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ABSTRACT OF THE DISSERTATION

Expanding an algae production platform:
Industrially relevant advancement of Chlamydomonas reinhardtii

by

Joseph Thomas Ostrand

Doctor of Philosophy in Biology

University of California San Diego, 2018

Professor Stephen P. Mayfield, Chair

The initial surge of industrial interest in green algae for the production of renewable fuel

has given way to a blossoming industry with the potential to contribute to the commercial

production of food, materials, and modern medicine. Algae are biologically diverse, edible,
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genetically tractable and have high lipid and protein content. Their unicellular nature facilitates the
efficient conversion of energy into biological material without the need to produce structural
materials like that of higher plants. The diversity of the fields in which algae have become a viable
production platform has necessitated development of a broad range of cultivation strategies and
tools for improving their industrial relevance.

Molecular research on green algae has yielded a growing encyclopedia of genetic tools for
manipulation of the chloroplast and nuclear genomes. However, as the landscape of desired algal
products has changed, some of these tools need to be refined for new cultivation systems and
advanced product engineering. Although the future is bright for algae as a bio-manufacturing
platform, many aspects of their production lag behind their established counterparts like yeast, E.
coli and mammalian cell culture. The research outlined in this dissertation presents significant gains
in the advancement of green algae as an industrial organism by refining cultivation strategies and

genetic tools to foster success in commercially relevant systems.

Production of algae in both open and closed systems is addressed. For open pond
cultivation, environmental concerns render certain genetic markers unusable. A system for
selection of transgenic algae without the need for antibiotic resistance cassettes has been developed.
In general, closed systems offer more tight regulation of abiotic growth conditions and optimization
of growth and product accumulation in these systems is imperative to the future of industrial algae.
In closed systems, high density cultures are required for maximum biomass yield with limited
infrastructure. Research presented here shows the first look at C. reinhardtii grown in fermentors
for high-density cultivation and provides a metabolic comparison with more standard growth
conditions.

An analysis of transgene expression in high-density cultures expressed a need for new

genetic tools that are functional under these conditions. The second half of the dissertation focuses

XV



on the development of advanced genetic tools and synthetic systems for optimization of transgene
expression. Synthetic tools have the power to revolutionize recombinant protein production in
green algae. Ultimately, this dissertation provides an extensive body of work which identifies gaps
in the commercial viability of green algae, and provides transformational solutions to many of the

problems hampering industrial relevance.
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INTRODUCTION



Throughout the course of human history, we have taken advantage of biological systems
to satisfy our needs and make our world a more pleasant place to live. Technological advances in
the biological space allowed humans to shift from a hunting and gathering lifestyle into settlements.
Reliable crop cultivation and the domestication of animals gave early humans the surplus of

resources that facilitated the specialization of labor and development of new materials and ideas.

As our understanding of the world around us grew, agricultural techniques became more
refined, producing greater crop yields to support more dense populations. The population density
we experience today can be attributed to the industrial revolution in the late 1700s. Steam powered
tractors and processing equipment were made accessible due to cheap energy in the form of fossil
fuels. The discovery and implementation of fossil fuels coupled agricultural yield with the
availability of cheap, transportable energy and dramatically increased the amount of land that a
single farmer could manage. As more land was cultivated for agriculture, the focus shifted from
geographic expansion to harvest yield per hectare. A renaissance of farming strategies including
chemical synthesis of fertilizers and pesticides expanded food security and further optimized

human control over the biological world.

In the late 20" century, research into the building blocks of life opened the door to a brand
new realm for generating deliberate, targeted changes in biological systems worldwide. A complex
understanding of the genetic material inherent to all life on the planet allowed humans to engineer
organisms with new attributes. Transgenic organisms can be made more resistant to pests and
disease, reducing the risk of catastrophic crop loss. Clever exploitation of this knowledge has led
to a worldwide spread in genetically engineered crops. The power of deliberate genetic
manipulation has expanded well beyond crop engineering, and has been monumental to progress

in human longevity.



However, as humans have expanded globally, the impact of our actions to the health of the
planet has expanded as well. A renewed interest on the sustainability of our farming and industrial
practices has restricted the window of acceptable technologies to our future development. As we
look to the future, progressive technological advances will be required to supply clean energy,
sufficient food, sustainable materials, and affordable medicine to a rapidly increasing global
population. The solution to these problems may lie in our ability to cultivate and manipulate a new

commercial organism: microalgae.

Fuel

Algae-derived biodiesel has been an obvious target for renewable fuels because algae was
one of the major contributors of the organic material that comprises the petroleum we use today.
Algae and other microorganisms which populated the earth’s oceans found their way into the
earth’s crust where they were subjected to high temperature and pressure to create the energy-dense
reserves we refine to power the world. The same process can be imitated by factories in a process
called hydrothermal liquefaction to turn algae grown today into the exact same hydrocarbons which
power machines around the world. Algae farms can renewably provide a fungible fuel source at a

global scale.

Food

The livestock industry currently uses one-third of the total cropland worldwide to grow
feed. A global drop in meat consumption or an alternative source of animal feed will be required
as the availability of arable land worldwide continues to dwindle. Algae’s rapid generation times
and ability to grow on non-arable land make it an intriguing source for animal feed. Unlike higher
plants which dedicate much of their energy to developing carbohydrates for structure, microalgae

are rich in lipids and protein which are critically important to feed composition. Many species of



algae naturally produce omega-3 fatty acids, namely EPA and DHA, are known to reduce heart
disease and inflammation in humans, making them also an intriguing resource for human
supplements. Growing particular algal strains which are high in these unsaturated fatty acids will

also reduce the need to farm and extract these oils from fish.

Materials

Today, nearly all carbon-based materials require petroleum-derived products for their
manufacture. The chemical process of synthesizing carbon networks for plastics and polyurethanes
renders these materials largely inaccessible to the enzymatic degradation, meaning they cannot be
naturally broken down in the environment. A social push for biodegradable materials has led
researchers to photosynthetically derived oils as a source of renewable, buildable carbon. Algae are
a promising host for petroleum-alternative materials because petroleum was derived from algae to
begin with. Naturally occurring algal diversity provides a source for pathways and products which
are difficult to produce in other systems. The lack of tissue differentiation minimizes the energy

conversion to undesired products. Lastly, algae does not interfere with the food supply chain.

Medicine

Recombinant protein-based therapeutics have brought a new wave of ideas into modern
medicine. However, current production systems are wrought with issues. Mammalian tissue
cultures provide a quality platform for high-quality therapeutics, but they are expensive to cultivate,
and can be infected by viruses which can crash the culture and affect regulatory control of the
purified therapeutic. Prokaryotic hosts like E. coli lack the advanced folding machinery to properly
assemble many complex protein therapeutics. Algal hosts are cheap to cultivate in photosynthetic
or fermentation systems and can assemble complex proteins. Genetic fusions facilitate production

of chimeric proteins such as antibody-toxin fusions which are traditionally synthesized chemically,



a process which needs to be optimized for each antibody and toxin combination. In addition, many
algal species have been designated by the FDA as “generally regarded as safe”, meaning that they
can be safely consumed. Oral consumption of whole-cell algae which contain the therapeutic
alleviates the need for costly protein purification and storage. An algae-expressed gut-active
malaria vaccine is being investigated as a suitable host for bringing immunogenicity to developing

countries.

Altogether, the future of green algae to provide a sustainable, affordable and renewable
resource for fuel, food, materials, and therapeutics exists because of our capacity to understand
these organisms at a molecular level. Genetic tools can be used to make algae more robust to biotic
and abiotic challenges, and can create whole new markets for the platform. The relatively short
history of relevance to the commercial market has limited the breadth of molecular knowledge in
algae. Not surprisingly, the diversity of industrially interesting species of algae is vast, and detailed
characterization of every species is far from complete. In an effort to consolidate research efforts
and improve the depth of algal knowledge, many researchers to date have focused on a singular

green alga, Chlamydomonas reinhardtii.

Chapter 1 provides an overview of why C. reinhardtii is a suitable model organism for
green algae and reviews the critical aspects of development of C. reinhardtii pertaining to entering
the industrial space. Although fuel production is not economically feasible for microalgae with the
current infrastructure, the addition of high-value coproducts may help cover the costs for oil
cultivation. A succinct description of the genetic toolset used to engineer the chloroplast is
presented, focusing on the success of endogenous regulatory elements to engineer transgenic strains

and the diversity of recombinant proteins which can be produced. This analysis continues by



outlining the success of synthetic regulatory elements albeit with some caveats in the genetic toolset
currently available for chloroplast engineering. Proteins expressed in the chloroplast cannot be
transported throughout the cell, which significantly limits opportunities for metabolic engineering.
Next, the advantages and roadblocks of nuclear genome engineering in C. reinhardtii are explored.
Although genetic engineering in the nuclear genome has yet to show substantial accumulation of
recombinant proteins, peptide transit sequences allow protein secretion as well as transport to many
intracellular organelles, which will be required for advanced metabolic engineering. A major
limitation of nuclear genome editing is the lack of sophisticated gene targeting technology, which
is addressed more extensively in Chapter 7. Chapter 1 then describes aspects of C. reinhardtii as it
fits into the industrial space. Basic descriptions are laid out for outdoor cultivation strategies,
including both open pond systems and closed systems. An analysis of biomass and lipid
accumulation of green algae in both open and closed cultivation identifies C. reinhardtii as an

effective closed-system producer with relatively high lipid content.

In accordance with current regulations, transgenic microalgae need to be grown in closed
systems to prevent the spread of heterologous genes to native species. This is particularly important
with respect to antibiotic resistance cassettes which can lead to the unintended development of
antibiotic-resistant microbes. A pilot experiment conducted at UCSD showed that a relatively
benign fluorescent reporter GFP gene did not show significant spread to native species. This
marker lends itself to unique selection strategies for development of transgenic strains. Chapter 2
presents a FACS-based strategy for developing transgenic C. reinhardtii utilizing expression of a
fluorescent protein in lieu of an antibiotic resistance cassette. Cells were transformed with a GFP
expression cassette containing a transcriptionally fused gene for resistance to zeocin. C. reinhardtii
was electroporated to produce nuclear genome lesions and subsequent integrations of our

expression vector. Instead of selecting by antibiotic resistance, the transformed cells were run



through a sorting flow cytometer, and selected for recovery based on their GFP fluorescence. Of
the 39 individuals which survived the sorting process, six were resistant to zeocin on selection
plates, and of those six transformants, four showed statistically significant GFP accumulation by
plate reader. This enrichment of successful transformants which are expressing the gene of interest

is comparable to selection strategies utilizing antibiotic resistance.

Even with clever selection strategies that eliminate the need for antibiotic resistance, closed
systems will be required for the industrial relevance of C. reinhardtii and green algae as a whole.
Many strains will require the precise control of their environment that can only be achieved in
closed systems. In addition, the high value coproducts produced in transgenic strains will likely
require closed growth chambers to facilitate reliable purification strategies and minimize product
loss. Chapter 3 provides the first characterization of chloroplast-expressed transgene expression
from C. reinhardtii in a closed fermentor system. The growth rate and accumulation of a
chloroplast-expressed GFP marker in C. reinhardtii was compared in a closed fermentation system
under batch growth and fed-batch growth conditions. The batch growth strategy resulted in a
density of 2.33g/L AFDW. In the fed-batch approach, a predominantly acetic-acid based feed was
administered under the control of a pH-stat, which maintained a constant pH of 7.0, and pushed the
final maximum density to 23.7g/L AFDW. Although the biomass yield was 10-fold higher in the
fed batch system, the relative GFP expression level per cell was significantly diminished. This
could be due to expression being regulated by a light-driven promoter, and as culture density
increases, light penetration is diminished and gene activation slows. Overall, the fed-batch system
was able to generate higher levels of recombinant protein per liter of culture. Cultures from both
growth strategies were analyzed for metabolite composition to determine potential stresses caused

by the density of the culture and the feed. High-density C. reinhardtii culture maintenance and feed



development look to be fruitful targets to providing major improvements to recombinant protein

production strategies.

As mentioned previously, the most productive recombinant protein production strategies
in C. reinhardtii hijack endogenous regulatory regions which ordinarily regulate photosystem
proteins to drive expression of exogenous genes. With the future of recombinant protein production
likely to occur in high-density cultures in which light availability is limited, or in stainless steel
fermenters where light is completely excluded, strains and tools must be optimized to express
transgenes in the dark. The endogenous regulatory elements in the chloroplast used in current
expression vectors have shown minimal dark activity, and testing a catalog of new endogenous

elements is not a guaranteed solution.

Chapter 4 investigates a nonspecific approach in which a chloroplast GFP gene was
optimized for dark expression through rounds of mutagenesis and breeding and selection by FACS.
Genome shuffling through mutagenesis and breeding can lead to chromatin restructuring and
changes in gene regulation which can have dramatic effects on the phenotype of progeny. This
technique has been used previously in C. reinhardtii in which breeding induced variability led to
increased cell viability in higher salt concentrations. This project intended to exploit the phenotypic
variance induced by breeding to rapidly generate a novel strain which would have improved

accumulation of recombinant protein in the dark.

A strain which expressed chloroplast GFP was either subjected to UV mutagenesis or bred
with one of 10 genetically distinct wild-type strains to encourage changes in gene regulation via
genome shuffling. Resulting progeny were investigated by flow cytometry, and the individuals
which showed increases in GFP fluorescence above the parent strain were isolated by FACS. The

best expressors from a single round of mating or mutagenesis and selection had increased GFP



accumulation in the dark by approximately 10-fold. Additional rounds of mating and mutagenesis
showed further increases in GFP accumulation, although relative gains were substantially lower in
the second round. Although many species of algae are not known to undergo sexual reproduction,
the success of the UV mutagenesis and sorting shows that this strategy can be amended to most
species. Ultimately, the success of this program shows that novel phenotypes which are difficult to
engineer deliberately can be created as long as there is an effective selection strategy. However, it
can be difficult to use this strategy to investigate the basic biology underlying the developed
phenotypes. A thorough understanding of the biological pieces which dictate a phenotype help lay

the foundation for building next-generation tools.

Chapter 5 presents a much more investigative approach to try to improve exogenous gene
expression in the nuclear genome. Nuclear gene expression in C. reinhardtii lags well behind gene
expression in the chloroplast, and is orders of magnitude away from the industry leading platforms
for recombinant protein accumulation like E. coli, yeast and CHO cells. Due to low natural rates of
homologous recombination in the nuclear genome, exogenous expression vectors are integrated
randomly. Positional effects due to the presence of local regulatory elements or chromatin structure
can dramatically alter gene expression from one transformant to the next. In addition, high GC
content can substantially restrict codon usage in exogenous genes, and nuclear gene silencing has

been shown to stifle recombinant protein accumulation.

Although transgenic protein accumulation is low, genes expressed in the nuclear genome
undergo post-translational modifications which can make them much more desirable for many
applications. Metabolic engineering routinely requires expression of proteins within specific
organelles, and proteins translated by nuclear-encoded genes can be tagged with localization signals

that direct the products to precise locations. Other tags send translated proteins out of the cell



entirely, providing a circumstance by which cells do not need to be lysed in order to purify the
desired product. Finally, proteins which are encoded in the nuclear genome can be glycosylated in
the ER and Golgi complex. Glycosylation of proteins has an array of functions, including assistance
in folding, protein maintenance, and cell recognition. From a recombinant protein standpoint,
glycosylation is often required for bioactivity, and the pattern of glycosylation varies from one
production system to the next. Yeast, for example, is known to hyperglycosylate its protein
products. Proteins with substantially different glycosylation patterns can be recognized as foreign
or misfolded and subjected to degradation. These criteria make improved gene expression in the

nuclear genome a major objective.

The report in Chapter 5 takes a synthetic biology approach to improve nuclear transgene
expression. The study investigates the building blocks of promoter regions in C. reinhardtii by
determining the ability of synthetic promoters to drive expression of a fluorescent protein. Synthetic
promoters were designed by first determining the conservation of sequence motifs within the
regulatory regions of the most highly expressed genes in the genome by use of a program called
POWRS. Though the exact biological role of these individual motifs is unknown, their presence in
multiple highly expressed genes suggests they may have an effect on transcriptional regulation.
These motifs were assembled into a promoter backbone based on their positional dependence in
relation to the transcriptional start site. By this process, 25 unique synthetic algal promoters were
assembled and cloned in front of a fluorescent protein. The strength of each promoter was validated
by determining the fluorescence of at least 5,000 independent transformation events to account for
positional effects. In this first trial of synthetic promoter construction, we were able to create
functional promoters, some of which were stronger than the best hybrid promoter described in the

literature. Targeted deletions of synthetic promoter sequences were performed to determine which

10



motifs were critical to the phenotype shown. One motif was identified as being necessary but not

sufficient for transcriptional activation.

The process of narrowing down effective motifs is elaborate, and involves transformation
of many uniquely built expression constructs. In an effort to more rapidly characterize the positional
dependence and overall effect of individual motifs, we developed two promoter libraries, each with
1000 unigue partial-promoter sequences. This generation of synthetic promoters contained fewer
motifs, and could therefore be used to more accurately assign activity to specific motifs. The
promoter libraries were cloned in front of a fluorescent reporter and FACS was used to isolate the
most fluorescent individuals. By comparing the sequences of highly fluorescent individuals with
the sequences of low and non-expressors, the goal was to categorize sequence motifs by their
activity and positional dependence. However, road blocks associated with reliable cell sorting and
recovery of stable phenotypes complicated downstream analysis. Chapter 6 provides an overview
of this work as well as a look ahead at how we may utilize our understanding of cis- and trans-
activation in C. reinhardtii to develop a second generation of synthetic promoters and genetic tools
for many algal species. For example, we show that constitutive expression of a native transcription
factor can impact recombinant protein accumulation driven by a hybrid promoter. By using our
understanding of trans-activating factors in other systems, motifs which correspond to transcription
factor binding sites can be added to promoter sequences to increase transcription. Similar to the
orthogonal systems developed in S. cerevisiae, synthetic regulatory circuits could be designed in

C. reinhardtii to drive exceptional nuclear gene expression.

As mentioned previously, a major limitation to recombinant protein platform development
in the nuclear genome of C. reinhardtii is the lack of reliable gene editing tools and targeted vector
introduction. Many labs are researching the potential of systems like CRISPR/Cas9 and TALENS,

but a major target to solve this problem is the low rate of native homologous recombination

11



mediated repair in the nuclear genome. The final chapter of this dissertation presents a tool which
reliably measures the rate of homologous recombination. There are many theories as to how the
rate of HR could be increased, but reliable analysis of the rate of HR has been limited. Previous
systems for HR measurement do not capture instances in which imperfect HR occurs. This report
utilizes a large intron as the homology region, meaning that sequence alterations due to imperfect
HR mediated repair are not detrimental to the selection mechanism. By using this tool, future
studies which seek to increase HR rates for nuclear gene editing can verify the efficacy of their

strategies.

Ultimately, the studies presented here show concrete advances to the field of algal biology,
and provide important steps to the commercial relevance of algae as a production platform for a
variety of products. The production systems that are used today have reached their scale because
of the dedication to research on their fundamental biology, and the clever generation of molecular
tools by scientists to investigate and alter their being. As the tools for the algae world approach the
sophistication of these model organisms, the full potential of green algae to be an industrial

powerhouse will be realized.
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CHAPTER 1:

CHLAMYDOMONAS AS A MODEL FOR BIOFUELS AND BIO-PRODUCTS PRODUCTION
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SUMMARY

Developing renewable energy sources is critical to maintaining the economic growth of the planet while
protecting the environment. First generation biofuels focused on food crops like corn and sugarcane for ethanol
production, and soybean and palm for biodiesel production. Second generation biofuels based on cellulosic
ethanol produced from terrestrial plants, has received extensive funding and recently pilot facilities have been
commissioned, but to date output of fuels from these sources has fallen well short of what is needed. Recent
research and pilot demonstrations have highlighted the potential of algae as one of the most promising
sources of sustainable liquid transportation fuels. Algae have also been established as unique biofactories
for industrial, therapeutic, and nutraceutical co-products. Chlamydomonas reinhardtii's long established role in
the field of basic research in green algae has paved the way for understanding algal metabolism and develop-
ing genetic engineering protocols. These tools are now being utilized in C. reinhardtii and in other algal species
for the development of strains to maximize biofuels and bio-products yields from the lab to the field.

Keywords: Chlamydomonas reinhardtii, recombinant proteins, biofuels, bio-products, molecular engineering.

INTRODUCTION

Access to affordable and environmentally sustainable fuels
and energy sources may be the greatest challenge of this
century. With demand continuing to increase and new sup-
plies costing ever more to extract, the availability of fossil
fuels will inevitably shrink, resulting in rising energy prices
worldwide. With the rising cost of energy also comes the
rising cost of food, as food and fuel prices are closely
linked. Recently, algae-based biofuels have been high-
lighted as one of the best current alternative source of
renewable energy (Merchant et al., 2011; Georgianna and
Mayfield, 2012; Leite et al., 2013; Oncel, 2013). Algae do not
compete for arable land, have fast generation times, can
grow in salt and waste water, and have the potential to pro-
duce more oil per acre than land plants (Dismukes et al.,
2008; Demirbas and Demirbas, 2011). While most focus has
been on the production of biodiesel, algae can also be a
source of other fuels, such as bioethanol, biohydrogen, and
biogas (Jones and Mayfield, 2011; Oncel, 2013).

While algal biofuels hold significant promise to meet
future energy demands, improvements are needed at all
levels of production in order to realize this potential. Algal

© 2015 The Authors
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biofuels are not economically viable on their own at current
production levels (Brownbridge et al., 2013; Nagarajan
et al, 2013). One near-term solution is to couple biofuel
production with high-value co-products to increase the
commercial value of the entire algal biomass. Current high-
value bio-products produced in algae include industrial
and therapeutic proteins as well as nutraceuticals and other
high-value small molecules (Almaraz-Delgado et al., 2013;
Barrera and Mayfield, 2013; Rasala and Mayfield, 2014).

As the most characterized algal species with the largest
set of genetic tools and techniques, Chlamydomonas rein-
hardtii is an excellent model organism to understand and
improve biofuels and bio-products production in algae.
Chlamydomonas reinhardtii has led the field in the devel-
opment of molecular tools for strain selection and engi-
neering for green alga. By far, more recombinant proteins
have been expressed in C. reinhardtii than all other algal
species combined (Almaraz-Delgado et al., 2013; Barrera
and Mayfield, 2013; Rasala and Mayfield, 2014). Studies in
C. reinhardtii have also helped elucidate the molecular
mechanisms behind algal lipid and hydrogen metabolism
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(Merchant et al., 2011; Torzillo and Seibert, 2013). C. rein-
hardtii is also among the first of the engineered algal spe-
cies to be studied in commercial settings, which allows
academic researchers to begin to understand the chal-
lenges of bringing transgenic algae to commercial-scale
production (Scoma et al., 2012; Gimpel et al., 2014; Scho-
epp et al., 2014).

BIOENGINEERING ALGAE
Chloroplast engineering

Over the last 70 years, C. reinhardtii has become the flag-
ship alga for laboratory studies and genetic manipulation.
The eukaryotic green alga has three modifiable genomes
and is capable of producing a wide variety of protein prod-
ucts (Rosales-Mendoza et al., 2012; Barrera and Mayfield,
2013; Rasala et al, 2013b). The efficient manufacture of
these products at commercial viability will require a myriad
of genetic tools to enhance protein accumulation and
bioactivity (Figure 1). To date, the chloroplast genome has
been the primary target for engineering protein produc-
tion, predominantly because it readily performs homolo-
gous recombination and is easily transformed (Boynton
et al., 1988). Typically, recombinant protein expressed
from the chloroplast accounts for 1-10% of total protein
(Almaraz-Delgado et al., 2013; Barrera and Mayfield, 2013;
Rasala and Mayfield, 2014).

One current limitation of chloroplast engineering in
C. reinhardtii is the use of native promoters to achieve
high levels of protein accumulation. The best exogenous
gene expression achieved utilizes the endogenous psbA
promoter (Manuell et al, 2007). However, the effective
use of the psbA promoter requires that the endogenous
psbA regulatory region be removed due to a phenome-
non known as auto-attenuation (Minai et al., 2006; Rasala
and Mayfield, 2011). This renders the organism non-pho-
tosynthetic, eliminating one of the unique attributes of
algae. One way to alleviate this issue is to reintroduce
the psbA gene under the control of a different endoge-
nous promoter (Gimpel et al., 2014). This method results
in photosynthetic C. reinhardtii that can produce recombi-
nant proteins, albeit at reduced levels compared with the
non-photosynthetic versions. Exogenous transcriptional
regulation machinery have been used successfully in
C. reinhardtii (Kato et al., 2007), however exogenous pro-
moters remain an underutilized resource for chloroplast
engineering. Synthetic regulatory elements, such as
UTRs, that modify gene expression have also been used
in the C. reinhardtii chloroplast (Specht and Mayfield,
2012), although the successful use of fully synthetic pro-
moters has yet to be described. A full understanding of
synthetic promoter synthesis would allow for fine-tuning
of gene expression, which is particularly useful for meta-
bolic engineering.

Strain engineering

—

« Synthetic biology
PN 1] i

Characterization

High-throughput

selection

Techno-economic

Figure 1. Steps to engineering a production strain of green algae. Genetic
manipulation using advanced tools will result in a desired phenotype.

