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ABSTRACT

Microalgae are compelling renewable resources because of their rich bemmgsssition, with
applications including biofuels, bioplastics, and nutraceuticals. However, economically viable industrial
algal cultivation requires improved biomass productivity, stress tolerance, and productyildork
addressethe need for better industrial microalgal strains. First, adaptive laboratory evolution (ALE) of
Nitzschia inconspicuavas utilized to increase high temperature tolerance. Second, biomass
characterization and genetic engineering@icbchlorum celerivere deployed to better understand
composition and carbon usage.

Nitzschia inconspicus a diatomic microalga with high relative lipid content, making it a promising
platform for sustainable aviation fuel (SAF). ALE was conducted to increase the temperature tolerance of
N. inconspicudo 37.5 °C, a lethal temperature to the parent (WT) strain. Clonal isolation of the adapted
strain resulted in two unique clones with increas:
clonal isolation, indicative that a sexual cycle occurRr@liminary outdoor pond datashed increased
productivity of adapted clones compared to WT, enabling more viable SAF production from this strain.

Picochlorum celeriTG2 is a green microalga with rapid growth in high light, high,G{dd seawater.

To characterize potential applications, a detailed biomass analysis was conducted -ipleési.
celericontained protehmich biomass. Gradual nitrogen restriction shifted biomass from primarily
proteins to carbohydrates as cells transitioned into storage metabolite production. Hyper saline (2X)
cultivation resulted in increased levels of the amino aadin®, which putatively acts as an osmolyte.
This identification of biomassomponents yields critical information that informs how this strain might
be utilized for renewable product production.

While P. celerishows high biomass productivity with high €ipplementation, growth is slow in
air. To understand carbon usagé’irceleri eightcarbonic anhydrases were identified through BLAST
investigation andiour of thesecharacterized through transformation of fluorescetattyged carbonic
anhydrase constructs. By using confocal imaging, carbonic anhydrases were experimentally localized
throughout the cell. Targeted CRISPR/Cas9 krmakof several carbonic anhydrases revealed unique
stationary phse functionalities for these enzymes. This work enables future engineering of more efficient

P. celericarbon usage, facilitating more economically viable algal bioproducts.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

For well over a century, there have been calls for the development of renewable resources. In the
1 9 4 Gdentistshighlighted the impact of increasing population growth and limitations of natural
resources, leading towards the development of more sustainableskupdactices anctop cultivation
strategie$l]. While early concerns about food production have largely been assuaged by industrial
agriculture, the claims of early naturalists about the need for more renewable resources is perhaps even
more relevant in the 2%century, as climate change shows increasing impacts on human society. Since the
198006s, a consensus of scientific research pointe:
gas emissions. As a result, increases in severe weather are expdatéitidisproportionately impact
equatoial populations that may already be living in povdg®y3]. To address the need for the
development of renewable and sustainable resources, significant research over the last century has
focused on the development of novel energy and product production feedstocks, with one such platform
being microalgae.

Mi croal gae are photosynthetic mmoaprcfimamegtausi s ms wi t
str uct urneoslargef. Valyiddgltypes of microalgae have been isolated throughout the world,
sometimes in extreme environmental conditions of high/low temperature, pH .06@Wth and
biomass patrtitioning of microalgae are impacted by both the strain and the aquatic environment (nutrients,
light, pH, temperature). Major microalgal metabolites include proteins, lipids, carbohydrates, and
pigments, and e&coof these has unique properties favorable for the production of a variety of renewable
productg41 8]. Microalgal lipids (neutral and polar) could be utilized both as biodiesel feedstocks and as
edible oil supplements. Pigments like carotenoids and chlorophyll could be deployed by as dietary
supplements because of their amtidant effects, and similarlynicroalgal proteins could serve as an
excellent nutritional source for a vegan diet. Finally, microalgal carbohydrates have potential for use in
the burgeoning bioplastics industry, and can also be fermented into bioethanol.

Despite the promise of microalgae as a feedstock for a variety of renewable products, significant
roadblocks exist preventing widespread microalgal industrialization. First, many algal strains require high
CO:; (or other inorganic carbon) supplementation to grow quickly. While there is potential fe€@igh
containing flue gas to be utilized in the growth of algal ponds, this has yet to be successfully
implemented. The location of algal ponds is critical for optimizing solar output and for providing the
corsistent, warm temperatures needed for optimal growth. Construction of ponds negasflu®ducing
industrial plants might seem like an obvious way to achieve eetfestive CQ supply, however, other

detrimental environmental conditions might outweigh that benefit. Second, microalgae require high levels



of nitrogen and phosphorus in the medium to enable fast growth rates. Just as in traditional agriculture,
the production of these nutrients is energy intensive, and poor waste control contributes to water

pollution. Third, depending on the type of micraedgand location of the pond, there are significant

freshwater requirements that must be accounted for. To minimize this need for freshwater, recent research
has focused on the development of halotolerant algal strains that can thrive in seawater. ldoemver,

with these marine strains, outdoor algal ponds require freshwater supplementation to account for
evaporative losses. Thus, the viability of an industrial microalgal pond is dependent upon the energy ratio
of the entire process: the biomass produgtifdind subsequent value) must be high enough to offset
production input$9]. To address current energy ratio challenges, this work focuses on understanding and
improving industrial algal strains beyond their native capabilities, a key prerequisite for enabling

industrialization.

1.2 History of Microalgal Research

Microalgae have been cultivated in laboratories for over 150 years as part of basic aquaculture and
ecophysiology research. Initial techniques to maintain axeniegfagting, and reliable microalgal
cultures took several decades to develop, and keywaigars underpinning future biofuels research were
not made until the beginning of the"™@entury, the primary one being that microalg@mass
compositionshifts with rutrientsupply[10,11] These observations led to broader interest in microalgal
research and provided the impetus for the United
(ASP), which was established in the 19 8poréatonwi t h t |
fuels. Over the course of the following two decades, the ASP made significant advances in applied
biology and algae production systems. Key accomplishments from this research include 1) the creation of
the first algal culture collection, housinger 3,000 strains, 2) the sequencing and isolati@aeif/l CoA
carboxylase (ACCAse) from diatomic microalgae, 3) the development of the first successful
transformation system for diatoms, and 4) the testing and operation eétaige(1,000 R) ponds.
While the ASP research did not result in commercially viable microalgal fuels, the advances made
through this research continue to inform the scientific community today. Furthermore, through detailed
cost analysis, the ASP determined that the annfacors preventing costffective microalgal biofuels
are biological, and thus the identification or enhancement of highly productive microalgal strains should
be prioritized12].

Motivated in part by this key ASP finding, researchers have in recent years focused their efforts on
the identification and characterization of novel microalgal str&@htamydomonasmerged as a
unicellular green alga of high interest because of its suitability for genetic analysis. Research in the early

20" century identified and characterized all four products of meiosis in this haploid alga. This work



inspired the development of a few specific strains, not@hlamydomonas reinhardtias a model
organism, following isolation in 1945 by G.M. Smitthlamydomonaseinhardtii showed the benefit of
nonphotosynthetic growth using acetate as a carbon source, enabling broader research objectives that
may inhibit photosynthetic machinery. Decades of research oginhardtiihas resulted in

characterization of its cellular structure, growth phases, and physiological processes. This, in turn has
enabled the @velopment of a variety of algapecific molecular biology toolkits. Transformation of the
nuclear and chloroplast genome<ofreinhardtiiwere first accomplished using biolistic bombardment
with gold or tungsten particlg$3,14] Since then, the sequencing of @ereinhardtiigenome has

enabled more advanced techniques including CRISPR/Cas9 for targeted genewksfick 16]
Unfortunately, whileC. reinhardtiishowed promise at lab scale, outdoor cultivation resulted in nearly
80% declines in productivity, making this organism unsuitable for industrialiZdtignAs a result,

research efforts have pivoted towards the isolation of more productive outdoor strains.

For successful industrialization, it is likely that multiple highly productive outdoor microalgal strains
will be needed to generate a variety of renewable products. Diatomic microalgae have been of interest
because of their high relative lipid contentgome cases 480% ash free dry weight), which is useful as
a biodiesel feedstock. These microalgae have been found in diverse environments throughout the world,
in marine, fresh, and brackish water and are of industrial interest because of their relwisémes
cultivated in outdoor ponds. In a variety of outdoor conditions, diatoms average between 5 ané 25 g m
day*aerial productivities, witiNitzschia inconspicuaveraging 22 g rhday* over 2.5 months during
summer cultivatioril8]. FurthermoreN. inconspicuarows in high pH (10+) media using bicarbonate to
enable direct carbon capture from air, limiting the need for additionab€klcarbonate
supplementation. In the green algal lineage, severafjfagting strains have also been isolated in recent
years, with species #&ficochlorumemerging as uniquely productive outdoor stralfisochlorum celeri,
isolated in 20, showed record outdoor photosynthetic yields averaging above J@lgyhaerial
productivities during the smmer of 202q19i 21]. Successful genetic tool development has resulted in
methods for nuclear and chloroplast genetic engineeriRicothlorum including the use of
CRISPR/Cas9 for targeted gene knacks[22,23] The identification of outdoor strains liké
inconspicuaandP. celerirepresents an important step towards realization of commercial microalgal
products, however continued characterization and strain improvements are needed to enable

industrialization, as described in this thesis.

1.3 Outline of Chapters

Chapter 1 presents the motivation for the microalgal research, as well as the characterization and

strain improvement conducted as part of this thesis. This includes a brief overview of microalgal research



in general, focusing on notable research advancements and the scientific rationale that led to current
research. Included in this framing is a presentation of how current work aims to address ongoing
guestions and advance the field as a whole.

Chapter 2 is a published review article that serves to introduce the concept of adaptive laboratory
evolution (ALE) and its specific use in microalgae. Chapter 3 presents the results ofangesitE
study with the goal of increasing the high temperatoierance oN. inconspicuas described in a
published manuscript. Growth rates at 37.5°C calculated from optical density measurements are shown.
An interesting, large cell size phenotype is observed and presented through microscopy data. Chapter 4
descibes the results of a detailed proximate biomass compositional analysis conduetexemi
Comprehensive data showing total protein, carbohydrate, lipid, and chlorophyll content is presented for
nutrient dense (replete) conditions, high (2X) salt conditions, a gradual nitrogen depletion experiment
over 3 days, and continuous culturing usingpp N media for dilutions. To better inform the reader of
the components of each major metabolite, extensive analysis is included. The fatty acid methyl ester
(FAME) components of lipids are described. Carbohydrate monosaccharides are analyzed and described.
The amino acids forming proteins are also evaluated under several conditions. At the time of writing,
Chapters 2, 3, and 4 are all published and readedirapted to the original published manuscripts as
well as this thesis. Chapter 5 describes the evaluation and characterization of carbonic anhyRlrases in
celeri. Characterization of carbonic anhydrases into classes (alpha, beta, gamma, theta) is ddcument
Data showing both experimental and predicted localizatidh o&lericarbonic anhydrases is presented.
Finally, results of carbonic anhydrase knaik generation and phenotypic screening are shown. Chapter

6 concludes with an evaluation of future directions for the work presented in this thesis.
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CHAPTER 2 ADAPTIVE LABORATORY EVOLUTION FOR ALGAL STRAIN IMPROVEMENT:
METHODOLOGIES AND APPLICATIONS

Modified from a paper published Agal Researl*
Alaina J. LaPangeAnagha Krishnah and Matthew C. Posewftz

2.1 Abstract

Originally developed in bacterial and fungal models, Adaptive Laboratory Evolution (ALE)
experimentally selects for targeted phenotypes by allowing cells containing beneficial random genetic
mutations to replicate more quickly in the presence of envirotahsiness. When applied to microalgae,
this technique has been used to increase growth rate, stress tolerance, substrate utilization, and product
yield. This review discusses ALE experimental design parameters, and summarizes key results and
lessons leamd from recent microalgal ALE studies. By documenting the current state of the field, we
provide insight on the ways microalgal ALE might be used to develop commercially viable biotechnology

strains.

2.2 Introduction

Greenhouse gas emissions have increased dramatically as a result of industrialization over the past
century, leading to unprecedented climate change that continues irf'tbenfiry[1]. Modern political
agreements specify that industrialized nations must be at the forefront of climate change mitigation, as
they are responsible for the largest increases in carbon emissions. Similarly, legal actions have
highlighted the responsibility dfigh-emission industries, including coal, oil, and natural gas, to work
collectively with governments to slow carbon emissions and develop more sustainable fuel ré8purces
This is especially salient when considering that less than 100 companies putatively produced two thirds of
the total CQ and methane emissions over the last two cent[#j8% The push towards more carbon
neutral fuel sources has resulted in many new sustainable industries, and the use of microalgae and
cyanobacteria (microalgae throughout for simplicity) is emerging as one of the more promising sources

for renewable liquid mfuels and advanced bioproducts.

IReprinted with permission dflgal ResearchA.J. LaPanse, A. Krishnan, M.C. Posewitz, Adaptive Laboratory
Evolution for algal strain improvement: methodologies and applications, Algal Res 53 (2021).
https://doi.org/10.1016/j.algal.2020.102122.
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With promising solar yields and immense metabolic flexibility, microalgae are efficient alternatives
to plantbased feedstocks because they can be cultivated in hot climateswymayrcan thrive in salt
water, and have rapid life cyclgf. For economic feasibility, an annual biomass productivity of >30
g/nP/day (ash free dry weight) with biofuel yields greater than 80 gallons gasoline equivalent (GGE) per
ton of algal feedstock in outdoor ponds is currently targigted hese yields are realized in the
laboratory under controlled conditions using f@siwing algae likd?icochlorum sp[6i 8]. However,
outdoor pond cultivation presents several challenges due to more stressful growth conditions when
compared with laboratory experiments. First, atmospherigd&®ls are too low to achieve high pond
productivity, and the supplementation of £10 algal ponds can be difficult and costly. Second, large
quantities of nitrogen and phosphorus are needed for the volumes of growth media required; this supply
competes with the agricultural industry and requires energy input (often fromenewable sarces)
during production. Third, the cultivation of microalgae outdoors leads to evaporative water losses in most
climates, concentrating salts and often requiring the addition of-oyakeater. Fourth, ponds are often
located in areas experiencing large pemature fluctuations, with high temperatures during the summer
months and low temperatures during the winter, leading to unfavorable growth conditions. Many raceway
ponds are not actively cooled (or heated), and microalgae must be able to toleratateengarames
potentially higher (or lower) than their natural range for successful;grimdfuctivity cultivation[9,10].
Fifth, highly productive microalgae ponds produce supersaturating levelsttwt@an lead to cellular
oxidative damage and inhibit growth. Lastly, many outdoor ponds face persistent microbial contamination
problems, and the presence of grazers can lead to significant cropg1ds&&$ Successful microalgal
commercialization will require innovations in microalgae domestication, strain improvement, cultivation
techniques, and metabolic partitioning to overcome the current challenges. Particularly important, is the
improvement of microglal strains beyond their natural productivity and stress tolerances to obtain high
biomass yields using more stressful, less costly, environmental pond condi@ipns

With the advent of metabolic engineering, synthetic and systems biology, dramatic progress has been
made in microalgal biotechnolog¥3i 15]. From a biotechnological perspective, biomass productivity,
product yield, photosynthetic efficiency, temperature tolerance, oxygen tolerance, pH tolerance, pest
resistance, biocide tolerance, £83similation, and harvestability are key traits that remain to be
engineered10,15] However, rational methods of microalgal strain engineering are often limited by the
lack of genomic insights and genetic tools, as well as the complex nature of stress adaptation (in general)
[16]. Even for strains where a genome has been sequenced, a multigene strategy is often needed to
achieve notable improvements. The former is the cadéifoschia spstudied by Chengt al.and
Dunaliella salinastudied by Fiet al, where targeted genetic improvements were limited by the lack of a

sequenced and annotated gen¢hTel8] In the case o€hlamydomonas reinhardtifor which a genome



has been sequenced, the metabolic alterations involved in stress tolerance and productivity improvements
are complex19]. As reported by Katet al, lipid production activated by salinity stress involved

pyruvate decarboxylase (PDC), acetaldehyde dehydrogenase (ALDH), andCa®tgynthetase (ACS).
Therefore, to engineer the same phenotype would likely require overexpression of numerousRyenes:
(encoding starch phosphorylasa).DH (encoding acetaldehyde dehydrogenaseB CCP, BC, UCT,
(all encoding parts of acet@#oA carboxylase)andPDC (encoding pyruvate decarboxyla$2)].

Attempts at improving lipid production i@. reinhardtiihave illustrated potential pitfalls of the multigene
approach to strain improvement: overexpression of the type 2 diacylglycerol acyltransferase genes
involved in TAG synthesis (includingGTT1, DGTT2, DGAT2a, DGAT2 c, andDGAT2b) did not

result in high lipid phenotypes, and final strains often showed unstable expi@43idaiven the

complexity of strain improvement and general societal concerns surrounding the use of genetically
modified organisms (GMOs), Adaptive Laboratory Evolution (ALE) has been proposed as an alternative
strategy to produce commercially viable strdRis22].

ALE has been widely used for decades to improve the fitness of microorganisms to an applied stress.
ALE experiments are more easily conducted in microbial systems because of short generation times,
simple experimental setps (including replicates), andkit control of experimental variables. A
cornerstone of early research on ALE is the seriésoherichia colexperiments conducted by Bennet
and Lenski. They reported successful adaptatidf. @blito various temperatures following 2000
generations o$erial growth at 32°C, 37°C, 42°C, or varying between 32°C and 42°C, in 50 mL Davis
Minimal Broth with 100 mL Erlenmeyer flask&3,24] A mechanistic evaluation of this experiment
revealed that temperature adaptatio&.ircoli frequently involved modifications to the glucose transport
mechanism. While each separately evolved line had specific adaptive differences, the vast majority
showed increased glucose transport, indicating that glucose transport, and glucose metabelism, we
likely essential for temperature adaptatioiircoli[25]. Fol | owi ng BennetEand Lens
coli experiments, other studies utilizing the methodology of ALE to improve yeast stress tolerance and
growth rate were similarly constructgzb].

ALE experiments in microalgae are less common and often focus on acclimation mechanisms as
opposed to adaptation. Acclimation occurs without genetic changes over a shorter period of time, while
adaptation includes the accumulation of beneficial genetiations, which result in new genotypes more
suitable to an applied stress. Early literature often uses the terms interchangeably, however more recent
research has tried to defined each term more specifically based upon stable genetifd 6t2hgd 34].
Experiments from the middle of the"™26entury byJargensen revealed the mechanism of-ligjit and
high-temperature acclimation in the planktonic algkeletonema costatynvhich included changes to

pigment content, enzyme concentrations, cell size, and protein concenff2fi@8 Similar acclimation



experiments from Coleman and Grossman u€ingeinhardtiishowed decreased carbonic anhydrase
activity and inorganic carbon transport following exposure to 5%fGCd hourg29]. Kuebleretal.
conducted an early temperature adaptation and acclimation experiment over 4 months using the red algae
Lomentaria baileyanandLomentaria orcadensifased on differences in thermal tolerances, the authors
concluded that the disruption of photosynthetic energy transfer or electron transport were important in
setting the upper temperature limits of photosynth@&4is These early experiments set the stage for ALE
as a viable microalgal strain engineering tool.

Given the history of successful experiments, ALE is a compelling strategy to increase stress tolerance
and growth rates of commercial strains without the need fwiori knowledge. Many of the advantages
of ALE experiments in bacteria apply to microalgae: simple nutrient requirements, easy laboratory
cultivation, and short generation tim@&%]. Likewise, rational methods of microalgal strain engineering
remain limited by the lack of genomic libraries and genetic fd@ Previous reviews have centered on
other microorganisms, and there is a need for a comprehensive ALE analysis within the algal
biotechnology field32,35 38]. Herein, this manuscript provides a review of recently conducted ALE
experiments in microalgae, including an analysis of necessary design constraints and instrumentation. By
evaluating key experimental results, as well as summarizing the successebiegglddALE to improve
microalgal biomass, bioproduct yield, and stress tolerance, we hope to provide context for future
experiments in microalgae, with the ultimate goal being the development of a strain suitable for outdoor

industrial cultivation.

2.3 ALE Experimental Design and Automation

ALE experiments are conceptually straight forward: a population is propagated under a controlled
environment for multiple generations allowing mutations to accumulate and more fit organisms to
emerge. The key parameters controlling such experiments amyiegnmental perturbation
(temperature, pH, salinity, oxidative stress etc.), b) mutations sampled (intrinsic mutation rate x
population size) and c¢) growth parameters/selection pressure (exponential growth, biomass yield,
stationary phase, or lag phas@jhile the environment is determined by the scientist based on the
objective of ALE, the outcome is governed by the selection pressure, the mutational landscape sampled,

and the ability of adaptations to enable improved grq@it39,40]
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2.3.1 Mutational Landscape

The mutational variation available within a given population produces organisms with increased
fitness to culturing conditions through gradual evolution. Many microalgal species (both cyanobacteria
and eukaryotic algae) have spontaneous mutation ratdsiff x 10*° mutations/nucleotide/generation,
genome sizes of 1800 Mbp, and doubling times of 2 hours to a day, and are therefore capable of
generating the genetic diversity necessary for evolutionary adaptation in the laboratory within a
meaningful tine-frame[41i 46]. While evolution is a continuous process, adaptation to a new
environment tends to be initially rapid, then decelerates overfdifjeTimeframes for ALE experiments
are typically described in terms of generations or cumulative cell divipl@hsLongterm microalgal
ALE spanning thousands of generations have been performed, however, ALE experiments are usually
terminated once the cultures stop showing appreciable fithess gains (often ~100 gen{8ai#hs].

ALE may be accelerated by enhancing the genetic diversity of the founding population. Chemical
mutagens such as ethyl methyl sulfonate (EMS)-ondthytN Mijtro-N-nitrosoguanidine (NTG), and
radiation have been effectively used on various microalgalegfe?i58]. Increased genetic diversity
may also be obtained through recursive recombination at the genome level, either through sexual
reproduction (mating/genetic crossing) or protoplast fugB@h Takouridiset al. subjectedC. reinhardtii
to random mutagenesis followed by multiple genetic crosses to generate a strain capable of growth in up
to 700 mM NacCl, in contrast to its progenitor that was limited to 300 mM N&8LIUsing a similar
strategy (a combination of UV mutagenesis followed by genetic crossing), Eieldengineered a strain
of C. reinhardtiicapable of accumulating over 2% of total soluble protein as green fluorescent protein
(GFP), 15fold higher than the parent. The authors were able to evolve a strain capable of high levels of
heterologous protein production without any growth penaltyiwahduration of < 3 montH$0]. In
model organisms such &s coliand yeast, use of mutator strains and transposon libraries have been
successfully used to increase the mutational sUppiye5]. As genetic toolkits advance, the above
techniques can be applied to microalgal systems.

Too many mutations can result in the loss of fithess due to the accumulation of neutral or deleterious
changes that suppress beneficial mutations under some confiofig] Such mutations can give rise
to specialist microalgae that, while performing well under one environmental condition, lose their
competitive advantage in an alternate environi&66,67] For example, Katetal. adaptedC.
reinhardtii for growth using higksalt conditions. The evolved strain demonstrated superior growth at
high salinity levels, but displayed a growth defect in freshwater nj2djaSuch specialization may be
detrimental from an outdoor algae strain engineering perspective, where growth conditions may need to
fluctuate in space or time for optimal productivity. Dynamic variations in environmental conditions can

minimize mutationalradeoffs [68]. This is exemplified in a study usii@ reinhardtii where cultures
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subjected to alternating light and dark conditions showed superior performance in both environments
[67]. Using a similar idea, Sust al exposedchizochytrium sguccessively to both low temperature

and high salinity in the same ALE cycle. The evolved strain had both a higher biomass and a higher
docosahexaenoic acid (DHA) fraction phenotype. On the other hand, when the parent strain was adapted
to only one of thewo conditions, the evolved strains showed either an increase in DHA fraction or in
biomass, respective[22].

