HCR2, which contains two USER cloning 

sites flanking a kanamycin resistance cassette (Figure 5.3B).  Each construct consisted of a 5’ and 
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3’ homology regions (1000 bp each) which were used for targeted recombination and deletion of 

the PSII loci. The homology regions flanked a kanamycin cassette and a direct repeat downstream 

of it (Figure 5.3C). The direct repeat was identical to the 5’ homology region and allowed to 

recombine out the kanamycin cassette (Fischer et al., 1996).  

The constructs were transformed one at a time and the transformants were passaged 

several times in kanamycin plates. PCR was used to confirm that the corresponding PSII gene 

was deleted from all the chloroplast genome copies (homoplasmicity) (Figure 5.1).  Once the 

deletion was complete, the selected strain was re-streaked in TAP medium without antibiotic, to 

allow the kanamycin cassette to recombine out of the genome (Fischer et al., 1996). The 

kanamycin sensitive strain was then ready for another round of transformation and deletion. The 

genes were deleted in the following order psbA, D, C, B, E, and F.   

 

 

Figure 5.3 USER cloning vectors from this study. A HCR1. B HCR2. C  Vector for gene 

deletions. D HCR63. UCS: USER cloning site, the different colors refer to different overhangs, 

allowing for directional cloning. NotI refers to the site in pBlueScript II. 
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Construction of PSII expression vectors 

 

For sub-cloning purposes we generated plasmid HCR1, a modified version of 

pBlueScript II (Agilent, Santa Clara, CA, USA) containing a single USER cloning site within the 

NotI restriction site (Figure 5.3A). HCR1 was then used to construct the PSII recipient vector 

(HCR63), which consisted of two homologous recombination regions (from C. reinhardtii plastid 

genome) flanking a USER cloning site and a kanamycin resistance cassette (Figure 5.3D). 

HCR63 allowed us to USER clone several PSII genes at the same time and transform them into 

the neutral site of the chloroplast genome between psbH and psaA exon 3 (Figure 5.4), while 

selecting for kanamycin resistance. We first cloned C. reinhardtii endogenous PSII genes into 

HCR63, generating HCR63-CrPSII. The complete genes were amplified from genomic DNA by 

PCR and cloned in a single step (Figure 5.2A). C. reinhardtii psbA contains introns, but in this 

case the gene was amplified from a plasmid containing an intron-less version including its 

corresponding regulatory regions (Manuell et al., 2007). PSII expression vectors for Volvox 

carteri and Scenedesmus obliquus were not produced in a single cloning step. Three sub-cloning 

vectors (based on HCR1) were generated for each species, each one containing two heterologous 

PSII coding sequences with their corresponding C. reinhardtii 5’ and 3’ regulatory regions 

(Figure 5.2B). The regulatory regions were amplified from HC63-CrPSII and the coding 

sequences were amplified from their corresponding genomes (none of them contained introns). 

The three pairs of genes were then amplified from plasmids and USER cloned into HCR63, 

generating HCR63-VcPSII and HCR63-SoPSII. All PSII genes were fully sequenced before 

transformation experiments. All transformed strains were confirmed by PCR-amplifying a region 

unique to the vectors, between the kanamycin cassette and the psbA promoter (Figure 5.4). 
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Figure 5.4 Integration of the HCR63-PSII vectors into the C. reinhardtii plastid genome. A. The 

original wild-type genome contains all PSII genes. After the knock-out strains are generated, the 

HCR63 vectors are transformed and integrate by homologous recombination into a neutral site 

between psaA exon 3 and psbH. B. Close-up scheme of HCR63-PSII and its integration site. Ira 

and IRb refer to the inverted DNA repeats of the plastid genome. 