The isolated strain will be tested for scale-up and reanalyzed for characteris-
tics such as growth rate, population density, recombinant protein accumula-
tion, and lipid profile. If these traits do not overcome economic constraints
of production, additional genetic manipulation in the laboratory is required.
Once an ideal strain is identified, fuels and co-products can be extracted
from scaled-up cultures.

In addition to engineering strains to produce maximal
amounts of recombinant protein, chloroplast engineering
is necessary for developing strains for robust growth, par-
ticularly in outdoor settings. Light intensity and availability
is a major concern for maximizing growth rates and cell
density. Excessive solar irradiation leads to photoinhibi-
tion, while low light flux due to weather or cell culture den-
sity can lead to reduced photosynthetic activity and slower
growth. Chloroplast engineering for improved function
under varying light conditions would allow maximum pro-
duction of algae throughout the year. Early data have
shown that the light antenna of C. reinhardtii can be modi-
fied to alter chlorophyll content and subsequently adjust
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its absorbance spectrum, altering photosynthetic produc-
tivity (Kirst et al., 2012).

An alternative method of chloroplast engineering to alter
photosynthetic activity has focused on the protein subunits
of the photosystem itself. Photosystem Il is a highly con-
served protein complex, which performs the initial rate
limiting step of photosynthesis. It is known that PSIl is in
part responsible for enhanced fitness in various light con-
ditions (Mulo et al, 2012). Recently, the D1 protein of
C. reinhardtii was replaced with the homologous D1 pro-
teins from Synechococcus sp. 7942 (Vinyard et al., 2013,
2014). These studies showed that complementation of the
native D1 protein with natural variants from other species
could increase photosynthetic efficiencies under varying
light conditions, and also that this increased efficiency led
to improved overall growth. In addition, due to C. rein-
hardtii's unique low fluorescence background, these stud-
ies were the first to elucidate the mechanisms behind the
optimized photosynthetic activity. Thus, not only were
improved strains generated, but C. reinhardtii proved to be
an ideal model for understanding PSII function.

Nuclear engineering

Although the chloroplast can effectively accumulate high
levels of recombinant protein, nuclear transformation
technology is required to fully engineer algae. Nuclear
expression allows for organelle targeting or secretion of
proteins, and enables more complex post-translational
modifications of proteins such as glycosylation. In partic-
ular, proper protein localization is required for metabolic
engineering, which relies on compartmentalization for
some steps in syntheses. The nuclear genome of C. rein-
hardtii has been much more difficult to develop for
recombinant protein production than the chloroplast.
Low protein accumulation levels due in part to transgene
silencing and insertion positional effects have limited the
use of the nuclear genome from a protein manufacturing
standpoint (Cerutti et al, 1997; De Wilde et al., 2000; Wu-
Scharf et al., 2000). However, recently it was shown that
fusing recombinant proteins to the Sh Ble antibiotic
resistance gene, which requires high protein accumula-
tion, could substantially increase recombinant protein
accumulation (Rasala et al., 2012). In addition, C. rein-
hardtii lacks strong constitutive promoters comparable to
the viral promoters used in plants. While hybrid promot-
ers have had some success in increasing transgene
expression in C. reinhardtii (Schroda et al., 2000), truly
synthetic promoters may hold great promise for tight
regulation of robust recombinant protein expression
(Venter, 2007).

Homologous recombination

Homologous recombination (HR) allows for targeted gene
knock-outs as well as targeted insertion for reducing posi-
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tional effects for recombinant gene expression. This mech-
anism has enabled sophisticated engineering in the
C. reinhardtii chloroplast; however at present, HR does not
occur at sufficient levels in the nuclear genome to be of
practical use. Knockdowns have been created by artificial
microRNAs, which is also a valuable tool for genetic engi-
neering (Molnar et al., 2009; Zhao et al., 2009; Moellering
and Benning, 2010; Schmollinger et al., 2010). Alterna-
tively, a knockout strain library is currently being devel-
oped by insertional mutagenesis. Because of the scale of
this project, a high-throughput screen known as ChlaM-
meSeq has been established to identify genes disrupted by
insertional mutagenesis. In a pilot screen, a pool of inser-
tional mutants was shown to cover 39% of known protein
coding genes (Zhang et al., 2014). Although each of these
methods have been valuable for progress of the field, a
rapid method for developing novel knock-outs and tar-
geted gene introduction is essential for future development
of C. reinhardtii.

To date, methods of identifying HR in C. reinhardtii have
not been reliable, nor have there been ways to significantly
increase the low basal rate of HR in Chlamydomonas
(Sodeinde and Kindle, 1993; Gumpel et al., 1994; Nelson
and Lefebvre, 1995). However, there have been many
advances in targeted gene delivery across other platforms
in the past decade. Transcription-activator-like effectors
(TALEs) allow one to design a unique DNA-binding target
sequence and the addition of a nuclease can achieve tar-
geted restriction digestion and subsequent homology
directed repair (Li et al., 2011). Successful gene targeting
by a TALE has been shown by a subsequent increase in
endogenous ARS expression (Gao et al., 2014). However,
to this point, TALENs have not successfully been utilized
for targeted gene disruption in C. reinhardtii. The CRISPR/
Cas9 system is an alternative method for inducing targeted
gene delivery. Here, a guide RNA will direct restriction by
the Cas9 nuclease to a specific sequence of DNA. The
CRISPR/Cas9 system has been successful in mammals,
fish, fungus, and plants (tobacco, Arabidopsis, sorghum
and rice; Jiang et al., 2013). Cas9 has recently been tran-
siently expressed in C. reinhardtii, although stable cell
lines have not been established (Jiang et al., 2014a). Suc-
cessful transient expression shows that Cas9 is capable of
modifying the C. reinhardtii genome.

The C. reinhardtii nuclear genome generally performs
repairs of double-stranded breaks almost exclusively by
non-homologous end joining (NHEJ) and errors are often
introduced during the process. Unfortunately, because
Chlamydomonas relies so heavily on NHEJ as a repair
mechanism, even if TALENs or the CRISPR/Cas9 systems
are developed in C. reinhardtii, it is unlikely that a large
percentage of gene delivery will occur by targeted homol-
ogy repair. NHEJ machinery is comprised of three main su-
bunits: Ku70, Ku80, and DNA ligase IV. In yeast, Ku70 and
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Ku80 form a heterodimer that binds to double stranded
breaks and recruits DNA ligase IV to mediate NHEJ (Kanaar
et al, 1998). The C. reinhardtii genome contains homo-
logues to each of these genes. Based on a study in Pichia
pastoris, one strategy may be to stifle expression of these
repair proteins in Chlamydomonas in order to increase the
level of HR activity (Naatsaari et al., 2012).

High-throughput screening

High-throughput screening allows detection of rare pheno-
types including those following gene insertion or mutagen-
esis. One of the fastest quantitative methods of screening
mutants is fluorescence-activated cell sorting (FACS). This
technique has been utilized for detection of high lipid accu-
mulating mutants by a process utilizing Nile Red, a lipid
dye, to analyze lipid levels in a set of mutants generated
using EMS (Xie et al., 2014). This method successfully iso-
lated C. reinhardftii strains that accumulated 23-58% higher
fatty acid content by dry mass when compared to their
parent strain. Alternatively, Terashima etal. (2014)
developed a high lipid-accumulating mutant pool by inser-
tional mutagenesis, a strategy termed Chlamydomonas
High Lipid Sorting (CHiLiS). This method generates a
detectable insertion that can be used to rapidly identify the
disrupted gene(s). Characterization of the strains isolated
by this method showed a significant increase in triacylglyc-
erol accumulation. These papers demonstrate that rapid
screening can identify mutants with altered metabolism for
the production of biofuels, which can easily be translated
beyond C. reinhardtii. In addition to fluorescent stains,
fluorescent protein reporters in C. reinhardtii have been
shown to effectively sort using FACs (Rasala et al., 2013a).
By tagging recombinant proteins with fluorescent protein
tags, production strains can be rapidly screened and genes
that affect recombinant protein accumulation can be
identified. Fluorescent reporters fused to antibodies have
also been successfully used to sort for wild isolates with
specific cell wall components (Jiang etal., 2014b).
Development of techniques using these reporters will be
necessary to rapidly isolate and engineer production
strains.

Ultimately, high-throughput screening technologies will
be an essential tool for generating strains for outdoor
production. High-throughput screening allows one to
select exclusively based on desirable traits, rather than
validating transformation with linkage to an antibiotic
marker. Horizontal gene transfer of antibiotic resistance
cassettes to environmental microbes poses a theoretical
threat to human health and safety. Therefore, high-
throughput screening mechanisms that avoid generation
of transgenic algae with drug resistant markers, and that
can be scaled up to outdoor ponds for economically fea-
sible biofuels production, are an area where more
research is required.

ALGAL BIOFUELS
Biodiesel

Chlamydomonas reinhardtii has been a key model in
understanding complex algae lipid metabolism. Current
efforts have focused on the use of triacylglycerols (TAGs)
as a first generation biodiesel. TAGs from algae are also of
interest as alternatives to plant-based edible oils (Klok
et al., 2014). Traditionally, C. reinhardtii has not been seen
as an oleaginous species (James ef al., 2011). However,
studies have shown that natural levels of lipids can vary
widely in C. reinhardtii strains (Siaut et al., 2011). In addi-
tion, wild-type and mutant C. reinhardtii can accumulate
significant amounts of TAGs in response to nitrogen or salt
stress (Wang et al., 2009; Li et al., 2010; Work et al., 2010;
Goodson et al., 2011; James et al., 2011; Siaut et al., 2011).
In fact, C. reinhardtii studies have helped elucidate the
mechanisms behind lipid accumulation in response to
nitrogen deprivation (Boyle et al, 2012; Msanne et al.,
2012; Goodenough et al., 2014). Chlamydomonas rein-
hardtii has also been an excellent model to identify algal
genes involved in TAG metabolism (Merchant et al., 2011;
Klok et al., 2014).

Targeted overexpression of putative TAG metabolic
genes in C. reinhardtii has been met with mixed success.
Overexpression of type 2 diacylglycerol acyltransferases
(DGATs) DGAT2-1 and DGAT2-5 led to increased lipid con-
tent, while DGAT2-a,b,c overexpression had no effect
(Deng et al., 2012; La Russa et al., 2012). Overexpression of
acyl-ACP (acyl carrier protein) esterase (AAE) led to an
altered lipid profile but not an increase in lipid content
(Blatti et al., 2011). It is clear that even in C. reinhardtii, a
better understanding of lipid metabolism is required in
order to fully utilize algae’s potential as a source of TAGs
for biodiesel or edible oil production.

Biohydrogen

As an alternative to liquid fuels, C. reinhardtii has also
been extensively studied as a model for the photoproduc-
tion of biohydrogen. Renewed interest in C. reinharditii bio-
hydrogen production began when significant and
sustained H, production was demonstrated in sulfur
starved strains (Melis et al, 2000). The theoretical maxi-
mum light conversion efficiency for H, production is
13.4%, which is higher than the 11.2% limit for biodiesel
(Torzillo and Seibert, 2013). In addition, purities of up to
98% can be achieved without the need of extraction (Torz-
illo et al., 2009). However, several factors significantly limit
the actual production of H, in algae. The most significant
limitation is the sensitivity of hydrogenase to O,, which
inhibits hydrogenase activity by affecting transcription and
protein maturation (Ghirardi et al., 2007). Additional con-
straints include competition for electrons from alternative
pathways, inefficient light conversion of large light-har-
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vesting antennae, and inherent limitations of anaerobic
growth (Torzillo and Seibert, 2013).

Studies in C. reinhardtii to address these limitations
have included the generation of improved strains through
either mutagenesis or targeted genetic engineering (Melis
et al., 2007; Esquivel et al., 2011; Torzillo and Seibert, 2013;
Baltz et al., 2014; Xu et al., 2014). Studies have also shown
significantly improved H, production through the optimiza-
tion of growth conditions including periodic sulfur starva-
tion (Melis et al., 2000) and optimized light, media and
photobioreactor conditions (Torzillo and Seibert, 2013; On-
cel et al., 2014). However, despite these optimizations, the
best light conversion efficiency reached has been approxi-
mately 3%. Even if these optimal conditions could be per-
fectly scaled to outdoor growth, the cost of algal H, would
be well over US$8 per gallon gasoline equivalent (gge)
(James et al., 2009). However, continued research holds
promise to optimize algae strains and growth conditions to
make biohydrogen a competitive fuel in the future.

HIGH-VALUE BIO-PRODUCTS

Production of recombinant proteins in C. reinhardtii has
been a fruitful area of research in recent years. Several
recent articles have thoroughly reviewed the plethora of
protein products that have been successfully expressed
within C. reinhardtii (Almaraz-Delgado et al., 2013; Barre-
ra and Mayfield, 2013; Rasala and Mayfield, 2014). To
date, 34 different protein co-products have been pro-
duced in algae, 29 of which were produced in C. rein-
hardtii.

The vast majority of targeted proteins have been thera-
peutic proteins. With a current market value of US$140 bil-
lion, therapeutic proteins provide an attractive co-product
target to increase the economic value of algal biomass
(Walsh, 2014). Therapeutic proteins produced include the
UV-protectant metallothionein (Zhang et al, 2006), anti-
body mimics 14FN3 and SAA-10FN3 (Rasala et al., 2010),
and anti-cancer proteins TNF-Related Apoptosis Inducing
Ligand (TRAIL; Yang et al., 2006), and allophycocyanin (Su
et al., 2005). The glycoprotein hormone erythropoietin has
also been produced from the C. reinhardtii nucleus, dem-
onstrating the ability to generate recombinant proteins
with glycosylation, the most common post-translational
modification found on protein therapeutics (Eichler-Stahl-
berg et al., 2009; Walsh, 2014).

The largest class of therapeutic proteins that have been
produced in C. reinhardtii are subunit vaccines (Almaraz-
Delgado et al., 2013; Barrera and Mayfield, 2013; Rasala
and Mayfield, 2014). Vaccines are a particularly attractive
target because algae are generally regarded as safe (GRAS)
by the FDA. Therefore, if orally available vaccines can be
produced, these vaccines may be stored and administered
as lyophilized algal pellets. Edible algal vaccines would
reduce the cost of vaccines by orders of magnitude and
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vastly increase their availability since algal vaccine pellets
do not need to purified, do not require needle injection,
and can be stored for up to 20 months at RT (Dreesen
et al.,, 2010; Gregory et al., 2013).

Chlamydomonas reinhardtii has also been shown to be
able to produce a novel type of antibody therapeutic.
Monoclonal antibodies (mAbs) are the largest growing
segment of protein therapeutics with almost 27% of the
new approvals and six of the top 10 selling biotherapeu-
tics products in 2013 (Walsh, 2014). In particular, anti-
body-drug conjugates (ADCs) are gaining in popularity as
more effective cancer treatment. The most significant
drawback of ADCs is the requirement for chemical linkage
of the toxic molecule, which leads to increased production
costs and potential off-target toxicity of free toxins. In con-
trast, the unique environment of the C. reinhardtii chloro-
plast is able to produce immunotoxins in which toxic
proteins are genetically linked to the targeting antibody
(Tran et al., 2013a,b). This reduces the cost of production
since the immunotoxin is produced as a single protein
and this production method can also help eliminate off-
target toxicity.

Protein co-products expressed in C. reinhardtii also
include a range of nutraceuticals for use as feed additives
and/or human nutritional supplements. Feed additives
include phytase, xylanase, and flounder growth hormone
(Kim et al., 2002; Yoon etal., 2011, Georgianna et al.,
2013). Mammary-associated serum amyloid A (MAA) is
one of the best expressed bio-products in C. reinhardtii,
accumulating to over 5% of total soluble protein (Manuell
et al, 2007). MAA can be used as a prophylaxis against
enteric bacterial infections in humans as well as replace-
ment for antibiotics in animal feed (Larson et al., 2003;
Mack et al., 2003). Recombinant proteins have also been
engineered to increase high-value nutritional compounds
in C. reinhardtii such as organic selenium (Hou et al.,
2013), carotenoids (Baldo et al., 2011; Couso et al., 2011),
and triacylglycerols (La Russa et al., 2012). Carotenoids
and triacylglycerols have the added benefit of being used
in biofuels formulations (Merchant et al.,, 2011; Peralta-
Yahya et al., 2011).

OUTDOOR CULTIVATION SYSTEMS

Large-scale microalgae cultivation can occur in either open
or closed systems (Ugwu et al., 2008; Singh et al., 2011).
Open systems range from small artificial ponds to large
open bodies of water; however the most productive open
systems currently implemented are shallow raceway
ponds (Singh et al, 2011). Although these open systems
require large areas of land, they can be constructed in arid
environments and avoid competition with preexisting agri-
culture (Georgianna and Mayfield, 2012). Raceways can be
constructed relatively cheaply and require little mainte-
nance (Singh et al., 2011; Schoepp et al., 2014). Open
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systems are inherently susceptible to contamination and
thus are predominantly used to culture only robust photo-
autotrophic species (Ugwu et al., 2008; Rasala and May-
field, 2014). Heterotrophic growth in open systems is not a
viable option due to the heightened susceptibility of con-
tamination. Greenhouses can be used to cover smaller
open systems in order to deter contamination and poten-
tially increase productivity. Additionally, greenhouses
allow for the growth of genetically engineered strains in
contained ‘open’ systems, but these structures will add to
the initial cost of a facility.

Closed systems are highly variable in design but overall
provide a more productive environment while protecting
the culture from contamination (Ugwu et al., 2008; Singh
et al, 2011). More strains of algae can be cultivated in
these closed systems, including mixotrophic and hydro-
gen-producing species of microalgae (Scoma et al., 2012;
Gimpel et al., 2014). The productivity and sterility benefits
of a closed system are countered by their heightened costs
as they may cost up to 10 times that of open systems due
to the additional infrastructure and operational costs (Del
Campo et al., 2007).

Recently, pilot facilities containing a variety of these sys-
tems have been built to test strains in a setting more com-
parable to conditions encountered at commercial facilities
(Scoma et al., 2012; Gimpel et al., 2014; Schoepp et al.,
2014). Experiments with C. reinhardtii have been con-
ducted in these outdoor systems to test the viability of the
strain as a producer of biomass, biohydrogen and even
high-value bio-products. These studies are invaluable for
understanding and addressing the challenges of bringing
laboratory strains into commercial production.

OUTDOOR CULTIVATION OF C. REINHARDTII

Researchers at the University of California, San Diego have
developed one of the first systems to measure research-
scale production of algal strains in closed bags and open
ponds. Biomass production (g L~" day~") was reported for
several algae and cyanobacteria species (Table 1; Schoepp
et al, 2014). Chlamydomonas reinhardtii (CC-1690) out
produced eight other species in a 100-L closed system, but
production was reduced by 80% when grown in an open
800-L pond. Lipid content was not measured in this study;
however, reported average lipid content in C. reinhardtii is
comparable to other species (Table 1; Griffiths and Harri-
son, 2009). This suggests that C. reinhardtii is competitive
with other algal species in closed systems. While closed
systems may be economical for high-value products, the
cost and size limitations of closed systems may hinder
sufficient production of lipid-accumulating strains for bio-
fuel production (Figure 1).

Chlamydomonas reinhardtii was also tested in an out-
door system for its ability to produce biohydrogen gas.
Scoma et al. cultivated C. reinhardtii heterotrophically in

Table 1 Biomass production of various algal species in an out-
door setting compared to average reported lipid content

Closed Lipid content
system Open system  (nutrient-
production production replete, % dry
Species (gL 'day™") (gL "day™") weight)
Scenedesmus 0.095 0.090 26
dimorphus
Chlorella vulgaris  0.047 0.035 25
Chlamydomonas  0.078 0.015 21
reinhardtii
Arthrospira 0.040 0.018 13
platensis
Anabaena sp. 0.055 - 5
Porphyridium 0.074 0.036 "
purpureum
Nannochloropsis  0.043 0.028 27
salina
Dunaliella 0.039 0.031 15
tertiolecta
Phaeodactylum 0.021 - 21
tricornutum

Biomass production data from Schoepp et al. (2014) and lipid con-
tent from Griffiths and Harrison (2009).

a 50-L tubular closed system. By starving the culture of
sulfur, photosystem |l was down-regulated to the point
where oxygen consumption was greater than oxygen evo-
lution, creating the necessary anaerobic conditions for
biohydrogen production. However, the combination of
uncontrolled solar intensities and nutrient deprivation can
lead to photo-damage and the production of reactive oxy-
gen species in microalgae, thus hindering production. To
address this photoinhibition, Scoma et al. acclimated their
cultures to natural light for 1 week before experimenta-
tion to induce physiological changes such as reduced
chlorophyll, higher levels of xanthophylls, and increased
photosynthetic and respiratory rates. When cells were
allowed to acclimate to solar light, a more robust photo-
protection system was observed, but biohydrogen pro-
duction was still only equal to 20% of the laboratory
results.

Recombinant protein production in C. reinhardtii has
been demonstrated in a pilot commercial setting. Bovine
Milk Amyloid A (MAA), a protein with anti-microbial prop-
erties, has previously been produced to high levels in
C. reinhardtii in the laboratory (Manuell et al., 2007). High
accumulation of MAA in this strain required removal of the
psbA gene, thus making the strain non-photosynthetic and
unfit for outdoor growth. Recently, psbA was rescued
using the alternative regulatory regions to eliminate issues
of auto-attenuation (Gimpel et al., 2014). The best rescued
strain was then grown in 100-L hanging bags and accumu-
lated MAA at approximately 3 mg L~ of culture for a max-
imum yield of 11.8 g MAA kg ' dry weight biomass. Even
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with lower photosynthetic efficiency and lower total solu-
ble protein production versus the knockout laboratory
strain, the production of MAA in C. reinhardtii has the
potential to be highly profitable since it can be adminis-
tered as a solid algal pellet at a cost 60 times lower than
traditional purified bovine colostrum MAA,

CONCLUSION

Chlamydomonas reinhardtii with its extensive research his-
tory and genetic tool infrastructure has been an excellent
system to begin to understand algal metabolism and strain
development. Chlamydomonas reinhardtii’'s ease of trans-
formation, large toolset, and natural variety has led to
strains with significantly increased biofuels and bio-prod-
uct yields. The biggest successes with C. reinhardtii have
been the production of high-value products at laboratory
scale in closed systems (Almaraz-Delgado et al., 2013; Bar-
rera and Mayfield, 2013; Gimpel et al., 2014; Rasala and
Mayfield, 2014). However, C. reinhardtii remains limited by
its naturally low oil content, sensitivity to high solar
irradiation and its weak growth in outdoor ponds, thus
making it a relatively poor choice for large-scale biofuels
production (James et al., 2011; Scoma et al., 2012; Scho-
epp et al., 2014). While genetic engineering may help to
overcome some of C. reinhardtil's limitations, it will be
essential to also expand the knowledge and tools devel-
oped in C. reinhardtii to other algal species.

Algae are the most diverse organisms on the planet,
able to grow in almost any environment, from marine
systems to hot springs to desert soil crusts and even
sewer drains (Norton et al, 1996; Dufresne et al., 2008;
Parker et al., 2008; Tirichine and Bowler, 2011; Blunt et al.,
2012). Through these adaptations, strains have naturally
developed favorable traits for specific manufacturing appli-
cations. Many wild-type species of algae will be economi-
cally viable as production platforms for bio-products with
minimal strain optimization. For instance, cold-tolerant
microorganisms have to maintain higher levels of polyun-
saturated fatty acids to maintain membrane fluidity at
colder temperatures. These extremophiles make obvious
choices for sources of omega-3 fatty acids. To date, several
natural species have already demonstrated robust growth
in commercial-scale systems, mostly for nutraceuticals
(Oncel, 2013). In addition, over the past 20 years, we have
expanded the use of genetic tools to a wide variety of algal
species, albeit with varying success. These tools will be
needed to engineer an arsenal of pest-resistant strains with
optimal growth rates and production capabilities as well as
to utilize algae as a protein biomanufacturing platform.
The combination of improved strain selection and engi-
neering in more diverse species is our best chance of
developing algal strains for large-scale renewable energy
and sustainable recombinant protein production in the
future.
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Antibiotic-free selection in the nuclear genome of C. reinhardtii by multicolor cell sorting

Ostrand, J., and Mayfield, S.

Introduction

Chlamydomonas reinhardtii presents a unique photosynthetic platform for a wide variety
of potential products. Advances in genetic manipulation in the model green alga have opened the
door for metabolic engineering and heterologous protein accumulation. Genetically engineered
strains will undoubtedly be required for sophisticated strain optimization and biological
manufacturing of high-value products(1). Two major advantages of C. reinhardtii as an industrial
organism are photosynthetic outdoor cultivation and Generally Regarded As Safe (GRAS) approval
for human and animal consumption(2). The fear of horizontal gene transfer and unintended
development of antibiotic-resistant microbes will likely prevent outdoor cultivation and
consumption of organisms with antibiotic resistance cassettes for the foreseeable future(3,4).
Therefore, strategies which either remove the resistance marker post-selection or avoid these
markers altogether must be devised.