2.3.2 Design of Experiments and Selection Pressure

A range of culture propagation methods have been successfully used for ALE including 1) serial
transfer in batch cultures, 2) continuous cultures (turbidostat or chemostat), 3) streaking cells onto solid
media for mutation analysis, 4) emulsion culturgsnigrofluidics and finally, 6) evolution of
microorganisms inside an alternative host (e.g., plant or mouse m#@lelperial batch cultures using
shake flasks or sergiontinuous cultures in (photo)bioreactors remains a common approach for algal

evolutionary engineering.

2.3.2.1 Serial Batch Cultures

Simply by successive passaging of cells in skkdaks, microalgae have been selected for improved
growth rate, inhibitor tolerance, high salinity, oxidative pressure -lipithproductivity and other
phenotype$16,20,22,30,33,49,692]. Because of the simplicity of the sgt and ease of scalability,
batch cultures have been the preferred method to perform ALE. Additionally, the ability to parallelize
multiple experiments confers statistical power to detect evolutionary changesoin pesfod of time.

Using a highthroughput microtiter method, Badtal. simultaneously cultured 28&n reinhardtiilines
to evolve efficient heterotrophic populations from primarily photoautotrophic ancggsjrs

Serial batch culturing has a few notable disadvantages: as the cells proceed through the different
growth stages, both the internal (metabolic changes) and external (pH, oxygen levels, light, cell density,
nutrient availability) environment varies, makinglifficult to keep the selection pressure constant. As a
result, increased fitness may occur via multiple modes, including shortening of the lag phase, higher
growth rate, greater ability to scavenge nutrients,and the final phenotype might be diéat from the
targeted outcom&VhenC. reinhardtii was grown in acetateontaining media with continuous
illumination, the evolved strain had a 35% higher growth rate, as a result of better acetate utilization
rather than an increase in photosynthetic acti8}. A second disadvantage with batch cultures is that
as cultures evolve and growth rates increase, either the dilution frequency needs to be increased or
split/passage size needs to be decreased to prevent the cells from entering stationary phaseneatore the

sampling[32,39] The former option becomes prohibitive from a resource standpoint, while the latter
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minimizes the mutational diversity necessary for evolution to proceed. Thus, continuous cultures coupled

with automation may better facilitate ALE.

2.3.2.2 Continuous Cultures

To partially minimize the selection pressure fluctuations occurring in batch cultivation, semi
continuous bioreactor cultures (offering better process control) have been used with the recurring
dilutions to maintain cells in the exponential growth pH&8¢50,74] Continuous cultures (chemostat
and turbidostat) have been a popular method of ALE, but have not yet been explored extensively using
microalgad75,76] Continuous systems offer advantages of better process control, constant selection
pressure, and availability of larger population sizé&g. In both chemostat and turbidostat mode, cultures
are maintained at a fixed density by the continuous removal of cells (and media) and simultaneous
addition of fresh media. In chemostats, a single nutrient maintained at a limiting concentration determines
the steadystate cell density of the culture. Constant nutrient limitation selects for cells with improved
capabilities in the limiting nutrient acquisition/utilization. On the other hand, turbidostat cultures are
always in the exponential phase of growattd never experience nutrient deprivation making them ideal

for selecting mutants with an increased maximal growth[7&g 7]

2.3.2.3 Choice of Stress

Many biotechnologically relevant processes can be regulated by multiple stresses such as light, salt,
temperature, nitrogen contegit. The level and choice of the applied stress needs to be optimal for
successful ALE. Too high a stress can kill the entire culture before it evolves and too low a stress can
result in a failed adaptation experiment. For rationally identifying the optinesiss(both level and type),

a class of response surface methodology (RSM), theBgdmken design (BBD), has been uéliz
[34,66,76,78] RSM is a widely used mathematical method for analyzing processes in which the response
of interest is affected by a range of variables and the objective is to optimize the respordehien

design (BBD) is one type of RSM that always uses threedgeazlinput variable (stressor in ALE) and

fits the output (expected response) to a quadratic nidd9] The advantage of BBD is that it does not
require any points at the extremes of the experimental region that may be difficult or impossible to test
because of biological process constraj@s80] Using the quadratic BeBehnken model, the

interacting factors and the ones driving the largest response can be identified and applied as stress in
ALE. Once the optimal fitness is achieved with one stress factor, ALE can proceed further using the next
effective variabld34].
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2.3.3 Automation and Photobioreactors

With simple and repetitive workflow, ALE experiments are ideal for automation. Automation
accommodates for continuous monitoring, improved experimental robustness, increased throughput,
complex yet consistent culturing procedures, while simultaneouslynizing manual labof32,81]

Tight control of the process parameters via-teaé monitoring allows for reproducibility of results
enabling the distinction of beneficial mutations from neutral or negative ones.

Automated closed photobioreactors (PBRs) are attractive platforms for microalgal ALE. Commercial
benchscale PBRs (50 mL to 1 L volume) equipped with-+teéak monitoring of pH, C@ biomass and
light, along with advanced fluid handling, thermoregulation and culture mixing are available. Currently,
there are few reports of these being utilized for ALE. Typically, most labs uselhaihEBRs with
customizable stress and selectiorspteed6,7,54,74,8284]. With the capability of mimicking open
ponds, such PBRs allow for rapid selection of outdoor ready strains.

In addition to these PBR formats, small volume (microlitres to 2 mL) andthighghput automated
cultivation platforms such as microfluidics and microtiter plagsed algae reactors have been reported

and have the potential to be used for parallelinmgroalgal ALE for biocatalyst engineerifi@si 90].

2.3.4 Uses of ALE

Despite the publication of more than 30 manuscripts focused singularly on microalgal ALE, this field
is relatively unexplored compared to the volume of work present for bacteria, yeast, and fungi. With the
emergence of microalgae as workhorses for biaindlbiochemical production, bioremediation, food,
and feed there is significant space for utilizing ALE for microalgal engineftjgTo facilitate progress
in this field, an understanding of previous studi
important. Herein, the current literature is organized into a few major categories of ALE improvements,
namely 1) Increasd Growth Rate, 2) Increased Stress Tolerance, 3) Increased Substrate Utilization, and
4) Increased Product Yield. Each section highlights the results and methodology of key studies and

reflects on the implications and acquired knowlefB#.

2.3.4.1 Increased Growth Rate

Productivity and yield remain key metrics for determining the biotechnological potential and
economic viability of a given microalgal strain. In cases where production of the desired compound is
coupled to growth, enhanced growth rates can significandgtlhroductivity. Increased growth rates
limit the time needed for industrial batch cultivation and increase the total potential biomass produced by
a given pond, visualized in the equation describing microbial growth, with X as the population density, t,

the time needed, and r, the rate constant:
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— 1 W [91]

Furthermore, growtiiate focused ALE experiments provide insight into the adaptive potential of an
organism, the genetic changes needed for increased growth, and the competitive fitness of a species in a
mixed culture. This knowledge is especially usefithihe increase in availability of microalgal genetic
tools, and could provide a roadmap for future, more targeted, genetic alterations.

Many ALE experiments involve an improvement in growth rate as part of any positive adaptation;
however, some studies have focused entirely on growth rate optimization under desired culturing
conditions. UsingC. reinhardtii several ALE studies have been highly effective, with adapted strains
exhibiting 20%- 300% growthrate increasei1,49,69] Growthrate adaptation can also lead to changes
in the biochemical composition of cells. Skinal.reported a 20B00% increase in growth in an adapted
strain ofC. reinhardtii This strain produced a 160% increase in FAME content as well as a decrease in
protein and chlorophyll content under nitrogen deplete cultygihh

Understanding the underlying genetic changes following adaptation has been facilitated by the
availability of lowcost, highthroughput sequenciri§2]. With the increase in the availability of
microalgal bioinformatics and molecular biology tools, the identified mutations can be tested for
causality. Adaptive evolution often involves the accumulation of many beneficial mutations, and adapted
strains hag shown single nucleotide polymorphisms (SNPs) and insertion/deletion polymorphisms
(indels) in cell cycle, division, and proliferation genes, as well as transcription and translation associated
genes when compared to wilghe (WT) genomef21,37,49,72] An in-depth evaluation of the.
reinhardtii transcriptome following 17 months of adaptation, and a 35% increase in growth rate, revealed
a number of ugegulated genes. These included genes responsible for encoding ribosomal proteins,
RNA- transport proteins, RNApolymerase subunits (RNA polymeeal$ subunit RPB11, RNA
polymerase Il subunit RPC10), and translational initiation factor subunits (elF1, elF3, elF5, elF2B).
These genetic improvements were linked to improved acetate metabolism in thgriasteg, adapted
strain, and gave insight into potential genetic targets for a targeted engineering api®pach

Literature focused on growth rate improvements for microalgae otheCthamhardtiiis less
common, however research on the conditioning of temperate marine diatoms indicates that much of the
same experimental design and fundamental understanding applies. Following 10 months of conditioning,
Cylindrotheca fusiformisvas reported to have an 11% increase in growth rate at 14°C. Likewise, long
term culturing at higher temperature resulted in gresath increases fd?seudenitzschia delicatissima
Chaetoeros criophilus andCoscinodiscus spresent in samples of microalgal communities collected
from costal New Zealand watd@3]. Interestingly, the authors choose to classify their experiment as
environmental conditioning, and do not provide details on whether an acclimation or adaptation response

occurred.
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Table2.1 Summary of representative microalgal ALE literatizgeting increased growth rate

continuous light

Species, Growth Selected For Duration Reference Successful?
Strain Conditions
Growth Rate Optimization

Chlamydomonas Cultivated on plates, Fast growth rate 4 years Shinet al. Yes
reinhardti, CC- TAP agar media, 120 (2017)
124, CG124H, pmol photons/(M's) [21]
CC-124L
Chlamydomonas Cultivated in flasks, Fast growth rate 84 days Yu et al. Yes
reinhardtii, TAP media, 50 umol (2013)
CC4324, CC4326, photons/(M's) [70]
CC4334
Chlamydomonas Cultivated in flasks, Fast growth rate, 17 months Perrineatet Yes
reinhardtii, CC503 TAP media, 100 pmol light tolerance al. (2014)

photons/(Ms) [49]

Growth rate ALE experiments highlight the utility génetic characterization in understanding

microalgal adaptation, and provide insight for future directed evolution methods. This literature

underscores the individuality of each microalgal species, but it seems clear that for many species, given

enough tine at specific conditions, growth rate increases are likely to be observed. The ability of an

organi sm

time it takes for one species to achieve faster growth iseuassarily predictive of other species

responses.

2.3.4.2

t o

adapt i s

Increased Stress Tolerance

highly

dependent

on

t hat

The largest body of literature regarding microalgal ALE relates to the adaptation of microalgae to

stressful conditions, including extreme temperatures, flue gas fod€li®ery, elevated C&or O, levels,

extreme pH, altered light conditions, high salinity, and exposure to herbicides. Improved productivity

during stressful conditions and dynamic changes in the environment is key to the success of industrial

microalgal domestication. Both the dedioe low-cost production, as well as the difficulty of contaminant

or g

mitigation necessitates these stressful conditions in an outdoor pond. As a result, improvements to stress

tolerance in microalgae using ALE provide essent@ghdegarding the ability of these organisms to adapt

to stressors, methodologies that produce these beneficial adaptations, and, in some cases, an analysis of

the genetic changes that resulted from ALE.

Extreme temperature conditions are often present during industrial cultivation as a result of pond

location, depth, and the absence of temperature control. Much of the literature regarding increased

microalgal temperature tolerance is focused on acclimatgtead of adaptation. Acclimation

experiments are typically characterized by shorter timelines with fewer total generations, decreasing the

potential for beneficial mutations to appear and become fixed in the population. One such study occurred

17



over 6 weeks using the red algamartina skottsbergjiBallia callitriche, Gymnogongrus antarcticus
Phyllophora ahnfeltioidesandKallymenia antarcticaAll species showed acclimation at their optimal
temperatures, as indicated by increased growth rates, and some species were able to acclimate to colder
temperatures, 0°C or 5°C. However, acclimation mechanisms did not result in a shift of
photosynthetiddy optimal temperatures for any of those species. Given the temperature dependence of
Calvin-BensonBassham cycle reactions, including enzymes like RuBisCO, the inability of acclimation to
shift photosynthetically optimal temperatures is likely due to the lack of enzymatic changes stemming
from genetic mutatiof@4]. Despite the lack of genetic mutation, changes in the regulation and

production of cellular components and metabolites are often observed in acclimation mecf&jisms
Changes to membrane components, including fatty acid content and the degree of polyunsaturated fatty
acids (PUFA), in response to temperature changes mitigate the impact of temperature on membrane
fluidity, with an increase in temperature resulting geaerally inverse change in PUFA conti©#,96]
Another key characteristic of acclimation is the general plasticity of the response. An increase in the
thermal tolerance dymbiodinium sppvas observed after 8 days of acclimation to 30°C, however this
response disappeared following 6 additional days at fBPIC Acclimation research such as this may not

be a beneficial template when applied to commercial microalgal strains. Given the diurnal and seasonal
fluctuations present in outdoor ponds, it is likely that a beneficial temperature acclimation would not be
maintained through pond temperature changes. Likewise, while the beneficial acclimation/adaptation
hypothesis is empirically supported in microalgae and other microorganisms, both acclimation and
adaptation can result in a maladaptive response. 14°C aaii@ateinhartdiigrew more quickly at

14°C than populations acclimated to 33°C. Surprisingly, however, the inverse was not the case:
populations acclimated to 33°C did not grow more quickly at 33°C than the 14°C acclimated populations.
The authors suggest this may be tbégult of an unexpected cost of acclimation to 33°C, or a mechanism

of acclimation that provided no growth rate benif].

Longerterm ALE experiments produced stable genetic adaptations to stressful temperature
conditions, which were verified using reciprocal transplant experiments. One such ALE study (conducted
over two months) resulted in an adapted populatiddyafbiodinium spphat outperformed the WT at
31°C. The mechanism of adaptation was hypothesized to involve mitigating the production of harmful
reactive oxygen species (ROS), which are produced in higher quantities at high temperature. In this case,
a thermal tradeff was not observed the adapted strain performed similarly to WT at 2[54].

While some experiments, like the former, are able to achieve beneficial adaptation in a few months,
many organisms require 6 months or more of serial culturing. To reduce the time necessary for the
accumulation of adaptive genetic changes, mutageneskseaatilized to diversify a starting population

prior to the start of ALE. In order to improve the toleranc&yriechocystis spo high temperature, 10
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50 J/nt UV and 1 v% MMS mutagenesis successfully inducedlathral point mutations, creating a

more diverse starting population for ALE experiments. Screening for high performing strains revealed
that 6 out of 27 strains showed improvement at high temperatomgaced to the WT. These strains were
then serially cultured for one year to increase the thermal tolerance further, ultimately resulting in a
maximum temperature of 45.8°C with stable growth. Genomic analysis revealed that thermotolerant
strains didhot follow the same adaptive lineages, however key mutations in pyruvate Kimas$e)2g
polyribonucleodtide nucleotransferageni), a Clp protease ATPase subugip(C), a group 3 RNA
polymerase sigma factosi¢F), a chemotaxis proteirpilJ), a potential peptidaselpD), a uracil
phosphoribosyltransferageyrR), and a major class Ill adenylate cyclasga) were found in most of

the strains, indicating a limited number of potential genetic mechanisms for thermal adatgkidis.

not an intuiive mutation for inducing temperature tolerance, illustrating the benefit of ALE followed by
genomic screening to elucidate novel functions in a microalgal genome, and guide future directed
evolution effort458,100]

CO; supplementation via flue gas is compelling for large scale microalgal cultivation because it
mitigates the cost and environmental impact of conventionak@@plementation, however industrially
produced flue gas contains high concentrations of, 18Qx, and heavy metals, which can be toxic to
microalgal growth. Increasing microalgal tolerance to toxic B SQ levels via ALE makes
cultivation with flue gas more viable. AdaptationGtilorella sp.to flue gas containing 10% G200
ppm NQ, and 10%50,, was achieved through a ratchet method of stepwise increases anNSQ
content over a period of 138 days. Transcriptomic analysis revealed the basis of adaptation was the
upregulation of genes involved in photosynthesis, oxidative phosphorylation, sulfur metabolism, nitrogen
metabolism, and C{ixation [82]. Tolerance to unfiltered flue gas with industrial levels of metals, NO
and SQwas achieved through ALE experiments using a mixed cultu@hlairella sp, Scenedesmus sp.
Desmodesmus sf.etranephris brasiliensjsvonoraphidium sp andCoelastrum spin an innovative
culturing set up that paired outdoor photobioreactors with flue gas from a coal plant. Adaptation to 100%
flue gas supplementation was achieved after 10 weeks, however flue gas supplementation above 50%
necessitated pH buffering in theedia[101]. This work highlights the importance of realistic
experimental conditions when making ALE improvements that will be applicable outside the laboratory.

Similar to an adaptation to flue gas supplementation, adaptation to high levels afeG@cessary
when considering reduction in pond cultivation cost, as periods of carbon dioxide stress may result from
high (via flue gas, for example) G8upplementation. Adaptation to high €@vels is one of the more
frequently studied targets of ALE, and one which has seen mixed results over the years. An early study
usingC. reinhardtiishowed no signs of adaptation following selection at elevated (1050 pp#nipICO

1000 generationf®1]. ALE experiments in other microalgae have also resulted in mixed success, with

19



one study showing successful adaptatiokmiliania huxleyito high CQ conditions following a year of
adaptation, and another failing to show adaptation in any of seven phytoplankton species after more than
750 generationgl02,103] Later experiments showed successful acclimation and adaptation to elevated
CGO in cyanobacteria and diatorf&3,104,105] An experiment usin@hlorella sp.obtained a stable

phenotype following 97 days of ALE that grew faster than the WT at up to 302supPlementation;

however, the adapted strain grew most quickly at 10%i@dicating more time may be needed to adapt

to higher CQ concentrations. This adapted strain contained higher carbohydrate and pigment content, and
was stable for over 2 yedi&3]. Similar experiments using diatom species have showntkmng

acclimation to high C@and longeiterm adaptation, apparent from increased growth rates in high CO
conditions[104,105] As was the case with flue gas ALE experiments, the utilization of outdoor
experimental conditions during the adaptatioskéletonema marintd high CQ validated the

application of ALE to more complex natural systd@35]. The mixed success of ALE in improving

tolerance to high C&n microalgae is likely a result of a variety of factors, including differences in
speciesd adaptive potential, the time and met hodol
responsible for adaptive benefit. It may be the case thab@aptation requires rare mutations, or that
unsuccessful experiments did not utilize stresshdugh conditions for a lorgnough period of time to

select for these mutatiofis03].

ALE experiments targeting adaptation to stressfuu@ pH conditions are more infrequent in
microalgae, although oxygen and pH stress remain useful strategies for contaminant management in the
pond. A recent study demonstrated successful adaptation to highe®® following 40 days of ALE in
the marine funguSchizochytrium splhe adapted strain showed a 31% increase in dry weight under high
O, conditions compared to the WT, and decreases in fatty acid and squalene content. Genomic analysis
revealed inreased isocitrate dehydrogenase (ICDH) enzyme activity and decreasaitraiiePlyase
(ACL) enzyme activity{22]. ALE of Synechocystis spo low pH (5.5) was also successful following 3
months of adaptation, but a trad# was observed, with the adapted strain growing more slowly than the
parental strain at pH 8. Genomic analysis revealed 11 mutations in the adapted strain, includesy chang
in gene expression and a mutation in the FBFPase operofiLl06]. As with ALE targeting other
stresses, these experiments highlight the utility of ALE combined with whole genaaguence
analysis as a way to understand previously unknown pathways involved in adaptation. Furthermore, the
comparatively low number ofidies focused on £and pH tolerance increases in microalgae reveal an
area in which future work is needed, especially considering the utility of such tolerances in outdoor
cultivation and pond contamination mitigation.

There are multiple studies targeting increased salinity tolerance in microalgae, which is especially

important given the desirability of se@ater usage in economically viable outdoor produci@n.
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reinhardtii remains a popular target of ALE, and was consistently able to adapt to salinity concentrations
greater than 200 mN20,33,56] In one study, the adaptation to high salinity was achieved following
1255 generations of serial cultivation using Al3]. In other studies, mutagenesis and sexual mating
were used to induce larger genetic variations and increase adaptive pf26ri@&il Using carbon ion
beam irradiationC. reinhardtiiwas adapted to 7% NaCl and produced slightly higher biomass than
populations not subjected to mutagenesis but also adapted through ALE. Of note,-Sadthaarant
strains showed lower lipid content than the WT, due to the downregulation of lipjahthiesis enzymes
including ALDH, PDC, and AC$0]. When coupling UV mutagenesis and sexual cycling, the resulting
strain had increased salt tolerance compared to a strain subjected to UV mutagenesis without sexual
cycles. For sexually competent microalgae, inducing sexual recombination can be a usednisnefor
producing novel phenotypes and may be necessary for producing viable strains adapted to multiple
environmental stress¢s6]. ALE experiments targeting higgalt tolerance have been successful in
microalgae other tha@. reinhardtii One study usin@hlorella sp.resulted in an evolved strain that was
tolerant to 30g/L NaCl, however this too resulted in metabolic declines similar to those obsé&ved in
reinhardtii: decreased fatty acid biosynthesis, photosynthesis, and oxidative phosphof§&ition

ALE experiments targeting the development of herbicide resistance provide further insight into ALE
methodology for microalgae, and careful usage of herbicides may prove useful in the reduction of
competing organisms in outdoor algal ponds. In one studg Gsireinhardtii the evaluation of
herbicideresistant evolved populations following ALE suggests the importance of a ratchet model when
conducting ALE experiments. By stepwise ratcheting to higher selection intensities, while maintaining
significant popilation growth and variation during each step, selection pressure and population size were
both maintained107]. A similar study validated these conclusions and highlighted the importance of
conserving population size while applying an Ab&sed stress. As described in section 2, the population
size in an ALE cycle, in addition to the spontaneous mutation raggndees the mutational diversity
available for selection to act and fitter organisms to emerge. When only 0.5% of a culture was transferred
during serial transfelbased ALE ofC. reinhardtiito multiple herbicides, no populations evolved
resistance to cadbamide. In contrast, transferring 1%, 2%, and 4% resulted in three sucCessful
reinhardtii adaptive lineages to carbetamide. This trend was again observed when adaminbardtii
to glyphosate,-snetolachlor, and tembotrione, where a 0.5% transfer size resulted in some resistance,
however populations evolved using larger transfer percentages showed resistance with minimal pleiotropy

as a result of greater genetic diversity presiening ALE[108].
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Table2.2 Summary of representative microalgal ALE literature targeting increased stress

22

Species, Strain Growth Selected For Duration Reference Successful?
Conditions
Increased Stress Tolerance
Mixed culture: Cultivated outdoors in Tolerance to up 10 weeks Aslamet al. Yes
Chlorella sp. PBRs, BBM medium, to 100% flue gas (2017)
KF144172.1, sunlight at 1650.3 [101]
KR904895, umol photons/(rhs),
KM985404 12h:12h light: dark
Scenedesmus sp. cycle
ABO037088,
KM985413,
FR865725,
KC859922,
KF537681
Desmodesmus sp.
AB917138,
AB917097,
AB917128
Tetranephris
brasiliensis
KF574392
Monoraphidium sp.
KT279485
Coelastrum sp.
KT279487
Symbiodinium sp Cultivated in corning Tolerance to high 2 months Chakravarti Yes
Type C1 isolated vesselsPaigo's IMK (31°C) et al.(2017)
from coral media + antibiotics temperature [99]
(penicillin, neomycin,
streptomycin, nystatin,
final concentration
[100 Ig/m]), 65 pmol
photons/(ms), 14h:10h
light: dark cycle
Chlamydomonas Cultivated in 300mL Tolerance to high 1000 Collinset al. No
reinhardtii, flasks, Suoka high salt CGo, generations (2004)
CC2344 medium, 800 pmol [51]
photons/(M's)
Chlamydomonas Cultivated in PBRs, Increased Dozens of Katoet al. Yes
sp.JSC4 MB6N media, 250 biomass and weeks (2017)
Carbon ion beam umol photons/(rhs) tolerance to high [20]
mutagenized white light salinity
Skeletonema Cultivated in Tolerance to high 107 days in Scheininet Yes
marinoi mesocosms ithe CO, fjord al. (2015)
Gullmar Fjord, 20 days in [105]
seawater or f/8 media, lab
sunlight or 96100
umol photons/(rhs)
Synechocystis sp. Cultivated in flasks, Tolerance to low 3 months Uchiyamaet Yes
PCC6803 BG-11 media, 30 pmol pH al. (2015)
photons/(M's) [106]




Table 2.2 Continued

Synechococcus
leopoliensig102*)
andAnabaena
variabilis (105%),

Navicula pelliculosa

(552*), Nitzschia
palea(160%),

Pseudokirchneriella

subcapitata(37*),

Scenedesmus acutus

(10%),
Chlamydomonas
reinhardtii
(Chlamydomonas
Centre no. 2936)

*Canadian

Phycological Culture

Centre number is
given in brackets
Chlorella sp, AE10

Chlorella sp.