 

PSII quantum yield (Fv/Fm) measurements 

 

Cells were inoculated into 16 mm test tubes with 6 ml of HSM (minimal medium without 

a carbon source) up to a concentration of 1x10
5
 cells/ml in three replicates per strain. Tubes were 

placed in a roller drum within a 25°C growth chamber supplemented with carbon dioxide, under 

40 μmol·m
-2
·s

-1
 of continuous illumination for one day. An aliquot of cells was taken from each 

tube and used for PSII quantum yield measurement using an Aquapen-C PAM fluorometer 

(Photon System Instruments, Drasov, Czech Republic). Cells were diluted to 4 µg/ml total 

chlorophyll in HSM supplemented with 5 mM sodium bicarbonate. 2 ml of cell suspensions were 

placed in cuvettes for dark adaptation for 5 minutes before measuring. A 455 nm probe pulse at 
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27% intensity and a saturating pulse at 50% intensity gave the highest quantum yield values at 

this chlorophyll concentration and were used in this study. 

 

Protein preparation and ELISA 

 

Algae were streaked in TAP plates and grown for two days under 40 μmol·m
-2
·s

-1
 light. 

Samples were collected and resuspended in PBS-T buffer containing cOmplete protease inhibitor 

cocktail (Roche, Basel, Switzerland). Disruption was performed by sonication. Total protein was 

quantified using the Dc Protein Assay (Bio-Rad, Hercules, CA, USA). 96-well Nunc Maxisorp 

clear plates (Thermo Scientific, Waltham, MA, USA) were used for all assays except for the D1 

protein. Acrowell BioTrace NT plates (Pall, Port Washington, NY, USA) were used for the D1 

protein assays because they showed better signal-to-noise ratio in this case.  0.5 µg of total 

protein in a 100 µl were loaded per well from each sample in triplicates. Protein binding was 

done overnight at 4°C  with samples dilute in 100 mM carbonate/bicarbonate coating buffer pH 

9.6 supplemented with 25% isopropanol (Doyle et al., 2001). Blocking was performed for 2 hours 

at room temperature with 10 mg/ml BSA in PBS. PBS without detergent was used for all washing 

steps. All primary antibodies used were rabbit polyclonal diluted in PBS 1 mg/ml BSA and 

incubated for two hours at room temperature. Anti-D1(C-terminus) and anti-D2 were used at a 

1:10,000 dilution (Agrisera, Vännäs, Sweden). Anti-CP43 and anti-CP47 were generated in our 

laboratory and used at a 1:20,000 dilution. Horseradish peroxidase conjugated goat anti-rabbit 

(Sigma, St. Louis, MO, USA) was used as a secondary antibody and incubated for 2 hours at 

room temperature in a 1:20,000 dilution in PBS 1 mg/ml BSA.  The assay was developed using 

the 1-Step Ultra TMB-ELISA substrate according to the manufacturer instructions (Thermo 

Scientific).  
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CHAPTER 6: 

Alternative strategies for engineering Chlorella vulgaris and Arabidopsis thaliana Photosystem II 

core complex into Chlamydomonas reinhardtii 
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Abstract 

 

We have previously shown that it is possible to complement a Chlamydomonas 

reinhardtii six-gene PSII core knockout strain with the corresponding six genes from two other 

closely related green algae. In this chapter we follow the same approach in order to attempt 

complementation with PSII genes from two farther related organisms: Chlorella vulgaris 

(Trebouxiophyceae algae) and Arabidopsis thaliana (higher plant). We initially show that overall; 

the PSII genes from these sources are less compatible with C. reinhardtii PSII than the previously 

tested algae genes. Using vectors combining endogenous and heterologous PSII genes we 

narrowed down the incompatible proteins to PsbB (CP47) and PsbC (CP43). We then developed 

specific knock-out strains and PSII vectors for these proteins and confirmed these results. Finally 

we generated heterologous PsbO nuclear expression vectors and psbO knock-out strains in order 

to increase PSII compatibility among these species. However, heterologous PsbO expression 

didn’t help increasing the compatibility of other PSII components.  