In the chloroplast genome, high rates of native homologous recombination facilitate
removal of antibiotic resistance cassettes through direct-repeat-mediated excision(5). In the
nuclear genome, a few strategies have been developed for marker removal, but they predominantly
rely on expression of a non-native excision protein as in the Cre/lox system or outcrossing to wild-
type strains(6). Outcrossing, though useful as a diagnostic tool, presents major limitations in the
development of commercial C. reinhardtii strains. As industrial growth strategies become more
refined, precise genetic backgrounds will be required for phenotype stability and reliable
cultivation. Additionally, development of outdoor production strains may look to sterile

backgrounds to prevent spontaneous breeding with naturally occurring C. reinhardtii strains(7).
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Gene selection strategies which do not require breeding as a means of marker removal are therefore
more desired for commercial strain development.

Current antibiotic-free selection strategies in C. reinhardtii rely on restoration of native
metabolism in mutant strains. There are quite a few mutant strains that have been used for this
strategy, including those with impaired ARG7, NIT1, NIC7, and THI10(8,9). Though this is a
reliable means of gene introduction, it requires that the background strain contains a mutation for
one of these genes, which limits the scope of potential production strains and prevents multiple
rounds of gene introduction in a single strain.

The EPA recently approved a pilot study for outdoor cultivation of genetically engineered
C. reinhardtii expressing GFP(10). Researchers determined that cultivation of the GFP-containing
strain did not affect the growth of native algae strains. Presented here is a FACS-based selection
strategy utilizing a benign GFP isoform which allows for isolation of genetic transformants without

the need for antibiotics or specific background strains.

Results

The mEmerald gene was codon optimized for nuclear expression in C. reinhardtii, and
cloned into the pBR9 Ble-2a expression vector developed by Rasala et al. in 2011(11). A schematic
of the expression vector used is shown in Figure 1. The cassette is driven by the AR1 promoter, a
well described regulatory element comprised of the RBCS2 intron and the HSP70a promoter(12).

ARI1 Ble 2A 3’ UTR

Figure 2.1. Nuclear expression vector diagram. The nuclear expression of mEmerald
is driven by the hybrid arl promoter. The vector contains a Ble gene, which provides
resistance to zeocin, that is transcriptionally fused to mEmerald by the 2A FMDV
peptide.

The Ble gene provides resistance to zeocin, which was used for downstream verification of gene
expression and to estimate transformation efficiency(13). The mEmerald gene is an improved form

of GFP which has been reported to have increased fluorescence. By using the 2a peptide, the
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resistance gene and the fluorescent protein are transcriptionally fused, and upon translation they
separate into two unique protein products(14).

This vector was transformed into the cc1690 C. reinhardtii background strain via
electroporation. Cc1690 which was grown to 1x10® cells per mL were incubated with 1ug of
linearized pBRY, and electroporated using Thermo Fisher MAX Efficiency buffer. Cells were

Table 2.1. Transformation and gating efficiency. Cells transformed with the mEmerald
expression vector and those which were electroporated with no vector were measured for their
transformation efficiency by counting zeocin resistant colonies from an aliquot of the
electroporated cells. The rate of survival corresponds to the transformation rate. The majority
of the electroporated cells were analyzed by flow cytometer. The total number of cells
investigated by flow cytometry for the mEmerald transformation and the negative control wild-
type strain is shown, as well as the selectivity of the gating strategy for mEmerald recognition.
The gating strategy yields only 4 false positives in the negative control from 20,000,000
investigated events.

Transformation rate # of cells investigated # individuals in

based on zeocin plates by flow cytometry mEmerald gate
No DNA control 0 2.0x107 | 4
mEmerald 3x10° 2.3x10’ | 164

allowed to recover in 10mL of TAP media for 16 hours, after which 1x107 of the shocked cells
were plated onto a TAP-Agar plate containing 15ug/mL zeocin. The remaining 9x107 cells were
diluted 1:10 into TAP media and maintained on a shaker flask for 24 hours. The pool of unselected
transformants was analyzed by flow cytometry and, using the gating hierarchy shown in Figure 2,
GFP-positive individuals were identified. Cells which pass through the provided gating strategy
are considered to be GFP positive. To prove the selectivity of our gating strategy, cc1690 was
electroporated without addition of the pBR9 vector. When compared, the pool transformed with
pBR9-Emerald showed an enrichment of individuals in the final GFP-positive gate of
approximately 40-fold (Table 1), and only 4 false-positives were identified in the negative control
out of 20,000,000 events investigated. The transformation efficiency as determined by zeocin

resistance is approximately 3x10°. According to GFP data, the transformation efficiency was
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approximately 7x10°. This discrepancy can be attributed to both the fact that low expression levels

B

103

60

50

P7

40

30

SSC

20

488 — (692/40)

10

10° 10 102 103 10%

FSC par 488 — (750LP)

®
-,

103 P2 103

=
o
~

10?

10! 10t

355 (670/30)
488 — (692/40)

100 100
100 10t 102 102 10% 10° 10! 102 103 10

355 —(460/50) 488 — (530/40)

Figure 2.2. Gating strategy for GFP identification. Each pane depicts an inclusion gate to
narrow down the electroporated culture to select for C. reinhardtii cells which contain
mEmerald within which the larger dots (black in A, red in B, C, and D) correspond to the
individual 164 cells which were sorted for the experiment. As the gating strategy progresses
from A to D, cells excluded at each step are removed from the subsequent analysis. Cells
outside of the gate in A are not plotted in B. Cells outside of the gate in B are not plotted in C.
etc. The gate in D selects for the mEmerald positive population which was sorted.
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of the Ble gene do not result in resistance to zeocin, which artificially lowers the perceived
transformation rate by antibiotic resistance, as well as the imperfect gating strategy which results
in the false characterization of some negative individuals as mEmerald positive.

Cells which fell within the Emerald-positive gate from the unselected pBR9-Emerald
transformed pool were sorted individually into 96-well plates containing TAP media. Using a
technique known as Index Sorting, fluorescence properties of the sorted individuals have been
plotted as larger red or black dots on the flow cytometry density plots shown in Figure 2. Due to

the rarity of the phenotype, only 164 individuals were sorted. The sorted individuals were left to

@ Sensitive to zeocin
@ Resistant to zeocin
@ Unsorted wildtype

mean background
(=T " VS B~V I e )
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Figure 2.3. Sorted individuals investigated by fluorescent plate reader and antibiotic. Each
strain which survived sorting was grown in a 500uL TAP culture and measured for mEmerald
fluorescence by plate reader. The fluorescence of each strain is reported as a relative expression
level when compared to the fluorescence of the unsorted parent strain. The average of four
biological replicates of the unsorted parent is set as 1. In addition, each strain was plated onto
TAP plates containing 15pug/mL zeocin. Strains which were resistant to zeocin are shown in
red, while those that were sensitive to zeocin are shown in blue.

recover in the dark for 48 hours, and were then shifted to 100E light to grow for one week. Of the
164 individuals sorted, 39 strains survived the sorting process. These 39 strains were grown to
saturation in 2mL cultures and analyzed by fluorescent plate reader to determine if they were
legitimate hits (Figure 3).The 39 strains were also plated onto 15 pg/mL zeocin plates. The strains
which were found to be resistant to zeocin are shown in red on Figure 3. From these data, it is clear

that we successfully sorted individuals which have integrated the transformation vector.
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The most exceptional GFP expressor as determined by plate reader was confirmed to have
GFP expression by fluorescence microscopy, as shown in Figure 4. The phenotype seen is
indicative of nuclear-expressed cytoplasmic fluorescent protein, as it is predominantly excluded

from the chloroplast.

Discussion
Here we demonstrate that expression of a fluorescent protein can be effectively used as a
selection marker to identify successful nuclear transformation. By sorting for GFP accumulation,

we have effectively enriched the population of transformed individuals from approximately

1x10% to 1x10?, a much more manageable concentration for downstream analysis. The presence

A B

Figure 2.4. Fluorescence microscopy image of sorted strain. The most highly mEmerald
fluorescent strain as determined by plate reader assay was visualized by fluorescent
microscope. (A) shows the cell when analyzed by a GFP filter set, and exhibits cytoplasmic
accumulation of mEmerald. (B) visualizes chlorophyll in the cell and provides a clear outline
of the chloroplast.

of the GFP marker makes it simple to screen sorted individuals for expression of the gene of
interest, in this case the Ble gene, and relative fluorescence levels can be used for rapid phenotype
verification. Of the four individuals which showed statistically significant increases in GFP
fluorescence, all four showed resistance to zeocin. In this instance, the Ble gene provides a simple

phenotype to detect expression of our gene of interest, but enrichment of the transformant pool by
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10°%-fold by GFP sorting makes it realistic to identify expressing strains by more complicated
strategies, such as immunoblotting, which would otherwise be too labor-intensive.

Based on the evidence presented in Rasala et al. 2012(11), flow cytometery is capable of
differentiating many different fluorescing strains (mCherry, mCerulean, GFP and tdTomato) from
each other and their wild-type background. Presumably a variety of fluorophores could be used to
identify successful transformations which would facilitate gene stacking in a single organism.
Based on the rarity of successful transformants identified in this study, gene stacking would likely
need to occur in successive rounds of transformation and sorting, as opposed to cotransformation
and simultaneous gating for dual-fluorescing individuals.

Ultimately, this tool will be incredibly useful for specific applications in the commercial
development of algal strains, and provides a strategy for creating nuclear transformants in an
unbiased background strain with no requirement for antibiotic selection genes or exogenous gene-

excision proteins.

Methods and Materials
Plasmid Construction

The vector used in this study is based on the pBR9 ble-2a vector described in Rasala et al.
2013. The mEmerald gene was codon optimized using the C. reinhardtii codon usage table
provided by the Kazusa DNA Research Institute. The mEmerald gene was cloned into the pBR9
backbone by simple Xhol/BamHI restriction-based ligation.
Transformation protocol

The nuclear transformation protocol was adapted from the protocol provided with the
GeneArt MAX Efficiency Transformation Reagent (Thermo #A24229). C. reinhardtii strain cc-
1690 was grown on a shaker in 250mL of TAP media under 100uE to 5x10° cells mL*. This cell

count is indicative of log-phase growth. The cells were pelleted by centrifugation and the growth
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media was decanted. The cells were resuspended in GeneArt MAX Efficiency Transformation
Reagent to a concentration of 3x108 cells mL* to wash any remaining growth media. The cells were
pelleted and the transformation reagent was decanted. Again, the culture was resuspended in
GeneArt MAX Efficiency Transformation Reagent to a cell concentration of 3x108 cells mL™.
300pL of the resulting solution was transferred to a 1.5mL microcentrifuge tube along with 1pug of
linearized plasmid and placed on ice for 5 minutes. The mixture was transferred to a chilled
electroporation cuvette (Thermo #P46050). The cuvette was placed in the cuvette holder of a
BioRad Gene Pulser Xcell and pulsed with the following settings: Voltage 500V, Capacity 50uF
and Resistance 800Q2. The cuvette was left at room temperature for 10 minutes, at which point the
300pL solution was transferred to 10mL of TAP media in a 50mL centrifuge tube. After 16 hours,
107 cells were plated onto TAP agar plates with 15ug mL™ zeocin to determine transformation
efficiency. The remainder of the 10mL culture was added to 50mL of TAP solution in a small flask
and placed on a shaker in 100uE of light to grow for an additional day prior to flow cytometer
analysis.
Flow cytometer setup

Cells were analyzed and sorted by a 5-laser Becton Dickinson Influx flow cytometer
running BD FACS Sortware. The instrument was equipped with a 70pum nozzle and operated on
BD FACSFlow sheath fluid at a constant sheath pressure of 33.0psi. Cells were sorted into a 96-
well clear polystyrene microplate. Each well contained 100uL of autoclaved TAP media, and the
reservoir to prevent evaporation was filled with autoclaved TAP media. The post-sort plates were
incubated at room temperature in the dark for 24 hours and were then moved under 75uE of light

for ten days.
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CHAPTER 3:

FED-BATCH MIXOTROPHIC CULTIVATION OF CHLAMYDOMONAS REINHARDTII
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ARTICLE INFO ABSTRACT

Keywords: The green algae Chlamydomonas reinhardtii is a model organism that has been proposed as a potential production
Chlamydomonas reinhardtii platform for high-value recombinant products, but to date, there has been little development of a commercially
Heterotrophic viable cultivation process. Here we demonstrate a novel mixotrophic fed-batch cultivation strategy in which
Fe'd'b""d‘, average biomass density, productivity, and total amount of bi GFP signi ly i i
High density

feeding of acetic acid and nutrients into a bioreactor resulted in culture densities increasing from an initial
0.45 + 0.031023.69 + 0.5gL~" AFDW after 168 h at an average productivity of 181.01 + 8.8mgL 'h™',a
10-fold increase in comparison to traditional batch cultures. GFP expression was low under both conditions, but

Recombinant protein production
Primary metabolites

fed-batch cultivation resulted in a 2.5-fold increase in total GFP upon culture termination. The effect of fed-batch

cultivation on lipid composition and primary
egulatory molecules proline and glycerol were found, suggesting that salt

d levels of the osmor-
may have i d over

d and

was

time in fed-batch cultures and eventually limited growth.

1. Introduction

Chlamydomonas reinhardtii is a eukaryotic single-celled soil-dwelling
green microalgae (Chlorophyta). For over fifty years it has been a
premier model organism used to understand the biology, physiology,
and genetics of algae, as well as a model organism to understand
photosynthesis in both plants and algae [1,2]. One fundamental reason
this species became a model organism is its ability to heterotrophically
metabolize acetate, allowing for growth in complete darkness and the
isolation of non-photosynthetic mutants. The cumulative research into
this organism has resulted in a significant understanding of the algal
cell cycle, metabolism, genomics, and genetic circuits [3]; making C.
reinhardtii potentially the best studied and well characterized species of
algae. Due to this extensive research, C. reinhardtii has been targeted for
use in biotechnology, most frequently proposed as a potential produc-
tion platform for high-value recombinant products for medical, nutri-
tional, and industrial use [4,5]. Additionally, a recently published
toxicological evaluation demonstrated that the consumption of C. re-
inhardtii biomass presents no health concerns, thus opening the door for
C. reinhardtii biomass to be used as a nutritional additive in feeds and
foods [6].

The molecular tools developed for C. reinhardtii have allowed for
facile transformation of both the chloroplast and nuclear genomes [5],
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and to date, over one hundred high-value recombinant proteins have
been expressed in C. reinhardtii, including multiple therapeutic proteins,
such as antibodies and immunotoxins, vaccines, industrial enzymes,
animal feeds, and nutritional supplements [4,7-11]. While the techni-
ques for nuclear transformation are well established in C. reinhardtii, the
lack of directed homologous recombination for transgene integration
results recombinant protein expression being strongly influenced by
positional effects in the genome, leading to low and inconsistent protein
accumulation levels from nuclear transformants [5,10]. Unlike gene
integration in the nuclear genome, chloroplast transformation proceeds
by homologous recombination. Coupled with the sophisticated protein-
folding machinery found in the chloroplast, the plastid genome is a
more practical expression platform for transgene integration and re-

binant protein exp Even with these advantages in the
chloroplast, expression remains low and available genetic constructs
are light-regulated, resulting in variable expression as light penetration
into the culture changes [12]. The accumulation of recombinant protein
expressed in the C. reinhardtii chloroplast rarely exceeds 5% total pro-
tein and is more commonly < 1% [13]. In comparison, the expression
of intracellular recombinant proteins in bacteria, yeasts, and mamma-
lian cells can be much higher, reaching above 10% of total protein
content in some cases. However, these platforms can face difficulties
producing many sought-after high-value proteins, often due to
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Table 1
Maximum observed biomass density and productivity of C. reinhardtii strains
grown mixotrophically in TAP media.

CC-strain Biomass density Cell density Productivity
(DWgL™") (cells x 107 mL~") (MwWgL 'd™ "

125 1.76 1.9 0.25

1009 1.74 1.75 0.24

1373 1.8 258 0.25

1690 1.76 221 0.25

2290 1.78 1.07 0.27

2343 1.82 1.88 0.27

2344 19 3.44 0.24

2931 1.64 1.62 0.27

2935 1.84 4.62 0.28

2937 2.08 4.5 0.29

2938 1.64 324 0.26

4147 0.33 0.34 0.1

challenges involving protein folding, post-translational modification, or
production costs [14].

A practical ¢ e of low exp in C. reinhardtii is an
inability to produce the minimum quantities of heterologous products
needed for characterization of post-translational modifications, bioac-
tivity assays, or in vivo experiments (e.g., animal trials). In order to
generate meaningful quantities of recombinant products and make C.
reinhardtii a realistic production platform, there are two main devel-
opments that must occur: (1) development of robust and controllable
gene expression systems that are comparable to alternative production
platforms and (2) development of cultivation processes that allow for
rapid growth and maximize biomass concentration.

Research to improve transgene integration and expression in C. re-
inhardtii is ongoing and new technologies, like synthetic promoters and
CRISPR, show great promise in this area [15,16]. Overlapping these
technologies with classic host improvement strategies, like new strain
discovery, breeding, and mutagenesis, will potentially lead to the ne-
cessary advanct in gene and ulti ly product pro-
duction.

However, improving gene exp and protein ac
not sufficient in itself to allow C. reinhardtii to become a commercially
viable production platform. To be cost competitive with other microbial
systems, greatly improved biomass production processes must be de-
veloped to enable the rapid generation of large amounts of algal bio-
mass. Today, large volume cultures of algae are commonly grown under
phototrophic conditions in ponds and specialized photobioreactors
[17,18]. However, low biomass productivity of C. reinhardtii in open
ponds [19], coupled with regulatory obstacles faced with producing
genetically modified strains outdoors [20], has directed the cultivation
of C. reinhardtii into closed systems operating under either mixotrophic
or heterotrophic conditions. These systems (i.e., bioreactors and fer-
menters) allow for highly controlled commercial-scale alternatives and
have been successfully implemented in the cultivation of numerous
microbial hosts [14,21,22]. However, these systems come at a much
higher capital equipment cost, and can require extensive optimization.

Most commonly, C. reinhardtii is cultivated in batches of media
containing acetate as a carbon source [23], resulting in dry cell mass
concentrations of 1-2gL ™", In the most notable attempt to achieve
high-density C. reinhardtii cultures, Chen & Johns [24] conducted
comparative studies using sodium acetate as a carbon source in batch,

P
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fed-batch, chemostat, and perfusion culture. Using a combination of
fed-batch and hollow-fiber cell-recycle systems, biomass densities of
9gL~" dry weight were achieved. They theorized the culture growth
became limited over time due to buildup of sodium ions as a con-
sequence of using sodium acetate as the primary carbon source in the
feed [25].

In the present study, we present an alternative method for gen-
erating high-density cultures of C. reinhardtii by using fed-batch mixo-
trophic growth and examine the effects it has on growth, biomass
composition, and accumulation of a reporter recombinant protein. A
fed-batch cultivation strategy was chosen in order to maximize final
density of biomass and recombinant protein so as to simplify down-
stream processing. A strain of C. reinhardtii was engineered to produce a
recombinant green fluorescent protein (GFP) in the chloroplast, used as
a general model for recombinant protein production, and cultured
under both batch and fed-batch conditions, in which the latter was
operated as a pH-stat with a concentrated feed of acetic acid and nu-
trients pumped into the bioreactor. The primary goals of this study were
to provide a cultivation strategy that would allow the generation of
increased quantities of algal biomass and recombinant protein and to
advance the development of C. reinhardtii towards cultivation in scal-
able industrial heterotrophic bioreactors.

2. Materials and methods
2.1. Strain selection

A preliminary study was conducted to characterize maximum bio-
mass density, cell density, and productivity of our laboratory's C. re-
inhardtii collection of strains obtained from www.chlamycollection.org
(Table 1). Strains were grown in Erl yer flasks c 50 mL of
TAP media on a shaker under constant light (75 yMolm~2s~ ') and
sampled every day for one week. Among the strains included in this
analysis, the strain CC-2937, a wild isolate from Quebec, Canada [26],
had the highest maximum biomass density and productivity and was
therefore chosen for further experimentation.

2.2. Vector construction and transformation

A construct (Fig. 1) was devised for chloroplast expression of a
codon-optimized GFP [27] using the C. reinhardtii psbD promoter and 3"
and 5’ UTR regulatory elements [28]. This cassette was cloned into the
3HB vector [13], which contains 5 and 3’ homologous chloroplast
genomic sequence that confers transformation into the 3HB silent site.
The aphA-6 gene with the atpA promoter and 5'UTR and rbcL 3'UTR was
subcloned into the upstream BamHI site. CC-2937 cells were cultured as
described in Rasala et al. [29] and the vector was transformed via
particle bombardment as described in Rasala et al. [28]. Transformants
were selected by plating on TAP-agar plates containing 150 mgL ™'
kanamycin. Strains that showed resistance to kanamycin were put
through rounds of selection on kanamycin, and PCR screened for
homoplasmy as described in Rasala et al. [29] using the forward primer
CGTCCACTAAAATTTATTTACCCGAAGGGG and the reverse primer
GTTAAGGCTAGCTGCTAAGTCTTCTTTTCGC which bind in the
homology sequence of psbH. A homoplasmic colony was eventually
identified after several weeks of growth on kanamycin-containing TAP-
agar plates. This transformed strain was maintained and used in sub-
sequent experiments.

flanking

flanking ) 3 yTR atpA p &5 UTR
genome
—, aphA-6

Fig. 1. Construct design for

psbD promoter & 5’ UTR
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Fig. 2. Bioreactor design depicting general setup and the pH-driven feeding mechanism used for fed-batch cultivation (A). Images on the right show the final setup of
one of the reactors including the feeding system (B) and labeled bioreactor components (C): In = forced air; D = air diffusion; F = feed line; pH = pH probe;
A = antifoam; S = sample port; E = exhaust. Both batch and fed-batch cultures were cultivated in these bioreactors, but feeding was disabled during batch culti-

vation.

2.3. Growth media and feed formulation

A modified TAP-media was used for growing inoculum and as the
starting media for all experiments. This media was prepared by dis-
solving per liter: 400 mg NH4Cl, 143.4 mg K,HPO,4, 72.6 mg KH,PO,,
100 mg MgSO, - 7H,0, 50 mg CaCl, - 2H,0, 2.42 g Tris, 1 mL Kropat's
trace metals [30], and 1.25 mL glacial acetic acid into Milli-Q filtered
water; the resulting pH of the media was 6.8. Media was autoclaved at
121 °C for 60 min before use.

A concentrated feed mimicking the basal media was prepared by
mixing 290 mL Milli-Q filtered water with 333 mL glacial acetic acid
and 250 mL trace metal solution into which 28.87 g NH,CI, 10.35g
K2HPOy,, 5.24 g KH,PO,, 7.22 g MgSO, - 7H,0, 3.61 g CaCl, - 2H,0, and
174.70 g Tris were dissolved; the resulting pH was 4.0. The feed was
filter sterilized with a 0.22-pm vacuum cup filter and stored at room
temperature. Prior to each fed-batch experiment, 200 mL of feed was
transferred into small sterile glass bottles that connected to the bior-
eactors.
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2.4. Bioreactor design

A low-cost bioreactor was designed and built for axenic hetero-
trophic cultivation of C. reinhardtii with the capability of operating
under fed-batch conditions (Fig. 2). Two 1-L glass bottles (Product
#1397-1L; Corning) were each custom-fitted with a forced air diffuser,
stir bar, feed line, sample port, antifoam injector, exhaust port, and pH
probe (EasyFerm Plus 325; Hamilton Company). Each bioreactor was
placed on a stir plate (StableTemp Top Stirrer; Cole-Parmer) set at 700-
rpm inside an incubator (Model I-35LL; Percival Scientific) maintained
at 25 °C under constant fluorescent light (150 uMol m~?s~"). Each pH
probe was connected to a pH meter (MC 122 pH Controller; Milwaukee
Instruments) that controlled a peristaltic pump (Mini Pump Variable
Flow; VWR) to regulate the flow of feed into the culture for fed-batch
experiments (Fig. 2B). The pH meter was set to turn the pump “ON”
when the pH rose above 7.0 and turn the pump “OFF” once the pH fell
below 7.0. Batch experiments had no feed additions. Small amounts of
antifoam (SE-15; Sigma-Aldrich) were injected manually with a syringe
as needed.
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2.5, Inoculation, sampling, and biomass quantification

For each experiment, a bioreactor was filled with 550 mL of filtered
growth media, covered in foil, and autoclaved at 121°C for 60 min.
Bioreactors were allowed to cool in a UV-sterilized biosafety cabinet
before inoculum was added. To prepare inoculum, a flask containing
50 mL of growth media was inoculated with the transformed strain of
CC-2937 from a TAP-agar plate and grown to saturation on a shaker
under constant light (150 yMolm~%s~"). The culture was then diluted
1:10 and allowed to grow for 3 days under the same conditions; 250 mL
were then added to each bioreactor as inoculum, bringing the initial
volume to 800 mL. Both batch and fed-batch experiments were con-
ducted in triplicate and allowed to grow for 8 days.