Chlorella vulgaris
AE10

Chlamydomonas
reinhardtii, CC503

Chlamydomonas
reinhardtii, 1690

Chlamydomonas
reinhardtii, CC1010
mt+, CC2342 mt

Chlamydomonas
reinhardtii, 137C
mt+/mt

Synechocysti§803
UV and MMS
mutagenized

Emiliania huxleyi

Cultivated in 125mL
flasks, Bold's Basal Media,
100 PE/(nt s)

Cultivated in PBRs, BA1
media, 95 pmol
photons/(M's)

Cultivated in PBRs, B&1
media, 95 pmol
photons/(mMs)

Cultivated in PBRs, B&.1
media, 150 pmol
photons/(M's)

Cultivated in flasks, TAP
media + 200 mMNaCl,
100 pumol photons/(As)

Cultivated in tubes, Bold's
Media, 30 watt constant
illumination

Cultivated in tubes, Bold's
Media, 200 pE/(m2 s)
continuous light

Cultivated in flasks, TAPS
media + 700mM NaCl, 10C
umol photons/(ris)

Cultivated in PBRs, B&1
media, 125 UE photons/fm
s), 12h:12h light:dark

Cultivated in flasks,
seawater medid,50 pmol
photons/(M's), 16h:6h
light:dark

Tolerance to high
CO,

Tolerance to flue
gas

Tolerance to high
Co,

Tolerance to high
salinity

Tolerance to high
salinity

Herbicide resistance

Herbicide resistance

Tolerance to high
salinity

Tolerance to high
temperature

Tolerance to high
Co,

23

750-1050
generations

46 cycles

31 cycles

138 days

17 months

8 cycles

140 days

491
generations
+ 3 sexual
cycles

631
generations
without
sexual
cycling

1 year

320 days

Low-
Décarieet
al. (2013)
[103]

Chenget al.
(2019)
[119]

Li etal.
(2015)
[83]

Li etal.
(2018)
[69]

Perrineatet
al. (2014)
[33]

Vogwill et
al.

(2012)
[108]
Reboudet
al. (2007)
[107]

Takouridis
etal.
(2015)
[56]

Tillich et al.
(2014,
2012)
[58,100]

Lohbecket
al.

(2012)
[102]

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
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Thalassiosira Cultivated in vessels, f/2 Tolerance to high 300 Schaunet Yes
pseudonana media, 100 pmol temperature (32°C) generations al.
CCMP 1335 quanta/(ris), 12h:12h (2018)

light:dark [120]

Thus, while there is a large variety of literature focused on the development otclzemst
microalgae using ALE, there are some common insights that can be gleaned from these efforts. First, a
given microalgal species has an individualized potetdiallapt to a given stress, and not all species and
all stresses are equal in this adaptive potential. Second, many beneficial adaptations for a given condition
may result in negative traddfs in other characteristics, and carefully designed experimemalitions
are necessary to prevent or minimize these negative adaptive mechanisms. These conditions include
cultivation in bioreactors that maintain a peiieg environment, utilizing a ratchet method, and
optimizing population size. Finally, acclimatiand adaptation experiments do not provide similar4ong
term outcomes, and utilizing longer duration adaptation methods typically ensures a more stable

phenotype over time.

2.3.4.3 Increased Substrate Utilization

Depending on the biofuel or bioproduct generated in a microalgal pond, it may be useful to increase
the tolerance of a culture to high sugar, alcohol, or othemnatiie compounds. Producing bioethanol or
a myriad of biodiesel products (e.g. alkanes,argids, fatty acid methyl/ethyl esters) are useful
processes for the production of algal biofuel, but they require microalgae with tolerance to these
substrate§109].

ALE targeting increased tolerance to sugars is studied in microalgae as a means of increasing lipid
production, increasing valuable bioproduct production, and evaluating the ability of microalgae to adapt
to new carbon sources that are used as a hetanatiopost110,111] This type of ALE was conducted
in the bacteriuniRhodococcus opacuBy increasing the glucose utilization to 150 g/L following 22 days
of ALE, an adapted strain had significantly higher lipid content due to an increased glucose metabolism
efficiency[109]. Similar principles were applied to ad&ptypthecodinium cohnign oleaginous, nen
photosynthetic dinoflagellate, to increased glucose concentrations, with the adapted strain showing faster
growth rate and higher lipid accumulation at glucose concentrations above 25 g/L after 650 days of
adaptatior{110].
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To understand substrate tolerance from a more fundamental perspective, a separate study documented
the ability ofC. reinhardtiito adapt to multiple stresses including combined acetate, fructose, and
glycerol stress conditions following 14 months of ALE and multiple sexual cycles. Similar to the benefit
of sexual recombination observed in the adaptation of microalgae to stoesxfitions, the authors
conclude sexual crossing was most efficacious in the development of a strain tolerant to all three
combied substrates. Although sexual crossing had clearterngbenefits, the authors noted a
significant decrease in short term fitness following a sexual cycle, indicating longer experimental
timelines may have been necessary when including sexual recoiomiimathis ALE experimenl11].

Using ALE methods established in bacteria, as well as sexual cycling when possible, microalgae can be
adapted to create strains with increased sugar tolerance.

Much like adaptations to high sugar media, adaptations to high alcohol growth conditions are popular
targets of microalgal ALE because of the potential benefits of aldoleshnt strains in biofuel
production[71,112 115]. One such alcohol is butanol, which can be produced directly from genetically
engineered cyanobacteria and can be used as a next generation supplement for gasoline. A study from
2014 demonstrated an increase in the butanol tolerar&ethocystis sfollowing 395 days of
ratcheting ALE, and resulted in an adapted strain with a 150% improvement in butanol tolerance.
Metabolomic analysis revealedfuctose 6phosphate (F6P),Dlucose 6phosphate (G6P)-3
phosphoglyceric acid (3PG), NADP, phosphoegalvic acid (PEP), and fibose 5phosphate (R5P) as
key metabolites showing altered profiles. While changes to NADP(H) metabolism have been previously
identified in butanol tolerance, the other metabolites identified were surprising to the authors, who
hypahesized that their contribution to increased butanol tolerance was through additional stress
regulation, including the regulation of oxidative, heat, salt, radiation, and acetic acidlstB}sa
similar study involved the adaptation of three cyanobacterial spéciabaena spAnabaena variabilis
andNostoc punctiformeto biofuel and valuable bioproduct chemicals, farnesene, myrcene, linalool, and
limonene. By increasing the tolerance of microalgae to these traditionally toxic chemical compounds, the
amount and concentration of chemicals allowed per harvest is indr@aaking their production more
economically viable. Using ALE and fluorescence screening, chetoleaant strains were tdined
after 3 selection cycles, although, as seen in stress tolerance ALE, not all strains showed equal adaptive
potential to each condition, with increases in tolerance ranging from 15% to 1300% compared to the WT
strain[114]. Similarly, aChlorella sp.was adapted to tolerate 700 mg/L phenol through the development
of a phenol consumption mechanism in the adapted strain. Changes in carbohydrate content indicated
carbohydrate metabolism was critical in the development of this adaptation, however reschare
observed in total protein or total lipid content between the adapted and WT strains. Transcriptomic

analysis indicated that the enzymes superoxide dismutase (SOD), ascorbate peroxidase (APX),
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glutathione reductase (GR), and catalase (CAT) were upregulated. In this case, the purpose of a phenol
tolerant strain was to mitigate any problematic growth outcomes as a result of phenol contamination,
which is often present in wastewater or brackishewsatipplies. Thus, while the experimental methods of
alcohol tolerancdéocused ALE may contain many similarities, the ultimate application of the resulting
adaptation can vary widely depending on the alcohol involved: from higher survival in the prdsence o
toxic water contaminants to increased tolerance to valuable biofuels present in tiiglpbihs]

The final major category of substréteused microalgal ALE is the utilization of varying light
conditions to induce changes in autotrophic and heterotrophic growth. In 1997, Reboud and Bell reported
successful adaptation 6f. reinhardtiito continuous light or dark environments. Their results highlight
light-related adaptive traeaffs, with the continuous light population becoming unable to grow in the
dark following longterm cultivation. The authors suggest that the likelihood thagative tradeoff will
emerge is proportional to the ecological difference between the adapted environment and the environment
in which the tradeff is markedly deleterioi87]. In a mechanistic study a decade later, Bell
demonstrated that autotrophic strain€ofeinhardtiiwere able to survive and grow under heterotrophic
conditions through an increase in responsiveness to acetate. Likewise, the deleterious mutations resulting
in the |l oss of adapted strainsd ability e grow
geneqd73].

Such evolution of specialist strains prompted Hosidd. to investigate ALE irBynechocystis sp.,
with the aim of developing a mulsubstrate tolerant strain without photosynthetic tiaffie Following
408 days of constatight ALE, an amineacid tolerant strain was obtained. Photosynthetic measurements
verified no significant losses in autotrophictivity. By maintaining constant light during the ALE
experiment, Hosadet al. avoided the environmental gap described by Reboud and Bell as participator
in the development of autotrophic tradés [72]. Additionally, ALE has been effective in alternative
light conditions besides complete light or darkness. A study @ihgyella vulgarisresulted in a strain
adapted to grow on 660 nm light rather than its spectral optimum of 680 nm. These authors suggest the
mechanism of adaptation was achieved by altering the ratio of chlorophyll 24id kit seems that in
light focused, as well as other target ALE, lighting conditions are crucial in the development of fithess

tradeoffs, and experiments should be designed with care to maintairrplawvént lighting conditions.
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Table2.3 Summary of representative microalgal ALE literature targeting increased substrate utilization

Species, Growth Selected For Duration Reference Successful?
Strain Conditions
Substrate Utilization
Anabaena sp. Cultivated in test tubes, Tolerance to >6 weeks Johnsoret Yes
PCC7120 BG11 media with farnesene, al.
Anabaena HEPES and NaHC® myrcene, linalool, (2016)
variabilis ATCC 24 pmol photons/(fs) and limonene [114]
29413
Nostoc
punctiformeATCC
29133
Chlamydomonas Cultivated on plates, Tolerance to 14 months Kaltz et al. Yes
reinhardtii, 20 mt Bold's medium, dark sodium acetate (2002)
and 20mt+ clones conditions and fructose, or [111]
glycerol, or
fructose and
glycerol
Crypthecodinium Cultivated in 250mL Tolerance to 650 days Li et al. Yes
cohnii, ATCC Erlenmeyer flasks, by+ glucose (2017)
30556 medium, 95 umol [110]
photons/(Ms)
Synechocystis sp. Cultivated in 250mL Tolerance to 395 days Wangetal. Yes
PC6803 flasks, BG11 media, butanol (2014)
50 pumol photons/(fhs) [113]
Chlorella sp. Cultivated in flasks, Tolerance to 31 days Wanget al. Yes
TAP media, 117 pmol phenol (2016)
photons/(Ms) [71]
Chlamydomonas Cultivated on plates, Heterotrophic 50 cycles of Bell Yes
reinhardtii Bold's medium, dark growth 1 month or (2013)
conditions 1 week [73]
Synechocystis Cultivated in flasks, Tolerance to toxic 408 days Hosodeet al. Yes
6803GT TCM1 and BG11 aminoacids (2014)
media, 10 pmol [72]
photons/(M's)
Chlamydomonas Cultivated in flasks, Growth in 200 Reboudet Yes
reinhardtii, autotrophic and constant generations al. (1997)
CC1010 x CC1952 heterotrophic media, light/dark (light) [67]
continuous 90
light/continuous dark generations
(dark)
Chlorella vulgaris Cultivated in PBRs, Growth using 114 days Fuet al. Yes
UTEX26 modified M8 and K8 660nm light (2012)
media, 255 pmol [74]
photons/(M's)

Many of the same ALE principles highlighted through stress tolerance literature also apply to the
development of novel microalgal strains through adaptation to alternative substrates. Creafipgihigh
producing strains tolerant to biofuels and cheminay be a key method of decreasing microalgal

cultivation costs and increasing the value of algal biomass through the production of bioproducts
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[71,109 115]. Likewise, understanding the impact of light conditions on the development of fitness trade
offs is especially important when designing ALE experiments. Even if the target for adaptation is not
related to heterotrophic/autotrophic growth, utilizationafistant light conditions for long periods of

time may result in strains incapable of growing in the dark, due to the large environmental gap between
light and dark conditionf57].

2.3.4.4 Increased Product Yield

Maximizing product yield is an obvious target of microalgal ALE, given the potential for higher
yields of valuable cellular components to improve the economic viability of industrial microalgae. A
major target for increased product yield following ALE i€raalgal lipid content. This is because a
primary component of microalgal biofuels are the triacylglycerols produced in microalgal cells. Several
studies have investigated adaptations targeting high lipid content, although many of these methods share
significant similarities with some of the stress tolerance ALE experiments previously summarized. As
with ALE experiments targeting other improvements, usage of sorting and mutagenesis methods help to
speed the timeline for obtaining beneficial mutationsNMBE experiment using CC124 asth61
strains ofC. reinhardtii, high lipid producing strains were selected using FACS during nitrstgmation
conditions. Resulting adapted strains showed a maximum lipid content of 16% in CC124 and 14% in
sta6-1, with thesta6 1 strain achieving maximum lipid content much more quickly (44% decrease in
number of days) than CC124. As with other microalgae, this disparity illustrates the differences in
adaptive potential even among different strains of the same orggtikrburing a study of
Chlorococcum littoralegrown for more than 70 days with repeated cycles of N replete and deplete
media, no change was observed in either biomass or lipid content, suggesting the need for either time,
alternate stress method, or enhanced mutation profile for evolving thesonga.

Similar to other ALE targets, mutagenesis is often beneficial in increasing genotypic variation. A
high-lipid producing strain oNitzschia spwas obtained by Chergg al.using gamma radiation followed
by 70 days of ALE in high salinity conditions. The resulting strain had a ~28% increase in lipid dry
weight compared to the pardf]. As in the previous experiment whereddprivation was used,
environmentally stressful conditions were necessary to induce lipid production, and there is often
significant overlap between ALE literature aiming to obtain high lipid producing microalga&lL&nd
literature aiming to adapt a strain to stressful environnj26t83,56,69] Next generation ALE
experiments may involve motargeted methods of adaptation, an example being the usage of chemical
modulators. Along with metabolite analogs and-amtabolites, chemical modulators can interact with
the metabolites of a biologicaystem by targeting enzymes and signal molecules. A recent study from

Diaoet al in 2019 documents the successful use of chemical modulators to creatdipidigioducing
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strain ofC. cohnii Using sethoxydim, an inhibitor of acetgbA carboxylase (ACCase), each round of
ALE induced high selection pressure for increased ACCase expression, resulting in a 50% increase in
lipids and 90% increase in DHA following 525 days of ALE. While this métimay not be suitable in
microalgae for which chemical modulators are not well documented, or appropriate metabolic targets are
unknown, it provides a highly specific method for adapting-wiediracterized microalgal straifis].

Another popular category of microalgal products for Abh&Sed improvements is carotenoids, which
are used in the supplement and skincare industries, and may be sold as coproducts following lipid
extraction for biofuel$50]. Literature has showcased successful increases in the production of
astaxanthin, beta carotene, lutein, and fucoxanthin following ALE experimddtsematococcus
pluvialis, D. saling andPhaeodactylum tricornutumespectively{18,50,116] Similar to the nutrient
stress required during hidipid ALE, increases in carotenoid content are often stress driven. In the case
of a high astaxanthin producing straintbfpluvialis following®Co-o i r r adi a4conditons 15 % CO
(mimicking flue gas), were maintained during 10 generations of ALE to produdeldificrease in
astaxanthin contelfit16]. Similarly, fucoxanthin production during ALE P. tricornutumwas induced
through UVC mutagenesis; enhanced fucoxanthin content and faster growth was apparent after just 8
cycles of ALE, and after 11 cycles an adapted strain wftid2higher fucoxanthin content was obtained.
As is the case in other ALE experimentsizing mutagenesis, the rapid adaptatiofPofricornutum
confirms the ability of mutagenesis to induce greater diversity in starting populations, increase the
adaptive potential, and dease the time necessary for A[3D]. In addition to mutagenesis, the use of
photobioreactors to tightly control culture conditions is beneficial to many ALE experiments, one
example being the development of a high beta carotene and lutein producing dxasalofafollowing
16 cycles of ALE. In this study, environmental stress was induced by culturing using blue light LEDs,
which resulted in a stress response without negatively impacting cell viability. Interestingly, blue light
adapted cells also showed improved fight tolerance, iridating that this mechanism did not result in
light tolerance tradeffs, and instead, broadened the general light tolerance of the[$8hin

In addition to carotenoids, another valuable bioproduct of microalgal cultivation is docosahexaenoic
acid (DHA). DHA is a popular supplement due to its role in infant neurological development as well as in
naturopathic treatments for cardiovascular disedisbetes, and hypertension. Commercial DHA
production using microalgae is compelling due to the dwindling supply of traditiondddistd sources,
and algal DHA is incentivized as a source of revenue to offset biofuel productiof2@swhile low
temperature cultivation can induce DHA production, it is not feasible to cool large outdoor commercial
ponds. Instead, laboratory ALE methods can select for stable higher DHA producing strains, which could
then be grown in higher outdoor pordriperatures and oxygen concentratidis]. Much like

increased lipid and carotenoid ALE experiments, increased DHA content required the adaptation of
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strains under high stress environments. In one case, a 35% increase in DHA yield was obtained from

Schizochytrium spadapted to higlagitation stress at 230 rpm for 40 days, and cultivated at 170 rpm to

evaluate DHA increase following adaptati@2].

Table2.4 Summary of representative microalgal ALE literature targeting increased product yield

Species, Strain Growth Selected For Duration Reference Successful?

Conditions

Increased Product Yield

Nitzschia sp. Cultivated in 1L Increased lipid 100 days Chenget al. Yes
Gamma radiation triangular flasks, D1 content (2014)
mutagenized and F1 media, 1000 [17]

Lux, 12h:12h

light:dark cycle
Haematococcus Cultivated under Increased 10 Chenget al. Yes
pluvialis high CQ in glass biomass and generations (2016)
Gama radiation cylinder astaxanthin [116]
mutagenized photobioreactors, production

Bold's Basal

Medium, 65 pumol

photons/(ns),

continuous light
Dunaliella salina Cultivated in a PBR, Increased 80 days Fuetal. Yes
UTEX LB#200 Gg-8 media, carotenoid (2013)

170uE/(n? S) blue accumulation via [18]

light light stress
Chlamydomonas Cultivated in flasks, Increased lipid 75 days Velmurugan Yes
reinhardtii, TAP media, 125 content etal.
WTCC124 and pumol photons/(rhs) (2014)
Sta61 [30]
Phaeodactylum Culti_v_ated in PBR_S, Increased_ 60 days Yi etal Yes

h modified F/2 media, fucoxanthin (2015)

tcngzg%ugg " 30 pmol content [50]

photons/(M's)
Schizochytrium sp Cultivated in flasks, Increased 40 days Sunet al Yes
HX-308 artificial seawater docosahexaenoic (2016)

media acid synthesis [22]
Cryptothecodinium Cultivated in flasks, Increased lipid 525 days Diaoet al. Yes
cohni ATCC application of content (2019)
30556 chemical [16]

modulators, Basal

media

Thus, much of the same basic ALE principles apply when designing ALE experiments with the
objective of producing high product yield. In addition to typical considerations of generation time, pond
like cultivation and the use of bioreactors, and applicaifanutagenizing agents, the selection of an
appropriate stressor to induce production is critical to the success of product focused ALE. Experimental
literature provides a variety of potential environmental and chemical stressors, including salinity, ligh

frequency, temperature, and agitation, and the optimal stressor will be dependent upon the metabolic
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pathways involved in product synthesis, as well as the typical cultivation conditions ofalénalg

qguestion.

2.4 Conclusion and FuturePerspectives

Important lessons have been learned from the prior usage of ALE to improve microalgal strains.
These results give insights into experimental design and technologies, and provide an understanding
regarding the areas in which future microalgal ALE experismiemght be most valuable. Design of
future ALE experiments should be undertaken with care, as all eventual adaptations will be a result of the
specific cultivation environment in which they evolved and the selection strategies applied. While serial
transer has been the most popular method, it is likely that utilizing chemostat or photobioreactor methods
will prove more efficient in the future for running many parallel experiments and maintaining cultures for
long periods of time without contaminati{0,22,33,49,6071].

In addition to careful experimental design, an understanding of previous successes and failures to
adapt microalgae using ALE is critical. While there are multiple studies focused on increasing stress
tolerance of microalgae to increased CiBcreased temperature, and increased salinity, there are
relatively few focused on increasing tolerance to pH ost@ss. Targeting future studies towards more
infrequently researched stresses may prove valuable. Regardless of the ALE target, a lesson learned
throughout microalgal ALE literature is the individuality of adaptation. Likewise, the emergence of
negative or maladaptive tradéfs is often seen during microalgal ALE, and careful experimental design
is needed to mitigate thj20,22,98,106,108]

Clear reporting of experimental methods and results can be as important as the results themselves,
and it must be noted that the current variability in the classification of an experiment as adaptation or
acclimation (or, in one case, conditioning) can endldifficult to interpret microalgal ALE literature.