 

Introduction 

 

We have demonstrated that it is possible to genetically substitute the six core sub-units of 

C. reinhardtii Photosystem II (PSII) with the homologs from two other Chlorophyceae 

microalgae, Volvox carteri and Scenedesmus obliquus.  The logical step to follow was to try PSII 

genes from farther related organisms in order to assess how conserved are the protein-protein and 

protein-cofactor interactions within PSII. We followed the same approach as in Chapter 5 to 

reconstitute our six C. reinhardtii PSII knock-out strains with the PSII genes from Chlorella 

vulgaris, a microalga from a different class than C. reinhardtii (Trebouxiophyceae instead of 

Chlorophyceae) and Arabidopsis thaliana, a higher plant which belongs to a different phylum 
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(Streptophyta instead of Chlorophyta). These phylogenetic relationships are in agreement with 

the amino acid sequence identities of the PSII core proteins as shown in Table 6.1. 

The initial results showed that C. vulgaris and A. thaliana PSII sub-units were less 

compatible than the ones from V. carteri and S. obliquus. We then sought to investigate the 

source for these incompatibilities by different approaches which will be described in the present 

chapter. 

 

Table 6.1 C. vulgaris and A. thaliana PSII proteins amino acid sequence identities with respect to 

C. reinhardtii homologs. The numbers in parentheses correspond to the number of amino acid of 

the C. reinhardtii homolog. PsbO is synthesized as a 251 amino acid polypeptide, but then 

matures to a 239 amino acids protein after cleavage of the chloroplast-targeting peptide. The cells 

are color-coded so that lighter colors represent lower amino acid sequence identities. 

 

Species PsbA 

(352 ) 

PsbD 

(352) 

PsbB 

(508) 

PsbC 

(461) 

 PsbE 

(82) 

PsbF 

(44) 

Average  PsbO 

(239) 

C. vulgaris 93% 94% 86% 91% 87% 75% 88% 77% 

A. thaliana 93% 93% 80% 85% 75% 73% 83% 64% 

 

 

 

Results and Discussion 

 

Expression of C. vulgaris and A. thaliana PSII constructs in the C. reinhardtii PSII deficient 

strains 

 

PSII constructs were successfully assembled as described in Chapter 5, using genes 

amplified from the C. vulgaris and A. thaliana chloroplast genomes, resulting in vectors HCR63-

CvPSII and HCR-AtPSII, respectively. The six C. reinhardtii knock-out strains were transformed 

with these vectors and the results are shown in Table 6.2.  We are currently performing PSII 

quantum yield measurements and PSII protein quantitation experiments on these strains and the 

rest of the strains presented in this chapter. 
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Table 6.2 Expression of the six-gene PSII constructs from C. vulgaris and A. thaliana in the six 

C. reinhardtii PSII knock-out strains. Green and red cells correspond to photosynthetic and non-

photosynthetic strains, respectively.  

 

 
Strain 

     Construct ΔpsbA ΔpsbAD ΔpsbADC ΔpsbADCB ΔpsbADCBE ΔpsbADCBEF 

HCR63-CvPSII             

HC63-AtPSII             

HC63-AtOptPSII             

 

 

 

C. vulgaris genes were able to complement the ΔpsbADC strain but not the ΔpsbADCB 

strain, pointing out to PsbB (CP47) as a key inccompatibility factor for this specie. A. thaliana 

construct could only complement the ΔpsbA strain. We reasoned that the difference in codon 

preferences between A. thaliana and C. reinhardtii plastids could be hindering the expression of 

the other five A. thaliana PSII genes. It has been shown that the Synechococcus PCC 7942 D1 

protein can only be expressed in C. reinhardtii chloroplasts after the gene has been codon 

optimized and synthesized in order to match the host codon preferences (Chapter 2).  The latter 

approach was undertaken and the six A. thaliana PSII genes were designed based on the C. 

reinhardtii endogenous genes.  Only the codons from the C. reinhardtii genes that code for amino 

acids that differed between the algal and plant proteins were modified. For these changes, we 

picked the most frequent codons according to the C. reinhardtii chloroplast codon usage table. 