A 10-mL liquid sample was drawn daily from sampling ports and
used to directly quantitate cell and biomass density. A hemocytometer
was loaded with a 10-pL sample and cells were counted under 40 x
magnification on a light microscope. Ash free dry weight (AFDW)
biomass was determined according to methods described by Zhu & Lee
[21], however, only 2mL of culture were filtered and samples washed
with 100 mL of Milli-Q filtered water. A one-tailed unpaired t-test was
used to determine any significant increases in average biomass density
as a result of fed-batch cultivation.

pope

2.6. Analysis of lipid comp and primary

A 50-mL sample was taken at 72 h and 168 h from the last replica of
the batch and fed-batch experiments. The sample was centrifuged, su-
pernatant decanted, and the biomass pellet was flash frozen then lyo-
philized for 48 h to remove all water content. The samples were sent on
dry ice to the NIH: West Coast Metabolomics Center at the University of
California, Davis (http://metabolomics.ucdavis.edu) for lipidomics and
primary metabolite analysis. The samples were fractionated and pro-
cessed separately for each of these analyses. Lipidomics were performed
using a charged surface hybrid column electrospray (CSH-ESI) to
identify both positively and negatively charged molecules by quadruple
time of flight tandem mass spectrometry (QTOF-MS/MS) [32] (Table
$1). Primary metabolites were identified using an automated liner
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exchange-cold injection system gas chromatography time of flight mass
spectrometer (ALEX-CIS GCTOF MS) [33] (Table S2).

2.7. GFP quantification

GFP was quantified at 48, 96, 144, and 168 h for each replica. A 1-
mL sample aliquot was centrifuged and the supernatant replaced with
an equal volume of TBST buffer, The aliquot was then sonicated at 20%
amplitude for 15s while on ice to lyse cells and solubilize proteins. A
Lowry assay was used to determine the concentration of soluble protein
for each sample. 5pg of soluble protein and three purified GFP stan-
dards (0.15 ng, 0.3 ng, and 0.6 ng) were loaded and separated via SDS-
PAGE gel. GFP was visualized via Western blot using an anti-GFP an-
tibody. Densitometry was performed on the Western blots with ImageJ
1.50i software (https://imagej.nih.gov/ij/index.html)  following
methods described by Miller [34]. A regression of the GFP standards
versus their ImageJ density was plotted (R? > 0.97; Table $3) and the
resulting trend line was used to calculate the GFP quantity in samples
taken from the bioreactors. A one-tailed unpaired t-test was used to
determine any significant increase in average GFP content at each time
point.

3. Results and discussion
3.1. Fed-batch growth results

During fed-batch cultivation, the transgenic strain of C. reinhardtii CC-
2937 grew from 0.45 * 0.03 to 23.69 = 0.5gL~' AFDW after 168 h at
an average productivity of 181.01 + 8.8mgL "h~! (Fig. 3A). Viable
cell concentrations increased from 8.23 x 10° + 2.14 x 10° to
1.31 x 10° + 1.45 x 107 cellsmL~" during this same time period
(Fig. 3B). Maximum biomass density, cell concentration, and average
productivity were all significantly higher under fed-batch conditions
compared to batch growth (P < 0.001). The fed-batch cultures received
an average of 133.33 + 9.02 mL of feed after 168 h (Fig. 4A), after which
the cultures began to crash rapidly, resulting in 20% of cells dying by
192 h with corresponding reduction in feeding rates. The pH of all fed-

(B)

1x107
1x10°0
—®—Fed-batch cells
=0O—Batch cells
1x10%4 : t t :
0 48 96 144 192
Time (h)

Fig. 3. Average biomass density (A) and concentration of viable cells (B) of batch (open points) and fed-batch (filled points) cultures. Error bars indicate standard

error of the mean (n = 3).
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Fig. 4. Averages of the total feed added to the fed-batch cultures (A), pH (B), temperature (C), and specific growth rate (D) of batch (open points) and fed-batch

(filled points) cultures. Error bars indicate standard error of the mean (n = 3).

batch cultures remained between 6.9 and 7.1 (Fig. 4B) as a result of the
automated pH-controlled feeding mechanism (Fig. 2B). Average culture
temperature trended upwards throughout the experiments, ranging from
a low of 26.43 + 0.43 to a high of 28.00 = 0.17 °C during the experi-
ments (Fig. 4C).

3.2, Batch growth results

During batch cultivation, cultures grew from 0.31 + 0.02 to
2.29 + 0.12gL”"' AFDW after 96h at an average productivity of
2262 = 3.3mgL~"h™" (Fig. 3A). Viable cell concentrations increased
from 3.73 x 10° = 3.71 x 10% to 5.31 x 10" + 4.37 x 10°cellsmL™'
during this same time period (¥ig. 3B). These cultures became saturated
after 123 h; reaching a peak density of 2.33 + 0.09 gL~ " AFDW biomass
and 5,63 x 107 = 4,03 x 10°cellsmL ™" and then remained in a sta-
tionary phase for the rest of the experiment. In each replica, the pH of the
cultures rose rapidly from 7.0 to 8.3 within 48 h, where it remained for
the duration of the experiments (Fig. 4B). Culture temperatures ranged
from a low of 26.17 + 0.45 to a high of 27.40 + 0.68°C during the
experiments (Fig. 4C).

3.3. Comparisons of specific growth rates

The average specific growth rates during the first 96 h were 0.02
and 0.04h™" in batch and fed-batch cultures, respectively (Fig. 4D).
The maximum specific growth rates (ji,,,) observed were 0.049 and
0.063 h™" in batch and fed-batch, respectively, both occurring between
24 and 48 h. This is similar to other examinations of C. reinhardtii, in
which i, has been reported as 0.035 h ™" under heterotrophic growth
and 0.066 h~ ' under mixotrophic growth [35]. In comparison, other
species of microalgae grown heterotrophically at commercial scale,
such as Chlorella and Schizochytrium, range from i,y of 0.2 to 0.07h ™,
respectively [21], suggesting that, with further optimization, fed-batch
cultivation of C. reinhardtii has potential to contest certain production
platforms.
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3.4. Cell morphology and the relationship between biomass and cell
concentration

Cell morphology in batch cultures was characteristic of C. reinhardtii
cultures; all cells were approximately 10 ym in length and the flagella,
pyrenoids, and eyespots were easily viewed with a light microscope
(Fig. 5A). There is an unchanging linear trend during batch growth
when comparing cell concentration to biomass (Fig. 5C).

In comparison, the cell morphology of fed-batch cultures looked
identical to batch cultures for the first 96 h of growth. However, after
this point, the cells began to undergo a morphological change; the cells
became spherical and doubled in diameter, which equates to an ap-
proximate eight-fold increase in cell volume. This shift was accom-
panied by eventual arrest of cell division and loss of both the flagella
and eyespots; pyrenoids were visible in few cells (Fig. 5B). This change
can be further visualized in the comparison between cell concentration
and biomass, which requires two separate trends in order to accurately
explain the relationship (Fig. 5D). This transformation in cell size ex-
plains the greater percent increase observed between 96 and 168 h in
biomass (89% increase) compared to cell concentration (30% increase)
in fed-batch cultures (Fig. 3).

3.5. Lipid composition and primary metabolites

Lipid composition relative to total extracted lipids is displayed in
Table 2, Betaine lipids comprised the largest fraction, specifically dia-
cylglyceryl trimethylhomoserine (DGTS), which is the primary mem-
brane lipid in C. reinhardtii [36). There is a correlating decrease in
DGTS and increase in triacylglycerols (TG) between 72 and 168h in
batch cultures. The shift in metabolism from membrane lipids to sto-
rage lipids, like TG, is commonly observed in algal cultures that are
depleted of elements critical for growth, (e.g., nitrogen) [37]. The lack
of change in lipid composition in fed-batch cultures between 72 and
168 h suggests that the nutrients are consistently replete within the
media. The elevated amounts of nonpolar lipids (NPL) in fed-batch
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Fig. 5. Morphology of C. reinhardtii cultures ob-
served during the first 96 h of growth in both batch
and fed-batch culture (A) and the observed change
in morphology in fed-batch cultures after 96 h (B);
scale bars 10 pum. Comparison of trends between
average viable cell concentration and biomass den-
sity in batch (C) and fed-batch cultures (D); two
correlating trends are observed in the latter.
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Table 2 Table 3
Relative composition of lipids (% of total lipids). Relative fatty acid composition (% of total free fatty acids).
Batch Fed-batch Batch Fed-batch

Lipid 72h 168h 72h 168h Fatty acid 72h 168h 72h 168h

Free fatty acids (FA) 14.86% 15.37% 13.01% 13.90% Saturated (SFA)

Phospholipids (PL) Caprylic (8:0) 0.01% 0.01% 0.03% 0.02%
Phosphatidylcholine (PC) 0.48% 0.43% 0.63% 0.63% Myristic (14:0) 0.35% 0.40% 0.19% 0.27%
Lyso-PC (LPC) 0.03%  0.05%  0.02%  0.04% Margaric (17:0) 0.12% 0.17% 0.09% 0.13%
Phosphatidyl ethanolamines (PE) 0.28%  0.16%  0.72% 1.56% Arachidic (20:0) 0.11% 0.13% 0.16% 0.45%
Lyso-PE (LPE) 0.02%  0.01%  0.07%  0.04% Cerotic (26:0) 0.07% 0.08% 0.11% 0.19%
Phosphatidylinositols (PI) 0.81% 0.87% 1.62% 1.02% Total SFA 0.67% 0.80% 0.58% 1.06%
Phosphatidylglycerols (PG) 372%  1.85% 587%  3.90% Monounsaturated (MUFA)

Total PL 5.34%  3.36% 894%  7.19% Palmitoleic (16:1) 0.57% 0.72% 0.56% 0.97%

Glycolipids (GL) Heptadecenoic (17:1) 0.07% 0.08% 0.02% 0.03%
Sulfoquinovosyl diacylglycerols 1.91%  1.00%  3.99%  4.08% Oleic (18:1) 8.21% 5.51% 22.15% 18.56%

(SQDG) Eicosenoic (20:1) 0.09% 0.05% 0.59% 0.47%

Betaine lipids (BL) Total MUFA 8.95% 6.36% 23.32% 20.03%
Diacyl yl tri 1 60.00% 39.15% 58.54%  52.99% Polyunsaturated (PUFA)

(DGTS) Linoleic (18:2) 10.94% 23.23% 21.56% 29.69%
Lyso-DGTS 14.98% 13.76% 7.81%  13.50% Linolenic (18:3) 75.68% 67.01% 52.17% 46.33%
Total BL 74.98% 5291% 66.35% 66.49% Stearidonic (18:4) 3.69% 2.55% 2.16% 2.69%

Nonpolar lipids (NPL) Eicosadienoic (20:2) 0.05% 0.03% 0.17% 0.17%
Diacylglycerols (DG) 1.10% 1.02%  1.84% 1.52% Dihomo-y-linolenic (20:3) 0.03% 0.02% 0.04% 0.03%
Triacylglycerols (TG) 1.80%  26.34% 5.85%  6.82% Total PUFA 90.38% 92.84% 76.10% 78.92%
Total NPL 2.89%  27.35% 7.69%  8.34%

cultures would also suggest that a sufficient amount carbon is being
provided to the culture.

Relative fatty acid composition as percent of total free fatty acids is
provided in Table 3. Relative amounts of fatty acids (FA) were slightly
higher in batch cultures than fed-batch (Table 2). Linolenic acid (18:3)
was in the highest abundance in all les and d d slightly
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between time points. Oleic acid (18:1) was elevated in fed-batch and
linoleic acid (18:2) more than doubled in batch cultures at 168 h. Sa-
turated fatty acids were extremely low in both conditions.

A 'y of primary bolite composition as rel percent of
the total soluble fraction within biomass is presented in Table 4; me-
tabolites < 0.25% were omitted and can be found in supplemental
material. In general, relative concentrations of metabolites within the
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Table 4
lati p of primary bolites (% of total soluble fraction).
Batch Fed-batch

Metabolite PubChem  72h 168h 72h 168 h
a-Aminobutyric acid 6657 0.22% 0.27% 0.12% 0.11%
Alanine 5950 11.76%  6.67% 14.62% 12.31%
Aspartic acid 5960 0.77% 0.40% 0.11% 0.48%
B-Alanine 239 1.20% 1.16% 0.38% 0.31%
Ethanolamine 700 10.01%  6.97% 3.01% 4.26%
Glutamic acid 33032 1.00% 0.76% 0.66% 1.76%
Glycine 750 0.56% 0.28% 0.25% 0.27%
Isoleucine 6306 2.62% 2.03% 0.95% 0.67%
Leucine 6106 5.65% 4.32% 1.87% 1.42%
Oxoproline 7405 1.78% 1.28% 0.61% 0.73%
Phenylalanine 6140 0.84% 0.79% 0.24% 0.17%
Proline 145742 4.45% 4.55% 36.06% 33.40%
Putrescine 1045 0.72% 0.19% 1.24% 1.08%
Serine 5951 1.34% 0.92% 0.64% 0.72%
Threonine 6288 0.80% 0.63% 0.42% 0.38%
Tyrosine 6057 0.43% 0.36% 0.22% 0.18%
Valine 6287 4.04% 2.47% 1.45% 1.07%
Guanosine 6802 1.41% 1.03% 0.47% 0.55%
Uracil 1174 0.27% 0.17% 0.05% 0.05%
Lactic acid 612 1.43% 1.02% 1.69% 0.75%
Succinic acid 1110 0.62% 0.43% 0.39% 0.19%
Ergosterol 444679 0.55% 0.63% 0.12% 0.06%
Linoleic acid 5280450 0.46% 0.89% 0.09% 0.13%
Linolenic acid 5280934 4.29% 4.02% 0.45% 0.44%
Palmitic acid 985 1.48% 1.77% 0.25% 0.28%
Pelargonic acid 8158 0.41% 0.41% 0.11% 0.12%
Stearic acid 5281 4.72% 3.41% 0.71% 1.05%
Galactinol 11727586 0.23% 4.67% 0.03% 0.26%
Galactose 439357 0.48% 0.31% 0.48% 0.43%
Glucose 64689 0.14% 0.08% 0.13% 0.13%
Glycerol 753 8.66% 14.57% 25.34% 25.95%
Trehalose 7427 0.03% 0.06% 0.02% 1.28%
4-Hydroxymandelic 328 0.60% 0.82% 0.14% 0.09%
B-Glycerolphosphate 2526 0.41% 0.02% 0.01% 0.01%
Glycerol-3-galactoside 16048618 1.81% 11.58% 0.46% 1.81%
Glycerol-3-phosphate 754 1.61% 0.71% 0.50% 0.29%
Methylgalactoside 94214 3.88% 4.35% 1.00% 0.17%
Methylhexose 560150 0.27% 0.14% 0.07% 0.01%
Phytol 5280435 11.58%  7.84% 1.19% 3.48%
a-Tocopherol 638015 0.17% 0.38% 0.04% 0.02%

batch cultures were evenly distributed; alanine and glycerol were the
highest concentrated metabolites of 11.76% at 72h and 14.57% at
168 h, respectively. Contrary to this, in fed-batch cultures, proline and
glycerol comprised approximately 35% and 25%, respectively, relative
to other metabolites. Glycerol and proline have both been described as
osmoregulators in C. reinhardtii and accumulation of these metabolites
are correlated with high-salt stress [38,39]. The accumulation of these
osmoregulators therefore indicates that the feed added to the fed-batch
cultures is resulting in a toxic accumulation of salt ions and the feed
composition requires optimization in order to increase productivity and
culture stability.

3.6. GFP content

GFP content as a fraction of total soluble protein was lower than
anticipated in CC-2937, occurring at < 0.01% of total soluble protein.
During cultivation, GFP content increased over time in both batch and
fed batch cultures (Fig. 6A). However, GFP content was significantly
higher by an average of 2 times in batch cultures compared to fed-batch
cultures from 144 to 168 h of cultivation (P < 0.05). Potential factors
limiting this expression under fed-batch cultivation are: light limitation
due to significantly higher culture density, therefore depressing the
light-regulated psbD promoter driving GFP production; elevated levels
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of stress on the cells and shifts in metabolism brought about by the
accumulation of salt in the media; or unforeseen biological restraints
present in the host strain, CC-2937, that limit accumulation of re-
combinant protein under any condition.

Nevertheless, due to the dramatic increases in biomass as a result of
fed-batch cultivation, total GFP content in the fed-batch cultures
(Fig. 6B) was significantly higher by an average of 2.5 times compared
to batch cultures from 96 to 168 h of cultivation (P < 0.05). This
supports the concept that fed-batch cultivation is a viable strategy to
increase production of recombinant products, but for optimal expres-
sion of heterologous products in the chloroplast, the invention of light-
independent genetic constructs will be necessary for this technology to
be implemented at commercial scale.

4. Conclusions

Here we demonstrate cultivation of a transgenic strain of
Chlamydomonas reinhardtii under mixotrophic fed-batch conditions,
where a concentrated feed of acetic acid and nutrients were
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systematically added to the culture. This cultivation strategy resulted in
significant increases in biomass density, cell concentration, pro-
ductivity, and recombinant protein accumulation in comparison to
traditional batch cultivation. We conclude, based on the increased
production of osmoregulatory metabolites and shift in cell morphology,
that the growth of fed-batch cultures ultimately became limited by the
accumulation of salt, not the depletion of carbon or nutrients. These
findings indicate that with the continued development of new of mo-
lecular tools and optimization of growth media, C. reinhardtii has great
potential to produce meaningful quantities of both biomass and high-
value recombinant products in industrial bioreactors.
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Genome shuffling and selection for improved recombinant protein accumulation in the chloroplast
of C. reinhardtii

Joseph T. Ostrand, Francis J. Fields, Miller Tran, and Stephen P. Mayfield

Abstract
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[
Sorted and
phenotyped

Mutagenize four

Crossed the two .
expressors with

best expressors

Increasing GFP accumulation

: 30 second UV
with ¢c2290 exposure
Sorted and
phenotyped

Figure 4.1. Visual abstract illustrating the breeding and mutagenesis program for
increased GFP accumulation. Wild-type C. reinhardtii was transformed with a chloroplast
GFP expression vector. This strain was either subjected to UV mutagenesis or was
independently bred with one of 10 genetically distant wild-type strains. The resulting mutants
and progeny were analyzed by flow cytometry and the most fluorescent individuals were sorted
by FACS. 96 individual progeny were recovered from the sort and were analyzed by fluorescent
plate reader. Two of the best expressors which were sorted from the mutagenized pool were
bred with the wild-type strain cc2290. In addition, four individuals with varying GFP expression
levels isolated from the breeding program were mutagenized. Both the first and second rounds
of mutagenesis, breeding and sorting yielded individual strains with substantially higher GFP
accumulation than the original strain.
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In C. reinhardtii, endogenous light-driven regulatory elements have been used to drive
recombinant protein accumulation to up to 10% of total soluble protein. However, as cultivation
improvements facilitate higher density growth conditions, light penetration becomes limiting and
light-activated promoters become less desirable. This report describes a high-throughput genome
shuffling and selection based approach to optimize the C. reinhardtii background strain for dark
expression of recombinant protein. This was accomplished by both outcrossing and mutagenesis
with high-throughput selection by FACS for top-expression mutants. The result is a strain with

>10-fold increase in reporter protein accumulation.

Introduction

As the price of oil has dropped and the demand for algal-based biofuels has backed off
over the past decade, there has been an increased interest in high-value product development in
algal hosts(1,2). Commercial development of recombinant protein production strains shifts the
primary growth conditions away from open ponds into more tightly controlled bioreactors. Closed
bioreactors are necessary for the precise optimization of temperature, pH and cell cycle that will
produce the highest yields of product, and the consistency necessary to comply with regulatory
standards(3,4). Smaller growth chambers facilitate high concentrations of biomass accumulation
for optimal product yield per volume. As cell concentrations increase, light penetration into
photobioreactors diminishes rapidly. This limits the capacity for phototrophic growth, as well as
the efficacy of light-driven regulatory elements in production vectors. To date, the strategies which
result in the highest yields of recombinant protein accumulation in C. reinhardtii utilize native
light-regulated machinery to drive exogenous gene expression(5,6). Development of dark-
optimized tools for increased recombinant protein accumulation in the chloroplast of C. reinhardtii

will facilitate commercial relevance in the high-value recombinant protein market.

49



Whole-genome modification strategies for phenotype optimization can be incredibly
powerful(7-9). Selective breeding in higher plants has been used for centuries to encourage
complex phenotypes, and can be used effectively without an intricate understanding of the species.
Breeding within a species causes recombination of the genome, which can result in certain genes
being eliminated from the population, in addition to major alterations in chromatin structuring and
gene regulation(10,11). This shuffling of the genome is well documented as a potential strategy for
phenotype development across industrial organisms(7-9). When combined with robust selection, a
phenotype which has been difficult to create de novo can be generated through the process of
genome shuffling. Selective breeding in C. reinhardtii has already been shown to generate salt-
tolerant progeny(12).

C. reinhardtii has two distinct mating types, designated mt(+), and mt(-). Upon nitrogen
starvation, mt+ and mt- cells express complementary proteins on their flagella which help to bind
the two individuals together(13). Upon flagellar binding, the membranes fuse to form a zygote and
undergo meiosis, resulting in 4 daughter cells each with unique nuclear genomes. Each of the
progeny will exclusively receive the chloroplast genome of the mt+ parent and the mt- chloroplast
genome is selectively degraded during the mating process(14). This uniparental inheritance
facilitates a breeding program in which all of the generated progeny will contain the heterologous
chloroplast gene of interest as long as it was initially present in the mt+ parent.

In C. reinhardtii, proteins expressed by the nuclear genome can affect gene regulation in
the chloroplast(15,16). Therefore, shuffling of the nuclear genome can result in modified
expression levels of a heterologous gene in the chloroplast. GFP will be used as a means of
guantifying chloroplast gene expression within progeny(17). By using a fluorescent marker, high-
throughput analysis by flow cytometry can rapidly identify progeny which express increased levels
of GFP and isolate them for individual analysis(18). By breeding and mutagenizing a C.

reinhardtii strain expressing GFP, we were able to create and sort for exemplary strains for
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chloroplast gene expression. The precise breeding and mutagenesis program is detailed in the first

figure.

Results

Based on the phylogenetic tree generated by Flowers et al. 2015 (19), we gathered a
collection of C. reinhardtii wildtype strains of varying backgrounds. Due to the uniparental
inheritance of the chloroplast genome, the starting strain is required to be mt(+) in order to maintain
the marker gene throughout the breeding program. A growth curve was generated for each of the
wild-type strains and it was determined that cc4414 worked most optimally with our laboratory
growth conditions (data not shown). cc4414 was transformed with a chloroplast GFP expression
vector. One of the hybrid promoters developed as part of the Rasala et al. 2011 papers which
showed some activity under dark conditions was selected to drive GFP expression in our

chloroplast expression vector.

kDa
35 =
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Figure 4.2. Western blot confirms GFP accumulates in the starting strain.
Two biological replicates of the GFP-expressing strain 178 were grown in liquid
TAP cultures in the dark. Harvested cells were lysed and 50ng of total soluble
protein as measured by Bradford assay was loaded into each lane. Anti-GFP
conjugated to AP was used to perform and develop the immunoblot.

The strain was shown to successfully accumulate GFP in its chloroplast when grown in the dark
(Figure 2). This initial GFP-expressing strain will hereafter be referred to as strain “178”.