While some authors are very clear in differentiating between acclimation and adaptation, others do not
provide reasoning for assigning results into one category or the[2#h@v,98,104,118] As microalgal

genetic toolkits and sequencing techniques become more readily available, an effective way to determine
if genetic adaptation has taken place, as well as to pinpoint the genomic changes involved, is by
performing sequencing analysis of ti#apted strain. Many recent microalgal ALE studies have used
genetic sequencing to understand the adaptations achieved, and future studies would be enhanced by
incorporating similar analys¢$6,22,33,49,58,71,106,113,11%jdditionally, the durability and

longevity of ALE-derived strains is often unreported. With the ultimate goal of strain improvement being
the development of commercially viable microalgal strains, future studies would benefit from validating

the longtemm stability of an ALE strain, especially in an outdoor cultivation environment.

31



In conclusion, the expanding body of microalgal ALE experimental work targeting improved growth
rate, increased stress tolerance, novel substrate utilization, and greater product yield, can inform the
design of future experiments and further advancedsritid. Successful microalgal ALE experiments
thus far have validated the methods originally developed in microbial systems, and, through the use of
automated culturing techniques and rgaheration sequencing methods, future studies can achieve
additional and more complex adaptations to ultimately assist in the development of microalgal

bioproducts and biofuels.
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CHAPTER 3 ADAPTIVE LABORATORY EVOLUTION FOR INCREASED TEMPERATURE
TOLERANCE OF THE DIATOMNITZSCHIA INCONSPICUA

Modified from a paper published MicrobiologyOpen
Alaina J. LaPanseTyson A. Burch Jacob M. TamburfpJesse C. TralldrAgnieszka
Pinowskd, Matthew C. Posewit?

3.1 Abstract

Outdoor microalgal cultivation for the production of valuable biofuels and bioproducts typically
requires high insolation and strains with high thermal (>37 °C) tolerance. While some strains are naturally
thermotolerant, other strains of interest requinproved performance at elevated temperatures to
enhance industrial viability. In this study, adaptive laboratory evolution (ALE) was performed for over
300 days using consecutive 0.5°C temperature increases in a constant temperature incubator to attain
greater thermal tolerance in the industrially relevant dialtiteschia inconspicuatr. Hildebrandi. The
adapted strain was able to grow at a constant temperature of 37.5°C; whereas this constant temperature
was lethal to the parental control, which had an upper temperature boundary of 35.5°C prior to adaptive
evolution. Several higkermperature clonal isolates were obtained from the evolved population following
ALE, and increased temperature tolerance was observed in clonal, parent, @whabadapted
cultures. This ALE method demonstrates the development of enhanced industrial algal strains without the

production of genetically modified organisms (GMOSs).

3.2 Introduction

Climate change modeling predicts that global surface temperatures will rise 5°C or more by the year
2100[1]. Currently, global temperatures have increased 1°C abovadustrial levels and the changing
climate may lead to increasingly severe weather events, resource scarcity, and ocean[\el rise
Multiple renewable and carbareutral technologies are needed to address global climate challenges and

emission goal§3]. One promising sustainable resource is photosynthetic algal biomass. Microalgae are

SReprinted with permission dflicrobiologyOpenA.J. LaPanse, T.A. Burch, J.M. Tamburro, J.C. Traller, A.

Pinowska, M.C. Posewitz, Adaptive laboratory evolution for increased temperature tolerance of thélidistchia
inconspicuaMicrobiologyOpen 12 (2022). https://doi.org/10.1002/mbo3.1343.
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compelling because of their short growth cycles, utilization ofarable land, nopotable water
requirements, and biomass compositigh5]. The proteins, carbohydrates, lipids, and pigments in algal
biomass can be converted to economically valuable bioproducts including fuels, biopolymers, plastics,
nutraceuticals, food additives, animal feed, and antibiffics he diatorNitzschia inconspicuatrain
Hildebrandj is of interest for industrial cultivation due to its robust outdoor stability in{scgke ponds,
carbon use efficiency, and high lipid content (>50% under some conditions), which is a primary product
for algal biofuels including sustainable aviatiarels (SAFs]6,7].

Although promising, current algal productivities are frequently limited by environmental stressors in
the Adomesticatedod conditi ons o flevels(dupesaturatioa)l al gae
and high t e mp Bl Tosustairehigh fro0®tivity Ander adverse conditions, strain
improvements to address these physiological challenges are often necessary to improve stress tolerances,
and product accumulation capabiliti®$. Direct genetic engineering and adaptive laboratory evolution
(ALE) are both viable methods for algal strain improvemgi@isl1] Significant progress has been made
in developing specific and reliable algal genetic engineering methods using gene insertion and/or
CRISPR/Ca®, but timely phenotypic progress remains challenging in these systematic and targeted
efforts[12i 14]. While engineering is beneficial in understanding specific genes and geneduisck
(KOs), broader metabolic and systemic changes may be more effectively achieved through other, more
global means, including ALEL5i 24].

ALE is well documented in yeast and bacteria as a means to gradually attain phenotypes of interest
over time through the application of environmental selection pressure leading to novel genotypes with
greater environmental fithness through the existencarafom mutations within a populatif2bi 29].

Recently, this technique has been applied to microalgae as a means of increasing tolerance to a variety of
stresses (including temperature, salinity, herbicides, and flue gas components), increased utilization of
substrates (including glucose, butanoid @ark conditions), increased valuable product yields (including
lipids, biomass, and pigments), and increased growth[fEGe24]. The use and complexity of ALE
experiments has evolved alongside directed genetic engineering methods like CRISRRf€hlsoth

methods have been shown to produce industrially beneficial phenotypes ifBalgdé However, ALE

is especially useful in selecting randomly occurring genotypes that may be difficult to isolate through
singlegene knoclouts or insertions, and can be advantageous for deployment because ALE variants are
not typically regulated as genetilyamodified organisms (GMO4B2].

High temperature tolerance is a particularly relevant ALE objective for industrial algal strains. In
order to achieve the maximal biomass productivities necessary for economic viability, cultivation in hot
climates with yearound warm temperatures and iisunlight is key. To accommodate these locations,

algal strains must be minimally stressed and maintain high productivity levels in high temperature
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conditions. Initial efforts to improve algal temperature tolerance have been undertaken using both
acclimation over short time periods (regulatory alterations), and adaptation over longer time frames
(advantageous genetic alterations). While acclimatigements may provide useful roadmaps for

strain preconditioning prior to outdoor cultivation, adaptation will typically produce more stable
phenotypes useful for loAgrm outdoor production campaigns. Such phenotypes have been achieved in
microalgae usig ALE. A two-month ALE experiment in the cyanobacteri@ymbiodinium sppesulted

in higher growth rates at 31°C compared to wiylde (WT) controls, without low temperature growth
tradeoffs [33]. Likewise, recent research in the green &gachlorum sppincreased the upper
temperature boundary from 47.5°C to 49°C over 390 days of photobioreactor adaptive cu[@@ition
These longerm ALE experiments demonstrate the ability to achieve incremental, but important, gains in
high temperature algal stress tolerance.

A subset of diatoms is of interest for industrial cultivation due to their high lipid content (used as a
precursor to SAFs) and tolerance to high pH, brackish media conditions, which can be useful when
managing outdoor pedfg]. High temperature cultivation conditions are beneficial in achieving high
productivities when growing diatoms outdoors, however marine diatoms may not be naturally high
temperature tolerant. Temperature adaptations have been achieved in diatoms thieu§lyédrlong
ALE study in the marine diatoffhalassiosira pseudonarsgnowed adapted growth rates at 32°C
equivalent to the growth rate observed in the parent strain at the original temperature [8#222CE
studies in diatoms showcase their ability to adapt to environmental conditions, much like green algae,
bacteria, and yeast.

The industrially relevant diatorNitzschia inconspicuahas a maximal growth rate at ~25°C with
temperatures above 36°C proving fatal under dilute culturing conditions. Successful outdoor algal
cultivation sites will likely be located in warm climates with consistent daily photosynthetic radiation and
minimal cloud covef35]. ForN. inconspicudo be successfully cultivated outdoors in such conditions,
greater thermal tolerance is necessary. Due to the complexity of thermal adaptation from a metabolic
perspective, as well as regulatory limitations on the deployment of genetivadlified orgaréms
(GMOs) using recombinant DNA approaches, ALE was selected for strain thermal tolerance
improvement$36]. In this study, we report a constdaatmperature tolerance increase of 2°Qlin

inconspicudollowing nearly one year of continuous cultivation and ALE.

3.3 Materials and Methods
3.3.1 Microorganism and Culturing Conditions

Strains ofNitzschia inconspicuavere obtained from Global Algae Innovations (GAI; Lihue, Hawaii)

[7]. N. inconspicuestrains GA1229 and GAI339 originated from separate clonal isolates of the parent
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organism after distinct outdoor cultivation campaigns. Initial constant temperature conditioning-of GAI
229 was undertaken in 2019 and 2020, and the resulting strains were designaga @ad GAI229
2020. GAI339 is derived from a separate clonal isalaf N. inconspicuabtained following a successful
summer outdoor cultivation season.

Constant temperature cultures were maintained in a Multitron incubator with 200 pmol phdtens m
! of photosynthetically active radiation (PAR) ¢h6ur light: 8hour dark cycle), 120 rpm shaking, and
1% CQ supplementation. Cultures were maintained in 250 mL Erlenmeyer flasks with foam caps to
allow air diffusion, and were diluted once per day, or once every few days, using brackish media as
previously describefB7,38]. Starting cultures were purified and streaked, and dilutions were performed
in a sterile hood; however, cultures were not axenic at the start or throughout the experiment due to
surface associated (phycosphere) bacterial organisms. Culture temperaingesdubator adaptation
were measured using IR thermometer measurements and verified using alcohol thermometers placed

alongside flasks in the Multitron incubator.

3.3.2 Adaptive Laboratory Evolution Experimental Conditions

To achieve a higllemperature tolerant strain Nf inconspicuamultiple flasks were maintained
using serial dilutions at steadily increasing temperatures for, in the longest case, nearly 300 days.
Temperature adaptation began at the most stressful temperatpoénsgtossible without complete
culture death and cddleaching. Given the previously determined maximal temperature tolerance of the
WT (parent) strain being 36°C, the internal temperature of the flasks began at 35.5°C. To prevent culture
deathduring ALE, a ratchet methodology using gradual stepwise temperature increases of 0.5 °C was
undertaken. A temperature increase was triggered when the culture showed growth rate stabilization, with
culture growth evaluated using optical density ¢(gPmeasurements as a proxy for productivif3.
Each ratcheting step was maintained for at least 10 days, with some steps being maintained for 30 or more
days to allow for culture adaptation.

For ALE experiments, three strainsifinconspicuawere placed in the constant temperature
incubator in triplicate to provide reproducibility metrics and to provide multiple starting points from
which beneficial phenotypes could emerge. These strains, designat&?GABAL229 2020, and GAI
339, werenbtained from GAI as separate clonal isolates from successful outdoor cultivation campaigns at
Gl obal Al gaeb6s Kauai Al gae -229andGAIR2AY 2020 betd originated. i h u e,
from the ame GAI229 clonal isolate, but were maintained separately undestéonglaboratory

cultivation and may have diverged genotypically as a result.
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3.3.3 Cryopreservation and Revival

Microalgal biomass was cryopreserved8i°C as previously describ§D]. Briefly, strains were
grown in flasks to dense culture (above any§6f 1). 1.9 mL of dense culture was combined with 0.1
mL of the cryoprotectant dimethyl sulfoxide (DMSO) in 2 mL vials (5% DMSO %v/v). Vials were
briefly mixed and then placed into a 6Mr. Frostybo
maintahned previously at 4AC. The 6 Mr. Frostyd contai |
-80°C freezer to achieve a temperature ramyloh C/ mi n . Once sampbssyodnbadebe
at-80°C overnight, they were transferred to a standard sample storage box and maint8f&c! wtil
revival.
Cryo-revival of microalgal biomass was performed as previously desddbgd-rozen biomass
vials were placed into a 37°C water bath to thaw for up to 5 minutes. Vials were then centrifuged at 1000
rpm for 5 minutes at 25°C. The supernatant with the DMSO cryoprotectant was aspirated and the pellet
was washed once with fresh madithen centrifuged again. The cell pellet was then resuspended in 14
mL of dilute culture brackish medium and maintained in low light (<25 PE) conditions for 24 hours.
Following low light acclimation, the flask was grown in 100 pE light conditions on leesltable at 110

rpm, and diluted as necessary in dense culture brackish medium.

3.3.4 Clonal Isolation

Single clones were isolated frdwh inconspicuan agar plates using 1 pm filters (Cytiva (Formerly
GE Healthcare Life Sciences) Whatr&ad7 mm Nucleporé Polycarbonate TracEtched
Membranes). Cultures were diluted to a concentration -df0@cells in 10 mL sterile isotonic
bicarbonate solution. Filters were first rinsed using 10 mL of sterile isotonic bicarbonate solution, then 10
mL of the dilute cultue was filtered, finally the filter with culture was rinsed again using sterile
bicarbonate. Filters we placed directly over agar plates and incubated in 100 pmol photoss PAR,
1% CQ. Colonies were visible after a week to 10 daysstreaked on agar plates, then transferred to

liquid media for phenotypic evaluation.

3.3.5 Microscopy

Microscopy was performed using a Nikon Eclipse E400 microscope using the CFI Plan Achromat
Series objectives for phase contrast. Images were obtained usingdefiigtion Nikon DSFil camera

head and processed using the Nikon Elements Br software (Na®previously describgdO].
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3.4 Results and Discussion

3.4.1 Constant Temperature Adaptation IncreasedHigh Temperature Tolerance ofNitzschia
Inconspicua

Adaptive Laboratory Evolution (ALE) is a wellescribed method for the selection of improved
microbial and microalgal phenotypes over tifhé,29,41,42] ALE is often characterized by an increase
in the growth rate of a culture over time, as more environmentally competitive random mutations come to
dominate a population. Stressful environmental conditions will select fepuiations with greater
stresdolerance, and in cases where a stress condition is lethal, a gradual, ratcheting increase in stress has

been shown to be effective in developing adaptive phenoff@etl ]
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Figure3.1 Growth rates (calculated from Gdgmeasurements) of multiple strainsNifzschia
inconspicuaduring constant temperature incubabased adaptation, with grey shading representing 1
standard deviation between three biological replicates, arrow designating shift in biological replicates, and
blue and red shading representing constant incubaipetature during adaptive laboratory evolution

(ALE).
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ALE began at 35.5°C with GA229 and GAI229 2020, both of which immediately showed growth
declines at 35.5°C as indicaterigure 3.1 (with growth calculated from Olssmeasurements as shown
in Figure 3.4). As growth recovered, the temperature was increased to 36°C, and #2x2%ahd GAl
229 2020 strains showed adaptation as indicated with increased growth rates, from ~0.75 to ~1.3 divisions
per day for GA1229 2020 and ~0.5 to ~1 divisions for G229.The temperature was then increased to
36.5°C. At his point, a third strain was introduced, G339, which was isolated from a batchNof
inconspicueacultivated outdoors in the summer of 2020, and hypothesized to have greater starting thermal
tolerance than the original GAI29 strain due to successful outdoor growth campaigns during a relatively
hot summer at the GAI Kauai Algae Farm.

Initially, at 36.5°C all strains showed sharp declines in growth, with theZ28ltriplicate flasks
dying off completely around day 50 of the experiment. The remaining strains3&Adnd GAI229
2020, were maintained at this set point for 41 days, athathme the growth rate of GA339 had
increased from below 0.25 divisions per day to between 0.5 and 0.75 divisions per day, indicating
adaptation. As a result, the next ratcheting step to 37°C was undertaken, and both str3iB8 &7l
GAI-229 2020 agin showed rapid declines in growth rates following this increase. After 5 days, GAl
339 revived to a growth rate around 0.5 divisions per day, whileZ2812020 continued to decline until
all triplicate flasks were no longer viable. With G339 as the wly remaining strain to survive the ALE
regime, the next ratcheting step was taken to 37.5°C. As with the prior increasg3®stiowed an
immediate decrease in growth rate, however unlike the previous step, in which the strain recovered
rapidly, the strim took over 20 days to recover, with gradually increasing growth rate. This may indicate
that the increased temperature during this final ratcheting step required greater adaptation than the
previous step, therefore requiring a longer time period totdelea beneficial phenotype from a diverse
population of naturally occurring random mutations. Interestingly, while the338lstrain showed an
increased growth rate over time at 37.5°C, the growth rate never increased beyond about 0.75 divisions
per day Instead, the growth rate stabilized near 0.5 divisions per day and maintained relatively consistent
growth for over 100 days continuous culturing. Compared to the initial low temperature growth rate of
above 1.5 divisions per day, this may indicate #van with a successful A-generated high
temperature adaptation, there may be a growth limitation imposed by high temperature than cannot be
overcome by the adaptation techniques used here.

Interestingly, the long duration of culturing during ALE resulted in the differentiation of the culture
replicates into individual adaptive lineages. It is possible that throughout ALE the surface associated
(phycosphere) bacterial composition of eachuralmay have changed, which could have contributed to
the observed changes in replicate growth rates. These growth rate changes became especially apparent

after day 120 (approximately 22 generations of ALE), where-&3¥ replicates 1 and 3 began to adapt
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the recently increased temperature, whereas replicate 2 did not. This result is visible in the large error
(representing one standard deviation) shown in average, Gdbculated growth rate during that period,
as seen ifrigure 3.1 designated by an arrow. As a result, replicate 2 was discontinued on day 133. The
surviving two replicates adapted to the 37.5°C temperature that proved lethal for replicate 2, and two new
replicates (labelled 339 1A and 339 3A) were generated from thetay157. Therefore, pécates 339
1 and 1A are considered one adaptive lineage, and replicates 339 3 and 3A are considered another.
Despite their individual adaptations, all of the new replicates had similar growth rates of ~0.4 divisions
per day following 287 days of ALE. Ahe final ratchet temperature 37.5°C, it was hypothesized that a
population of GAI339 had been isolated with greater thermal tolerance than the pareB8&Akild
type; WT) strain.

To test this hypothesis, replicates of adapted-G29 were compared to cryyevived GAF339 WT
(parent) in the constant temperature incubator at 37.5°C, as sh&iguia 3.2. Simultaneously, the
viability of the GAF339 WT was validated by culturing in an identical incubator set to 25°C. In the low
temperature incubator, the G&B9 WT maintained growth rates between 0.5 and 1.1 divisions per day
for over 20 days. In the higkmperature incubator at 37.5°C, each of three biological replicates of GAl
339 WT, individually revived from cryopreservation, showed immediate declines in growth with cultures
showing no viability after about 10 days, as sedfignire 3.2B. This resulistrongly supports the
hypothesis that the GA339 adapted strain achieved through ALE had greater thermal tolerance than the
parent GA1339 WT strain. To validate that the achieved adaptation was maintained through
cryopreservation, a preserved aliquoboé of the triplicate cultures, GA39-1, was revived and placed
in the constant temperature incubator at 37.5°C. This revived strain showed statistically similar (single
factor ANOVA, P>0.05) growth rates to the adapted strain, around 0.5 divisiodaypevhich was
maintained for 21 days, as showrFigure 3.2A
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Figure3.2 A. Average growth rates of high temperature adapted straMizsichia inconspicuaGAlI-
339 (Adapted, biological triplicate, 137 days continuous culturing from@yival), GAF339 adapted
and revived from cryopreservation (Revived, 21 days continuous culturing fropneuiyal), GAI339
adapted clone 4 (C4, 21 days continuous ciniguirom crycrevival), GAF339 adapted clone 5 (C5, 17
days continuous culturing from cryrevival), *P>0.05, singldactor ANOVA ; B. Growth rate of GAl
339 WT (parentun-adapted) at 37.5°C with shaded blue error representing £1 standard deviation
between three biological replicates and shaded grey area highlighting values below zero.

The thermal adaptation M. inconspicuancreased its upper thermal boundary by 2°C, allowing
greater opportunities for siting outdoor ponds for this strain in desirablddvigberature, higlsunlight
locations, as well as operations at shallower depths which in turn helps with light attenédtereas
the parent (WT) was not able to grow above 36°C, the adapted strain grew reasonably well at 37.5°C for
extended campaigns (over 3 months). The achieved adaptation is maintained through cryopreservation,
alowing for storage frozen shipment of industrially relevant adapted strains. These results strongly
support the hypothesis that ALE is an effective method for generating unique, thermotolerant, stable
genotypes in diatomic microalgae, and highlight ALEaaseans of generating algal strains that are
potentially better suited for industrial cultivation.

3.4.2 Clonal Isolation, M orphology, and Growth

ALE will inherently produce a culture with varying clonal genotypes within a mixture of cells in the
evolved population, even within an adapted population with a consistent phef3j/eo isolate these
potentially differing clonal genotypes, and to determine if some clonal isolates had superior performance
relative to the adaptive mixture of cells, single clones were isolated from adapt&@8&ADnce clones
had been isolated and-sgeaked on agar plates, multiple clones were moved to liquid media for

phenotypic evaluation. Following cultivation in a 25°C incubator to establish fast growing, dense
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cultures, 9 clones were evaluated under high temperature conditions in the constant temperature incubator
at 37.5°C. Three clones: 1, 2, and 9, were not tolerant to temperature and died under high temperature
cultivation. The remaining six clones showelhtigely similar growth rates of ~0.5 divisions per day.

Two clones were of particular interest, clones 4 and 5, due to observed larger cell sizes, as shown in
Figure 3.3. The average growth of clone 4, clone 5, G&P adapted, and GA39 adapted cryoevived

was compared over at least 17 days, with all strains showing statistically similar growth rates (single

factor ANOVA, P>0.05), as shown Figure 3.2A
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Figure3.3 Microscopy characterization of G/A39 adapted clonal isolates, GBB9 WT, and GAI339
adapted lines 1, 1A, and 3 (rolonal consortia).
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Despite similar adaptive phenotypes, microscopic evaluation showed significantly variable cellular
morphologies, as shown kigure 3.3. The parent population, GA339 WT, contained large cells with
greater than 20 um lengths. Comparatively, the adapted lines showed smaller cells with lengths of 5
pm. It is well documented in the literature that diatom cell size may decrease over tiraeeaks
undergo progressive cell division cyclddi 47]. Many diatoms have been shown to utilize sexual
reproduction as a means of restoring cellular size, although the means by which a given diatom species
initiates the sexual reproduction process is often not estab[hgd 49]. Following the clonal
isolation process, during which cells were incubated on agar plates for up to 2 weeks, and once clones
were transferred into liquid media, cell size was observed through microsedpyg8ks following

initial clonal isolation). Inteestingly, clones 4 and 5, isolated from G399 adapted line 1 (GA339 1),



exhibited cell sizes similar to the parent G289 WT, with cell lengths of 20 um or greater. It is
hypothesized that part of the clonal isolation process may have triggered a mating event in some of the
clonal populations, resulting in clones 4 and 5 wa$tored, large cell sizes. Further investigation is
needed to determine if a certain aspect of the clonal isolation process can be utilized to induce sexual
reproduction in the laboratory in this speciedNdggschia

3.4.3 PondRelevance ofConstant Temperature-Adapted Strains

Constant temperature incubatmased ALE indicates that. inconspicuas capable of adapting to
thermal stress. In order to evaluate the utility of a constant tempeeatapéed strain, clone 4 was sent to
the GAIl Kauai Algae Farm in October 2021 in Lihue, Hawaii for outdoor cultivation. The fall outdoor
growth season waso cool to consistently reach pond temperatures greater than 37 °C. To simulate
hotter cultivation conditions, small aquarium heaters were added to two of the ponds to evaluate the
impact of increased temperature on each strain. The adapted839Allone 4 was screened slueside
with the GAF339 WT control strain to compare the performance of each strain during the specific
environmental conditions present during the test periodinfnary results from outdoor cultivation
show a 66% increase in average biomass productivity of the3@&khdapted clone 4 compared to the
parent GA1339 WT over 10 days in heated conditions, and a 21% increase in biomass productivity of the
GAI-339 adated clone 4 compared to the parent &80 WT over 10 days in unheated pond conditions.
While this preliminary pond data is promising in realizing an outdoor benefit to ALE in diatoms, we were
unable to attain outdoor replicates due to logistical consttand these results must be repeated with
additional replicates to establish statistical significance.