Table 6.3 shows the codon adaption values (CAI) (Sharp and Li, 1987) of the “natural” and 

“synthetic” genes.  
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Table 6.3 Codon adaption index (CAI) values of the genes from this study calculated with respect 

to the C. reinhardtii plastid genome. A value of 1.0 would denote that the gene only uses the most 

frequent codon for each amino acid. The cells are color-coded so that lighter colors represent 

lower CAI values. The numbers in parentheses correspond to the number of codons in each gene. 

 

Species psbA  

(352 ) 

psbD 

(352) 

psbB 

(508) 

psbC 

(461) 

 psbE 

(82) 

psbF 

(44) 

Average  

C. reinhardtii 0.67 0.77 0.81 0.80 0.87 0.83 0.79 

C. vulgaris 0.68 0.71 0.71 0.72 0.74 0.65 0.70 

A. thaliana 0.62 0.57 0.53 0.51 0.49 0.40 0.52 

A. thaliana Optimized 0.68 0.78 0.83 0.83 0.84 0.86 0.80 

 

 

 

The vector HCR63-AtOptPSII was constructed using the A. thaliana synthetic genes and 

transformed into the knock-out strains. Table 6.2 shows that even with the optimized construct 

only strains ΔpsbA and ΔpsbAD recovered an autotrophic phenotype.  Lack of complementation 

of the ΔpsbADC strains shows that A. thaliana PsbC (CP43) was not compatible with C. 

reinhardtii PSII. Furthermore, the complemented ΔpsbAD strain grows markedly slower under 

autotrophic conditions, compared to the complemented ΔpsbA strain, which leads us to think that 

the A. thaliana PsbD (D2) performs poorly within the host PSII. This in turn may hinder 

complementation with the rest of the A. thaliana PSII components. 

 

Combinatorial PSII constructs 

 

The available knock-out strains and PSII constructs don’t allow us to draw conclusions 

about the compatibility of all six heterologous PSII genes when some of the complemented 

strains are not photosynthetic. For example the fact that the ΔpsbADCB strain could not be 

complemented by HCR63-CrPSII only implies that C. vulgaris CP47 (PsbB) is not compatible, 

but nothing else can be concluded about PsbE and PsbF. In order to solve this limitation, we 

constructed PSII expression vectors that combined C. reinhardtii genes with C. vulgaris or A. 

thaliana genes (A. thaliana genes were codon optimized). The genes were amplified, combined 
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and cloned as pairs (psbAD, psbEF and psbBC) according to their functional characteristics 

within PSII (Barber et al., 2003). Table 6.4 shows the eight different combinatorial vectors which 

were transformed into the ΔpsbADCBEF strain and assessed for photosynthetic capability.  

 

 

Table 6.4 Strains carrying combinatorial six-gene PSII expression vectors with coding sequences 

from C. reinhardtii, C. vulgaris and A. thaliana. All constructs were transformed into strain 

ΔpsbADCBEF. Green and red cells correspond to photosynthetic and non-photosynthetic strains, 

respectively.  

 

Construct Genes 

     

Photo 

HCR63-CvEF A D E F B C   

                

HCR63-CvADEF A D E F B C   

                

HCR63-CvEFBC A D E F B C 
 

                

HCR63-CvBC A D E F B C 
 

                

HCR63-AtEF A D E F B C   

                

HCR63-AtADEF A D E F B C 
 

                

HCR63-AtEFBC A D E F B C 
 

                

HCR63-AtBC A D E F B C 
 

        

 
C. reinhardtii 

     

 

C. vulgaris 

     

 
A. thaliana 

      

 

 

These results show that PsbE and PsbF from both, C. vulgaris and A. thaliana, were able 

to efficiently complement PSII function in conjunction with C. reinhardtii D1, D2, CP43 and 

CP47 proteins. Additionally, it is demonstrated that C. vulgaris CP47 (PsbB) is a key 

incompatible component of the reconstituted PSII, given that it was shown previously that the 

ΔpsbADC strain could be complemented with HCR63-CrPSII (Table 6.2). The source of A. 
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thaliana PSII incompatibly was narrowed down to its CP43 (PsbC) and/or CP47 (PsbB) proteins. 