Strain 178 was individually bred with a library of mt(-) strains to induce genome shuffling-
mediated expression changes in GFP. The specific mt(-) strains were selected because their genetic
ancestry had been previously characterized. Progeny from the mating were sonicated to help break
apart the robust pellicle and to help remove parent populations which did not mate effectively. In

addition, strain 178 was exposed to UV for varying times to induce mutagenesis. Each of the
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Figure 4.3. GFP fluorescence of progeny generated from mating and mutagenesis.
(A)Mating and mutagenesis with the starting GFP-expressing strain 178 generated variability
of GFP expression levels among dark-adapted progeny. Flow cytometry analysis of >3,500
cells is presented, and statistical outliers, shown in red, describe the likelihood that high-GFP
progeny were created for each condition. (B) Highly fluorescent cells were isolated from each
condition by FACS. 96 individuals from each condition were individually cultured and assayed
for GFP by fluorescent plate reader. On this graph, the relative GFP fluorescence of each of
the 96 isolated progeny is represented in red. The mean fluorescence of the group is shown in
blue, and the background strain which was used for each circumstance is shown in black.
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resulting pools was analyzed by flow cytometry to determine the variability in GFP expression due
to breeding and mutagenesis (Figure 3A and S1). An increase in the number of outliers in progeny
pools shows that breeding and mutagenesis have increased the variability of GFP expression within
the population. The individuals with the greatest GFP fluorescence were sorted by FACS to
determine the stability of the phenotype in an isogenic population and to more accurately quantify
the change in GFP accumulation. 96 individuals which were sorted from mating with each breeding
partner, as well as 96 individuals from the 30 second UV mutagenesis and 96 individuals from an
unmodified parent strain 178 were grown in separate 500uL cultures and analyzed by fluorescent
plate reader (Figure 3B). These results show that breeding with any strain and sorting for high
expression of GFP resulted in individuals with substantial increases in GFP fluorescence. Breeding
with ¢c2938 resulted in the largest increase in the mean fluorescence of the offspring and some of
the most fluorescent individual strains. Mutagenesis by UV generated the three most fluorescent
progeny strains. Although mating with ¢c2290 did not result in large population variability as
measured by flow cytometry, two of the top ten most fluorescent individuals in the entire study
were generated from this circumstance.
UV mutagenizing the best isolates from the breeding program

Four individuals from the breeding program were selected to undergo a round of UV
mutagenesis and sorting to determine if the phenotype could be further optimized by utilizing both
genome alteration techniques. Two of the four individuals, M22 and M26 were sorted from the
cc2938 progeny, and showed a dramatic increase in GFP accumulation. M30 and M34 were
selected from the cc2290 progeny, and were selected due to their more nominal increase in GFP
accumulation. As shown in Figure 4A, the two strains from the breeding program which had already
dramatically increased their GFP accumulation (M22, M26) did not yield additional increases in
response to UV mutagenesis. By contrast, the two strains which had marginally increased their GFP

accumulation from the breeding program (M30, M34) successfully generated additional high-GFP

53



>

900 - B
800+ :
£ 700- %
§ 600 - .i.
5 500
L 400 - P
S ‘ .
= 300+ H 3
B 200+
O 100 g
o=
Ol 5 > o> A SRR
A @Q\B - 600 < ?5’\5 > 6’0 ’\SA -&’}% \SA ‘Qﬁj
o A S NNy o N
> ) N

EAC N
B

70000 -

60000 +
50000 +
40000 +
30000 A

20000 A

GFP Fluorescence (rfu)

10000 A ¢

O O RS C & Ob
&0 QBN
B>

0

.BQ
R )

Figure 4.4. GFP fluorescence from a second round of mating or mutagenesis. (A) Four
individuals were selected from the sorted offspring (M22, M26, M30 and M34), and two were
selected from the sorted pool of UV mutants (UV11 and UV14). The four offspring strains
were UV mutagenized and the UV mutants were bred with cc2290 to determine the possibility
of further pushing the phenotype. The effect of a second round of breeding or mutagenesis on
the GFP fluorescence of >15,000 individuals is compared with the starting strain by flow
cytometry. (B) Optimal expressors from each circumstance were sorted and recovered. 96
individuals from each condition were grown independently in liquid culture and assayed by
fluorescent plate reader for GFP accumulation. Red symbols correspond to sorted progeny
from the second round of breeding and mutagenesis. The black symbols are the fluorescence
readings for the parent strains prior to the second round of genome shuffling. Triangles
represent an individual which reached the detection limit of the plate reader. No sample had
more than one such event.
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outliers in response to UV mutagenesis. A population of the best accumulators from each of these
mutagenized pools were sorted, and 96 individuals were assayed by fluorescent plate reader (Figure
4B). With the exception of M26, each of the sorted populations contained individuals with greater
GFP accumulation. The single best expressor from this program, isolated from the mutagenesis of
M?22, was renamed “167” and kept for phenotyping by immunoblot and fluorescence microscopy
(Figure 5 and Figure 6).
Breeding the best isolates from the pool of UV mutants

The two best expressors from the initial experiment were isolated from the pool of UV
mutants. These two strains, UV11 and UV14, were bred with cc2290. The offspring were measured
by flow cytometry and sorted for high expressors as described previously (Figure 4A). Although
the accumulation of UV11 and UV14 was exceptionally high to begin with, the offspring generated
from breeding them with ¢c2290 and sorting yielded additional increases to GFP accumulation.
The best individual from the UV11xcc2290 cross was renamed “D52”, and the highest expressor
from the UV14xcc2938 cross renamed “C89”.

The selected strains from each round of the study were run simultaneously on a single
western blot as shown in Figure 5. The immunostaining verifies increases in GFP accumulation

with each round of mutagenesis or mating and selection.
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Figure 4.5. Anti-GFP western blot. Immunoblot confirms the difference in accumulation of
GFP through successive rounds of genome shuffling and selection. 50ng of soluble protein as
measured by Bradford assay was purified from dark-adapted liquid cultures and loaded in each
lane. 1ng of purified GFP was loaded into the first lane as a marker to estimate total GFP
accumulation.
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Figure 4.6. GFP accumulation in starting strain compared with the final optimized strain.
Fluorescence microscopy image depicting the change in GFP fluorescence intensity from the
starting strain (left) to the final optimized strain (right). Dark-adapted liquid cultures of 178
and 167 were confirmed to be homogenous for their phenotype throughout the culture. The
cultures were subsequently mixed and analyzed simultaneously. Both images displayed were
cropped from the same photograph after image processing.

Discussion

The data presented in this study show that mating and mutagenesis in combination with
fluorescence-activated cell sorting are successful strategies for generating strains with increased
heterologous protein accumulation. The breeding and mutagenesis process outlined here can be
applied to any phenotype with a robust means of selection. In this report, a chloroplast expressed
GFP marker was used to show changes in nuclear-encoded chloroplast gene regulation. In contrast
to the nuclear genome which has a single copy, there are roughly 80 copies of the chloroplast
genome in asingle C. reinhardtii cell. The chloroplast has a high rate of homologous recombination
which rapidly repairs changes to genetic sequence in the chloroplast genome. Because of this,
changes to the chloroplast genome are often fixed and do not persist within the strain. Stable genetic
transformation of the chloroplast requires multiple generations of constant selection, something not
recapitulated by the FACS strategy described here. Therefore, changes to chloroplast gene

expression which last multiple generations are likely due to nuclear-expressed factors. Due to the
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generational persistence of the phenotype, we do not believe we have simply altered the GFP amino
acid sequence in these strains to be a more fluorescent or stable version.

As strains proceed through successive rounds of mating and mutagenesis, it is clear that
the rarity of the desired phenotype increases. Subsequent genome shuffling leads to predominantly
reversions of GFP expression, and precise selection markers are required to identify the unique
event in which genome shuffling led to the desired phenotype. This highlights the strength of high-
throughput technologies such as FACS for this type of analysis. In higher plants, identification of
exceptional offspring either requires full maturation of the plant to physically measure the
phenotype, or approximations of phenotype must be made based on genotype. These limitations
vastly restrict the number of offspring which can be screened. As shown above, the development
of extreme phenotypes can be a very rare event, and effectively selecting for the preferred
phenotype often requires many undesired offspring to be discarded.

Microalgae are a suitable model for large breeding programs due to their fast generation
times and their unicellular nature facilitates ability to rapidly screen thousands of unique genotypes
in high-throughput systems. We do not report any inherent correlation between phylogenetic
distance and diversity created. However, ¢c2938, which created the most diversity in GFP
accumulation in the progeny pool, had the most difficulty mating with cc4414. It did not form a
robust pellicle, and repeated attempts to generate a mating response from cc2938 with UV mutants
UV11 and UV14 were unsuccessful. In future experiments, it will be interesting to investigate
additional Chlamydomonas species which are interfertile with C. reinhardtii, such as C. moewusii.
However, not every strain of algae being investigated for commercial applications are capable of
breeding. There will not be a one-size-fits-all species of algae for all production efforts.
Translational techniques which are effective for diverse algal species will be more beneficial for

the field than optimization strategies which are species-dependent. As shown above, any strains
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which can be mutagenized by UV exposure will generate a diversity of phenotypes in their mutant
pool.

The improved strains that were generated in this study have been shown to be great
accumulators of GFP. However, GFP does not have standalone value, and production of GFP alone
in algae is not useful from a commercial perspective. However, it will be intriguing to investigate
if the strains that were generated in this study have made systemic changes which affect the
accumulation of any exogenous gene driven by the regulatory elements present in our expression
vector. Because there have likely been no changes to the chloroplast genome, the changes to GFP
expression are not exclusive to the GFP protein. Homologous recombination in the chloroplast
genome allows us to modify the high-expression strains C89, D52 and 167 to replace the GFP gene
with other proteins of industrial relevance. If these strains have not generated a global increase in
recombinant protein accumulation, in the future a GFP marker can be translationally fused to the
protein of interest to track its expression through a breeding program. Altogether, the results from
this study open the door to a variety of new industrial strategies for strain optimization in C.

reinhardtii.

Materials and Methods
Chlamydomonas reinhardetii strains

C. reinhardtii strains were ordered from the Chlamydomonas Resource Center at the
University of Minnesota and are listed here with their full names to facilitate simple ordering. The
mt+ parent strain in which GFP was transformed is cc-4414 (DNZ2). The mt- strains that were used
as breeding partners are cc408 (C9), cc124 (137¢), cc2931 (North Carolina), cc2935 (Quebec),
€c2938 (Quebec), cc2290 (S1 D2), cc1952 (S-1 C-5), cc1691 (Sager 6145), cc1009 (UTEX 89),
and cc2342 (Jarvik #6, Pittsburgh, PA). C. reinhardtii wild-type strains were maintained on TAP

plates for the length of this experiment.
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Mating protocol

Wild-type strains were grown on TAP media in 75uE until approximately 0.5¢g of wet
biomass was accumulated. The biomass is transferred to nitrogen-free TAP plates to induce gamete
formation. After 48 hours of nitrogen starvation, the cells are scraped off the plate, resuspended in
a small flask with 5mL of sterile water and placed on a shaker in 100E light for 1 hour. At this
point, the two desired mating partners (one mt+ and one mt-) are combined into one 10mL solution
in a new flask. This mixture is shaken for 10 minutes under the same conditions. The mating flask
is then left overnight in 75uE light without shaking to ensure proper flagellar adhesion. After 12
hours, strains which have successfully begun the mating process will have formed a pellicle on the
bottom of the flask. The water is decanted from the mating flask, and the pellicle is transferred to
a new TAP agar plate. After the plate is left to dry in a sterile hood, it is placed in the dark for 7
days to allow for zygote maturation. The pellicle is then returned to a flask, this time containing
50mL of TAP media. The flask is sonicated for 30 seconds at 25% amplitude to help break apart
the pellicle and to kill cells which have not properly formed the zygospore. The flask is then left in

the light for three days to facilitate release of the progeny from the zygospore.

UV Mutagenesis

UV mutagenesis was performed in a Bio-Rad Genelinker UV chamber. The culture to be
mutagenized was grown to late-log phase and 25 mL of culture was transferred to a 10cm diameter
petri dish. The petri dish was placed in the UV chamber for 0 to 90 seconds at approximately .09mJ
of energy directed at the plate per second of exposure. The culture was transferred back into a flask

and allowed to recover for two days shaking at 75E.
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Influx flow cytometer setup

The flow cytometry data collection and cell-sorting were performed by a Becton Dickinson
Influx running BD FACS Sortware. The instrument was outfitted with a 70um nozzle and was run
with BD FACSFlow sheath fluid (BD #342003) at 33psi. Sample pressure varied from 33.1 to
34.0psi depending on sample concentration.
A series of inclusion gates were made to narrow the population in order to achieve a clean sample
window for successful gating of desired GFP-positive progeny. This multicolor analysis required
a488nm laser with SSC and FSC detection as well as the following filter sets: 692/40 (FL4), 750LP
(FL5) and 532/20RB (FL1), as well as a 355nm laser with filter sets for 458/20RB (FL10) and

670/30 (FL11).

Sorting protocol

Desired cells were sorted into 2mL of TAP media in Costar flat-bottom clear polystyrene
6 or 12 well plates (Corning #3513). The 2mL of media containing sorted individuals was left in
the dark overnight and plated onto TAP-agar plates 16 hours later. The plates were left under 75UE
light at room temperature for 1-2 weeks to allow colonies to form. Colonies were replated onto
catalog TAP-agar plates and each individual colony was also used to start a 500uL TAP liquid
culture in an Axygen 96 round deep-well storage microplate (Fisher #14-222-357). Each plate was
sealed with a Research Products International regular strength Breathe-Easy sealing membrane
(RPI#248738), and allowed to grow in 100uE light for one week until cultures reached saturation.
Each well was diluted 1:10 into a new deep-well microplate and allowed to grow for a subsequent
week under the same conditions to normalize for differences in starting material size. These cultures

were used as experimental material for a plate reader assay.
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Tecan plate reader protocol

Plate reader data was collected using a Tecan Infinite m200 Pro running Tecan i-control
software. 100uL of culture was transferred from each well of the deep-well culture plates and
transferred to a Costar flat bottom non-treated clear polystyrene assay plates (Corning #3370).
Assay plates were shaken for 5 seconds with a Imm amplitude prior to top fluorescence detection.
Wells were excited by 25 flashes of 488nm wavelength light with a 9nm bandwidth. GFP
fluorescence was monitored by emission at 522nm with a 20nm bandwidth and a gain setting of
129. Integration time was set at 20s, lag time and settle time were both set at Ous, and Z-position
was manually set at 17877um after determining it was the optimal read depth. Each plate was
subsequently monitored for chlorophyll content by top fluorescence detection. Wells were excited
by 25 flashes of 440nm wavelength with a 9nm bandwidth. Chlorophyll content was monitored by
emission at 680nm with a 20nm bandwidth and a gain setting of 116. Integration time was set at

20ps, lag time and settle time were both set at Ous, and Z-position was manually set at 21200um.
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Figure 4.S1. Graphical representation of the flow cytometry data used to generate Figure
3A. In each pane, the black population is dark-adapted 178. The red population is either (B) UV
mutagenized 178, or 178 after breeding with (C) cc124, (D) cc1009, (E) cc1691, (F) cc1952, (G)
€c2931, (H) cc2935, (1) cc2938, (J) cc2342, (K) cc408 or (L) cc2290. Although the additional
population which is present in the offspring samples does contain cells which have lost their
ability to express GFP, it is predominantly contaminating parent cells which did not breed and
were not killed by sonication.
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Algae have enormous potential as bio-factories for the efficient production of a wide array of high-value products,
and eventually as a source of renewable biofuels. However, tools for engineering the nuclear genomes of algae
remain scarce and limited in functionality. In this study, synthetic algal promoters (saps) were generated as a
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Flow cytometry algae, and lays the groundwork for the development of a suite of saps capable of driving the robust and complex
gene expression that will be d for algae to reach their potential as an industrial platform for photosynthet-

ic bio-manufacturing.
© 2016 Published by Elsevier B.V.
1. Introduction unique source of bioactive compounds, including antioxidants, omega

Algae are among the most ancient and diverse organisms on the
planet. Microalgae have evolved to adapt to a wide range of environ-
ments and consequently have proven to be a rich source of genetic
and chemical diversity [7,23,41]. This diversity has been exploited as a
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3 fatty acids, and potentially novel therapeutic drugs [9]. In addition,
microalgae have also proven to be cost-effective and safe hosts for ex-
pressing a wide array of recombinant proteins, including human and
animal therapeutics, vaccines, and industrial enzymes [22,25,44,51).

Chlamydomonas reinhardtii is a long established model system for
studying molecular and genetic systems of algae. The most successful
advances in recombinant protein expression within C. reinhardtii have
been within the chloroplast where exogenous protein levels have
reached almost 10% of total soluble protein [37]. This progress has
been aided by the fact that gene integration occurs exclusively by ho-
mologous recombination within the plastid [18]. The chloroplast also
has strong, well-characterized promoters and regulatory untranslated
regions (UTRs) to enable high levels of transgene expression [44,51].
The most successful regulatory elements are those from endogenous
highly expressed photosynthetic proteins [24,44,51]. However, recent
work in the Mayfield laboratory has shown that high-throughput anal-
ysis of synthetic 5' UTRs can identify novel regulatory elements and lead
to increased transgene expression within the plastid [50].

While advancements have been made in heterologous nuclear gene
expression in C. reinhardtii over the last several years [42,43,47], these
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tools still lag significantly behind both plastid gene expression in algae,
as well as heterologous gene expression in many other eukaryotic or-
ganisms. Controlled nuclear gene expression is an essential tool for syn-
thetic biology in any industrial microorganisms. Recent advances also
allow protein products to be targeted to any cellular location in
C. reinhardtii [42). Targeted expression is essential for metabolic engi-
neering, since enzymes need to be localized to their functional site.
Proper localization is also important for the production of high-value
protein products. Specific organelles may be better suited for proper
post-translational modification and folding of complex proteins. In par-
ticular, chloroplasts lack the enzymes involved in protein glycosylation,
an essential modification for many therapeutic proteins [33]. Finally,
nuclear expression allows for the secretion of recombinant proteins,
which can lead to simpler and cheaper downstream processing [12].

One of the main reasons for poor heterologous gene expression from
the nuclear genome of algae is the lack of strong promoters [44,51].
Studies have identified several endogenous promoters that promote ex-
ogenous gene expression, including those from the well-characterized
and highly expressed genes such as those for the Rubisco small subunit
(RBCS2), heat shock protein 70A (HSP70A), and photosystem I protein
psaD [11,17,47]. In an attempt to increase expression above the modest
levels achieved with these native promoters, chimeric promoters have
been developed that contain the heat shock 70A promoter region
fused upstream of the RBCS2 promoter (ar1), which has led to increased
transcription [46,47,54). However, protein accumulation from exoge-
nous genes expressed using this best chimeric promoter is still poor,
with recombinant protein levels peaking around 0.25% of total soluble
protein, which is well below the level of economic viability for almost
any recombinant protein product. Finally, viral promoters that are fa-
vored in higher plant expression systems have been shown to be mini-
mally successful in algal systems [14]. Therefore, novel regulatory
elements must be identified or generated and combined into robust
promoters capable of driving high rates of transcription in order to
achieve the robust exogenous protein expression required to make
algae a true industrial organisms.

Several recent reviews have highlighted the generation of synthetic
promoters and promoter libraries as important biobricks for protein
expression and, in particular, systems engineering [6,28,40,45].
Engineered promoters have demonstrated the ability to drive exoge-
nous gene expression above levels achieved by the best native promoter
systems. In addition, development of libraries of designer promoters is
essential for systems engineering. The synthetic nature of these pro-
moters reduces or eliminates the chance of homology dependent gene
silencing and can potentially allow them to be utilized in multiple spe-
cies or cell lines. In this study, publicly available mRNA expression data
was utilized to identify cis-motifs found in promoters of highly
expressed C. reinhardtii genes. These motifs were then used to generate
a novel set of completely synthetic algal promoters (saps) that allowed
for high constitutive gene expression within the C. reinhardtii nucleus. A
combination of analysis of these native promoters and novel saps re-
vealed previously uncharacterized C. reinhardtii promoter structures in-
cluding a newly identified core DNA motif important for promoter
function in highly transcribed genes.

2. Results
2.1. Native motif identification and saps generation

In order to generate saps capable of driving high heterologous gene
expression, native C. reinhardtii genes were analyzed that showed the
highest RNA accumulation in wild type (wt) cells grown under ambient
conditions. The top 50 genes were identified based on previously pub-
lished RNA-seq data [16] (Table S1). This data set was chosen because
the growth conditions best match typical ambient small scale laboratory
growth conditions for green algae. Promoter regions (— 1000 to + 50 nt
from the transcription start site) from these genes were analyzed using

the POWRS software [13]. POWRS identifies motifs based not only on
enriched sequences but also on the position of these elements within
the promoter region. POWRS clusters sequences together based on sim-
ilarity to create motif clusters that can be characterized by position
weight matrixes. POWRS identified 127 motif clusters containing 979
unique motifs within the top 50 native gene promoters (Table S2;
Figs. S1 & S2). Upon inspection of the motifs, nine TC rich motifs were
identified, some of which were localized around the transcription start
site (TSS; Fig. S3). In Arabidopsis thaliana, a TC-like motif near the TSS
may function similarly to the TATA box [4]. Therefore, these TC rich mo-
tifs were added to every synthetic promoter and enriched around the
TSS.

Analysis of the top 50 native promoters also revealed that there is a
decrease in the GC content within 500 bp around the transcription start
site (Fig. 1a). This trend is in direct contrast with the promoters of
higher plant species, which skew towards higher GC content near the
TSS [8,20]. C. reinhardtii promoter GC content structure most resembles
Saccharomyces cerevisiae and some prokaryotic species that increase AT-
content towards the TSS. This trend in C. reinhardtii does not appear to
be due simply to the higher overall GC content of its nuclear genome,
since species like the red alga Cyanidioschyzon merolae also have high
GC content but have an increase in GC towards the TSS [8]. In addition
to a general AT-increase at the TSS, there also appeared to be smaller
dips in GC content at approximately —280 and — 140 bp upstream of
the TSS. These AT-rich regions have a similar periodicity as that of nucle-
osome wrapped DNA, which is around 147 bp [34]. These AT-rich re-
gions were incorporated in the synthetic promoters.

Synthetic promoters were generated to include nucleotide back-
bones that had a similar GC profile as the native promoters, including
the aforementioned AT-bias towards the TSS and AT rich regions at
—280 and — 140 bp (Fig. 1a). Promoters were designed to be 500 bp
in length for ease of synthesis and analysis. Since many motifs are local-
ized across and downstream of the TSS, promoters were designed to
mimic —450 bp upstream and 50 bp downstream of the TSS in order
to not cutoff important motifs. This is a similar strategy to previous na-
tive hybrid promoter designs [47]. Motifs were overlaid onto nucleotide
backbones constrained to a similar region to where they were found in
the native sequences ([13]; Figs. S1 & S2, Fig. 1b).

2.2. Synthetic promoters drive transcription in vivo

Twenty five saps were studied for their ability to drive the expres-
sion of the mCherry fluorescent reporter protein. The saps were syn-
thesized and cloned in front of an mCherry reporter gene, which also
contained the 5 and 3’ RBCS2 UTRs as well as the first RBCS2 intron
(Fig. 1c). These elements have all been previously shown to improve
mRNA accumulation and protein synthesis of heterologous genes in
C. reinhardtii [36,42]. The vector construct also included a
hygromycin resistance cassette, which was driven by the beta tubulin
(TUBB2) promoter to select for transformed algae independent of
synthetic promoter function [5]. This allowed large scale mCherry
analysis of all promoters including weak or non-functioning
promoters.

Transformation of the C. reinhardtii nucleus occurs almost exclusive-
ly through non-homologous end-joining [26,49]. This results in random
insertion, multiple insertions, and highly variable exogenous gene ex-
pression. Typical promoter analysis involves measuring the expression
of 10-50 individual transformants. However, measuring individual
transformants is time and resource consuming, and the variability in ex-
pression is still high unless many individual are measured. Alternatively,
if many transformants are pooled and protein or RNA levels are mea-
sured of the total population, noise from positional insertion effects
can be reduced, but this does not allow measurement of the range of ex-
pression over the population pool. Therefore, for this study flow cytom-
etry was used to measure promoter strength. Flow cytometry allows
measurement of both a large number of transformants while also

68



MA. Scranton et al. / Algal Research 15 (2016) 135-142

(b)

CAAGGAGE creeeeTc
— iy W T
[ T— TIGEACOE
204 = _——
% GETTTGGT
B g Random Promoters : u:cmmo *
i == Synthetic Promoters |
@0z = Native Promoters ke k *_
01 -450 TSS +50
0
-450 -400 -350 -300 -250 -200 -150 -100 -50 0 +50
Position Relative to TSS
arl (V10 mCherry 5000
a
mCherry 4000
: b
3000 b
2000
1000

(e) arl random1 random2

10000 1 . i
‘* *
- 8000 { )
o
£ 6000+
Q
o=
Q
£ 4000
2000 “ﬁ“‘ ”hﬁ : hl
]
FSHEYRILLRRITIIINLLI2SINNINE
SEREREEEREY ¥ Sy sy

Fig. 1. Design of synthetic algal promoters and expression vector construction. (a) Relative GC content of the top 50 native promoters was analyzed (moving window 20 bp). Synthetic and
random promoters were generated to mimic the AT-skew. (b) Motifs discovered in the top 50 native promoters were placed in a synthetic backbone in positions similar to their position in

the native p s. The overall p was designed to mimic —450 to + 50 bp relative to TSS. (c) Synthetic algal promoters (saps) were placed upstream of mCherry expression
cassette, which included the RBCS2 5’ and 3’ UTR (U) and first intron (1) in order to drive expression. A separate hygromycin expression cassette was place upstream of the mCherry
cassette to allow for screening of transformants ind dent of synthetic p function. Synthetic promoters were compared to the hsp70/rbcs2 hybrid promoter (arl).

(d) Randomly generated sequences are used to drive mCherry. The relative mCherry fluorescence of 5000 transformants is compared to 5000 transformants of the ar1 construct by
flow cytometry. Populations that are statistically different are indicated (a-b, Tukey's test, p < 0.05) Box and whisker plot indicates max (top of line), min (bottom of line), first
quartile (bottom of box), second quartile (median; middle line), third quartile (top of box). (e) sap transformants were compared to arl transformants by flow cytometry. Populations
transformed with seven of the sap promoters have more mCherry fluorescence than ar! transformed cells (*, Tukey's test, p < 0.05).

recording the data for individual transgenic cells. This provides a highly To determine if our synthetic promoters were functional based on
confident average as well as the range of expression for our reporter our design principles, and not just coincidental, random promoters
gene for each promoter tested. were also generated whose sequence had a similar GC content to both
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native and our synthetic promoters, but with no periodical AT rich re-
gions upstream or placement of motifs (Fig. 1a, Table S3). These pro-
moters would also serve as a negative control for random positional
effects since exogenous gene expression can occur simply due to inser-
tion next to a native promoter [29].

Analysis of mCherry expression driven by the 25 saps revealed a
wide range of functionality compared to arl. As expected, there was
low level of mCherry fluorescence above the WT background in our ran-
dom promoter transformants (Fig. 1d). It is important to note that while
five random promoters were generated, only two provided had enough
mCherry positive transformants to perform proper statistical analysis
and are shown in Fig. 1d. Multiple transformations and screenings
were performed to increase the number of positive events for statistical
analysis, but none could be successfully reproduced. Eight saps were
found to be no better than these randomly generated promoters (Fig.
1e). However, 10 saps were not only better than our random controls,
but were as good as arl. Encouragingly, seven saps were actually better
than ar1 (Tukey HSD, p < 0.05) with both average and max mCherry
fluorescent levels almost twice as high as arl. These results were consis-
tent over multiple transformations and screenings (Fig. S4a).