As documented throughout ALE literature, it is critical to design ALE experiments in a very targeted
manner, because an adaptation to one condition may not translate to another condition, even if an
adaptation to the former should hypothetically be beradfio the lattef16,50 53]. With this in mind,
future ALE experiments should preferentially be conducted using diel light and temperature to select for
genotypes more likely to be beneficial to pond conditions. Recent w&kachlorum sppshows that
bioreactorbased adaptation is successful in increasing the high temperature boundary of mi¢86hlgae
Additionally, for diatombased ALE a knowledge of cell size and reproductive cycle timing will also be

an important experimental design parameter to account for.

3.5 Conclusion

Through the use of a ratcheting ALE protocol, the temperature tolerahcénmionspicuavas
increased from 35.5°C to 37.5°C following over 300 days of flask cultivation. This adaptation represents

a systematic increase in the upper temperature boundary for this organism, with adapted lines able to
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survive at a temperature that was lethal to the parent (WT) strain. The final temperature adaptation
was maintained through cryopreservation and was observed in multiple clonal isolates, including multiple
clonal isolates with significantly increased @#le, indicating the potential occurrence of a sexual cycle
during the clonal isolation process. Preliminary outdoor data indicated that one of the adapted clones,
clone 4, may show an outdoor productivity benefit under high temperature conditions wwipsarem to
the parent (WT) strain; however, replicate testing is needed to verify these observations. Although
outdoor testing was undertaken during cooler temperatures at the Kauai Algae Farm, the high temperature
adaptation achieved may prove especiadigdficial in allowing for cultivation of this strain at algal
cultivation sites with warm climates and consistent sunlight. All of these data suggéstitiwtnspicua
readily adapts to thermal pressures using ALE, and cultivation under osidadating conditions
within the laboratory, including diel light and temperature, will be beneficial going forward to optimize

the pondrelevance of generated adaptive phenotypes
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CHAPTER 4 PROXIMATE BIOMASS CHARACTERIZATION OF THE HIGH PRODUCTIVITY
MARINE MIGROALGA PICOCHLORUM CELERTG2

Modified from a papepublished inPlant Physiology and Biochemistty

Alaina J. LaPans¥ Anagha Krishnalf, Galen DennfiS, Devin A.J. Karn¥, Lukas R. Dahlif?,
Stefanie Van Wychéf, Tyson A. Burch’, Michael T. Guarnietf, Joseph C. Weissm&nMatthew C.
Posewit2’

4.1 Abstract

Microalgae are compelling renewable resources with applications including biofuels, bioplastics,
nutrient supplements, and cosmetic produRitsochlorum celeris an alga with high industrial interest
due to exemplary outdoor areal biomass productivities in seawater. Detailed proximate analysis is needed
in multiple environmental conditions to understand the dynamic biomass compositRunsetéri and
how these compositions might be leveraged in biotechnological applications. In this study, biomass
charcterization oP. celeriwas performed under nutriergplete, nitrogemestricted, and hypesaline
conditions. Nutrienteplete cultivation oP. celeriresulted in proteitich biomass (~50% adhee dry
weight) with smaller carbohydrate (~12% dste dry weight) and lipid (~11% adree dry weight)
partitions. Gradual nitrogen depletion elicited a shift from proteins to carbohydrates (~50%eacty
weight, day 3) as cells transitioned into the production of storage metabolites. Importantiyngliluti
nitrogenrestricted 40 parts per million (1.43 mM nitrogen) media generateechidiohydrate (~50%
ashfree dry weight) biomass without substantially compromising biomass productivity (3éfigpagiry
weight m?day?) despite decreased chlorophyll (~2%-sfe dry weight) content. This strategy for
increasing carbohydrate content allowed for the targeted production of polysaccharides, which could
potentially be utilized to produce fuels, oligosaccharides, and bimgla€ultivation at 2X sea salts
resulted in a shift towards carbohydrates from protein, with significantly increased levels of the amino

acid proline, which putatively acts as an osmolyte. A detailed understanding of the biomass composition

11 Reprintel with permission oPlant Physiology and Biochemistix.J. LaPanse, A. Krishnan, G. Dennis, D.A.J.
Karns, L.R. Dahlin, S. Van Wychen, T.A. Burch, MQuarnieri, J.C. Weissman, M.C. Posewitz, Proximate

biomass characterization of the high productivity marine microalga Picochlorum celeri TG2, Plant Physiology and
Biochemistry 207 (2024) 108364. https://doi.org/10.1016/j.plaphy.2024.108364.
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of P. celeriin nutrientreplete, nitrogemestricted, and hyper saline conditions informs how this strain can

be useful in the production of biotechnological products.

4.2 Introduction

Global climate patterns have shifted in the 21st century following decades of anthropogenic
greenhouse gas emissidt$. Such changes have resulted in more frequent and extreme natural disasters
including droughts, floods, hurricanes, heat waves, wildfires, and severe Rbrfsssil fueldriven
manufacturing processes pose a-fefd risk: both the emission of greenhouse gasses which contribute to
climate warming, and the generation of petroledemived plastic products and waste which can become
toxic and are poorly reversé[3]. To mitigate the impacts of climate change and-biodegradable
waste products, renewable energy and product platforms are required. Microalgae are relatively efficient
primary producers of valuable constituents including lipids, carbohydrates, pratingigments that
can be used for biofuels (including sustainable aviation fuel; SAF) and other biopiddug¢ts

Several species #ficochlorumare of interest due to their fast outdoor growth and high areal
productivities in seawater, withicochlorum celeriTG2 achieving over 40 g AFDW fday* outdoor
productivities on peak days (~31 g AFDWmlay* average) during summer cultivation in Mesa, Arizona
[8]. Genetic engineering tools were developed for mulfidechlorumspp.to enable targeted strain
engineering approachgdi 12]. Recent work from Dahliet al, 2019has identified the major biomass
constituents oPicochlorum renovpand work from Bartest al.,2020 has identified replete biomass
partitioning ofPicochlorum sp(BPE23); however, a detailed proximate characterizatiéhicoichlorum
celeriunder diverse, deploymenglevant cultivation conditions has yet to be repofi&j14]

To maximize the value of microalgal biomass by informing optimal cultivation regimes, thorough
proximate characterization of industrial microalgal strains is necessary. It is widely observed that
microalgal biomass shifts as cells adapt to changing ema&otal conditions, including changes in
nitrogen availability and salinitj5,16] Even under similar culturing conditions, microalgal strains will
often show differences in composition partitioning, reflective of unique lineages and regulatory
components; resulting in strains with differing cell walls, photosynthetic antennae, bstdregje
productq17].

Despite strain specific variability, biomass partitioning trends can be observed within broad classes of
microalgae under varying nutrient conditions. High protein biomass fractions are often observed in
microalgae when averaging over all growth stagesvatuated by Gatenlst al. 2003, both green and
diatom microalgae contained an average of 45%f0o total protein. Additionally, carbohydrate content
was highly variable depending upon growth stage, with carbohydrates increasing in later growth stages

due to nutrient limitation. Lipid content may also increase during stationary phase when acting as a
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cellular storage product, as showrNaochloris oleabundari&8]. Accumulation of either lipids or
carbohydrates because of nutrient limitation is commonly observed in microalgae, as these components
are storage metabolites that help cells surfi®@d. When cultivated industrially, intentional dosage and
restriction of nutrients is a useful strategy for directing biomass composition towards carbon storage
products. For a cultivation strategy of nutrient management to be successfully applied, a detailed
analytical characterization of the proximate biomass composition of a given microalgal strain is
necessary.

Analytical methods for the quantification and evaluation of plant biomass components have been
utilized for the better part of a centyB0i 22]. Microalgal biomass composition has been of interest for
nearly as long, with initial analytical methods accounting for most major components including nucleic
acids, pigments, lipids, proteins, and carbohydri@8k Several common methods are typically used to
characterize microalgal biomass components. Total protein is readily quantified colorometrically using a
Lowry-type method24]. Although this protocol has been widely utilized in microbiology for decades,
monomer identification requires detailed amino acid analysis. For the quantification of microalgal lipids,
conversion to fatty acid methyl esters (FAMES) followed by-BD anaysis is well validated25,26]

As with total protein measurements, a common total carbohydrate assay uses the anthrone reagent to
colorometrically quantify monomeric reducing carbohydrit&s20,27,28] Following hydrolysis of

complex carbohydrates, monomeric carbohydrate data can be determined through monosaccharide
chromatography. Even when conducting thorough biomass proximate analysis, a complete
characterization of all biomass constituents is fil@noachieved. While unknown biomass components
remain, literature suggests that this fraction is likely composed of small polar metabolites, vitamins,
carotenoids, and uncaptured lipids, proteins, and carbohy{@8jeRecent work from Laurered. al.has
highlighted the need for detailed, verifiable proximate characterization of algal biomass. When comparing
several methods for protein, lipid, and carbohydrate quantification, relative standard deviations up to 20%
have been reportd@0]. Such variability illustrates the utility of several orthogonal methods for each
biomass component.

In this study, an initial characterization of the biomass compaosition of the industrially relevant alga
Picochlorum celerifG2 was performed. Major biomass components including carbohydrates, proteins,
lipids, pigments, and nucleotides were measured under nuteiglete, nitrogenrestricted, and hyper
saline (2X sea salts) conditions. Furthermore, amino acid analysis (&MJE analysis, and
monosaccharide analysis were performed to observe monomeric changes in major biomass components
following media \ariation. These data provide insights into the relevanée oélerifor the production of
renewable products from microalgal biomass components, which include polymers, fuels, feed/food

constituents, biomaterials, and nutritional and cosmetic supplements from the proteins, carbohydrates,
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lipids and pigments of algal biomass. Moreover, these efforts rationally inform cultivation regimes to

maximize carbon flux to algal biomass targets.

4.3 Materials and Methods

o Experimental design e Photobioreactor cultivation
Sampling
Experiment  Dilutions  Makeup Water Duration g::l?cgalf:; &
Dense =
Seawater Manual Manual 3 Days 3 ]
Media 5
a
Gradual =
Nitrogen Manual Manual 3 Days 3 o
Depletion
40ppmN  Automatic Automatic 8-10 4 :
Days Time
2X Instant Daily 60% volumetric
Ocean Manual Manual 3 Days 2 dilutions
6 Proximate biomass characterization
—> | Carbohydrates (Anthrone, monosaccharides)
— l ' Proteins (Lowry, AAA)
—r = l Lipids (FAMEs)
[ ]
L % Other (Nucleotides, Chlorophyll)

Figure4.1 Schematic representation of experimental design, bioreactor cultivation, and proximate
analysis ofPicochlorum celerin sea salt media, under gradual nitrogen depletion, 40 ppm N restriction,
and 2X Instant Ocean (sea salt) media.

4.3.1 Cultivation Conditions

Picochlorum celeriTG2 was cultivated in filter sterilized nutriergplete sea salt medium similar to
that described by Weissmanhal, 2018[31]. Specifically, marine salinity was obtained through the
addition of 40 g [! Instant Ocean® (Spectrum Brands, USA); major nutrients included iron (0.0150 g L
FeSQ*7H0), phosphate (0.0890 g'lKH,PQs), and nitrogen (0.436 g lurea = 0.204 g £ N = 200
ppm (partspermillion) N); trace metals were includ€d.14*10* g L'* MnSQ*1H,0, 2.42*10°g L*
CoCk*6H,0, 4.88*10° g L™* ZnSQ*7H,0, 2.00*10° g L'* CuSQ*5H,0, 6.81*10°g L*

NaMoO,*2H,0); EDTA (0.0203 g [* EDTA) was used to chelate metals; vitamins consisted of
(1.54*10° g L' thiamine HCI, 4.40*16 g L™ biotin, and 4.40*16 g L! cyanocobalamin). The nutrient
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replete medium is ~40 ppt (pagisrthousand) Instant Ocean marine salts, 200 ppm N, and is used as the
control.

As summarized ifrigure 4.1, for nutrientreplete, gradually nitrogedepleted, and hype(2X sea
salts) saline experiments, celeriwas cultivated at a volume of 400 mL in 500 mL square bottles (Pyrex,
Germany) within a custom built, solaimulating, threestation bioreactor. Gas levels were controlled
using masslow controllers (Sierra Instruments, USA) with each 400 mL cultureive@ a continuous
supplementation of humidified 400 SCCM filtered air and 9 SCCM carbon dioxide through a coarse
cylindrical gas sparger (Chemglass Life Sciences, USA). Continuous culture mixing was achieved using
magnetic stirring (Thermo Fisher Scientific, USA). Diel lighting of the cultures was provided along the
flat rear surface of the bottle using custbilt 5000KLED light panels. Light output was tuned to
mimic solar emission and controlled using a diel script simulating a cloudless summer day in the western
United States, with a maximum intensity of 2200 PAR [calibrated in water using a spherical light sensor
(Walz, Germany)], and ~10 hours of darkness. Culture temperature was maintained at 33°C using a
Peltier module (Analog Technologies, USA) beneath the bottle to heat and cool the culture to the set
point. Manual dilutions were performed once per day immegi&#bwing sunset, with makeup water
added to account for evaporative loses prior to dilution in sea salt media. Proximate analysis samples
were obtained (following makeup water addition but prior to dilution in media) on day 3 of-stedely
nutrientreplete growth after sunset, with biomass samples preserved fro8&i@ias whole culture or
pellets, as indicated.

For gradual nitrogexdepletion experiments, cultures were maintained as described above; however,
60% dilutions (60% culture volume removed) were performed daily for 3 days in biological triplicate
using nitrogerree sea salt medium to induce severe grorestriction by Day 3. Proximate analysis
samples were obtained daily, after sunset prior to dilution, to document changes in biomass composition
as a result of increasingly severe nitrogen depletion. For hypersaline (2X sea salt) experiments, cultures
were maintained as above in 2X (80 ppt Instant Ocean) sea salt medium in biological duplicate for 3 days
with 60% volumetric dilutions each day. On days 2 and 3 of stetdg cultivation, proximate analysis
samples were obtained after sunset prior tatidih to provide duplicate replicates.

For 40 ppm N restricted experimen®s,celeriwas cultivated in biological quadruplicate in an
automated bioreactor similar to those previously descfitdAutomated culturing conditions allowed
for the addition of makeup water every 2 h throughout the day to compensate for evaporation. Automated
batch dilutions (60% volumetric dilution in nutrietdénse sea salt media containing 40 ppm N) and
sampling were @rformed daily 1 h before sunset using peristaltic pumps (Wasolow, UK). A load
cell (Mettler Toledo, USA) beneath the bottle measured culture volume removed and sterile media added

through autoclaved lines and 0.1 um inlet filters. Proximate anagsiples were obtained daily as
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indicated along with AFDW measurements (see Table S1) during st&stdycultivation prior to dilution

1 h before sunset.

4.3.2 Biomass andProductivity Calculations

Biomass productivity was determined using-f&te dry weight (AFDW) measurements. TCLP Glass
Fiber Filters (Cytiva, USA (formerly Pall Lab), 4.7 cm diameter, 0.7 microns) werashied at 550°C
for 1520 min to remove carbon contaminants. Sufficientr(®y P. celeribiomass was filtered onto pre
ashed filters and washed with 20 mL 0.5 M ammonium formate to remove salts. After washing, filters
were dried overnight at 105°C and biomass dry weight was measured. Filters were then heated for >1 h at
550°C, an remaining ash was gravimetrically measured. AFDW measurements were obtained by
subtracting the ash measurement from the biomass dry WaghAll AFDW measurements were
performed in technical duplicate.

Biomass productivity was reported using AFDW measurements over several days and averaged
among replicates (as shownRigure 4.1, Figure 4.6-8, Table4.2) with error reported as * 1 standard
deviation. Biomass productivity was calculated as the difference between the starting, immediately after
dilution, AFDW and final, immediately prior to dilution, AFDW multiplied by the culture volume to
illuminated suface area ratio for the culture bottles, resulting in productivity in g AFD¥ay* [31].

Starting AFDW was calculated using final AFDW measurements and measured culture volumes. Final

AFDW was measured as described above.

4.3.3 Protein Measurements

Total protein measurements were obtained using a modified Lowry assay and amino acid analysis
(AAA). For the modified Lowry assay, 0.5 mL cell pellets were maintaine80atC. 1.0 mL of lysis
buffer comprised of 50 mM TrHBICI pH 8, 75 mM NaCl, 5% glycel, and 1% SDS was used to
resuspend cell pellets in 0.5 rf24]. Resuspended samples were kept on ice and probe sonicated using a
VirSonic 475 (Virtis, USA) at an intensity of 3 for 2 min in ice water, with two rounds of sonication
performed on each sample. Samples were then placed immediately into boiling watactigrZzmin.
After boiling, SDS was allowed to precipitate on ice (~20 min). Once precipitated, samples were
centrifuged at 15,000 RPM, 4 °C for 10 min. The supernatant was then analyzed usingRhd BiG
(Bio-Rad, USA) modified Lowry protein assay kite r manuf acturer s instructio
cuvettes at 750 nm using a spectrophotometer. 10 mg/mL stock bovine serum albumin (BSA) in lysis
buffer was used to create a standard curve of 0, 0.1, 0.2, 0.4, 0.8, and 1.6 mg/mL. Final unknown sample

concentration was calculated using the linear best fit of the BSA standard curve.

62



AAA was performed at the University of California, Davis Molecular Structure Facility asfarfee
service data set. To determine and quantify (within 100 pmol) individual amino acids, 3 Hit88uqL
L-8800a, 1:8900) amino acid analyzers are employHtese analyzers use i@xchange chromatography

to separate amino acids followed by ninhydrin reaction prior to detd8ddn

4.3.4 Lipid Measurements

Total lipid measurements were obtained through fatty acid methyl ester (FAME) analysis by gas
chromatograplyp a me i oni z at i-KHD). FAMEtmeasurements wé¢réscGnducted using two
separate methods as published by Wairell and Laurenst al. for validation[26,35].

For the former0.5 mL of liquid culture was frozen and stored&i°C. 1 mL methanol saturated
with sodium hydroxide was used for saponification and-aatdlyzed methylation was achieved using
1.5 mL of methylation reagent (14.6 mL 12 N HCI + 235.4 mL MeOH) inculmatethight at 60°C.

FAMESs were extracted using 1.25 mthexane inverted at room temperature for 30 min, then analyzed
by GGFID using an Agilent 7890A gas chromatograph with algt®wax 19091NL33 column (Agilent
Technologies, USA). All mas included a Supelco 37 component FAME standard (S&jadréich, USA)

and a C13 fatty acid internal standard for instrument validation and total FAME quantifie&jo&C

MS analysis was used to validate G(D assignments. This was performed using a 7890B Gas
Chromatography System with a Hifhowax 19091NL33 column (Agilent Technologies, USA),

followed by mass spectrometry using a 5977B Quadrupole Detector (Agdehndlogies, USA).

For the latter, 100 mg or greater of lyophilized biomass was stor86°&. For each samplel®
mg of lyophilized biomass was transesterified using 200 pL chloroform:methanol (2:1, v/v) and 300 pL
0.6M hydrochloric acid:methanol for 1 h at 85°C. FAMEsrevextracted using 1 mL hexane and
analyzed on an Agilent 7890A GEID equipped with an Agilent J&W GC Column BRax length 30
m, internal di amet er 0.25 mm, film thickness 0. 25
NuChek 461C Working Soluin FAME standard (NKChek Prep, Inc., USA) and a C13 hydrocarbon

internal standard for validation and total FAME quantificafi@®.

4.3.5 Carbohydrate Measurements

Total carbohydrate measurements were obtaisaty an anthrone assay. 0.5 mL of liquid culture
was maintained aB0°C. A standard curve was prepared usinglizose at concentrations of 0, 25, 50,
75, 100, 150, 200, 300, 400, 500 mg/L. 100 uL of thawed liquid culture or standard was mixed with 900
L of cold anthrone reagent (2 g'lanthrone, 71% 10 N 430, + 29% HO v/v) and boiled for 12 min in
a water bath. Immediately following boiling, tubes were cooled in an ice bath to halt color development in

the anthrone reagent, then absorbance was neshau625 nm in a spectrophotometer using 1 cm
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cuvettes. Unknown sample concentrations were calculated using the linear best fit equation from the D
glucose standard cury20,22,27]

Monosaccharide quantification was conducted as previously des{3je@riefly, 25 mg of
|l yophilized biomass was hydrolyzed by 250 L of 7.
7 mL of water and autoclaved for 1 h at 121AC. Ly :
monosaccharides were isolateging high pressure anion exchange liquid chromatography with pulsed
amperometric detection using a CarboPac PA1 column (Thermo Fisher Scientific, USA) on a Dionex
ICS-5000+Analytical HPIC System. A calibration standard was prepared containing D(+)glcabse
G7528; Sigma Aldrich, USA), D(+)xylose (cat X3877; Sigma Aldrich, USA), D(+)galactose (cat GO750;
Sigma Aldrich, USA), L(+)arabinose (cat 10839; Sigma Aldrich, USA), D(+)mannose (cat 63579; Sigma
Aldrich, USA)[29].

Starch quantification was done as described previasshg a Starch (HK) Assay Kit (Sigma
Aldrich, USA) [37]. Briefly, 10 mL ofP. celericulture was pelleted for 10 min at 40@® then stored at
20°C until assay. Pigments were extracted in 10 mL of 100% MeOH, the culture was pelleted again via
centrifugation, and the supernatant was removed. The cell pellet was resuspended in 1.0 mL 100 mM
sodium acetate pH 4.5 and probe sonicatidg a VirSonic 475 (Virtis, USA) at an intensity of 3 for 2
min for cell lysis. The sample was boiled for 3 min (per Sigkttich protocol), the volume was
increased to 25 mL ugindeionized water, then autoclaved for 1 h at 135°C. Deionized water was used to
increase sample volume to 100 mL, then the manuf a:t

glucose assays. Final absorbance at 340 nm was measured in 1 cm quagsg cuaetpectrophotometer.

4.3.6 Nucleic Acid Measurements andCalculations

Total nucleotides comprised the sum of total RNA and total DNA. Total RNA was measured using a
phenol:.chloroform extraction using TRI Reagent (Zymo Research, USA) and a standard protocol
(Thermo Fisher Scientific, USA). Briefly, 0.25 mL of cells were gelfieat 8000 g for 5 min, resuspended
in 0.75 mL TRI Reagent, and incubated at room temperature for 5 min. 0.15 mL of chloroform was added
and samples were incubated at room temperature for 3 min then centrifuged at 12,000 g at 4°C for 15
min. The upper agous phase containing RNA is removed via micropipette. 0.375 mL isopropanol is
added to the aqueous phase and incubated for 10 min at 4°C, then centrifuged for 10 min at 12,000 g and
4°C. The RNA forms a pellet which is then washed with 0.75 mL 75% ethaddir dried for 10 min.

The pellet is resuspended in RNAfsee water and absorbance is measured at 230nm, 260nm, and 280nm
using a NanoDrop (Thermo Fisher Scientific, US88]. Total DNA was estimated using flow

cytometry total cell count measurements, average nucleotide base pair weight, and number of total
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genomic base paif89,40] Therefore, total DNA content (pg) was the quotient of the genome size (bp)

and the average nucleotide base pair weight (0.978 pd)Onultiplied by the total number of cells.