Interestingly, A. thaliana D1 and D2 pair can complement photosynthesis (Table 6.2), and the 

same is true for the PsbE and PsbF pair. However, the HCR63-AtADEF construct was unable to 

rescue photosynthesis (Table 6.4). We think that the markedly slow photosynthetic growth rate 

associated with A. thaliana D2 expression might be due to a very unstable assembly of PSII, 

which cannot tolerate the insertion of two additional heterologous proteins (PsbE and PsbF in this 

case).  

 In order to confirm the previous results and to better understand the contributions of 

heterologous CP43 and CP47, we generated two additional C. reinhardtii knock-out strains: 

ΔpsbAC and ΔpsbAB. These strains were then transformed with HCR63 vectors containing only 

two coding sequences with the corresponding C. reinhardtii regulatory regions. The two coding 

sequences corresponded to C. reihardtii psbA (present in all vectors) and the C. vulgaris or A. 

thaliana psbC or psbB, depending on the targeted knock-out strain (Table 6.5).  

 

Table 6.5 Transformation of vectors carrying only the psbB or psbC genes from C. vulgaris or A. 

thaliana. All strains were non-photosynthetic as indicated by the red cells.  

 

Construct Strain Gene Content 

    
Photo 

HCR63-CvB ΔpsbAB A D E F B C   

                  

HCR63-AtB ΔpsbAB A D E F B C   

                  

HCR63-AtC ΔpsbAC A D E F B C   

         

  
C. reinhardtii 

     

  

C.vulgaris 

     

  
A. thaliana 
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These results confirmed that C. vulgaris CP47 is the single component responsible for the 

inability of HCR63-CrPSII to rescue PSII function. Moreover it is demonstrated that CP43 or 

CP47 cannot complement PSII function in C. reinhardtii. We are currently undertaking efforts in 

order to pinpoint the protein domains and/or amino acid substitutions responsible for these 

incompatibilities. For this purpose, we are constructing vectors containing chimeric CP43 and 

CP47 proteins with mixed domains from C. reinhardtii and C. vulgaris or A. thaliana. The 

domain assignment has been based on the well-defined intra-membrane helixes and extra-

membrane loops of CP43 and CP47 (Eaton-Rye and Putnam-Evans, 2005). Additionally we have 

taken into consideration previous results that have been obtained with chimeric CP43 and CP47 

from Synechocystis sp. PCC 6803 and spinach, in order to help us to decide which domains are 

more likely to cause incompatibilities between different species (Carpenter et al., 1993; Vermaas 

et al., 1996). Furthermore we have subjected the three non-photosynthetic strains from Table 6.5 

to UV mutagenesis and selected for photosynthetic phenotype. We had obtained weakly 

photosynthetic colonies. Sequencing of the psbC and psbB genes will be performed. Candidate 

mutations will be confirmed by re-transforming the mutated alleles into our knock-out strains.   

 

Expression of heterologous PsbO proteins 

 

PsbO or the Manganese Stabilizing Protein (MSP) is also part of the PSII core complex. 