2.3. sap11 contains a positive cis-effector motif

In order to determine which motifs contribute to the promoter
strength of the high-expressing saps, we chose sap11 for further analy-
sis, as it consistently produced the greatest amount of mCherry. First, a
deletion series was performed in which nucleotides were deleted from
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the 5’ end so that —250, — 150, or —50 bp upstream of the TSS
remained (Fig. 2a). For this study, the expression vector was rearranged
so that the hygromycin resistance cassette was downstream of the
mCherry cassette. This rearrangement avoided any confounding data
due to the relative shift of the position of the 3'UTR from the hygromycin
cassette after promoter deletion. Rearrangement did not affect the pro-
moter function of either ar1 or sap11 (Fig. S4b). The relative mCherry
fluorescence from sap11 in this rearranged vector was unchanged
from the original design (Figs. 1e & 2b). Analysis of mCherry fluores-
cence in sap11A mutants revealed only a slight reduction in expression
insap11A-250 and sap11A-150 mutants (Fig. 2b). However, a significant
drop in expression was observed in sap11A-50 where there was no ex-
pression above those found for the random promoters. These results are
consistent with the fact that core motifs are often found within 200 bp
upstream of the TSS [3,38,55].

To further narrow down specific motifs essential for sap11 function,
motif deletion analysis was performed. Four regions contained POWRS
identified motifs between — 150 and — 50 bp from the TSS (Fig. 2b).
Eight A residues were used to replace the entire motif or the majority
of the bases of the motif for those longer than 8 nucleotides. For motif
2, polyT residues were used to replace the motif since the region was
highly A rich. Motif 5 comprised of a TC-rich motif that resided around
the TSS. This motif was also deleted since it is homologous to the TC mo-
tifs found in Arabidopsis, and was therefore thought to be a functional
element [4]. However, deletion of motif 5 (sap11Am5) did not result
in significant reduction in mCherry production (Fig. 2d). Therefore, ei-
ther this particular iteration of the motif was not utilized in sap11 or
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Fig. 2. Promoter and motif deletions of sap11. (a) The expression vector was rearranged to have the hygromycin resistance cassette downstream of the mCherry cassette. sap!1 was cloned
upstream of the mCherry cassette with the rbcs2 5 and 3' UTRs (U) and the first rbes2 intron (1). Portions of the sap11 promoter were removed through SLICE cloning to leave — 250, — 150,
and —50 bp of sap11 sequence upstream of the sap11 TSS. (b) Flow cytometry analysis for mCherry fluorescence of 5000 transformants of the original and shortened sap11 constructs.
Populations that are statistically different are indicated (a-c, Tukey's test, p < 0.05). (c) Putative cis-motifs (underlined) in the — 150 to 0 bp region of sap11 were targeted for
mutational analysis. Eight residues (bold) were replaced with either polyA (A) or polyT (T) residues to generate six sap1 1Am mutants including one in which both motif 3 and 4 were
replaced (sap11Am3-4). (d) Flow cytometry analysis for mCherry fluorescence of 5000 transformants of the sap11 construct compared with sap11 motif deletion constructs.
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the TC motifs are not essential in C. reinhardtii. The deletion of both
motif 3 and 4 (sap11Am3 and sap11Am4) resulted in significant de-
creases in promoter function, while deletion of motif 1 and 2
(sap11Am1 and sap11Am2) had little effect. Interestingly, regions 3
and 4 have nearly identical reverse complement motifs (CCCATGCGA
and TGCATGGG, respectively), suggesting they could be targeted by
the same transcription factor. In order to determine if regions 3 and 4
were redundant, a double mutant was generated in which both regions
were replaced with polyA nucleotides (sap11Am3-4). This promoter
functioned similarly to the individual motif 3 and 4 KOs, suggesting
that motif 4 may be redundant with motif 3 or that KO of motifs 3 and
4 already eliminate any expression above background (Fig. 2d). Itis im-
portant to note while this motif was essential for promoter function in
sap11, this motif alone is not sufficient for expression as several of the
non-functioning saps also contained this motif in a similar location
(Figs. S1 & S2).

Because the CCCAT muotifs had such a significant impact on sap11
function, we set out to determine if it may be a core motif within
C. reinhardtii. One method to identify core motifs is to identify motifs
that are relatively enriched at specific locations relative to the TSS in a
large number of promoters. Therefore, we analyzed the promoter re-
gions of 4412 genes in C. reinhardtii (Table S4). Promoters were chosen
if their 5 UTR start sites (C. reinhardtii v5.5) were within 10 bp of the
start site of PASA (Program to Assemble Spliced Alignments; Phytozome
10.2) assembled EST. Promoter sequences from — 1000 to + 500 of the
5’ UTR site were analyzed to identify motifs that are enriched in similar
regions [2]. Surprisingly, the top eight motifs identified were all CCCAT-
like motifs that were highly enriched only at — 100 to — 40 bp upstream
of the TSS with a peak at —65 bp (Fig. 3a). Moreover, 10.6% (467 pro-
moters) of all the promoters analyzed had exactly CCCATGCA sequence
at this location, while 35.4% (1564 promoters) had some variation of
this motif at this location (Table S5). This suggests that the CCCAT
motif is a core motif within the C. reinhardtii promoter.

Motif sequence similarity search using TOMTOM analysis of this
motif sequence revealed some homology to the cis-motif recognized
by the Arabidopsis phytochrome interacting factor (PIFs; Fig. S5,
Table S6; [27]). PIFs are involved in light-regulated gene expression
[10]. Similarly, functional analysis of CCCAT motif-containing genes re-
vealed enrichment in pathways that are diurnally regulated (e.g. Ribo-
somes, antenna proteins; Table S7). However, the CCCAT motif was
found in over 1500 genes, the vast majority of which were not diurnally
regulated (<5% overlap with differentially regulated genes identified in
[57]). The role the CCCAT motif within the context of these native pro-
moters remains to be determined. Interestingly, only one helix-loop-
helix transcription factor (Cre14.g620850) could be identified in
C. reinhardtii with homology to the PIF proteins in Arabidopsis, based
on amino acid similarity (Table S6). It will be interesting to determine
if this putative transcription factor can bind to the CCCAT motif in
C. reinhardtii. If it does, it most likely has a unique function compared
to Arabidopsis based on its target genes in C. reinhardtii.

24. C. reinhardtii promoters contain AT and TC rich motifs near TSS

CentriMo analysis of the C. reinhardtii promoters revealed other mo-
tifs that were enriched at specific regions relative to the TSS. Of note, AT-
rich motifs appeared to peak at the TSS and then at periodic but decreas-
ing intervals both upstream and downstream of the TSS (Fig. 3b). These
intervals appeared ~ 130 bp apart from each other. These regions corre-
spond to the AT-rich regions found in the top 50 genes (Fig. 1a), and
when the relative GC content is analyzed in the larger genomic promot-
er set a similar pattern of AT-rich regions is seen (Fig. S6). Initially this
periodicity suggests a relationship to nucleosome positioning. However,
nucleosomes in C. reinhardtii protect 147 bp of DNA and typically have a
period of ~170 bp [ 19,34]. Interestingly, this period more closely follows
the period of 6 mA methylated sites around the TSS which have a period
of ~134 bp [19]. However, the AT-rich sites are not located at the same
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Fig. 3. Locally enriched POWRS and DREME motifs in top 4412 promoters from
C. reinhardtii nuclear genome. EST validated promoters were analyzed with CentriMo for
locally enriched motifs. Relative enrichment of motifs relative to the TSS for the top
three categories of motifs is shown (a-c).

position as either the nucleosomes or the 6 mA sites. Finally, CentriMo
analysis found TC rich motifs that were enriched around the TSS of
C. reinhardtii promoters. However, their enrichment was far less signif-
icant than the CCCAT or TA rich motifs (Fig. 3c). This is consistent with
the motif deletion analysis that demonstrated that this motif is not es-
sential in the sap11 promoter.

3. Discussion

In this study, synthetic promoters were successfully generated that
were capable of driving exogenous gene expression within the
C. reinhardtii nucleus. The saps generated in this study were based on
native DNA motifs identified using the POWRS algorithm. Using a
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stochastic method of motif placement that was based on matif location
relative to the TSS in native promoters, we were able to generate saps
that were as successful as, or better than, the best native promoters in
C. reinhardtii [46,47]. The current best promoter for C. reinhardtii is a
non-native promoter ar! that is a hybrid between two endogenous pro-
moter regions. Our novel saps rely on a completely synthetic promoter
backbone with a cis-regulatory motif structure informed from annota-
tion based and experimentally derived genomic information. It should
be noted that the HSP70A promoter acts as a transcriptional state en-
hancer, which increases the probability of transcription of the neighbor-
ing promoter [35]. It would be interesting to see if fusing the HSP70A
promoter upstream our synthetic promoter further improves their
function similarly to HSP70A's effect on RBCS2. Alternatively, our pro-
moters could also be fused with other native 5 and 3’ UTRs, such as
psaD, which in one study showed similar improvements over ar1 for lu-
ciferase expression [32].

Bioinformatic analysis used to identify motifs within native pro-
moters led to the identification of novel elements as well as information
about promoter structure within the nuclear genome of C. reinhardtii.
First, C. reinhardtii promoters have an AT-bias near the TSS, which is
unique from other plant species studied thus far (Fig. 1a; [8,20]). This
bias more than likely affects the structure of the DNA in this location
and may be important for nucleosome organization or other DNA-pro-
tein interactions [21,30]. In addition to an overall AT-bias, there were
also pockets of AT-rich regions upstream of the TSS, which correlated
with AT-rich motifs found in the EST validated promoters (Figs. 1a &
3b). The pattern of the AT-rich regions corresponds to a similar periodic
pattern of 6 mA methylation sites around the TSS, but is shifted by
~30 bp [19]. It has been suggested that the periodicity of the 6 mA
sites may help establish nucleosome organization around the TSS.
Therefore, the AT-bias with specific AT-rich periodic regions may
work together with the 6 mA methylation site to establish nucleosome
packing and encourage transcription factor and RNA polymerase bind-
ing around the TSS.

In addition to AT-rich regions, TC-rich regions were also enriched in
C. reinhardtii promoters. This enrichment was more significant in the
top 50 expressed genes compared to the genome-in whole (Table S2,
Fig. 3c). This enrichment in top expressed genes is consistent with sim-
ilar motifs found in Arabidopsis [4]. However, when this motif was re-
moved from sap11, there was little loss in promoter function. It is
important to note that TC motif analysis in Arabidopsis was only per-
formed in silico. Therefore, the relative importance or function of these
motifs has yet to be established in vivo. It is also possible that this
motif is a consequence of the relative AT enrichment around the TSS
and only its relative AT content is important. Since the motif was re-
placed with a polyA sequence, the AT content was not significantly
changed. Further work is still required to rule out the relevance of the
TC-rich motifs in C. reinhardtii.

Promoter motif deletion analysis did reveal the presence of an essen-
tial motif within the sap11 promoter. Motif regions 3 and 4 contained
nearly identical CCCAT motifs. Knock out of these motifs led to severe
reduction of sap11 function. Bioinformatic analysis further revealed
that this motif is highly enriched at — 65 bp upstream of the TSS of
1564 genes with 446 having the exact CCCATGCA sequence (Table 55,
Fig. 3a). However, many versions of the CCCAT motif contain the con-
served CATG 6 mA sequence [19]. Therefore, the CCCAT motif may func-
tion as a target for DNA methylation in its role in transcriptional
regulation. While one putative C. reinhardtii transcription factor has
been predicted to bind to the CCCAT motif based on in silico homology
analysis, further in vitre and in vivo work is required to identify the
true transcription factor partner.

The combination of bioinformatic analysis of gene structure and ex-
pression and in vivo testing of synthetic primers based on these analyses
has proven a fruitful area of research for discovery of unknown cis ele-
ments and for use in designing strong synthetic promoters [6,31,53].
The knowledge gained in this study gives us a synthetic template to

generate large promoter libraries. These libraries will be used to gener-
ate more significant data about the importance of individual motifs and
overall promoter structure in C. reinhardtii, which will ideally enable us
to generate successive rounds of engineered promoters to achieve exog-
enous gene expression above currently achieved levels. Large promoter
libraries will also allow for the integration of multiple genes into the
same host by allowing separate transgenes to be driven by unique pro-
moters to reduce genomic rearrangements brought about by sequence
specific targeting that may arise from a genome laced with identical se-
quences. This latter feature is particularly important in metabolic engi-
neering, which often requires the introduction of multiple enzymes
into the host organism. Finally, as we have demonstrated in this study,
synthetic promoters provide a platform on which to identify motifs
in vive involved in transcriptional regulation in C. reinhardtii. In the fu-
ture, this can be expanded to motifs predicted to be involved in induc-
ible regulation such as heat shock, nickel or nitrate addition or iron-
deficiency. Together these tools will represent a large step forward in
the synthetic engineering of algae for the production of biofuels and
bio-products.

4. Materials and methods
4.1. POWRS motif identification

The top 50 highest-expressed endogenous genes were identified
based on their RNA accumulation under ambient conditions according
to previously published RNA-seq data [16]. Since promoter structure is
not strictly defined in C. reinhardtii the sequence between — 1000 and
-+ 50 for the top 50 genes were analyzed using the POWRS motif identi-
fication program [13] (Phytozome 10.2, C. reinhardtii v5.5). All default
settings on POWRS were used, except that the minimum number of se-
quences that a valid motif must match was lowered to ten.

4.2. Generation of synthetic promoters

Promoters were generated using random insertion of POWRS motifs,
constraining positions relative to the positions of the motif clusters in
the native sequences. Promoter backbones were generated to ensure
similar GC content as the native promoters, including a periodic AT-
rich regions (Fig. 1a). Finally, all promoters contained at least one
copy of a TC rich motif around the TSS (Figs. S1 & 52). Random pro-
moters were generated by choosing 500 random nucleotides based on
the Markov model that described the native promoter GC content with-
out periodic AT-rich regions (Table $3).

4.3. Plasmid construction

The synthetic algal promoters were synthesized as gBlocks (IDT,
Coralville, IA) integrating in DNA ends that allowed cloning via SLICE
technology [56](Table S8). All restriction enzymes were purchased
from New England Biolabs (Ipswich, MA). The pBR4 expression vector
with the hygromycin B resistance gene under the control of the B-
tubulin promoter and a separate cassette with the mCherry gene driven
by the arl promoter was used as the backbone [543]. pBR4 was
digested with Ndel and Xbal to remaove the arl promoter up to end of
the RBCS2 5'UTR and generate ends for SLICE cloning. Synthetic pro-
moters were cloned with the RBCS2 5'UTR, which was amplified with
appropriate primers to allow 15 bp overhangs with the synthetic pro-
moters as well the digested backbone (Table S8), resulting in the con-
structs in Fig. 1b. To rearrange sapl1 with the hygromycin cassette
downstream of the mCherry cassette, each half of pBR4 was amplified
with appropriate primers for USER cloning into the HCR1, a modified
pBlueScript I1 (Agilent, Santa Clara, CA), as previously described [52]
(Table S8). The rearranged construct was then digested with Ndel and
Xbal to remove ar1 and replace it with sap11 which was PCR amplified
and SIiCE cloned into the rearranged pBR4. Promoter and motif
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deletions were performed by SLiCE cloning. polyA and polyT mutations
were introduced using overlapping primers and PCR pieces generated
were cloned into a pBR4-rearranged backbone which had been digested
with EcoRI and Ndel (Table S8). All constructs were confirmed by re-
striction digest and sequencing.

4.4. C. reinhardtii growth and transformation

Wild-type (cc1690) C. reinhardtii were grown and transformed
using the methods described previously using 1 pg of plasmid DNA
[43]. Plasmid constructs were digested with Kpnl to linearize them
prior to electroporation. Transformants were first screened on TAP
(Tris-acetate-phosphate)/agar plates containing 15 pg/ml hygromycin,
resulting in approximately 5000 to 12,000 transformants per selection.
The entire transformant pool was then collected and transferred to lig-
uid TAP medium for two days, followed by screening on the flow
cytometer.

4.5. Flow cytometry measurement of mCherry fluorescence

mCherry fluorescence was visualized by a BD LSRII flow cytometer
and analyzed using FlowJo v10.0.8. The population was gated using
the following strategy: the FSC and SSC parameters were obtained
using a 488 nm blue laser and were used to eliminate smaller non-
algal samples and clumps of algae that can be misread as a single cell.
Next, the 488 nm laser using a 685LP and a 710/50 filter set was used
in combination with a 405 nm violet laser and 450/50 filter to remove
dead cells and remaining debris from the population. The mCherry fluo-
rescence was then measured with a 561 nm yellow/green laser with a
600LP and 610/20 filter set. To better visualize the population, the
mCherry fluorescence channel was plotted against the window created
by the 405 nm laser with a 505LP and 535/30 filter set. Using the un-
transformed parent strain as a reference, the events containing only
background fluorescence were removed from the analysis. What
remained was considered single-cell, living, C. reinhardii that is express-
ing mCherry. A representative window was selected from the remaining
population and the mCherry fluorescence channel was broken down
into individual events, resulting in 80 to 10,000 data points.

4.6. Genomic promoter motif analysis

For whole genome promoter analysis, genome sequence and annota-
tion for Creinhardtii_281_v5.5 was obtained from phytozome.jgi.doe.gov
[39]. Annotated 5" UTR start sites were compared to PASA assembled EST
start sites. Only 4412 of the 22,892 total annotated 5’ UTR start sites were
within 10 bp of a PASA EST start site and considered EST validated sites.
Sequence from — 1000 bp upstream to + 500 bp downstream of the val-
idated 5’ UTR start sites was analyzed for new motifs using DREME [1].
Then the promoter sequences were analyzed by CentriMo to identify
POWRS or DREME motifs that are enriched in specific regions relative to
the TSS [2].
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Strategies for design and interrogation of second-generation synthetic promoters in green algae

Joseph T. Ostrand

The need for diversity

The landscape of the commercial market for microalgae has changed dramatically over the
last decade. In 2008, conventional oil prices reached an all-time high, and the demand for fuel
alternatives flooded the algal biofuels market with opportunity. As oil prices normalized, it became
difficult for the pilot algal-based fuel industry to compete. Gaps in technology and scale left nearly
every algae biofuel company without investors or products. In response, many algal biofuel
companies have folded or changed their goals. Companies opted for alternative algae-based
products that have commercial demand in a space other than fuel. Algae is being grown for feed,
nutraceuticals and materials, and genetically engineered for high-value therapeutic production (1).
There is also an increasing demand for natural products, utilizing very specific species for their

natural abundance of desired compounds.

As these more diverse markets are developed, the requirement for industrialization of a
more diverse set of algal species increases. There is now a desire for commercial optimization of
an immense diversity of algal species to be grown under a wide variety of conditions. Strains which
will be grown for low-value products like fuel and animal feed will be grown photosynthetically in
large-scale outdoor ponds (1). These strains will need to be resistant to both biotic and abiotic
challenges. The organisms will need to handle dramatic changes in temperature and light

availability throughout the day, as well as the presence of predators and competition for resources.
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Due to their proven success in the local environment, wild-type strains isolated from the local area
may be promising candidates for industrialization(2). Other species of algae which will be
cultivated for their ability to produce high-value products will be grown in closed systems under
substantially more controlled conditions(3). These strains will be selected for their capacity to
grow in high densities as well as their reliability because of increased costs of biomass
accumulation. Each of these systems can benefit from the facile introduction of genetic elements.
Wild strains in outdoor ponds can be engineered for compromised light antennae to increase light
penetration and overall photosynthetic efficiency(4). Elimination of cell membrane receptors which
are recognized by predators may decrease the likelihood of culture collapse due to
contamination(5). Algae grown in closed systems need to maintain unnaturally dense cultures and
may be stably engineered to produce novel therapeutics. We understand the ability of these
techniques to improve growth under a variety of situations because of research that has been done
on finite set of algal species. By developing a thorough understanding of a short list of specific
organisms through basic research, clever tools have been engineered to probe the basic biology as
well as to facilitate commercialization of these species. However, it has taken decades of research
and thousands of publications to develop the biological understanding that we now utilize in
laboratory strains, with the majority of research being done in the model species Chlamydomonas
reinhardtii(6)Obviously, achieving this level of functional understanding for every organism we
seek to grow commercially is unrealistic. Therefore, it becomes necessary to build universal tools

and techniques which can be applied to a wide variety of organisms with minimal characterization.

With an increased focus on diverse algal species, it is important to develop a scheme for
rapidly understanding an individual organism at a level that allows for genetic manipulation. With
technological advances over the past decade, it has become increasingly simple to generate a

reference genome and transcriptome for a desired organism, and these can provide a suitable dataset
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for the development of a wide variety of genetic tools. Using this dataset, we can rapidly
characterize endogenous elements in distantly related algal strains(7,8). Our goal is to use this
information to reliably generate a library of synthetic tools for commercial strain development and

systems engineering which can eventually be applied to diverse algal strains.

Strategies for synthetic genetic tool development

Gene regulation at the transcriptional level is the result of an intricate combination of DNA-
binding proteins, structural changes and protein-protein interactions(9). Even in developed
biological systems, these interactions have proven difficult to completely understand. Gene
regulatory networks are currently challenging to interpret in silico due to precise spatial
requirements of cis-motifs and the relatively small size of binding sites for trans-activating factors.
Development of synthetic regulatory elements and testing their efficacy in vivo can illuminate cis-
motifs in which the functional understanding is minimal(10). This elucidation will be imperative
for engineering strong regulatory elements, as well as advancements of next-generation

bioinformatic analysis and model improvement.

A number of studies have shown that synthetic genetic elements have the capacity to drive
exogenous gene expression in a diverse set of hosts(11). Synthetic tools have been shown to drive
greater expression levels than endogenous elements, and due to the non-native sequence, they are
less likely to be affected by homology-based gene silencing(12). Tuning of synthetic elements can
be more deliberate, and previous work has shown construction of synthetic regulatory elements that
are conditionally regulated(13). Development of a suite of designer promoters will be required for
systems and metabolic engineering, in which multiple genes need to be expressed at precise levels

for maximum effect.
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Building the blueprints for synthetic tools in C. reinhardtii

C. reinhardtii is an appropriate host for development of a synthetic tool building process.
Thanks to the work of many hardworking scientists, C. reinhardtii has without a doubt the most
developed genetic tools, and the most thorough transcriptional analyses of any algal species. Most

of the progression of C. reinhardtii as a model system has come via engineering the chloroplast

Characterized Genome sequence and
C. reinhardtii strain transcriptome of potential

commercial strain

Synthetic biology tool
building process

New genetic tools for
commercial strain
development

Figure 6.1. Graphical abstract. C. reinhardtii provides a suitable model system for
constructing and testing novel synthetic tools. The concepts learned from our analyses in
C. reinhardtii can be applied to other commercial algae strains for rapid strain development
and advanced regulatory control.

genome. The chloroplast environment readily performs homologous recombination which
facilitates targeted knockouts and vector introduction; this invariably has contributed to the
preferential advancement of chloroplast engineering(14). Native promoters which drive
photosynthetic machinery have proven incredibly effective at driving transgene expression, with
heterologous protein accumulation shown to be as high as 10% of total soluble protein(14). Hybrid

promoters comprised of endogenous regulatory elements and native UTRs have improved protein
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accumulation in the plastid(15). A library of synthetic UTRs that was tested in the plastid was
shown to be effective and has begun to decipher the complexity of gene regulation in the chloroplast
(16).All of these tools have contributed to the development of C. reinhardtii as an industrial
organism, and led to algal-expressed cancer therapeutics, an orally-available malaria vaccine, gut-
active mammalian milk proteins and industrial enzymes(15,17,18). However, the chloroplast
genome is fundamentally lacking in many desired attributes of a recombinant protein production
system. Translated proteins are not delivered throughout the cell, compromising efforts for
metabolic engineering and protein secretion systems. The chloroplast lacks advanced post-
translational modifications such as glycosylation which are often required for bioactivity(19).

Today, there is increased interest in development of tools for the nuclear genome.

There are major advantages to working with the nuclear genome over the chloroplast
genome in C. reinhardtii. Multiple transit peptides have been described which direct translated
proteins to specific compartments within the cell(20,21). Secretion peptides can direct heterologous
proteins completely out of the cell to reduce downstream purification costs and potentially limit
erroneous biomass accumulation(22). Heterologous proteins can be glycosylated, and their
glycosylation patterns are much more similar to humans’ than glycosylation patterns of proteins
generated by other non-human production systems such as yeast(23). There are already well-
described gene expression vectors using clever strategies to couple transcription of selection and
expression of the gene of interest, as well as hybrid promoters comprised of elements from highly
expressed endogenous genes which have been shown to be more effective than any endogenous
elements alone(24). These techniques have been used to successfully express a wide variety of

heterologous genes in the nuclear genome.

Development of a synthetic toolset in C. reinhardtii can help alleviate the low expression
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levels currently plaguing the advancement of C. reinhardtii in the commercial recombinant protein
space. The extensive history of genetic research on C. reinhardtii provides a suitable foundation
for synthetic tool development. The lessons learned from the development of synthetic tools in C.
reinhardtii can be applied to other commercially relevant strains for rapid domestication of wild
algae. The characterization of a synthetic toolset which can be applied to other species with minimal
wet-lab work will drastically lower the cost of algal strain development and facilitate the use of a

diverse group of algal species to specific applications.