4.3.7 Chlorophyll Measurements

Chlorophyll content was determined using the equations from Bora&in methanol. 250 L oP.
celericulture was centrifuged at maximum speed (20,000 g) for 5 min at 4°C. The supernatant was
removed and the cell pellet was resuspended in 1 mL of 100% methanol followed by vortexing at
maximum speed for 1 min. The sample was then centrifuged again atunasipeed for 5 min and
absorbance of the supernatant at 665 nm and 652 nm was measured in 1 cm cuvettes using a

spectrophotometd#a1].

4.3.8 Transmission Electron Microscopy (TEM)

TEM was performed at the microscopy core facility at the University of Colorado, Boulder. Samples
were harvested at the end of the solar day (sunset) on day 3 of gradual nitrogen depletion and after 4 days
of the 40 ppm N restriction experiment. Sampldsr(fiL.) were stored on ice for ~1 hour during transport
to the TEM facility, then high pressure frozen using a Wohlwend Compddgpressure freezer
(Technotrade International, USA), as described previdd&ly Frozen specimens were then freeze
substituted in anhydrous acetone containing 2% osmium tetroxide and 0.2% uranyl acetate and embedded
in Epon/Araldite resin. Serial thin (80 nm) sections were cut using a Leica UCT ultramicrotome. The

serial sections wercollected on Formvasoated copper slot grids, poststained with 2% aqueous uranyl

acetate followed by Reynoldds |l ead citrate and i m;
kV.
4.4 Results

4.4.1 BiomassProductivity and Proximate Composition

When cultivated in a bioreactor with manual dilutions, the average biomass productRitgedéri
in nitrogenreplete, nutrientlense sea salt medias 36 + 4 g AFDW mday?, consistent with daily
manual dilutions from prior studi¢81]. This is similar to productivities whd®. celeriis cultivated in
bioreactors with automated dilutions and regular mgkevater additions, resulting in an average
productivity of 41 + 3 g AFDW m day?, consistent with prior studi¢8,12,32]
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Figure4.2 A. Average biomass composition Bicochlorum celeron day 3 when grown in biological
triplicate in nutrienreplete sea salt media in a bioreactor at 33°C using diel lighting with a 60%
volumetric dilution after sunset for 3 days. B. Average biomass composition and average productivity of
Picochlorum celergrown in biological triplicate in a bioreactor at 33°C using diel lighting with a 60%
volumetric dilution in nitrogerfree media over days®. C. Average biomass composition of

Picochlorum celergrown in biological quadruplicate in 40 ppm N sea salt media at 33°C using diel
lighting and automated dilutions resulting in a 60% volumetric dilution per day. D. Average biomass
composition ofPicochlorum celerbn days 2 and 3 when grown in biological duplicate (4 replicates total)

in nutrientreplete 2X (80 ppt) sea salt media in a bioreactor at 33°C using diel lighting with a 60%
volumetric dilution after sunset for 3 days.

Biomass proximate analysis Bf celeriresulted in a detailed reporting of carbohydrates, fatty acids,
proteins, and chlorophyll under several paatvant cultivation conditions. As shownkigure 4.2A,
nutrientreplete biomass consisted primarily of protein (51 + 10% reported from Lowry), carbohydrate
(12 £ 2% reported from anthrone) and FAME (11 £ 0.3%) proportions, and smaller amounts of
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nucleotides (5.7 + 1%) and chlorophyll (4.4 = 0.2%). During gradual nitrogen depletion (60% daily
dilutions with N-free medium), FAME content was maintained, chlorophyll content decreased, and a
large shift was observed from protainh biomass (day 0, perted from AAA), to carbohydrate rich
biomass (day 3, reported from AAA), as showifrigure 4.2B.

Gradual nitrogen depletion as a result of dilution Hré&é sea salt medium shifted biomass to higher
carbohydrate levels but also severely decreased culture productivity. Lower levels of N addition were
explored in an automated bioreactor to determinetldr the carbohydrate fraction could be increased
with a minimal reduction in biomass productivity. Daily 60% volumetric dilutions using 40 ppm N sea
salt media in place of fffee sea salt medium were performed, followed by an analysis of the biomass
comgposition. Dilutions in 40 ppm N sea salt medium resulted in a similar shift in biomass composition as
N-free sea salt medium (carbohydrate reported from anthrone, protein reported from Lowry), as shown in
Figure 4.2C. However, while biomass productivity following 3 days of gradual nitragstriction was
near 0 + 0.4 g AFDW rhday® after 3 daysKigure 4.2B), sustained biomass productivity in 40 ppm N
sea salt medium was 36 + 0.4 g AFDW day* (19.3 + 1.7 g reducing carbohydrate¥ day?).

Hypersaline (2X sea salt) conditions shifted biomass composition, with more total carbohydrate (22 +
1% reported from anthrone) and lower chlorophyll (2.1 £ 0.2%) relative to biomass from rrgpikete

cultures, as shown iRigure 4.2D (protein reported from AAA).

4.4.2 Fatty Acid Methyl Esters (FAMES)

While total FAME content ifP. celeribiomass remained relatively consistent in all tested conditions,
around 11% AFDW, shifts in types of cellular fatty acids were noted during nitrogen deprivation. As
shown inFigure 4.3A, nutrientrepleteP. celeribiomass had a high ratio of unsaturated fatty acids,
primarily C18:3, which was also the highest FAME in abundance under these conditions. C16:0, C18:2,
C16:3, C16:1 trans, and C16:2 were observed in increasingly lower abundance. In very low abundance
were C180, C18:1, C14.0, C24:0, and heptadecane. In addition to the fatty acids identified, several
phytol tails were identified in the FAME trace through-®1S. Following 3 days of increasingly nitrogen
deplete culturing, higher relative ratios of saturateq fatids were observed, as showirigure 4.3B.

The most abundant FAME was C16:0, with all other FAMESs in much lower comparative abundance.
Despite the overall shift towards C16:0, several unsaturated C18 FAMES, C18:2 and C18:1, showed
relative increase€13:0 was used as an internal standard in these runs and was not a FAME produced by

P. celeri
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Figure4.3 A. GC-FID chromatogram of identified fatty acid methyl ester (FAME) composition of
Picochlorum celerbiomass on day 3 when grown under nutrieaiete conditions in sea salt media in a
bioreactor at 33°C using diel lighting with a 60% volumetric dilution after suns&CB=I1D

chromatogram of identified fatty acid methyl ester (FAME) compositidriadchlorum celerbiomass

on day 3 of nitrogetleplete growth conditions in sea salt media in a bioreactor at 33°C using diel
lighting with a 60% volumetric dilution in Nree sea salt media after suns&tidentified FAME
composition inPicochlorum celerunder nutrienteplete (day 0) and increasingly nitrogen deplete (days
1-3) sea salt media grown in biological triplicate in a bioreactor at 33°C using diel lighting &0é% a
volumetric dilution after sunset for 3 days.
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Using an Agilent J&W GC Column DBVax column, the location of unsaturation and quantification
of the six most abundant FAMEs were identified throughout gradual nitrogen restriction, as shown in
Figure 4.3C. The percentage of C18:3n3 and C16:3 decreased from day 0 to day 3 of nitrogen restriction,
while C16:0 increased. Uniquely compared to other unsaturated FAMES, the relative percentages of
C18:2n6 and C18:1n9 increased during nitrogen restriction. Wheertified using GEFID, the six most
abundant FAME#&dentified inFigure 4.3C accounted for more than 80% of total FAMEs.

4.4.3 Carbohydrates andMonosaccharides

Total carbohydrate analysis using anthrone revealed a significant increaskdhydrate content as
a result of gradual nitrogen deprivatidfigure 4.2B). Monosaccharide analysis showed the relative
carbohydrate composition, as showrigure 4.4A. Under nutrienteplete conditions?. celerihad large
fractions of glucose (25 + 8%), mannose (37 + 4%), and galactose (28 + 3%), with a small relative
percentage of ribose (8 + 1%) and less than 2% of total monosaccharides identified as rhamnose and
xylose. Nitrogen deprivation resulted in a sabsil increase in the relative legalf glucose, which
represented nearly 80% of the total carbohydrates on days 2 and 3. The four primary monosaccharides
(glucose, mannose, galactose and ribose) accounted for over 90% of the total carbohydrates throughout

nitrogen deprivation.
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Figure4.4 A. Average identifiegprimarymonosaccharide compositionBicochlorum celerbiomass

under nutrienteplete (day 0) and increasingly nitrogen deplete (deB)sska salt media cultivation in
biological triplicate in a bioreactor at 33°C using diel lighting with a 60% volumetric dilution after sunset
for 3 days. BTransmission electron microscopy (TEM) image of staich Picochlorum celeri

following 3 days of 60% volumetric dilutions in nitrogéee sea salt media grown in a bioreactor at

33°C using diel lighting with the nucleus (n), chloroplast (ch), and starch (s) indi€at€édnsmission
electron microscopy (TEM) image of stangbh Picochlorum celerin 40 ppm N sea salt media grown in

a bioreactor at 33°C using diel lighting with a 60% volumetric dilution 1 hour prior to sunset with the
nucleus (n), mitochondria (m), chloroplast (ch), and starch (s) indicated.

70



Enzymatic starch quantification using the Sigildrich Starch Assay Kit showed an average of 61 £
3% starch per AFDW in triplicate nitrogen deplete samples (2 replicates at 40 ppm N, 1 replicate from
day 2 of gradual nitrogen restriction) with an averafyg&3 + 5% total carbohydrate per AFDW reported
from anthrone. Therefore, enzymatic total starch analysis agreed closely with anthrone total carbohydrate
values. As shown ifrigure 4.4B, transmission electron microscopy (TEM) imagindPoteleribiomass
a the end of 3 days of gradual nitrogen deprivation revealed large starch granules thrthefPoceleri
chloroplast. TEM imaging of 40 ppm N restricted cells had similar starch grakiged.4C), consistent
with the high levels of carbohydrate quantified biochemically.

To evaluate the metabolic potential for starch production, starch synthesis genes in-the well
characterized green al@hlamydomonas reinhardtivere compared to potential homolog®inceleri
using BLAST[43]. C. reinhardtiihas been shown to produce higflarch biomass under nutrient
depletion, and thus was chosen for comparisdh teleri[26]. Inside the chloroplast & . reinhardtii
several enzymes form a pathway to convert fruephosphate from the Calvin Benson Bassham cycle
to ADP-glucose, and ultimately starch. As shown in Table genes for the enzymes PGI, PGM, and
AGPase (a hetertetramer encoded ytalandStag, were identified irP. celeriwith high (>70%)
similarity to those found i€. reinhardtii Genes involved in the synthesis of amylopectin (both from
ADP-glucose and other starch precursors) were identifi€d aeler, with nearly 70% similarity to
orthogonal genes i@. reinhardtii These included both starch syntha§&] SS2 SS3 andSS4 as well
as trangylycosidasedSAlandISA2 Genes encoding starch branching enzymes, BE1, BE2, and BES,

were also identified . celeriwith high similarity toC. reinhardtii
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Table4.1 BLAST comparison of starch synthesis genes f@imamydomonas reinhardiind
Picochlorum celerivith genes identified using Geneious grade (*combines query coveragleiee and
identity values for each hit with weights 0.5, 0.25 and 0.25) and identical genes highlighted within each

group
C. reinhardtii P. celeri
Gene  Phytozome Function Grade* from BLAST Gene Annotation (identified with >50% grade)
f
Fructose-6-Phosphate to  74.5% Glucose-6-phosphate isomerase, cytosolic 1
koL (re03.g175400 Glucose-6-Phosphate 77.8% Glucose-6-phosphate isomerase like protein| domain 1
PGM Cre06.g278210 Glucose-6-Phosphate to  83.0% Phosphoglucomutase, first 3 domains
Glucose-1-Phosphate
79.4%
Glucose-1-Phosphate to  73.4%
STA1 Cre13.8567950 ADP-Glucose
Glucose-1-Phosphate to
STA6 Cre03.g188250 ADP-Glucose
AGP2  (Cre16.683450 Glucose-1-Phosphate to Glucose-1-phosphate adenylyltransferase
ADP-Glucose
Glucose-1-phosphate adenylyltransferase
AGP3  (Cre07.g331300 plicosed hosphataite Glucose-1- ate adenylyltransferase small subunit, chloroplastic/amyloplastic

ADP-Glucose

Starch synthase, chloroplastic/amyloplastic

Soluble starch synthase 3, chloroplastic/amyloplastic

Starch precursor to

SS1 Cre04.g215150 (amylopectin)

Starch precursor to

Starch synthase, chloroplastic/amyloplastic

SS2 Cre03.g185250 {amyiopectin)

77.3%

Soluble starch synthase 3, chloroplastic/amyloplastic

ADP-Glucose to starch
(amylopectin)

SS3 Cre13.g579598 Z8ok

ADP-Glucose to starch

sS4 Cre16.g665800 (amylopectin)

Starch synthase, chloroplastic/amyloplastic

Soluble starch synthase 3, chloroplastic/amyloplastic

Starch synthase, chloroplastic/amyloplastic

Starch synthase, chloroplastic/amyloplastic

(Trans)glycosid:

FEI Cre06.g289850 Starch branching enzy

1,4-alpha-glucan branching enzyme Il

LEZ Cre06.g270100 Starch branching enzy

1,4-alpha-glucan branching enzyme Il

(Trans)glycosidases

BE3 Cre10.g444700 Starch branching enzy

1,4-alpha-glucan branching enzyme Il

65.7%

(Trans)glycosid

Starch precursor to 65.5%

SA1 Cre03.g155001 5
amylopectin

Starch precursor to

SA2 Cre17.g698850 %
amylopectin

4.4.4 Proteins andAmino Acids

The amino acid composition of nutriem@pleteP. celeribiomass, with 51 + 10% (reported from

Lowry) total protein per AFDWRigure 4.2A), was compared to day 3 nitrogen deplete and 2X sea salt

biomass to evaluate relative changes, as shoWwigire 4.5. For all three conditions, most of the amino

acid ratios remained similar, with all three conditions containing the 9 essential amino acids. In all three

conditions, His, Cys, Trp, and Met were present at very low levels. A significant increase iatthe rel

levels of Pro was observed under 2X sea salt, with this amino acid representing nearly 20% of the amino
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acids detected. Total protein data derived from the Lowry assay was similar to total protein derived from
AAA. Total protein for increasingly deplet&igure 4.2B), and 2X sea salE(gure 4.2D) arereported
from AAA, and total protein for nutriefreplete Figure 4.2A), 40 ppm N Figure 4.2C) is reported from

Lowry.
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Figure4.5 Average identified amino acid compositionRi€ochlorum celerbiomass grown in nutrient
replete (day 3), nitrogedeplete (day 3; biological triplicate), and hyysatine (2X sea salt; 80 ppt) media
(days 2 and 3; biological duplicate) in a bioreactor at 33°C using diel lighting with a 60% volumetric
dilution aftersunset for 3 days.

4.5 Discussion
4.5.1 Proximate Composition of PicochlorumCeleri

Picochlorumis of high interest for industrial microalgal cultivation, exhibiting some of the highest
outdoor productivities reported to date. Over the past few years, sBiarahlorumspecies and strains
have been investigated to better understand how these microalgae might be useful in the production of
renewable commoditig8,13,14,31,44,45Picochlorum celerifG2 is noteworthy because of its
productive outdoor growth, high light tolerance, and available methods of genetic engineering for
potential strain improvement$l1,31] However, detailed biomass characterizatioR .ofeleriTG2 was

not previously published. Quantification of the carbohydrate, protein, fatty acid, pigment, and nucleotide
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components if°. celeribiomass under varying conditions provides direction in cultivation and harvesting
approaches towards maximal flux such that the most valuable biomass components can be ff@nerated

In this study, the carbohydrate, protein, fatty acid, chlorophyll, and nucleotide contBnisetdri
were measured in nutrient dense sea salt media under nugdete, increasingly nitrogen depleted, 40
ppm N, and hyper saline (2X sea salt) conditions to understand the relative biomass partitioning as a
result of changes in nutrient levels. Multiplkefmgonal analytical methods including anthrone total
carbohydrate analysis and monosaccharide analysis, as well as Lowry total protein analysis@nd ami
acid analysis (AAA), were employed to quantify a shift from pret&h biomass to carbohydratieh
biomass in both gradual nitrogen depletion as well as 40 ppm N restriction. A shift towards a cellular
storage product (carbohydrates/starch) is contynoimserved for microalggé 6] and has been recently
documented ifPicochlorum renovgl3]. In many prior studies, a shift towards carbohydrate
biomass was achieved through bagrbwth nutrient exhaustioi 3,36]

Here, a carbohydrate increase was achieved through both gradual nitrogen depletion as well as
repeated daily addition of a medium containing 40 ppm N. Gradual nitrogen depletion revealed that the
shift from protein towards carbohydrate storage productsgewveral days due to the large excess N
content (200 ppm) used in the nutriegaplete sea salt media reported here. Once nitrogen depletion was
achieved on day 3, biomass productivity was near zero, as shéuguine 4.2B. To induce a shift from
proteinrich to carbohydrateich biomass without severe productivity declines, sea salt media containing
40 ppm N was used. The 40 ppnekperiment resulted in high productivity (36 + 0.4 g AFDWY day
1y along with carbohydratech (54 + 9% AFDW) biomass. These data highlight an attractive, -pond
relevant approach (restricted nitrogen cultivation) to attain high levels of carbohydrates without suffering
large productivity penalties, and are consisteith wreviously reported sersbntinuous nitrogen

restriction inChaetoceros sg46].

4.5.2 Comparison toPicochlorumRenovoand Scenedesmus sp. NREL46B3

Nutrient stress, including nitrogen limitation and hypaline conditions, in microalgae and
cyanobacteria has been widely studied for decades, with documented changes in biomass composition
within an organism as well as species distribution within asysten[47]. As documented in Dahlin et.
al., 2019, the proximate composition of closely rel®embchlorum renovavas well characterized under
batch growth conditions (Dahlin et al., 2019). LIRecelerj P. renovobiomass consisted mainly of
protein under nutrienteplete conditions. Likewise, this biomass shifted towards carbohydrates (mainly
the starch monomer glucose) under batch culturing wherein cell growth led to nitiegiete
conditions. BotHP. celeriandP. renovaoshow significant galactose, mannoaed ribose fractions under

nutrientreplete conditions. Under nitrogen deplete conditions, total carbohydrates are instead dominated
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by glucose as the primary hydrolysis monomer, in both organisms. Throughout mefpiets and
deplete cultivationP. celeriandP. renovocontain 1615% FAME/AFDW. HoweverP. celericontains
larger proportions of C16:2 (~3.2% of total FAMES) in comparisdp. teenova(~1.2% of total FAMES,
Dr. Lukas Dahlin, personal communication). Finally, while the Dahlin et al., 2019 stidyemovo
produced higkcarbohydrate biomass through batch growth, it is unclear if this phenotype could be
maintained in anass cultivatiofrelevant regime of daily harvests and dilutions, as performed in this
study. Our data highlight the fact tHatcelerican produce higiecarbohydrate biomass while maintaining
high productivity via daily harvests and dilutions in nitrogeastricted 40 ppm N media.

Published work from Calhoun et. al., 2021 reported biomass compositional analysis data for
Scenedesmus sp. NREL 4BB [48]. This Scenedesmubke Picochlorum spp.is a halotolerant green
microalga, with a fast growth rate and potential industrial cultivation applicaBaesedesmus sp. NREL
46B-D3 showed an increase in carbohydrates during nitrogen limited batch cultivation. This was
indicative of high starch biomass, like that reported™oceleriin this manuscript. Interestingly,
Scenedesmus sp. NREL 4BB showed a simultaneous increase in lipid content along with the
aforementioned carbohydrates. This increaseitpuencompared t@icochlorum sppand suggests that
Scenedesmus sp. NREL 4BBuses both lipids and carbohydrates for cellular storage, unlike

Picochlorum sppwhich mainly exhibit carbohydrate increases during nitrogen depletion.

4.5.3 Carbohydrates, Starch, and M onosaccharides

Based on the published biomass composition of other straRisathlorum it was hypothesized
that the primary storage carbohydratd®irceleriwas the glucose polymer starfd8]. Monosaccharide
data showing an increase in glucose following nitrogen depletion or restriction supports this hypothesis.
Genome analysis identified 15 homologous starch synthesis gdhesdleriwhen compared tG.
reinhardtii. Furthermore, a TEM image Bt celerifollowing 3 days of gradual nitrogen restriction
showed the presence of multiple large granules. Finally, a direct measurement of starch content using
enzymatic digestion {&,4 and &l,6 glucose hydrolysis by amyloglucosidase) showed >50% starch
contentin high-carbohydrate, nitrogerestricted biomass. These data are consistent with the production
of starch as the primary cellular storage produé&l.ineleri Although expected, it was important to
biochemically verify that starch was the cellular gleestore.

Microalgal starch is of industrial interest because it can be used in the synthesis of bioplastics as well
as a suite of fuel and platform chemical intermediates using conventional fermentative technologies.
Using more traditional fermentation methods, moédgal glucose can be converted to bioethanol for
sustainable fuel and aviation applicatioBaccharomyces cerevisif@mentation of microalgal glucose

followed by distillation resulted in 95% pure bioethaf8l]. Ethanol is under high worldwide demand as
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a fuel additive, with the United States and Brazil producing >100 billion L per year from primarily corn
and sugarcane. Such crops have high fresh water and land use requirements, and compete with food
production resulting in increased food cf@l]. Therefore, high productivity marine microalgae, like
celeri, with a high carbohydrate yield following 40 ppm N dilutions is a compelling alternate source of
biofuels via fermentation.

Algal starch has been used directly in the production of bioplastics, with a study from Matiliot
2019 describing the direct plasticization@freinhardtiibiomass containing 49% starch with glycerol in
a twin-screw extrudef51]. Thermaoplastic processing of up to 30% starch followed by heat and pressure
treatment resulted in the production of a highly elastic, transparent bioplastics with similar optical and
tensile properties to its neriodegradable competitor. This renewallaterial could replace traditional
oil-based packaging materigf2]. Monomeric glucose has its own industrial utility, as documented in
the production of notisocyanate polyurethane rigid foams from glucose with dimethyl carbonate and
hexamethylene diamirj&3]. Poorrecycling and significant plastic waste from traditional plastics make
bioplastics a compelling solution to the increasing global demand for plastic products. Microalgae,
includingP. celeri may provide a useful renewable platform to produce bioplastic precursors including
starch[54].

While the glucose polymer starch was the primary storage product observed under-dligugén
and limited conditions, under nutriergplete conditions other monomeric sugars were also detected (e.qg.,
galactose, mannose, ribose), indicating the posgilelgence of additional carbohydrate polymers of
interest. Galactomannans are industriadiievant biopolymers consisting of a mannose backbone with
galactose side chains. Higher plants provide the primary source of commercial galactomannans including
locust bean gumGeretonia siliqug, guar gum Cyamopsis tetragonolob)lsand fenugreeKTfigonellg),
with unique mannose:galactose ratios resulting in the differing properties db&aes). Given the
presence of 28 + 3% galactose and 37 + 4% mannose in the carbohydrate fraction ofraptetsit.
celeri, it is reasonable to hypothesize some presence of galactomannans and future work in this area
would be beneficial to quantify such biopolymers. Furthermore, manandegalactoseontaining
biomass could provide a renewable source of monosaccharidés fievelopment of synthetic

galactomannans.