It is a soluble protein that binds directly to the manganese-based water oxidation complex 

(Williamson et al., 2008).  The C. reinhardtii PsbO deficient strain (Fud44) doesn’t grow 

photosynthetically, nor is capable to evolve oxygen in vivo (Mayfield, 1987). On the other hand, 

Fud44 PSII can perform charge separation (photochemistry) in vivo but to a lower extent than 

wild-type (Pigolev, 2009). Isolated PSII that are completely devoid of PsbO evolve oxygen up to 

less than 5% of the controls containing PsbO. This activity can only be observed in the presence 



108 

 

 

of calcium chloride in the assay buffer, unlike the controls which don’t require addition of this 

cofactor (Suzuki et al., 2003; 2005). PsbO is coded by a nuclear gene, in contrast with the other 

PSII core components, and its aminoacid sequence is less conserved than the other six PSII 

proteins across photosynthetic organisms (Shi et al., 2005) (Table 6.1).  Initially we didn’t 

consider PsbO as a component that could cause incompatibility among PSII from different 

species, since it has been shown that heterologous PsbO proteins are interchangable in vitro 

among a wide array of organisms, including cyanobacteria, red algae, green algae and plants. 

Moreover, PSII carrying heterologous PsbO achieve oxygen evolution levels comparable with 

PSII reconstituted with the endogenous proteins (Williamson et al., 2008).   

Nonetheless, the limited extent of PSII complementation observed with genes from C. 

vulgaris and A. thaliana lead us to reconsider PsbO as an essential factor for achieving 

“modularity” of the PSII core-complex.  In order to test this hypothesis, we generated nuclear 

expression vectors for C. vulgaris and A. thalina psbO (both codon optimized according to C. 

reinhardtii nuclear genome) (vectors Ble-CvO and Ble-AtO, Figure 6.1). We then generated a 

mating-type (-) version of Fud44 (ΔpsbO strain), and mated it with six of our chloroplast PSII 

knock-out strains (mating-type (+)) resulting in the progeny strains: ΔpsbACO, ΔpsbABO 

ΔpsbADCO, ΔpsbADCBO, ΔpsbADCBEO ΔpsbADCBEFO. The latter strains were then 

transformed with nuclear and chloroplastic vectors containing different combinations of genes 

from C. vulgaris or A. thaliana (Table 6.6).  

 

 

 

 

 

 



109 

 

 

 

 

Figure 6.1 Heterologous psbO nuclear expression vectors: Ble-CvO and Ble-AtO. Vector 

backbone was derived from Rasala et al., 2011. AR1 prom: promoter fusion derived from the 

genes hsp70A and rbcS2, it also contains the first intron of rbcS2; ble: zeocin resistance gene; 2A: 

20 amino acid peptide derived from the foot-and-mouth disease virus, it allows co-translational 

expression of Ble and PsbO as two independent proteins; SP: C. reinhardtii PsbO signal peptide 

for chloroplast targeting (Mayfield et al., 1989); psbO: coding sequences from C. vulgaris or A. 

thaliana without their signal peptides.  

 

 

 

Table 6.6 Strains transformed with heterologous psbO coding sequences. Green and red cells 

correspond to photosynthetic and non-photosynthetic strains, respectively. 

 

 
Strain 

      

 
Δpsb Δpsb Δpsb Δpsb Δpsb Δpsb Δpsb 

Constructs O ACO ABO ADCO ADCBO ADCBEO ADCBEFO 

Ble-CvO               

                

HCR63-CvB               

Ble-CvO               

HCR63-CvPSII               

Ble-CvO               

Ble-AtO               

                

HC63-AtC               

Ble-AtO               

HC63-AtB               

Ble-AtO               

HCR63-AtADEF               

Ble-AtO               

HCR63-AtOptPSII               

Ble-AtO               

  

The results show that expression of the heterologous PsbO proteins didn’t noticeably 

improve the compatibility of the rest of the PSII core components from the corresponding 

species.   This is not surprising given that C. reinhardtii ΔpsbO strain can be complemented with 

psbO genes from C. vulgaris and A. thaliana, demonstrating that PsbO is a protein that can 

AR1 prom ble 2A SP psbO rbsS2 3’UTR 



110 

 

 

flexibly bind and function in heterologous PSII. Previous in vitro studies support this notion 