Building a strong synthetic promoter

Initial development of functional synthetic promoters for the C. reinhardtii nuclear genome
was by all standards a success. By investigating the genomic sequence upstream of the most highly
expressed genes using an algorithm known as POWRS (POsition-sensitive WoRd Set), short
sequence motifs were identified that were conserved among those promoter regions(25,26). The
POWRS algorithm determines also the positional dependence of those motifs within the given
sequence region. Combining these motifs into a single synthetic promoter was shown to drive gene
expression of a fluorescent protein in vivo(25). These promoters were comprised of an average of
15 sequence motifs which were placed based on their conserved location in relation to the

transcriptional start site.

A major roadblock in determining promoter strength in the nuclear genome of C.
reinhardtii is that expression vectors are inserted randomly during transformation. The location in
the genome where the expression vector lands can dramatically affect the transcriptional activation
of the gene of interest(27). This is caused by regulatory elements that affect the given position in
the genome, as well as chromatin structuring which can affect access of trans-activating factors.

Therefore, in order to compare promoter strength accurately, many individual transformation events
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must be assayed for each promoter. To accommodate large sample sizes, pools comprising >5,000

transformation events for each promoter construct were analyzed by flow cytometry.

Although a functional understanding is available for many of the most highly expressed
genes in C. reinhardtii, only the genomic sequence with some characterization as well as
transcriptomic data that reveals which of these genes is highly expressed under the desired

conditions is required to generate this data set.

Second-generation synthetic promoters

Although some of these first-generation synthetic promoters were shown to be the most
effective nuclear promoters tested in C. reinhardtii(25), the accumulation of recombinant protein
still lags significantly behind other systems, including even expression in the chloroplast of C.
reinhardtii. The results from the first generation of algal synthetic promoters can be used as a
reference to help guide the assembly of stronger second-generation synthetic promoters. However,
the identification of 130 putative motifs from the top 500 most highly expressed genes combined
with the positional dependence that dramatically affects the efficacy of many motifs yields a
massive set of potential promoters with few known constrictions to guide their assembly. Because
of the relatively low number of synthetic promoters tested in the first analysis, it is difficult to
assign activity to specific motifs. One way that is addressed by Scranton et al. is by a comprehensive
deletion assay, which identified the specific CCCAT motif as being particularly active(25). This
analysis is cumbersome, and performing exhaustive promoter deletions for each of the 130 motifs
is a massive undertaking. Additionally, it is possible that the motifs were simply positioned
incorrectly, and that their lack of function can be attributed to a distance from the TSS. Some motifs

may require a specific combination of additional motifs for their function.
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Figure 6.2. (Left) Flow cytometry analysis of a pool of 5,000+ transformants of an mCherry
nuclear expression vector. Cells which fall within the gate exhibit mCherry fluorescence
above background, indicating measurable accumulation due to the introduced vector. Cells
which showed expression of mCherry were sorted by FACS. Two groups were sorted, one
group selected only cells which displayed exceptionally high levels of mCherry
fluorescence. A second group selected for cells with more moderate levels of fluorescence.
(Right) 60 individual transformants were recovered from each group and assayed by
fluorescent plate reader. The cells sorted from the high fluorescence pool show a conserved
significant increase in mCherry fluorescence.

In an effort to develop a dataset on which synthetic promoter assembly can be constricted,
a library of 1,000 unique promoters was synthesized for simultaneous analysis. In order to narrow
the total variables, the POWRS algorithm was run on the upstream sequence of 4,000 native genes
which were categorized into low, medium, and high expressing genes. The pool of 130 motifs from
which we pulled initially was restricted to only 12 motifs which were highly represented in only
highly-expressing promoters. These 12 motifs were arranged into every combination of 5 different
motifs per promoter, making it much more reasonable to assign promoter activity to a specific motif
than the initial 15 motifs per promoter. In addition, promoters containing 1-5 copies of a single
motif arranged throughout the promoter were added to the library. The promoter region was split
in half, with one half containing the 1000 unique promoter sequences, and the other half
corresponding to a truncated version of sapl1, the most successful promoter from round 1(25).

Therefore, two libraries of 1000 unique sequences were synthesized: the 5’ upstream half of the
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promoter region, hereafter referred to as “Pool 17, and the 3° downstream half of the promoter,
referred to as “Pool 2”. Together, they make up 2,000 unique promoters that can be tested

simultaneously.

If the individual promoters can be properly categorized into those that are exceptional,
those which are functional, and those which do not contribute to recombinant protein accumulation,
analysis of the motifs present in each category will provide valuable insight into future promoter
assembly. Based on preliminary data shown in Figure 2, individuals expressing a fluorescent
protein can be sorted by FACS based on their fluorescence levels, strains expressing high levels of

fluorescent protein seem to maintain their high expression levels. In order to assign a function to

Constant
Pool 1 linker

{ HygR Cassette Cons_tant Orange ﬂuqrescent ‘
region protein

160bp 2'0-' 160bp

Total promoter length: 340bp

Pool 2
L HygR Cassette JM ||| I Orange ﬂu(frescent }E}
e l Variable protein
region

Figure 6.3. Vector design for second generation promoter library. To test the individual
contribution of specific motifs to the final accumulation of a recombinant protein, synthetic
promoters were designed with an average of only 5 motifs per promoter. The promoter region
was split into a 5’ end and a 3’ end. Each half of the promoter will be investigated
independently by combining the new synthetic promoter sequences with the corresponding
region of sapll, the strongest promoter from the first round of synthetic promoter design.
Two pools, each comprised of 1000 unique synthetic promoters, were synthesized and
cloned into the above vector to drive expression of the mCerianthus orange fluorescent
protein.
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each promoter sequence, each pool was transformed simultaneously and sorted by FACS based on

their ability to express a fluorescent protein.

Pool 1 and Pool 2 were cloned into an expression vector driving production of Orange
Fluorescent Protein (OFP) (28)(Figure 3). To approximate complete representation of each
sequence of the variable region in the final vector, >10,000 E. coli colonies were pooled for each
vector into the final DNA prep. The collection of expression vectors containing Pool 1 and Pool 2
were electroporated into the nuclear genome of C. reinhardtii. For each pool, >200,000 individual
transformation events were collected after selection on hygromycin plates. The individuals were
combined into a liquid culture and grown mixotrophically, heterotrophically or phototrophically

and analyzed by flow cytometry, as shown in Figure 4.

Individual cells which showed detectable levels of OFP were sorted for further phenotyping
to verify that cell sorting effectively enriched the population for expressors of OFP. Only 1,087
individual cells were recovered from the Pool 1 library, and 1,407 were recovered from the Pool 2
library. These numbers do not provide proper coverage of the promoter libraries to comprehensively
evaluate each promoter sequence. To ensure that sorting was an effective means of isolating
phenotypically positive individuals, each of the sorted strains from Pool 1 and Pool 2 was
independently grown in liquid culture under the same three conditions and measured for
fluorescence intensity by plate reader. The fluorescence of each individual strain is shown in Figure
5, with dark boxes representing no expression, green boxes showing measurable expression above

background, and white boxes showing strong expression.

Discussion

Random insertion dramatically changes population size
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This library of synthetic promoter elements was designed to provide insight into the
contributory effect of individual sequence motifs and probe an array of positions across genomic
region upstream of the transcriptional start site. In order to establish a convincing evaluation of a
promoters strength, each copy of the promoter must be analyzed across multiple insertion sites
within the genome to account for positional effects. Therefore, the number of total events required
to verify that (1) each promoter sequence is present in the pool of transformants, and that (2)
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Figure 6.4. Pool 1 library grown under varying conditions. The expression vector containing
Pool 1 driving OFP was transformed into the nuclear genome of C. reinhardtii. The pool of
selected transformants was grown in three different conditions: mixotrophically,
heterotrophically, and phototrophically. The events which fall in the gate represent individuals
expressing OFP. Only 0.20% of cells grown mixotrophically and 0.24% of cells grown
heterotrophically were shown to accumulate OFP. 0.93% of cells grown phototrophically
displayed OFP accumulation.

multiple independent insertions of a given promoter sequence have made it into the transformant
pool, is approximately 100x the number of sequences we are trying to investigate to obtain at least
10 insertions per promoter sequence represented. However, when transforming the expression
cassette containing a functional promoter such as arl or sap11, only about 10% of the transformants
yield a detectable phenotype(25). That means that to achieve 10 detectable transformations of each
promoter sequence, closer to 1,000x the number of sequences is the necessary number of

transformation events. For a pool of 1,000 unique promoters, that means 1,000,000 events at a
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minimum need to be evaluated to achieve a cursory representation of the strength of every promoter

in the pool.

FACS is not the optimal selection strategy

Analysis of 1,000,000 transformation events is not impossible. Flow cytometry is an
effective means of measuring fluorescence levels of many individual cells, and 1,000,000
individuals is well within the scope of any flow cytometers capabilities. However, even if we could
procure a sample with 1,000,000 cells that were all unique, flow cytometer analysis of 1,000,000
transformation events does not provide the information we need to achieve an individual analysis
of each promoter. Instead, those 1,000,000 transformation events need to be effectively sorted for
their transgene expression phenotype, recovered, and analyzed so that the sequences present in each

expression profile can be determined.

While FACS can effectively sort out cells of a desired phenotype, the scale of this project
requires robust selection that is not feasible when using a fluorescent protein reporter. Cells which
are analyzed by flow cytometry provide a millisecond glimpse into the fluorescent properties of an
individual cell. Expression of recombinant proteins varies significantly through the growth cycle,
and is typically measured as a pool of individuals to average out these effects(29). Sorting of
individual cells at an arbitrary point in their growth phase leads to the sorting of transiently
expressing cells which may not actually show as strong of a phenotype in a monoculture. Indeed,
the vast majority of sorted cells for this experiment did not have a measurable phenotype upon

small scale monoculture cultivation.

To investigate the cells’ phenotype by FACS and mechanically separate desired cells, the

transformant pool must first be culled by antibiotic selection and grown in liquid cultures. Due to
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the rarity of transformation, antibiotic selection kills about 99.99% of the starting culture(30).
Removing the dead cells to simplify flow cytometry analysis is imperfect and requires outgrowth
of the transformation pool, potentially removing slow-growing transformants from downstream
analysis. However, this selection by antibiotic may be the optimal target for future analysis of the

synthetic promoter library.

An alternative strategy for synthetic promoter library analysis

The major requirement to determine the contribution of given motifs to the ultimate
phenotype of transgene expression relies on our ability to effectively categorize expression levels
of a huge number of transformants. FACS was not able to robustly catalog hundreds of thousands
of unique transformants into reliable phenotypic categories. However, a step in the preparation of
our transformant pool for FACS analysis rapidly selected phenotypes with robust categorization for
high and no expression: antibiotic resistance. Expression of an antibiotic resistance gene like Ble
confers resistance to antibiotic concentrations correlated to its gene expression. Higher Ble gene
expression leads to resistance to higher concentrations of zeocin. This is because Ble provides
resistance by individually binding and sequestering the antibiotic as opposed to actively degrading
the compound(24). A proper follow-up to this report should clone the synthetic promoter library to
drive the Ble gene and use varying levels of zeocin to categorize cells based on their expression
levels.

Future avenues for algal synthetic biology
Conditional and Inducible Regulatory Elements in C. reinhardtii nuclear genome

Precise control of gene expression through conditional regulatory elements is required for
optimization of recombinant protein production. Triggering gene expression at the correct growth

phase can decouple the biological requirement of nutrient utilization and cellular reproduction with
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maximum output of a recombinant protein of interest. In many cases, expression of the desired
protein may be toxic to cells at a particular life stage, and an inducible expression system is required
to achieve appreciable levels of recombinant protein without crashing the culture. Multiple
inducible promoters have been indentified in C. reinhardtii which promote protein accumulation
under specific conditions. Heat shock, nickel or nitrate introduction, and iron-deficiency have all
been used as abiotic signals to induce gene expression from inducible promoters. (31-35).
Development of these systems required a much more detailed understanding of C. reinhardtii than
will be afforded with other potential production species. However, there is a major abiotic factor
which is easy to regulate in closed systems and may provide valuable insight into the development

of conditionally active promoters across algal species: light.

For photosynthetic organisms, light and dark cycles act as major drivers of metabolism and
gene expression pattern variation. During day time, green algae can utilize photosynthesis to drive
the production of sugars that are then used for energy in a myriad of metabolic processes including
the production of starches and sugars. During the night the cells must utilize stored energy in the
form of sugars, starches, or lipids to continue metabolic activity. The switching from phototrophic
to heterotropic metabolism requires large sets of genes to be switched on or off. In Chlamydomonas
~80% of the genome displays detectable periodic gene expression changes throughout a 24 hour
day/night cycle (36). Unique regulatory motifs may be used to regulate these light-induced or dark-
induced genes in response to light intensity. If identified, these motifs can then be utilized to drive
transgene expression specifically in response to light or dark conditions. This report shows the
expression of OFP driven by synthetic promoters under three separate conditions which have
dramatically different metabolisms (Figure 5). However, across dozens of highly expressing
strains, we rarely see a dramatic on/off phenotype. This is likely due to the fact that our library was
constructed by looking at the most highly expressed genes under a single condition. Instead of

categorizing motifs which were differentially conserved in light and dark regulated genes, the
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Figure 6.5. Heatmaps of sorted individuals driving OFP with synthetic promoters. These
figures show the OFP flurorescence of 1,087 (Pool 1) and 1,407 (Pool 2) individuals sorted
from the pool of C. reinhardtii transformants. Each sorted individual was grown in liquid
culture under three conditions and analyzed by plate reader. The fluorescence of each culture
is represented by color on the heatmap. Black cells did not show fluorescence above the wild-
type background strain.
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promoters contain motifs which were conserved in all highly expressed genes.

Using high resolution RNA-seq data taken from Chlamydmonas reinhardtii on a 12 hour
light — 12 hour dark cycle (36)we identified genes that were differentially expressed by at least two
fold between the middle of the light-period (day) and the middle of the dark-period (night) while
displaying moderate to high expression levels overall during their upregulated time period.
Specifically, we averaged the Reads Per Kilobase of transcript per Million mapped reads (RPKM)
for each transcript during the middle 4 hours of the 12-hour light period and the middle 4 hours of
the 12-hour dark period. Genes with at least a 2-fold increase in averaged read count during the
light phase compared to the dark phase and an average RPKM of more than 100 were determined
to be light-upregulated strong expressers. Similarly, genes with at least a 2-fold increase in average
read count during the dark phase compared to the light and an average RPKM of more than 100
were determined to be dark-upregulated strong expressers. Collectively this represented 255 light-
upregulated genes and 248 dark-upregulated genes. The 1000 bp region 5’ from the transcriptional
start site of these genes was retrieved (Phytozome 12, Chlamydomonas reinhardtii genome v5.5)
and analyzed using the POWRS motif identification program (26). All default settings on POWRS
were used and -1000 bp regions from all 17737 annotated genes in the whole genome used as the
background control data set. POWRS identified 31 and 32 enriched motif clusters in the light-
upregulated and dark-upregulated promoter datasets, respectively compared to promoters in the
rest of the genome. Motifs enriched in the light-upregulated or dark-upregulated data sets were
compared each other using the Tomtom motif comparison tool (37). Figure 6 identifies motifs
unique to either the light up-regulated (A) or dark-upregulated (B) data sets. Many of the
light/dark-regulated motifs are different from the motifs identified from simply looking at the
highest expressed genes during logarithmic growth in the previous example. This analysis is
particularly powerful because a genomic construction and light/dark transcriptomes are useful for

a wide variety of species characterization analyses. Because procurement of the required dataset
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for this analysis has benefits outside of promoter development, the time and money required is
justifiable. The motif clusters identified here may be valuable building blocks for the future

assembly of light-dependent conditional synthetic promoters in C. reinhardtii.

Toward synthetic circuits in C. reinhardtii

A major difficulty in development of advanced regulatory machinery in Chlamydomonas
reinhardtii and algal species in general are the large gaps in native regulatory element
characterization. However, a wealth of knowledge is available across the kingdom Plantae which
serve as a guide to understanding the complex transcriptional regulation found in C. reinhardtii.
One of the best-understood aspects of any regulatory system is that by encouraging an activating
transcription factor to bind in a regulatory region associated with a transgene, one can increase
transcript abundance and subsequent protein accumulation. Systems have been derived in S.
cerevisiae and E. coli which take advantage of known DNA-binding proteins to engineer complex

circuits of protein expression for a wide variety of purposes(38—40).

Transcription factor families are easily identifiable in silico and homology analysis to
better-understood systems can provide a groundwork for understanding in C. reinhardtii. The Plant
Transcription Factor Database (PTFDB) (http:/planttfdb.cbi.pku.edu.cn/) has identified each
family of transcription factor found in C. reinhardtii based on sequence homology to other plants.
The PTFDB has also compiled data from across the literature to provide putative binding sites for
those families of transcription factors. Transcription factor (TF) binding sites have been studied
across plants through one of the following processes: ampDAP, ChIP/ChIP-seq, DAP, PBM, or
SELEX. TF binding sites found in the literature that are associated with a given TF family are

projected to other species to help characterize binding in a virgin system. The sequence motifs
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Figure 6.6. Motif clusters enriched in light (left) and dark (right) regulated genes. 255 light-
upregulated genes and 248 dark-upregulated genes as determined by transcriptomic data were
analyzed with the POWRS algorithm to find motif sequences which were differentially conserved
among light-sensitive genes. Motifs detected from the light and dark regulated genes were
compared by TOMTOM and only the motifs which were unique to the light (left) or dark (right)
regulated genes are shown.
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attributed to TF families found in C. reinhardtii are provided as position-weight matrices in Figure
7. These serve as a promising set of sequences for synthetic promoter engineering. By integrating
these sequences into a novel synthetic promoter, we can project the regulation of the transgene onto
one or many specific transcription factors. We know that certain transcription factors have variable
function based on external stimuli (41), and as such these sequences are clear candidates for

inducible promoter engineering.

In an effort to better characterize the in vivo TF/sequence cognate pairs for C. reinhardtii,
90 predicted transcription factors were cloned from C. reinhardtii cDNA into a constitutive nuclear
expression construct (42). Upon characterization of their binding in a Y1H assay, a bHLH-family
transcription factor (Cre02.9g109700.t1.2, will be referred to as TF64) was selected for further
analysis. Three strains were designed to determine if constitutive expression of a transgenic
transcription factor can increase recombinant protein abundance in C. reinhardtii. We generated a
strain which expressed high levels of TF64, one which expressed low levels of TF64, and a control
strain which used the same construct to express GFP, a non-DNA binding protein. These three
strains in addition to an untransformed wild-type strain were transformed with an expression
cassette which drives OFP expression, which is easily detected by a fluorescent plate reader. To
determine the effect of TF64 binding, the promoter associated with the OFP gene must contain
binding site(s) associated with the bHLH transcription factor family (CANNTG). Conveniently,
the AR1 promoter that is well-established in the field has three putative bHLH binding sites. The
AR1 promoter was used to drive the expression of OFP in the TF64 expression strains, shown in
Figure 8. These data indicate that presence of putative TF-binding site motifs in an expression
construct when combined with their associated transcription factors can help drive recombinant

protein accumulation.
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Figure 6.7 Predicted binding sites for Chlamydomonas reinhardtii transcription factor
families as deduced by the Plant Transcription Factor Database. Letter height indicates

relative frequency of nucleotides in the proposed binding sequence.
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The generation of more in vivo cognate TF/site pairs based on the putative TF binding sites
shown in Figure 7 will facilitate the development of more advanced promoters with the added

functionality of orthogonal regulation.

These data present a bright future for synthetic elements in algal hosts. Initial success for
strong promoter development has encouraged a more thorough analysis of the individual activity
of the identified sequence motifs. Successful characterization of these elements will undoubtedly
yield stronger second-generation promoters. In addition, we have shown by the same analysis used

to generate the first round of synthetic promoters that there are conserved motifs which are unique
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Figure 6.8. Change in exogenous gene expression when native transcription factors are over-
expressed. Four strains shown above were created to have unique expression levels of an
endogenous transcription factor TF64 driven by a constitutive promoter. Cc1010 is the background
strain and only has natie levels of TF64. cc1010 was transformed with an expression vector for
TF64 and one which expressed high levels of TF64 and one with low levels of TF64 were selected.
In addition, cc1010 was transformed with the same expression vector except expressing the GFP
protein which should not affect gene regulation (Non-TF expressed). Each of these strains was
transformed with a separate expression vector driving OFP expression by the arl promoter. The arl
promoter is predicted to have multiple binding sites for TF64. Shown above is the result of 96
individual transformants analyzed for OFP expression by a fluorescent plate reader.
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to light and dark-regulated genes. These motifs may lead to the development of light or dark-
inducible synthetic promoters. Finally, characterization of native transcription factors in C.
reinhardtii has opened the door for gene circuit development and deliberate recruitment of trans-
activating factors to promote exogenous gene expression. These strategies for the assembly of
synthetic promoters may be the key to increasing the accumulation of recombinant protein from the

nuclear genome to industrially relevant level.
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Intron homology sequence

In the green alga Chlamydomonas reinhardtii, introduced DNA ly insert ly into the
nuclear genome by h 1 b

p
g ination (NHR), often resulting in highly variable phenotypes be-
tween transformants. Homologous recombination (HR) can occur in C. reinhardtii but at very low frequency, and
is often accompanied by insertions, del and/or rear at the rec site. To benchmark
the frequency and characterize the nature of HR integrations in C. reinhardtii, we developed a system for de-
tecting and characterizing HR events that includes three intact markers and one split marker as well a novel
design element: utilizing a long intron as the homology region. In this study we demonstrate that this system
meets the following criteria: ac d high-throughput screening; p a high-fidelity phenotype for
detecting HR without false positives from reversion or locus heterogeneity; allows and captures both single- and
double-crossover HR events; reports HR and NHR rates from a single transformation; and allows characterization
of imprecise bi or rear at the integration site. Using this system we reproducibly de-
termined the HR rate in our recipient strain of C. reinhardtii and characterized a number of recombinants by
restriction digests and of PCR lified r bination junctions to show that both double and single
crossover events were recovered and that integration occurred both via perfect and imperfect (i.e. accompanied
by insertions, deletions, and rearrangements) HR. This system is for lly testing approach
for increasing HR efficiency and accuracy.

1. Introduction characterize features of discrete recombination events. The properties
of our approach are discussed in comparison to existing approaches.
Integration of linear DNA fragments into the nuclear genome of C.
reinhardtii can occur via homologous recombination with very low
frequency and is typically accompanied by insertions and/or deletions
at the recombination site (referred to from hereon as imperfect HR)
[1-4]. With the intent of developing methods for improving the effi-

2. Results

2.1. System design

ciency and accuracy of HR in C. reinhardtii, we desired a standardized,
robust, and high-throughput HR screening approach that addresses
shortcomings of existing approaches. In the following, we describe its
design and demonstrate its robust ability to measure consistent
HR:NHR frequencies across independent transformations, and to

We developed a two-step recombination detection system that al-
lows HR and NHR frequency to be measured from the same transfor-
mation. First, a recipient strain was created using the pHR18 plasmid.
From the 5" to 3’ end, the functional part of pHR18 consists of a com-
plete ARS2 cassette (periplasmic arylsul ) [5], ac lete ARG7

P

: HR, h 1 bination; NHR, h 1 bi
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pHR18: recipient strain creation vector Fig. 1. Sch of vectors the HR
| 3268 bp | 3479 bp ] 1816 bp |489+2400p  system. a) pHR18 is the vector used to create the recipient
2 s NS - - oy strains, and integrates at random into the nuclear genome. b)
E"""‘ bl HEITL] I ol 55 LAl ’% I Sl o ezt PHR23 is the complementing vector designed to recombine at

the pHR18 locus within the nuclear genome to confer hy-

| 4,368 bp |

|312+4510bp|

pHR23: complementing vector

cassette (expressing the CDS of argininosuccinate lyase from native
promoter and 3’UTR) [6], and a 1 6 kb |ntron (see M&M) followed by
the 3’ half of a Hygromycin B phosph

(last 489 bp of Hyg CDS followed by 240 bp of RBCS2 3'UTR) (Fig. 1a).
The ARS2 cassette encodes the arylsulfatase reporter under the control
of a constitutive promoter and serves as a semi-quantitative reporter for
gene expression [5]. The ARG7 cassette in pHR18 enables recovery of
transformants of arginine auxotrophic strains [6]. The 1.6 kb intron was
introduced to increase the length of homology between two non-func-
tional halves of the hygromycin resistance gene (the 5’ half being lo-
cated in pHR23; see below). Additionally, including an intron into a
broken marker system enables capturing and characterization of re-
combination events that include insertions and deletions.