45.4 Proteins andAmino Acids

In nutrientreplete media, a majority of quantifi€d celeribiomass was protein. High protein
microalgae are of interest in commercial production as a nutritional supplfvieRroteins play an
essential role in both human and animal feed as the major building block for muscle tisstigagtldnt

protein supplements may contain limited essential amino acids, requiring the inclusion of several plant
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based protein sources to balance the amino acid profile in a vegan supplement. For example, pea protein
is limited in its methionine content (Met, 0.5% total protein), while soy protein is limited in valine content
(Val, 3.5% total protein). AAA data shodehatP. celericontained all 9 essential amino acids under
nutrientreplete conditions, including methionine (Met, 1.7% total protein) and valine (Val, 5.5% total
protein). Whey, the commercial standard, shows similar levels of Met (2.2% total protiviala(4.2%

total protein)[58]. The presence of these two amino acids, as well as the other six essential amino acids,
makesP. celeria compelling vegan protein source when compared to pea or soy.

When considering the possibilities Bf celerias a nutritional supplement platform, nucleotide levels
must be taken into consideration. While some nucleotides can be beneficial in human nutritional
supplements and animal feed, high levels of nucleotides can become detrimental. In juvenile gilthead sea
bream, supplementation of yeast containing 6% RNA enhanced growth and provided adequate nitrogen
supplementation. However, RNA concentrations above 6% were harmful to fish ¢s@tBimilar
issues were observed when using microbial biomass as a human food source, with subjects showing high
plasma and urinary uric acid concentrations following the consumption of a Yeadbpsis utilis
11.4% nucleic acids), indicative of the development of §@it Picochlorum celerunder nutrient
replete conditions contained 5.7 + 1% nucleotides, ~90% of which was RNA. In sum, these data suggest
thatP. celericould be an appropriate feed platform.

Under 2X sea salt conditions, AAA results revealed an interesting biological mechanism for salt
tolerance. Proline (Pro) comprised nearly 20% of the total amino acids in 2X sea salt media. These data
suggest that Pro may play a role as an osmoly®e aeleri Many microalgae and cyanobacteria utilize
small molecular weight, neutrally charged molecules including amino acids, to maintain osmotic balance
[61]. While both Pro and glycerol have been proposed as osmolytes for other spPatestibrumthis
is the first time an osmolyte under hypersaline conditions has been directly detected and quantified for

Picochlorum celer[62].

4.5.5 Lipids and FAMEs

Several useful industrial products can be derived from microalgal fatty acids, most notably biofuels,
including sustainable aviation fuels (SAF83]. For commercial biodiesel, fatty acids between C16 and
C18 in length are most comm{@¥]. While several FAME properties influence biodiesel performance,
low temperature performance and oxidative stability are of primary concern. A low relative concentration
of long-chain saturated FAMEs prevents cold temperature wax formation. Oxidativiéystalinproved
by higher relative concentrations of saturated and monounsaturated FAMEs, and lower concentrations of
polyunsaturated FAMERS5]. Picochlorum celershows low concentrations of polyunsaturated FAMEs

under both nutrienteplete and deplete conditions. The shift in FAME content towards C16:0 under
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nitrogen restriction may prove useful in improving the cold temperature performaRceaériderived
biodiesel. Likewise, witlP. celericontaining around 11% FAME per AFDW under nutriesplete, 40

ppm N restricted, and-@ay nitrogen depleted conditions, there is no relative biomass partitioning penalty
for a low-nitrogen culturing strategy to obtain higher relative C16:0. Furtherni@eresence of
heptadecane is useful from a fuel perspective, as alkanes are a dirdatfdedpWhile the relave

percentage of heptadecane is very small, when considered on a commercial scale, a degree of usable
heptadecane may be obtained from indusiiateleriproduction for biofuels. Additionally, algal fatty

acids can be a source of valagded products including polyurethane precursors. Palmitoleic acid (C16:1
cis) can be used as a starting point for renewable polyurethane prod@6jiddutrientrepleteP. celeri
biomass contains a degree of palmitoleic acid, and other saturated fatty acids,Pnakiegilipids a

potential source for both renewable fuels and biopolymers.

4.5.6 Chlorophylls and Pigments

Photosynthetic organisms use chlorophylls for light harvesting, with green algae composed primarily
of chlorophylla andb. With its vibrant green color, chlorophyll has been used for nearly a century as a
natural food coloring agent and proposed naturopathic suppl¢é&7énin P. celeri chlorophyll is 4.4
0.2% AFDW under nutrienteplete (200 ppm N) conditions, with a significant decline observed under
gradual nitrogen depletion. This is expected as the algae divert cellular metabolism towards carbohydrate
production and away from mitgenrich macromolecules. During 40 ppm N restricted growth,
chlorophyll decreases by half to 2.1 + 0.3% AFIB84]. In addition to chlorophylls, microalgae contain a
variety of other light harvesting pigments. Prior work from Canal., 2021 details the total pigment
composition ofP. celeriunder varying light conditions. Fagtowing, nutriertrepleteP. celerihad a
pigment content of ~6.5% AFDW under the diel conditions used, including a significant proportion of
lutein (~10% tot al pi gments), wi tchrotdne) ceoxarghsi ngl y
violaxanthin, canthaxanthin, and zeaxanthida both high and low light acclimation sta{@2].
Commercially, microalgal pigments are of interest for their prophylactic benefits. High dietary pigment
consumption can have antioxidant, anflammatory, and aritarcinogenic benefit®8]. Lutein
specifically has been reported to improve vision problems including macular degeneration and cataracts,
and had neuroprotective and aimflammatory effects when consumed over tiig@]. With high lutein
levels in nutrientrepleteP. celeribiomass, cultivation for high value nutraceuticals may improve the
techneeconomic viability of this microalgae.

Under nutrientreplete, increasingly nitrogen depleted, 40 ppm N, and 2X sea salt condrtiaeseri
biomass was characterized with less than 30% unknown biomass remaining under all conditions. It is

postulated that the majority of unidentified biomass was small polar metabolites, vitamins or carotenoids,
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or additional major metabolites (carbohydrates, lipids, proteins) that were not detected during analysis
[29]. Additional methods of biomass fractionation could be employed in the future to better resolve the

unknown biomass that remains in this st{2{].

4.6 Conclusions

For this study, a detailed biomass proximate characterizatiBnagfleriwas conducted to
characterize the biomass partitioning of this organism under nuieiplgte, nitrogemestricted (daily
60% volumetric dilutions in 40 ppm-Bontaining medium), nitrogen deplete (3 days of 60% volumetric
dilutions in Nfree medium), an@X sea salt (40 ppm Instant Ocean) conditions. These data demonstrate
how P. celeribiomass shifted as a result of nitrogen restriction (from high protein to high carbohydrate)
andsuggests a pongtlevant 40 ppm Nimited cultivation strategy to produce high carbohydrate
celeribiomass without significant productivity compromises. Under {siglih conditions, the biomass
composition was similar to nutriengéplete, however AAA revealed a significant increase in the relative
level of Pro, suggesting that this functions as an osgmaiyP. celeri This detailed characterization f
celeribiomass provides a roadmap for how this-fastwing microalga might be used in the production
of useful commaodities including bioplastics, polyurethanes, nutritional supplements, and biofuels

including SAFs.
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4.9 Supplementary Information

Table4.2 . Ash-Free Dry Weight data for all experiments: nutriegplete sea salt medium (Control),
gradual nitrogen depletion, hypersaline (2X Instant Ocean), and 40 ppm N

Experiment Day Replicate Measured Calculated postdilution Ash-

pre dilution Free Dry Weight (AFDW, g/L)*
Ash-Free Dry

Weight
(AFDW, g/L)
Dense 0 1 0.864 0.329
SEENELE 2 0.886 0.337
Replete Medium
(Control) 3 0.957 0.374
1 1 0.807 0.322
2 0.907 0.361
3 0.836 0.331
2 1 0.771 0.309
2 0.921 0.369
3 0.929 0.371
3 1 0.843 Not needed for productivity
calculations
2 0.929 Not needed for productivity
calculations
3 0.986 Not needed for productivity
calculations
Gradual 0 1 0.879 0.349
NMUEEET 2 0.861 0.345
Depletion
3 0.886 0.347
1 1 0.911 0.362
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Table 4.2 Continued

Hypersaline
(2X Instant

Ocean)

40 ppm N

media

0.907

0.886

0.790

0.738

0.758

0.317

0.293

0.303

0.387

0.398

0.505

0.475

0.485

0.412

0.446

0.400

0.867

0.987

0.867

0.893
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0.357
0.350
0.312
0.288
0.298

Not needed for productivity

calculations

Not needed for productivity

calculations

Not needed for productivity

calculations
0.159
0.171
0.213
0.185
0.200
0.176

Not needed for productivity

calculations

Not needed for productivity

calculations
0.347
0.395
0.347

0.357



Table 4.2 Continued

1 1 0.880 0.352
2 Not Not collected
collected
3 0.853 0.341
4 0.813 0.325
2 1 0.887 0.355
2 0.887 0.355
3 0.840 0.336
4 0.927 0.371
3 1 0.893 0.357
2 0.893 0.357
3 0.853 0341
4 0.933 0.373
4 1 0.907 0.363
2 0.887 0.355
3 0.880 0.352
4 Not Not collected
collected
5 1 0.847 0.339
2 0.880 0.352
3 0.933 0.373
4 Not Not collected
collected
6 1 0.860 0.344
2 0.893 0.357
3 0.907 0.363
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Table4.2 Continued

4 Not Not collected
collected
7 1 0.887 0.355
2 0.907 0.363
3 0.907 0.363
4 Not Not collected
collected
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Figure4.6 Daily average productivity dPicochlorum celergrown in biological triplicate in nutrient
replete sea salt media in a bioreactor at 33°C using diel lighting with a 60% volumetric dilution after
sunset for 3 days.
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Figure4.7 Daily average productivity dPicochlorum celergrown in biological duplicate in nutrient
replete 2X (80 ppm) sea salt media in a bioreactor at 33°C using diel lighting with a 60% volumetric
dilution after sunset for 3 days.
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Figure4.8 Daily average biomass productivity Bicochlorum celergrown in biological quadruplicate in
40 ppm N sea salt media in a bioreactor at 33°C using diel lighting and automated dilutions resulting in a
60% volumetric dilution per day
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CHAPTER 5 CARBONIC ANHYDRASES IN THE HIGH PRODUCTIVITY MARINE
MIGROALGA PICOCHLORUM CELERT G2

Modified from amanuscript in preparation for submission
Alaina J. LaPans&andMatthew C. Posewit?

5.1 Abstract

Picochlorum celerifG2 is a green microalga with high industrial interest as a result of exemplary
Hwithout high CQ supplementatiorR. celerigrows slowly (40+ days until stationary phase in flasks).
This work investigateR. celericarbon metabolism with the goal of informing future genetic engineering
efforts to introduce carbon concentrating mechanisms (CCMs). BLAST comparisons betwetsri
and wellcharacterized CCM genes in the model &¢damydomonas reinhardiidentified eight total
carbonic anhydrases i celerirepresenting four carbonic anhydrase classes, alpha, beta, gamma, and
theta, through active site alignments. Predicted and experimental localization réezdéticarbonic
anhydrases throughout the cell, often localized differently compat@dranhardtiicarbonic anhydrases
of the same clas®iploid carbonic anhydrase knodkts inP. celerishowed no linear/exponential
growth phenotypes compared to wiligbe (WT), indicating a role outside of a typical CCM for these
enzymes. This hypothesias further supported by a unique increased stationary cell phase phenotype
observed in the beta carbonic anhydrase kimtkPCCAB2 KO. Finally, several missii@ reinhardtii
CCM components were not identified during BLAST analysis, including bicarbonate transporters LCIB
and HLAS3, pyrenoid formation genes SAGA1/2, EPYC1, or RBMP2, and master regulatory protein
CIAbL. These results suggest tiRatceleridoes not have @. reinhardtiilike CCM, with P. celeri

carbonic anhydrases functioning in other antkntially unique roles.

5.2 Introduction

Anthropogenic impacts including greenhouse gas emissions and waste production have resulted in
global interest in novel renewable and biodegradable resdur@ésMicroalgal biomass is of significant
interest in the development of renewable resources because of the wide array of useful products that can
be derived. As a result of their diverse biomass components, microalgae can be a source of lipids (for use
as bofuels), carbohydrates (for use as bioplastics or bioethanol), proteins (for use as feed supplements),

and pigments (for use as nutraceuticf8s}]. To enable the cultivation of microalgae for renewable

18 Graduate student, Chemistry Department, Colorado School of Mines, Golden, CO, USA
19 professor, Chemistry Department, Colorado School of Mines, Golden, CO, USA
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products, targeted bioprospecting efforts have identifieegfiesting, highproductivity strains, including
Picochlorum celeriTG2[5]. Since identification in 201&. celerihas shown promise outdoors, with
largescale cultivation campaigns achieving average biomass productivities above3fag’n
seawater medium for several months during the summer of[8D2Despite this exceptional
productivity, further improvements are needed for microalgal products to bearopetitive with fossil
fuel-derived alternatives.

Efforts over the last several decades to further increase the commercial viability of microalgal
products have focused on increasing biomass productivity, light harvesting, and stress tpiéifjcin
P. celerispecifically, decreased pigment content resulted in modest productivity improvements because
of increased photosynthetic efficieni@}. However, high Cerequirements for many fagrowing algal
strains, includind®. celeri limit the economic viability of largscale cultivation.

Carbonic anhydrases have been identified ubiquitously in eukaryotic organisms since their discovery
nearly a century agd 1]. These enzymes catalyze the carbon speciation equilibrium between carbon
dioxide and bicarbonate to better enable carbon transport and concentration intracellularly. Since initial
identification, many classes of carbonic anhydrase have been characiéitizedique active site
structures and sequences as a result of convergent evglizjoin most classes, carbonic anhydrase is a
zinc-containing metalloenzyme whose positive charge facilitates the formation of hydroxide by lowering
the pKa of water at the active site, which performs a more favorable nucleophilic attack on carbon
dioxide. These enzymes are some of the most efficient in nature, enabling a+fultidncrease in the
conversion rate between carbon dioxide and bicarb¢ba}e

In photosynthetic organisms, carbonic anhydrases play critical roles in the management of
intracellular pH and concentration of carbon for use in various metabolic pathways. Many photosynthetic
organisms have carbonic anhydrases from several classeizdddalt specific functions within the cell.

Al pha (U) carbonic anhydrases were the first clas:
organisms including plants, algae (green algae and diatoms), and cyanobacteria. Alpha carbonic

anhydraseare characterized by a zinc(ll) cation coordinated to three histidines at the active site. This
active site i s hfeeeund oimp oas edesmdéts @hiehndye ithendsurreunakdityy | b

a peri phehredli cseesv.e B el adragedyere dawridenified as straatukayque

from the original alpha, and have been characterized in photosynthetic organisms including plants, algae,

and cyanobacteria. Beta carbonic anhydrases are characterized by a zinc(ll) cation coordimated to
cystines, a histidine, and a water atsheetbtmndgacti ve
surrounhleldi bgs U Gamma (2) carbonic anhydrases have
organisms including plants, algae (mitoctioa of green algae and diatoms), and cyanobacteria. The

active site of gamma carbonic anhydrases contains a monomeric zinc(ll) (substituted with Fe(ll) or Co(ll)
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in some conditions) coordinated to three histidines and a water, which is then found as a homotrimer
containing three active sit§k2,14] Delta (U0) carbonic anhydrases hayv
diatomic microalgae. Delta carbonic anhydrases contain a zinc(ll) or cobalt(ll) coordinated to three

histidines and a water, similarly to alptygpe[15,16] In an equally narrow distr
carbonic anhydrases, which have only been identified in coccolithophores. Zeta carbonic anhydrase metal
coordination is similar to that seen in b&tpe carbonic anhydrases with two cysteines and a histatin

the active site, however zeta carbonic anhydrases may use Cd(ll) in place of Zn(ll) in some conditions.
Theta (d) carbonic anhydrases have most recently |
diatoms, green algae, and cyanobacteriataTbarbonic anhydrases also possess structural similarity to

beta carbonic anhydrases, with zinc(ll) coordinated to two cystines and a histidine at the active site, but

they are characterized as a unique class as a result of esterase activity sinplte t@iddonic

anhydrasegl7]. The wide distribution and structural characteristics of carbonic anhydrases in

photosynthetic organisms highlight the essential nature of their functionality in catalyzing intracellular

carbon speciation.

In the model green algahlamydomonas reinhardtithe role of carbonic anhydrase has been well
characterized as part of a broader carbon concentration mechanism (CCM). Through the concentration of
carbon dioxide near the ribuledes-bisphosphate carboxylase (Rubisco) active siteCttreinhardtii
CCM enables higher photosynthetic biomass conversion under limiteddd@itions. Key elements of
the C. reinhardtiiCCM include carbonic anhydrases, inorganic carbon transporters, regulatory proteins,
and stuctural components.

Currently, 15 carbonic anhydrases have been identifi€d irinhardtii These carbonic anhydrases
represent four unique carbonic anhydrase cldsagsha, beta, gamma, and theta. While many of these
enzymes function directly in the CCM, the plethora of carbonic anhydrases suggests broader roles with
impacts on pH regulatioand other metabolic functions. Regarding G@Nated carbonic anhydrases,
localization and knoclout experiments have identified the role of many of these enzymes. Carbonic
anhydrase$ and 2 (CAH1, CAH2) are both alptype carbonic anhydrases found in @ereinhardtii
periplasm. These carbonic anhydrases have differential regulation, with CAH1 functioning primarily in
low (0.03%i air, 0.04%) or venjow (<0.02%) CQ levels, and CAH2 functioning in high (0.5046%)

CO; levels. Carbonic anhydrase 3 (CAH3), another alypa carbonic anhydrase, is localized to the
thylakoid lumen with primary activity at low and velgw CO; levels. The localization of CAH3 allows
it to catalyze conersion of transported bicarbonate into carbon dioxide adjacent to the Rubisco
containing pyrenoid. Carbonic anhydrases 4 and 5 (CAH4, CAH5) aréyipetaarbonic anhydrases
found in the mitochondria. CAH4 and CAHS5 both play a role in low ord@myCQO, conditions as part
of theC. reinhardtiiCCM [16,18] Limiting COzinducible proteins B and C (LCIB, LCIC) function as a

92



dimer in the chloroplast stroma under low and ©very CO, conditions. LCIB has sequence similarity to
previously characterized theta carbonic anhydrfisE48] Recent work from the Moroney laboratory
confirmed the carbonic anhydrase characterization of LCIB, showing carbonic anhydrase activity in a
Saccharomyces cerevisigmitant. LCIB knockout mutants o€. reinhardtiiexhibited an andier
phenotype under IoMZ O, conditions, indicative of an essential role for this enzyme in the CCM. It is
proposed that the LCHRCIC dimer functions to recapture G@rior to leaking out of the chloroplast
[19].

Thorough characterization and localization of carbonic anhydrases@ teahardtiiCCM informs
the growth of this alga under varying €€nditions. However, a similar characterization of carbonic
anhydrases and potential CCM components in novel industrial algal straiRs tikkeriis often not
available. Recent work has documented detail biomass characterization and genetic engineering method
development for several strainsRitochlorum[4,6,20 22]. To build upon this established knowledge
base, this work describes a detailed analysis and localizatPicafhlorumceleri carbon consumption
and carbonic anhydrases. As a result, more informed genetic engineering approaches can be undertaken to
improveP. celeriair growth and biomass productivity, ultimately enabling the production of

economically viable renewable products from microalgal biomass.

5.3 Materials and Methods
5.3.1 BasicLocal Alignment Search Tool (BLAST)

The basic local alignment search tool (BLAST) available from the National Center for Biotechnology
Information allows for the rapid comparison of amino acid and nucleotide seql28ké&heC.
reinhardtii genome has been published with data available at JGI/Phytozome (accession humber
ABCNO02000000)24]. TheP. celerigenome has been published with sequence information available at
DDBJ/ENA/GenBank (accession number JAACMVY000000Q26). Published sequences for well
characterized CCM componentsGnreinhardtiiwere compared to the. celerigenome using BLAST in
Geneious Prime software (GraphPad Software, LLC, New Zealand) (protein query vs protein database)
[26]. To evaluate sequence similarities, Geneious BLAST grades were evaluated. The Geneious grade is
calculated by relative weighting of the query coverage (0-83we (0.25), and identity values (0.25) for
each hit. Identified carbonic anhydrase amino aeiguences were also inputted into NCBI BLAST
(protein query vs protein database) to evaluate broader sequence homology, taxonomy similarities, and
conserved protein domains. NCBI BLAST conserved domains are identified as a result of common

sequence funainalities and architecture among many organi@ng C. reinhardtiisequences used for
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BLAST and alignments are listed in TaBld, P. celerisequences used for BLAST and alignments are
listed in Tables.2.