(Williamson et al., 2008), while this work is the first example, to our knowledge, proving the in 

vivo interchangeability of PsbO. 
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Microalgae have recently attracted attention given their potential for producing biofuels, 

nutraceutics and therapeutics. However there are many requirements that have to be addressed for 

achieving sustainable large scale production systems of microalgae. One of these requirements 

corresponds to attain consistent photosynthetic growth under adverse and/or changing 

environmental conditions. Photosystem II has been demonstrated to be one of the key 

components that are negatively affected by environmental stress, thus behaving as a bottleneck 

for outdoor photosynthetic growth. Within this regard, the present dissertation hopes to have 

contributed in developing the tools to manipulate and understand the genetic diversity that has 

evolved for coping and taking advantage of the various environments where photosynthetic 

organisms dwell. Aside from the practical benefits that may arise from engineering PSII, this 

dissertation also expects to have contributed to further develop microalgae as an advantageous 

model organism for performing basic research in photosynthesis.  

Our immediate goal was to develop a system in which PSII could be studied as a 

functional module in a single and tractable host, such as C. reinhardtii.  We expect that 

engineering the PSII core as a whole will ensure that some of the sub-unit interactions for a 

particular species are maintained, and thus would constitute a more representative PSII study 

model. Implementing C. reinhardtii as a homogeneous host has advantages in terms of genetic 

tractability and rapid heterotrophic and autotrophic growth. More importantly, eukaryotic green 

chloroplasts have low background pigment fluorescence aside from the one arising from PSII 

chlorophyll, unlike cyanobacteria, red-algae and diatoms. This is very important since biophysical 

characterization of PSII is mainly based on fluorimetric measurements.  

It is worth noting that this project was never intended to develop an overall “more 

efficient” PSII. The great conservation of this system over 2.3 billion years evidently argues 

against this possibility. Each species already has the PSII that suits them best for their growing 

conditions, but we could also take advantage of this. We propose that transforming the PSII core 
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as a module increases the chances of translating specific characteristics of PSII into another host. 

For example some PSII traits that could make PSII more resilient to specific adverse growth 

conditions could be transferred following our approach. The limiting step then is to identify 

which specific traits derive directly from having a given set of PSII genes. There are very few 

studies that have identified natural PSII alleles that are directly associated with specific 

phenotypes. Most of these studies have only dealt with psbA alleles in cyanobacteria. Nonetheless 

and as shown in Chapter 4, it is encouraging that transforming only the cyanobacterial psbA genes 

into C. reinhardtii can recapitulate their associated phenotypes.  

In order to achieve the ambitious goals of this thesis several scientific questions had to be 

answered to develop constructs and strains that could be effectively combined to test different 

PSII core complexes in vivo. First we proved that heterologous PSII regulatory sequences weren’t 

flexibly recognized in the chloroplast of C. reinhardtii. Second we showed that it is possible to 

recapitulate photosynthetic phenotypes from a different species (cyanobacterium) by expressing a 

single, yet key, PSII component (D1) in our eukaryotic algae host. We then generated a core-

complex PSII knock-out strain and successfully complemented it with endogenous and 

heterologous set of genes. Finally we observed that there are limitations to the extent of 

compatibility between PSII sub-units when dealing with organisms farther apart in the 

phylogenetic tree of green life.  

There are still many questions that remain to be answered in order to better predict the 

factors that might hinder PSII compatibility between different species. There is not enough 

information regarding the interaction of the core PSII proteins with the remaining fourteen sub-

units. Perhaps some of these will also have to be included in our refactoring strategy, as we have 

done with PsbO. Furthermore, the Light Harvesting Complex II, which provides most of the 

excitons for PSII, is also likely to limit compatibility. LHCII is significantly less conserved, with 

regard to sub-unit composition and amino acid sequence of its components, than PSII. Moreover 
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the current structural studies of LHCII don’t allow for identifying specific amino acid interactions 

with PSII inner light antennas (CP43 and CP47). The solution for this potential incompatibility 

would be to engineer heterologous PSII along with its corresponding LHCII. The latter would be 

an endeavor even more ambitious than the one presented in this thesis. 

 