To screen for integration via HR, the recipient strain is transformed
with pHR23. From the 5 to 3’ end, pHR23 consists of a region identical
to 4.3kb of the 5’ end of the pHR18 vector, a complete paromomycin
resistance cassette, and the 5 half of the hygromycin resistance cassette
(B-tub promoter followed by first 510 bp of Hyg CDS) followed by the
intron which is also in pHR18 (Fig. 1b). Homologous recombination
between the intron sequences reconstitutes a complete (intron-con-
taining) hygromycin resistance cassette (Fig. 2a). By plating an aliquot

gromycin resistance. Diagonal lines indicate regions of
homology suitable for recombination. The arrow below
pHR23 indicates the EcoRV site, where the plasmid was lin-
earized prior to electroporation. Sizes of individual elements
is provided above and below each construct, respectively.

of the pHR23 transformation on paromomycin we can estimate total
number of pHR23 transformants. Comparison between the number of
colonies obtained on hygromycin to those obtained on paromomycin
allows calculation of an HR:NHR ratio from a single transformation. By
including a region identical to the 4.3kb at the 5 end of the pHR18
vector, both single and double recombination events can occur and be
captured (Fig. 2). By extending this region of homology into the ARG7
cassette, recombination within this region disrupts the ARG7 cassette
found in pHR18 (see below). Thus, the system is designed such that four
types of integration events can be detected: 1) random integration of
pHR23 results in a strain that is resistant to paramomycin (PAR"),
expresses ARS2 (ARS2™"), is arginine prototroph (ARG *) but is sensitive
to hygromycin (HYG ~); 2) HR mediated integration via double cross-
over (wherein recombination occurs in both regions of homology) re-
sults in a strain that is ARS2*, ARG, PAR" and HYG " (Fig. 2a); 3) a
single crossover within the intron after which the recombination branch
migrates to the 5’ end of the pHR23 template and then recombines
(non-homologously) results in a strain that is ARS2*, ARG", PAR" and
HYG™" (Fig. 2b); and 4) a single crossover within the 4.3 kb 5 homology
region after which the recombination branch migrates to the 3’ end of
the pHR23 template and then recombines (non-homologously) results

pHR18 L.;‘:;’fm ARS2CDS i fon | AreTpomsUTR | ARGTCDS i A ] artificialintron [ #3808 -
: : ARS Partial P in B-tub’ S
PHR23 [, ARS2CDS e e e |otons|  aticilion |
wsPr0  © ARS Partial Paromomycin B-tub prom ¥ yoR COS -
L"“ME gsacs JUR I ARGT prom resistance cassette Iﬁﬂvﬂms] CLEo b |..'§s,.,,.
b
pHR18 Ty ARS2 CDS | [ avorpomsurr | amercos Tk | atmcaioon  [ess
HSPTO/ Paromomycin B-tub prom
pHR23 L““ prom & ARS2CDS l ARG7 prom resistance cassette I 5 HygRCDS axtifcial intron ]
HSPTO/ : ARS Partial Paromomycin B-tub prom 3 HygR COS -
ARS2 cassette ARG cassette },‘am: ARS2 CDS i JUTR I ARGT prom I resistance cassette |5W°°sl artificial intron AMCSE 3 UTR
pHR18 [T ARS2 CDS | i | morpomsurr | aroreps DGR | anicaion  [ReE
HSPTO/  : ARS Partial Paromomycin B-ub prom g
pHR23 Lﬁcz prom ARS2CDS JUTR | ARGTpom resistance cassette l 5'HygR CDS | Srecclel o |
Partial Paromomycin B-tub prom 3 HygR €08 -
I ARS2 cassette I ARGT prom resiiace Ca ]5W°95| Unclosed Hyg intron ;ARO"CM I artificial intron R9CS2 TUTR
Fig. 2. Predicted for achieving hyg i i a) ic of the expected recombination site after a perfect double recombination event. b) Schematic of

the expected recombination site after a single homologous recombination (crossover) within the 3" homology region (artificial intron). The jagged border between the ARG7 cassette and
the 5" homology indicates that this junction is formed non-homologously after branch migration reached the end of the pHR23 template. Bacterial plasmid backbone sequence (not
d) may also be i d at this site. ¢) Sch ic of the expected recombination site after a single h: within the 5’ h logy region of pHR18. Again,
the jagged border indicates a region of junction. The sch are g ly drawn to scale (1 kb = 1.8 cm). Due to space constraints the ARS and ARG7 cassettes are
not this scale in the outcome schematic in b) and c). “Closed” vs “Unclosed Hyg intron” relates to whether the intron contains its closing splice site. Prior to transformation, pHR23 is
linearized within the Hyg intron 265 bp upstream of the closing splice site resulting in an “unclosed intron™. In pHR18, the intron is complete and contains the closing splice site.
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in a strain that is ARS2™, ARG ™, PAR* and HYG™ (Fig. 2c). For the last
instance, the site of linearization within pHR23 is critical (see arrow in
Fig. 1b). By linearizing upstream of — and thus removing — the closing
splice site in the intron in pHR23, the sequence between the 5 and 3*
halves of the hygromycin resistance gene can be recognized as a single
intron and be spliced out to yield a functional hygromycin gene. The
last instance yields a reconstituted hygromycin resistance cassette with
an extended intronic sequence.

2.2. Validation of experimental design

A 1.6kb intron containing canonical splice sites (see M&M) was
inserted into the hygromycin resistance gene in a putative splice site
(AG:GT) [7] located at nucleotide 510 (total CDS size: 999 bp). The
complete intron-containing hygromycin cassette was able to confer
hygromycin resistance, indicating proper intron recognition and spli-
cing (data not shown). pHR18 and pHR23 were each transformed se-
parately into wild type C. reinhardtii. No hygromycin-resistant colonies
were obtained with either vector, confirming that each half of the hy-
gromycin cassette is non-functional on their own (data not shown).
Lastly, we co-transformed a wild-type strain CC-1690 with both pHR18
and pHR23. Previously, the arg7-8 mutant strain was rescued by
transforming with two overlapping plasmids each containing the re-
spective halves of ARG7 [3]. Here, we analyzed 312 colonies obtained
on paramomycin plates from a pHR18/pHR23 co-transformation by
patching onto hygromycin plates. One of the colonies grew on hygro-
myecin. Characterization of the PCR-amplified junction by sequencing
showed that the transformant was hygromycin resistant as a result of
recombination within the intron homelogy region. A significant portion
of the intron had been deleted (945bp of the 1616 bp intron were
missing). This result confirmed that the two fragments can be used to
capture HR recombination events and that the intron-containing hy-
gromycin resistance cassette constitutes a flexible broken marker sui-
table for also capturing and characterizing imperfect HR events.

2.3. Creation of recipient strain

To create a stable recipient strain, we transformed an arginine
auxotrophic strain with pHR18 and selected on TAP plates w/o arginine
[8]. Screening by PCR and arylsulfatase activity identified three co-
lonies with intact insertion of pHR18 (B12, C6 and F5) (Fig. 3). Strain
B12 was used for all subsequent experiments. Using this strain, a high-
throughput strategy was developed such that thousands of transfor-
mants could be screened at once (Fig. 4).

2.4. Measuring HR frequency

The HR frequency (HRyy,) is expressed as the ratio of integrations
via HR to total theoretical number of transformants (tot #transfor-
mants). As pHR23 contains an intact paromomycin cassette, tot
#transformants were estimated by plating an aliquot on paromomycin.
Transformation recovery suspensions were pooled (total vol) and an

a pHR1B
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aliquot (paro vol) was plated on paromomycin while the remaining
suspension (total vol — paro vol) was plated on hygromycin. Colonies on
paromomycin (paro col) and hygromycin (hygro col) were counted and
HRy;eq calculated (Fig. 4):

#paro col

x (total vol — paro vol) = tot #transformants
paro vol

#hygro col

————————— = HRfre
tot #transformants freq

In four independent experiments, we transformed the B12 strain
with pHR23. Across all four experiments, the HR frequency in B12
appears relatively stable at 5.7 + 1.5 x 10~° (Table 1). > 95% of all
colonies survived patching onto a 33% higher concentration of hygro-
mycin (20pg/ml instead of 15ug/ml) indicating a low rate of false
positives in the initial screen.

2.5. Characterization of perfect and imperfect recombination events within
intron region

44 of the hygromycin resistant colonies were selected for further
analysis. The recombination junction within the 1.6kb intron was
amplified by PCR using flanking primers (Fig. 5a), and the resulting
fragment (1.8 kb) was blunt-end cloned into a CloneJet plasmid. In 16
of the 44 plasmids, restriction analyses with flanking restriction sites
yielded two fragments (1.8 and 2.9kb) (Fig. 5d). These fragments
correspond to the CloneJet backbone and an inserted fragment of
1.8kb. As indicated in Figs. 2a and 5a + b, this pattern indicates that
integration of pHR23 into the recipient strain likely proceeded via
error-free HR with crossover in at least the intron homolgy region re-
sembling Fig. 2a and 2b. Sanger sequencing of the junction subse-
quently verified the integrity of the recombination in these transfor-
mants, In the remainder of transformants that were analyzed, we
observed insertions, deletions, and concatemerizations within the re-
combination site (e.g. Fig. 5d and described in detail in Table $1). In at
least three transformants, a portion of the intron was deleted (e.g. se-
quence R3-14 in Supplementary data). At least one other recombinant
(sequence R3-07 in Supplementary data) fit the model from Fig. 2¢, in
which the junction between the intron and the ARG7 cassette experi-
enced loss of sequence on both sides prior to non-homologous end
joining. In combination, these results demonstrate the flexibility pro-
vided by including a long intron into a broken marker system. Because
the repair errors occurred within the intron, they were presumably
spliced out during mRNA processing and thereby did not impair the
functionality of the hygromycin resistance gene.

2.6. Characterization of HR within 5’ end of pHR18

To characterize recombination within the 5* homology region, we
exploited that recombination within that region could abolish func-
tionality of the ARG?Y cassette without affecting hygromycin resistance.
This homology region was, however, too long to span effectively with
PCR for sequencing (> 4 kb). Instead, 28 of the 44 transformants were

- Fig. 3. Criteria for selecting recipient strains. a)

ARS

weF0 5
i JUR

o | ARS2CDS ARGTCOS Ek J

ARGT prom/5UTR

Arrows indicate the location of primers annealing to

artificial intron pHR18, used to screen candidate algal colonies for

3 HpgR COS -
mBcSz 3 UTR

cé

potential full integration of the vector. b) PCR ver-
ification that the 3’ partial hygromycin resistance gene
in the pHR18 vector integrated into the genome in
three candidate recipient strains that were arginine-
auxotrophic, using the primers indicated in (a).
Parental strain CC-1820 does not contain the cassette.
€) Arylsulfatase assays on the candidate recipient
strains, indicating that all three strains constitutively
express the ARS2 gene, unlike CC-1820.

F5 CC-1820

106



H.H. Nour-Eldin et al.

Transform 5 cuvettes (8.4 x 107 cells per cuvette)

with complementing vector, pHR23

Recover overnight and resuspend in 3 ml TAP

@

HR recipient strain

Plate 20 pl on paromomycin

@

Split remaining on five hygromycin + arginine plates

4

16
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Fig. 4. Schematic of the experimental protocol for high-

ghput identification of homol i Each
experiment involved 25 electroporations, handled in pools of
five. Each recovery flask of five pooled transformations was
resuspended in 3 ml of TAP media, and 20 pl was plated onto
paromomycin, to measure the total transformation efficiency.
The rest was split evenly onto five hygromycin plus arginine
plates to select for homologous recombinants in which the
truncated hygromycin resistance cassette was repaired by
homologous recombination. Colony counts for each experi-
ment reflect sums from five paromomycin plates and 25 hy-
gromycin plus arginine plates.

T
x5

Per experiment: 5 paromomycin and 25 hygromycin plus arginine plates analyzed

Table 1
Reproducibility of basal HR efficiency measurement.

Experiment  Colonies Total Colonies HR frequency”
number obtained on theoretical obtained on
paromomycin  number of hygromycin
transformants
1 1659 247,191 21 85+ 36x107°
2 1929 287,421 16 56 * 27 x107°
3 2640 393,360 16 41 *20x107°
4 457 68,093 4 59 + 58x10°°
29 basal homol inati instrain 5.7 + 1.5x10°°
B12

* Errors represent normal approximation of binomial 95% confidence intervals.

b 2k Nt 45kb
E | B‘Ed’l Partial ¥ ARGT
Hyg intron cassette.
-

ctrl

I i) [m Backbone: 2.9 kb
<=

tested for arginine auxotrophy. 16 of these clones had mostly or entirely
lost the ability to grow without supplemented arginine (Fig. Se and f),
indicating that in about half of the recombinants, the ARG7 gene within
the recipient cassette was disrupted. This does not necessarily indicate
that homologous recombination occurred within the 5 homology re-
gion, as the ARG7 cassette could have been partially deleted during
non-homologous end-joining following a single crossover in the intron
(as in Fig. 2b).

3. Discussion

A number of methods for measuring the frequency of homologous
recombination have been developed in C. reinhardtii. For example, a
p5’A truncated NIT1 construct was used to restore nitrate prototrophy
Fig. 5. Ch ization of individual
events. a) Anticipated hygromycin cassette resulting
from a double ibi event, h ! di d
repair, or single recombination within the intron.
Arrows below the graphics indicate primers used to
amplify the Jjunction b) Antici| d cas-
sette resulting from a single recombination event within
the 5' homology region (of pHR18) followed by non-
homologous end joining. The vertical arrow indicates a
Notl site near the 3’ end of the ARG7 cassette. c)

plified ination j inserted into the
CloneJet backbone, Notl and Xbal sites in the vector on
either side of the insert. d) Restriction digest of 44
CloneJet plasmids i lified binati
j i A ibiti precise re-
combination within the intron (as depicted in 5a) would
have 2.9kb (backbone) and 1.8kb (amplified intron)
fragments, indicated by black and red arrowheads. A
transformant resembling 5b would have 4.5kb, 2.9 kb,
and 2kb dditional or
of different sizes indicate concatemerizations, re-
arrangements, or partial deletions. e) Growth of 28 in-

Insert

on TAP media with arginine added, and f) without supplemented arginine. The last strain is a wild type arginine prototrophic control

(ctrl). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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to the nit1-305 strain when grown on nitrate as sole nitrogen source
[2,9], a “HR disruption cassette” was used to replace the NIT8 gene
with a selection marker to generate chlorate insensitive strains [1] and
arginine prototrophy has been restored in arg7-8 mutants as a selection
for complementation by recombination [3,9,10]. Integration via HR in
each of these approaches yields phenotypes that can be scored visually.
However, they suffer from various shortcomings. Collectively, the re-
storation of prototrophy approaches does not measure HR and NHR
from the same experiment [2,4,9,10]. In comparison, the approach
wherein NIT8 is replaced does measure HR to NHR frequency directly
from the same transformation event, but due to the mutagenic effect of
chlorate and the ability to obtain NIT~ strains by mutating any of the
numerous genes involved in nitrate utilization, the rate of false posi-
tives was high [1]. To avoid the ambiguity associated with targeting
endogenous genes, Zorin et al. developed a fully exogenous system
using a truncated paromomycin resistance gene [4]. However, their
system did not report HR and NHR frequency from the same transfor-
mation, had a short length of homology, did not allow double cross over
events to occur and was not compatible with insertions, deletions, or
rearrangements that affected the 5 end of their construct [4,11]. In this
study, we have designed a split broken marker system that addresses
these shortcomings. In designing the system, we included a long intron
into the split marker system to provide flexibility at the recombination
site so that unpredictable inaccurate recombination outcomes could be
captured and easily examined in detail; ensure that each half of the
reconstituted selectable marker is non-functional to avoid false-positive
complications while at the same time providing a long region of
homology between the two halves of the split marker to ensure suffi-
cient overlap for HR to occur. In addition, we combined the intron-
containing split marker system with 3 other markers to allow the total
number of integration vs homologous recombination events to be es-
timated from the same transformation and to allow for double cross-
overs to occur and easily scored.

In approximately one third of the recombinants analyzed, the re-
combination site within the hygromycin resistance cassette appeared
exactly as predicted from a perfect crossover or homology-directed
repair within the intron-homology region, i.e. with no associated in-
sertions or deletions. In the remaining events, insertions and deletions
in the homology region were observed. This confirms the flexibility
provided by using an intron as the homology sequence. The length
appears sufficient to allow perfect HR to occur while errors therein still
allow recovery of hygromycin-resistant transformants (Fig. 2c). Based
on these numbers, we estimate that the frequency of perfect HR in the
B12 strain (i.e. wherein an exact replacement of one DNA segment for
another occurs) is lower than estimated based solely on colony counting
(~2x10°% ie ~1/3 of 5.7 x 10™°). In either case, the HR fre-
quencies presented here fall within the range of previous estimates for
plant HR frequencies, reported at around 10~ to 10~ ® [2,9]. Thus, as
evidenced by capturing many recombination events that included both
perfect and imperfect recombination within the homology regions, and
by obtaining consistent HR frequencies across several independent ex-
periments, we believe that the B12 strain combined with the pHR23
plasmid and the protocol presented (Fig. 4), provides a robust system
suitable for benchmarking an HR frequency and for subsequently
measuring the effect of approaches aimed at increasing HR accuracy
and efficiency.

Comparison of integration of complementing constructs at the NIT1
vs ARG7 loci, respectively suggested that HR varies depending on
genome location [9]. Thus, the HR frequency measured in the B12
strain may be overestimated if the pHR18 recipient construct has been
inserted in a region particularly favorable for HR or alternatively at
multiple locations in the genome. Care should therefore be taken not to
deduce from our results an estimate of the overall HR frequency at any
given site in the C. reinhardtii nuclear genome. The main novel attribute
of the split marker HR detection system developed in this study — the
introduction of a long intron — ensured that the length of homology
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lays within estimated thresholds for HR to occur more efficiently [9]
and ensured phenotypic flexibility at the homology region within the
split marker. This feature can be applied to HR detection systems in a
wide range of algal species, and even to organisms beyond algae.

4. Materials and methods
4.1. Vector design and construction

All plasmids were designed in silico using Geneious sequence ana-
lysis software (Auckland, New Zealand) and constructed seamlessly
with USER cloning as described previously [12], into the USER cloning-
compatible vector Herl (pBluescript into which the USER cloning cas-
sette (GCTGAGGGTTTAATATTAAGACCTCAGC) has been inserted as
previously described [13]). Fragments were amplified from existing
plasmids using a modified Phusion polymerase X7 [15], in 5x Phusion
GC buffer (New England Biolabs) with 2 M betaine (Sigma-Aldrich) to
accommodate high GC content. The 1.6 kb intron containing canonical
constitutive splice sites was obtained from a list of long, native C. re-
inhardtii introns (Mark Rogers Colorado State University, personal
communication; genomic locus Cre03.¢g190281), cloned from genomic
DNA, and inserted into the hygromycin resistance gene at the location
described. Plasmid DNA from candidate colonies was sequenced in full.
Plasmids pHR18 and pHR23 are available through the Chlamydomonas
Resource Center (www.chlamycollection.org).

4.2. Algal strains and growth conditions

All strains used in this work (CC-1820 and CC-1690) were obtained
from the Chlamydomonas Resource Center, www.chlamycollection.org
(St. Paul, MN). The recipient strain, B12, described in this work is also
available at the Chlamydomonas Resource Center. All strains were
grown in standard TAP media supplemented with 100 pg/ml sterile-
filtered r-arginine (Sigma-Aldrich) prior to transformation. Liquid cul-
tures were grown in constant light with shaking.

4.3. Algal transformation by electroporation, replicates, and statistical
analysis

Chlamydomonas recipient strain B12 cultures were grown in TAP to
a density of 3-5 x 10° cells/ml prior to electroporation. They were then
pelleted by centrifugation at 2000 rpm for 10 min and resuspended at
3 x 10%cells/ml in Chlamydomonas transformation reagent (Life
Technologies, Carlsbad, CA). For each independent replicate, 25 cuv-
ettes were transformed in sets of five as follows: 1400 pl of resuspended
cells were incubated with 5 ug of linearized DNA at room temperature
for 5min and transferred into five 4 mm electroporation cuvettes. The
cuvettes were incubated on ice for 5min prior to electroporation in a
BioRad Gene Pulser with the following settings: 500V, 50 uF capaci-
tance, 800 Q resistance. After electroporation, cells were recovered at
room temperature for 5min, then all five cuvettes were pooled into a
50ml flask of TAP supplemented with 100ug/ml of i-arginine and
40 mM sucrose. The cultures recovered for 12-16 h in constant light on
a shaker. Cells were then pelleted by centrifugation (2000 rpm for
10 min) and resuspended in 3ml TAP. From this resuspension, 20 pl
was mixed with 500 pl of TAP and spread onto agar plates containing
TAP medium with 20 ug/ml paromomycin to obtain a measure of the
overall transformation efficiency. The remaining resuspended cells
were divided evenly among five TAP plates containing 15 pg/ml hy-
gromycin and 100 pg/ml arginine, to test for homologous recombinants
at the desired locus. Colonies were typically visible on paromomycin
within 4-5 days of plating and visible on hygromycin within 5-6 days,
and all colonies were counted within 10 days of plating. Binomial 95%
confidence intervals were calculated for each experiment using the
normal approximation method, and the overall HR frequency was cal-
culated with binomial 95% confidence intervals from all data taken in
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aggregate.
4.4. Arylsulfatase assays

Colonies that were PCR-positive for the 3 end of the recipient
cassette using primers HR27 (AACAGGTGTTCCCGGAGCTGCTGCGC)
and HR28 (GGTCTTAATCGCTTCAAATACGCCCAGCC) were screened
for arylsulfatase activity. Colonies were inoculated into deep-well plates
(Axygen Scientific) containing 0.5ml TAP. Cultures were grown for
34 days to saturation and centrifuged for 5min at 2000 rpm to pellet
the cells. 100 pl of supernatant (media only, no cells) was transferred to
a flat-bottom clear plate (Corning). To each well, 25 pl of N-SO, reac-
tion buffer (2M glycine-NaOH, pH9, 50mM imidazole, 4mM a-
naphthyl sulfate (Sigma-Aldrich)) was added, then incubated at 37 °C
for 1h. 125 pl stopping buffer (0.2 M sodium acetate, pH 4.8, 4% SDS)
was added, followed by 25pl of 10 mg/ml Fast Blue B Salt (Sigma-
Aldrich). The color was allowed to develop for 1 min and read using an
Infinite 200 Pro platereader (Tecan) for absorbance at 540 nm.

4.5. Sequencing and restriction analysis of recombination sites

Transformants were grown in 5ml TAP cultures to saturation, fol-
lowed by genomic DNA extraction as previously described [14].
Genomic DNA was used as template for PCR spanning the intron with
primers HH235 (CTACCTGGTCATGTCGCGGATGAC) and LS330 (CAG
GAGGGTGTCCACGTCAG), using Phusion GC buffer and 2 M betaine to
enhance amplification. PCR-amplified fragments were gel-purified and
cloned into pJet2.1 (CloneJET Kit, Thermo Scientific), sequenced via
Sanger sequencing, and aligned using Geneious software. The CloneJET
plasmids containing the PCR-amplified recombination junctions were
analyzed by restriction digest using Notl-HF and Xbal (New England
Biolabs). The CloneJET backbone contains one of each of these sites,
one on each side of the PCR insert. The ARG7 cassette contains a Notl
site near the 3" end, but these enzymes are otherwise absent from both
pHR18 and pHR23.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.algal.2018.02.005.
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The chapters in this dissertation provide a valuable foundation to the advancement of algae
as an industrially relevant manufacturing platform. Application of progressive technology and
techniques that we have learned from other model organisms to green algae has fostered a potential
for algal products in the fields of energy, food, materials and therapeutics. For one organism to find
commercial success in such a myriad of fields, we must be able tightly control its growth and
production of desired products.

The recent development of novel algal-derived products for medicine and enzymes has put
new focus on optimizing algal growth in closed systems. Cultivation of algae for therapeutics and
high-value products requires precise control of growth conditions to maximize product yield and
to comply with regulatory restrictions. The research presented in Chapter 3 provides an intricate
characterization of Chlamydomonas reinhardtii when grown under mixotrophic conditions in
fermenters and provides valuable insight on how to grow C. reinhardtii to the high cell densities
required for economical cultivation. This research also showed that in closed systems, high cell
density and energy costs limit the effect of light-driven genetic tools. This is a major hurdle for all
of the best production strains of C. reinhardtii because of the lapse in strong genetic tools that
confer transgene expression in the dark. The research reported in Chapter 4 showed that by
encouraging genome shuffling via breeding and mutagenesis, strains of C. reinhardtii with
dramatically increased levels of recombinant protein accumulation when cultured in the dark could
be created. The untargeted nature of this research makes it a simple strategy to confer phenotypic
variance and facilitate the production of more robust algal strains. Translational techniques like this
will be necessary for the rapid development of the diverse algal species being investigated as
production platforms.

Chapters 5 and 6 present a more deliberate approach to generation of robust commercial

strains by analyzing endogenous regulatory elements and using them to assemble synthetic
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promoters. The synthetic promoters generated were shown to drive nuclear gene expression more
effectively than any previously devised promoter system in C. reinhardtii. Although proteins
expressed by the nuclear genome are more desirable because they can be post-translationally
modified and secreted, they accumulate at insufficient levels for true scalable production. Synthetic
systems like those described in Chapter 6 outline how we can make strides to producing
recombinant proteins to levels seen in other model organisms.

Ultimately, it is important to remember that the bio-manufacturing platforms ubiquitous
today- namely yeast, E. coli, and mammalian cells, have become successful because of years of
research and dedication. The groundwork laid by these systems has outlined the critical aspects
necessary for the success of a biological production platform. The research presented in this
dissertation shows significant improvement of the algal production platform on its path to becoming

a ubiquitous industrial organism.
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