Table5.1 Carbonic anhydrase gene annotations, types, locations, and sequendekl&nmydomonas
reinhardtii used in BLAST search and active site alignment comparison

Gene Type Location Protein sequence

CAHI  alpha periplasm MARTGALLLVALALAGCAQACIYKFGTSPDSKATVSGDHWDHGL KTGRKQSPINVPQYQ! QWSYPDLMSNGTSVOVINNGHTIQVQWTYNYAGHATIAIP
AMHNQTHRIVDVLEMRPNDAADRYTAYPTQFHFHSTSEHLLAGKIYPLELHIVHQVTEKLEACKGGCFSVTGILFQLDNGPDNELLEPIFANMPSREGTFSNLPAGTTIKLGELLPSDRDYVTYEGSLTTPPCSEGLL
WHVMTQPQRISFGOWNRYRLAVGLKECNSTETAADAGHHHHHRRLLHNHAHLEEVPAATSEPKHYFRRVMLAESANPDAYTCKAVAFGONFRNPOYANGRTIKLARYH

CAH2Z a Ipha peri p|a sm MARTGALLLAALALAGCAQACIYKFGTSPDSKATHTGDHW DHSLNGENWEGKDGAGNPWVCKTGRKQSPINVPQYHVLDGKGSKIATGLATQWSYPDLMSNGSSVQVINNGHTIQVQWTYDYAGHATIAIP
AMRNQSNRIVDVLEMRPNDASDRVTAVPTQFHFHSTSEHLLAGKIFPLELHIVHKVT DKLEACKGGCFSVTGILFOLDNGPDNELLEPIFANMPTREGTFTNLPAGTTIKLGELLPSDRDYVTYEGSLTTPPCSEGLLW
HYMTQPQRISFGOWNRYRLAVGEKECNSTETDAAHADAGHHHHHHRRLLHNHAHLEEVPAATSEPKHYFRRVMEETENPDAYTCTTVAFGQNFRNAQY ANGRTIKLARYE

CAH3  alpha thylakoid MRSAVLORGOARRVSCRVRADGSGVDSLPSTSASSSARPLIDRROLLTGAA PCPLCKPGEAK, £ WKGVCATGKROSPINIPLNTSAPKVDAEMGEF DFAYGSFEKCOVINTGHG
T™QV ELLOF IDGRRYAMEAHLYHKNKSTGTPSCAGHYAENPALSTALEVAPEVPLAKKPSPKGINPYMLLPKKSKAGTRPFVHYPGSLTTPPCSEGVDWFVFMQPIKVP
DSQILDFMRFVGDNKTYATNTRPLOLLNSRLVEYEL

CAH4 beta mitochondria MSSRNVATALRMFATLGRSQAGEASAMMGTGSALLAQRAAALGGASAVNKGCSCRCGRVACMGACMPMRHLHAHPNPPSDPDOALEYLREGNKRFYNNKPHDSHPTRNLDRVKATAAGQKPFAAFLSCAD
SRVPVEIIFDQGFGDVFVTRVAGNIVTNEITASLEFGTAVLGSKVLMVLGHSACGAVAATMNGAAVPGYISSLYYSISPACKKAQAGDVDGAIAENVKVMEQLKVSPYLOGLVKEGKLKIVGGVYDLATGKVTEIA

CAH5  beta mitochondria  MSSRNVATALRMFATLGRSO LAGRAAAL CACRCGRVACMGACMPMRI DOALEYLREGNK DSHPTRNLDRVKATAAGQKPFAAFLSCA
DSRYPVEIFDQGFGDVFVTRVAGNINTNEITASLEFGT AVLGSKVLMYLGHSACGAVAAT Y¥5ISPACKKAQAGD VOMEQLKVSPYLOGLVKEGKLKIVGGYYDLATGKVTE!
A

CAHE  beta chloroplast MGCGASYPANGGGAPVTRYMPAPAGPVSEAQS AISFOPSRSNRSSLEKINSLTDRASPEQVLONLLDGNMRFLDGAVAHPHODFSRYQAIKAKQKPLAMLGCADSRYPAEIVFDOGFGDVFVCRVAGNIATPE

t EIASLEYAVLDLGVKVVMVLGHTRCGAVKAALSGKAFPGFIDTLVDHLDVAISRVNSMSAKAHQAIKDGDVDMLDRVVKENVKYQVQRCORSVIIQEGLOKGNLLLAGAVYDLDTGKVHVSVTKGGS SAE
stroma

CAHZ.  hata linknown MPNGVSPRENAVQILLHHNSRENLEQQSPGSQAGSAPGSPRPSLRASVELDPLNKLLRKNKAWSAARLAEDPGYFQRLIAQQAPEYLWIGCSDSRVPANAILGLAPGEVFVORNVGNQATHTOLNCMSCLEYAV.
KELKVRNVIVCGHYGCGAVKAAIKMPSKTQNLYNCWISDI RECRNEHRTELMALPTTEAQVDRLCELNVLRQTFNVCTSPVVQHAWDOGQOLFIYGVWYSLKDGLMRKLVGPISKTGDFEMDQSSFIERGSSYIDV
GMSAAAAAMNMPDRRGGSSAPRGAPGSVVVNGROQADSMGDGROLVCRGLFCRYRITGVITGRYWAVAQYNNRIAEHVGWTDEQAEHSALNGAAAAAALAAT AAAGVASGDSPRSPHHP

CAHS beta periplasm MAPSSEDVAVSGGGSQELSNSSPTSSSSGGAGVLGERDHFSKLLONNREW CKARLAADPKFFERLCEQANPEYLWIGCSOSRVPANQILGLOPGEVFVORNVGNQATHTDLNVMSCLEYSVKELEVENVIVCGH
YGCGAVKAALKLPSKTTNLVNCWISDIRECRNQHRAELMQLDDHQAQVDRLCELNVLRQAFHYATS PYVQAAWDRGQELHLYGYVYSLKDGQIKKLVGPISGNGDFECDQADF ESHGATYVAMAEARAAAAVA
EVGAGVGNLNVVSATLDGRVSLNGVTLTSEAKEDGRSSAAQVDALRAYINT AKVNNRIAEHVNGWH

CAGI  gamma mitochondria MNPINGLKTIL GOALERVGCRLOY NRHATVL DK TLGENSSVWYGAIVRGDFQPVVVGSNSNIODAAYVGATSEFSGPUTIGDNVSVGHGAVL
KGCTVGONVL VEEGTTVPSGE {t GRYTELA VLKMKQAEYFA

CAGZ  gamma mitochondria  MIKRVGOSLYPFARAGLTQTAESFRGYSSQFFDAPNGRSVKQVLIEDEW YNRARSIFPLLDKE PYYPYDYFVAPNAVVCGOVDIYGGASFFGAVLRGDLNKIRLGNRSAILDRAVVHAARAYPTGLNAATLIGEKY
TVEPYAVLRSCRVEPKVIIGARSVVCEGAVVESESILAPNSVYPPARRIPSGELWGGSPAKFIRKLTDHERDRVLDDVSTHYHNLATMFAREALEPGTAWRDVEAWROKLVDOGEYEWINFREQKYLMRLOHEAEA
LEKLTH

CAG3  gamma mitochondria  MSLFKSSLPAGFLFPYRHPKAKGLVEGTLYGLGSLFRGYGAALDELGSMVOGPAGSVKDHVOPNLAFAPVHRKPDVPYNAGQY ARRTLKIKEV GNVKL

RGDVNGIEVGANSNIODNAIVHVSKYSMDGT ARPTVIGNNVTIGHAATVHACTIEDNCLVGMGATVLDGATVKSGSIVAAGAVVPPNTTIPSGAVWAGSPAKFLRHLEPEEASFIGKSASCYAELSAIHKFEQSKTF
[EEQYTESCIIKDRAALADPSNSVHOMWEYDSQTALVARAKR

LCIB theta chloroplast MFALSSROTARS ACRASCPCASCRGVASAPVRATY AARPYKKSAASVYVKAQAASTAVAPVENGAAPAVAHKRTFAQRHSELIKHFPSTMGVDDFMGRVEVALAGF GFTGDNTIAMTNLCRDEVTQVLKDKIEA]
FGSSFNTNGLGGVLTCGVTGMKAGLSHSPVCNGGRERYVFFAFPHIAINSEGEMGALSRPGRPKQSCACGALLAILNAFKVDGVEKXCKVPGVHDPLOPELTILQQRLARRVRYEKLOVXKLDLPGLTSVAERTITDD
LEYLIEKAYDPAVADYAVITGYQIHNWGKELSASGDASIEFYAPAKCYTYVNGLKTYIDLPOVPALSPROIQTMAQASLNGFEPKHIQP GMRGSVISEVPLEYLVTKLGGSOLMEDGNS YAPYFASSDSFEWPTWOS
RIRLDNNPNRLLSYERDANAPTMESPEPVHPSFEAPKN

stroma

5.3.2 Carbonic AnhydraseAlignment

To identify P. celericarbonic anhydrases classes, active site alignments were compared li&tween
reinhardtii alpha, beta, gamma, and theta carbonic anhydrases and pRtatelericarbonic anhydrase
sequences determined from BLAST. Alignments were performed using Geneious Prime (GraphPad
Software, LLC, New Zealand) with a pairwise MUSCLE alignment via MUSCLE algorithm 3.8.425 used
to group sequences by similar[B8]. Active site residues were identified based on class active site
structure, NCBI BLAST domain similarities, and similarity to prior published active site alignments
[17,29] C. reinhardtiisequences used for BLAST and alignments are listed in Bdhle. celeri
sequences used for BLAST and alignments are listed in bable
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Table5.2 Carbonic anhydrase gene annotations, types, and sequenc&idoaimorum celeridentified
through BLAST search and active site alignment comparison with predicted location reported from
DeepLoc2.0.

Gene Type Predicted Protein sequence
location
PCCAAL alpha extracellular MKNSVIVSIFGLLASFSAGAIAAEWDHNDIAGWADLPDSVCGSGQVQSPLNFNSSMDWPASSEQLVVSYPOAISAAVSNNKHGSPOLNFPSGEAFVTLDGERFNLLOVHFHSPSEE

TFDGVAPDLDAHLVHONPETEQLLVIGVTFNEGEESNELLDIAIENDPTADSDTNVQVTGYPLAAFVPNAEMYTFDGSLTTPPCSEGVKWFVSQQIMSATKSEIEGLRAVAENQGLE
NGNARPTQPLNGRPVRTIMAQMSAPSTTSTQASAAAMISGITAAILTAAVYA

PCCAA2 alpha chloropEast MLGRVHRVRLEHOGMSVRCGASRRTVLTVPLISMLVSISPSPARSWTYDEAWEGVCKEGREQSPIDLSFSSAGGMNTATDDREPHGMHIRYPSGQYSGEVVNNGHGSPQVNFKD
ANVCVEWNGETFILDQVHFHHPGEHRLGKODFDMEAHLVHRNRDSTSKNSILVIGVFLERGKRRCELLDMAMDNVLMAPSPSSSGVGSKDGQGYALRSLLPPGGEYIWYKGSLTT
PPCTENVSWLVGVEPVSIMPDQLERFVQFGVMORNARAVQGSLANRLSHRVRVIQ

PCCAB1 beta cytoplasm MTKTSNLESFLEANKSFMDKFGDNGSLPAPPSRKTFILTCIDARLVPYDALGLSIGECHIFRNAGGRVSDDAIRSFTMTQOLMGTEEIFVMHHTQCGVEGRTNQDVVDLIGKNLGED
ASHLDFLTCKSARASVSEDVDKLKNCKLINPGTKITGLLYHVETGQVEHIC

PCCAB2Z2 beta cytop\asm MGNGSQAPTGHGLELPFOKNREWAKSKLEGDRDYFRKLSQAQTPDYLWIGCSDSRVPANQLMGLEPGEVFVORNVGNLATHKDMNCMSCLEYGITALKVKHICGHYNCGAVR
AALELPCKTAGLYNLWIQDIREVRDKNADELIALENGEERWKKLVELNILQQVFNVCTSPYWQQAWDFGQPLSIHGLVYSLKDGLLKPLTQPITSIKDFEHLRSTDHADVEGLSKSILTH
MSFEKAVMEKKK

PCCAG1 gamma  mitochondria  MNGYVKSVGSLCRSLGRLVEDVGYGLOGRLAYKETLHKSQTLSKYKDSLYPTVKDEVFVAPNASVIGDVTIGKGSS VWY GCVIRGDVNSVTIGEMSNIQONVMIVHVAKHNAAGIPR
KTVIGSGVTVGHGATIHAATVEDGSYVGMGAVIMDGAVVEKGAIVAAGSLVVPGTVVKSREVWAGSPAACVRKVSDDEAAAIEQAAVDYSNLGAVHAAENCKTFGEIELDRARRW
DROTROPDYDLOOGVEREIETRELVPTGYVATA

PCCAG2 gamma  mitochondria  MKALYRLGFLRETGOALOTLGCKLOGNYSYLEQLNRARPMNLYDKYPDLGKNVFVAPNALVSGRVRVGNNSSIFYGAVVRGDKGSISVGENTNIQDGTTYSTHSSRLGGHVONT
SIGSNVTIGHOASLHGCVIEDEALIGMGATLLEGSRVEKGANVAAGAIVOPGTTVPAGEIWGGAPAKHLRALKPEEKSFLAESAEHYVNVAAVHLEQTNKSLLDIAKSKGL

PCCAG3 gamma  mitochondria  MLGRRIASQLLOETGKIRHGLSVLSLSQ0OGFVHSSALLAEEEQTKTSRDAPPVKTIHIEDEVYNRORNILNLGNRVVKTIPSSWIAPSAVVVGDVDVYENVSLWHNCVYRGDLNSIRI
GAFSNIQDRTVIHAASTAPTGLPAATVIGORYSIGOGCLIRSATIGDACVVGDRSILLEGSRMESQSVLEPGSVLPPGRLVPSGOVWAGRPAKFVRKLSKDEKAAIPEMAEDVCKVVDE
VASEFLPOSGAYREAEELRAALDPSSAVVRGADVOGISODALGKFOG

PCCATT theta chloroplast MNPYNRVOQISNRTALHSPSVRLFTGPKVAGRAQAKVPRSFFRLLNGSFSDEE ENPPTEATAVEGLPIADKKLRDYTEVAYMTGRAKYVNEHFPSALGIDDFLNRLEIALYAYGINGD
NSIAMVNLCRDEITQSLKNKIDLVEGSSFNTNGLEGVLTCGVTGYSAGLSHAPVSKGSGKERYVEFSFPHISIDATGEIGAVSRPGRPGASCACGALNKALIDIKTEGVDANCKIPGVHE
PLDPEFTILKQRLARRLRYDGLGNDYVSSMNLVQLTKVAERTISDDLNYLISOTVDPKKADYAVVTGIQIHNWGTKFDDDSPNLEFIAPVSVYAVVNGHKTNIDLNTMPSLTPRQIRILA
DSRGGADGGOLEGKDDLACNSTGSS TLREIEPPYLYSSKRDRRRKREQAAKYAELIREEGLSPDTTCTWPSWQSNLKKKASASPEDEGNSAIHF DSKF RADPELDEMWSKLOSKYVSP
AGTTTGEDAD

5.3.3 Culture Growth

For flaskbased culturing campaigns in &, celeristrains were inoculated from agar plates or frozen
stocks in 250 mL Erlenmeyer flasks containing 60 mL of dense seawater medium at a stamireg OD
1.0. As previously described, this medium contains 40 tnktant Ocean® (Spectrum Brands, USA)
resulting in marine salinity of 40 ppt. Primary nutrients included iron (0.0150Fkp5Q*7H,0),
phosphate (0.0890 giKH,PQy), and nitrogen (0.436 glurea). Trace metals were included (3.14*10
g L MnSQ#*1H-0, 2.42*10° g L™ CoChL*6H-0, 4.88*10° g Lt ZnSQ*7H0, 2.00*10° g L™
CuSQ*5H,0, 6.81*10° g L'* Na;MoO4*2H,0) and EDTA (0.0203 g LEDTA) was used to chelate
metals. Vitamins were added (1.54*1¢ L™ thiamine HCI, 4.40*16 g L™ biotin, and 4.40*16 g L*
cyanocobalamin).

For transformation experimen®, celeriwas cultivated in 300 mL QATM medium in 1 L
Erl enmeyer flasks for ~17 hr (overnight) in a
constant light, 175 rpm shaking, and 33°C constant temperature. QATM medium contains nutrients
similar tof/2 standard medium with 0.25X salinity (~10 ppt) obtained through the addition of filtered
Gulf of Maine seawater (Bigelow, USABO]. Primary nutrients included nitrogen (2.56*1¢ L™ Urea)
and phosphorus (6.0*fQy L™ NaH,PQ:*H,0). F/2 trace metals containing iron were added (3.15410
L FeCk*6H20; 9.8*10° g L™ CuSQ*5H,0; 6.3*10° g L™* NaaM00O4*2H0; 2.2*10°g L*

ZnSQ*7H,0; 1.0*10° g L'* CoCk*6H,0; 1.8*10* g L™t MnCl,*4H,0) with EDTA to chelate metals
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included (4.36*10 g L™ Nax(EDTA)*2H,0). Vitamins were added (7.7*£@ L* thiamine HCI, 2.2*10
®g L biotin, and 2.2*10 g L™ cyanocobalamin). Media included 5mM (for liquid medium; 20mM for
agar plates)-gN-morpholino)propanesulfonic acid (MOPS) at pH 7.6 as a b[6fer

To measure culture growth, optical density measurements at 750 nm were performed using a VWR
M4 UV/Vis spectrophotometer (Avantor, USA) with VWR semicro 1.5 3.0 mL polystyrene cuvettes
(Avantor, USA). Cultures were diluted up to 20X during-W\6 measirement to ensure absolute value
ofODis< 1. 0O, wi thin the i nstr uspeeadurgnents, asfeedtyrweigh n g e .
measurements were performed as previously desddpeBriefly, TCLP Glass Fiber Filters (Cytiva,
USA; 4.7 cm diameter, 0.7 microns) were-pshed at 550°C for 180 min. Dense (1.5 mLB. celeri
biomass was filtered onto peshed filters then washed with 20 mL 0.5 M ammonium formate to remove
salts. After washing, filters were dried overnight at 105°C and biomass dry weight was measured. Filters
were then heated for >1 h at 550°C, and remaiasigwas gravimetrically measured. AFDW

measurements were obtained by subtracting the ash measurement frommtmes oy weighit31].

5.3.4 PlasmidLibrary

Plasmid backbone, promoter, terminator, bfloGFP, and antibiotic resistance sequences for
nourseothricifCNAT) and phleomycin (Ble) were PCR amplified from existing plasmid libraries
[6,21,22] Carbonic anhydrase sequences were amplified frorR.tbelerigenome using colony PCR.

For the localization of carbonic anhydrases intracellularly, a general plasmid template was constructed
using a backbone containing Bacherichia colorigin of replication and ampicillin (Amp) antibiotic
resistance marker. F@. celerieukaryotic antibiotic resistanceBde marker was driven by @GAPDH

promoter andRBCS2erminator. Carbonic anhydrase genes utilized their native promoters amplified from
theP. celerigenome followed by a small flexible linker peptide (GDLGGSGGR) attaching the carbonic
anhydrase sequence to bfloGFP followed &P DHterminato32]. Carbonic anhydrase sequences

did not include the final stop codon to allow linking with bfloGFP for localization experiments.

PCRamplified sequences were joined into plasmids using a general Gibson Assembly protocol from
New England Biolabs (NEB) using promoters with homologous overhangs of ~20 BP and NEB Gibson
Assembly Master Mix containing a polymerase, exonuclease, and iDhigel(New England Biolabs,

USA). Briefly, 0.1-0.5 pmol of each DNA fragment was combined inailll: 2 r at i o wi t h
Gi bson Assembly Master Mix and a total vol ume
minutes, then cooled on ice 0 min.

Following Gibson Assembly, plasmids were immediately transformed inteetitDcompetert. coli
(New England Biolabs, USA) wusing heat shock. 2
4 0 E tolithawed from storage a80°C.E. colicells were then heahocked for 90 sec at 42°C to
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promote plasmid uptake. Immediately following heat shock, cells were cooled on ice for 2 min then 675
eL of NBBtabdedOutgrowth Medium (New England Biolabs, USA) was added. Cells were
incubated at 37°C for 1 hr then plated overnight on LysogeathBLB) with 1.5% BD BactoAgar
(Fisher Scientific, U S*™A\np. Blasmid sequences wereavalisaiedugingl 0 0 £ g
Sanger (Azenta, USA) or whefdasmid sequencing (Plasmidsaurus, USA) and plasmid stocks were
maintained irE. colicryopreseved at-80°C. Plasmids were extracted fréncoliusing a ZymoPURE I
Plasmid Midiprep Kit (Zymo Research, USA) and linearized using restriction digesteofRVor Scal

as shown irFigure 5.2A and Figures.4A. Linear DNA was purified using a DNA Clean & Concentrator

25 kit (Zymo Research, USA) then precipitated by adding 1:10 volumes of 3Atétate, pH 5.2 and
1:2-2.5 volumes of icecold 100% ethanol to the DNA sample. The sample was mixed and coeled at
20°C for >1 hr, then centrifuged for 29 minat 4°C and 20,000 g. The supernatant was poured off and
the DNA pellet was washed twice with RT 70% ethanol then dried in air for >15 min. DNA was
resuspended in <15 mL ultpure water to a concentration of 1000 ng™al higher, measured using a

NanoDrop (Thermo Fischer Scientific, USA) for usdlirceleritransformation.

5.3.5 PicochlorumCeleri Transformation

P. celeritransformation using constructed plasmids was performed as previously dega@¢d
After harvesting cells at an Q£ 0.35-0.5 following approximately 17 hr of growth in QATM media,
cells were washed 4X and pelleted by centrifugation at 4°C and 4000 rpm for 2 min in sterile 375 mM
sorbitol. The cell pellet was resuspended to a final concentration of&*@d | s/ 100 &L sorbitoc
resuspension volume determined using cell count data obtained on an Attune NxXT acoustic focusing flow
cytometer (Thermo Fisher Scientific, USA}53 ¢ g of precipitated, | ineari ze
eL) was added to a 100 ¢ L%celd), miged,dhen incibated enideor3( cont ai
min. The cells/DNA mixture was added to a 0.2 cm prechilled (4°C) electroporation cuvette (Bulldog
Bio, USA) and pulsed once in a Gene Pulser Xcell{B&ml, USA) using a time constant protocol with
25 msec timeonstant at 1350 V. Following electroporation, cells were resuspended in 1 mL QATM
medium in 2 mL sterile microcentrifuge tubes and rested®r4hr at 33 AC and |l ow |ig
recoveryincubation, cells were plated on QATM agar plates via soft agar overlay. For transformations
using CNAT antibiotic resistance, 240 ¢e¢L cells we]l
cont ai ni ngCNADad pdated an QATM 1.5% agar plates with the same antibiotic
concentration. For transformations wusing Ble antil
QATM soft agar containing no antibiotics and plated on QATM 1.5% agar plates wattg10-hile.
Plates were then incubatedfode&ay s at 100 ¢ E, RT then moved to ~30

After approximately two weeks, colonies were large enough for picking and patching on antibiotic plates.
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Transformations using CRISPR/Cas9 ribonucleoprotein complexes (RNPs) were performed similarly.
Singleguide RNAs (sgRNA) for target carbonic anhydrase genes were designed using the Geneious
Prime (GraphPad Software, LLC, New Zealand) guide tool followiegtles of Doench et 4B3].

Guides (sgRNA) were synthesized from single stranded DNA oligonucleotides (Integrated DNA
Technologies, USA) using an EnGen sgRNA synthesis kit (New England Biolabs, USA). Following kit
synthesis, sgRNAs were pur iy ed25kisZymgResearchRISA. c | e an
100 pmol sgRNA and 75 pmol Cas9 endonuclease (University of California, Berkeley, USA) were

assembled into a RNP via RT incubation for approximately 30 min. Once assembled, the entire RNP

volume was added along with lineariZetA to the cell mixture prior to electroporation, as described

above[22].

Diploid knockouts were confirmed iR. celeriusing colony PCR and gel electrophoresis as well as
Sanger sequencing of edited carbonic anhydrase sequences. Colony PCR products were sequenced at
Azenta/GENEWIZ (Azenta, Inc., USA). Sequencing data was then analyzed and compareel¢o
WT genome using Geneious Prime (GraphPad Software, LLC, New Zealand) software to identify

nucleotide shifts resulting in gene knock outs.

5.3.6 Confocal Microscopy

P. celericells were imaged at room temperature (RT; ~20°C) on a Zeiss 800 LSM confocal
microscope (ZEISS, Germany) with a 63X/1.4 oil objective. For all experiments, 1 mL of dense (OD
>2) culture was harvested from 250 mL Erlenmeyer flasks with 60 mL total culture volume at RT under
300 €eE constant | ight and 17 5bottom85 nmnvatkek dighes 80 ¢ L |
(MatTek Corporation, USA) for imaging of GFP (Ex: 405 aB& #4m, Em: 5220 nm) and chlorophyll
(Ex: 680nm, Em:700/40nm). Mitochondral staining was performed using a Rhodamine 123 protocol
adapted fronC. reinhardtii[34]. Briefly, denseéP. celericulture was harvested and Rhodamine 123
(Thermo Fisher Scientific, USA) was added at a f i
solution of 25 mM in dimethyl sulfoxide (DMSO; Thermo Fisher Scientific, USA). Cells were incubated
for 30 min at RT, wshed twice via centrifugation at 8000 g for 2 min, and concentrated in QATM
medium before observations. Rhodamine 123 fluorescence (Ex: 507 nm, H&Q 29 was measured
alongside GFP and chlorophyll. Nuclear staining waspaed using a standard Hoescht 33342
(Thermo Fisher Scientific, USA) DNA staining protocol from Thermo Fisher Scientific adapted for
celeri[35]. Briefly, a 20 mM stock solution of Hoescht 33342 was diluted to a working concentration of 1
mgmLin QATM medi. A final staHoeanghtcohITIha raltomng w
DMSO (Thermo Fisher Scientific, USA) to increase cell wall permeability was added td”1 celeri

culture. Samples were incubated at 37°C for 30 min then washed twice with clean QATM medium via
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centrifugation at 8000 g for 2 min and concentrated in QATM medium before observations. Hoescht

33342 fluorescence (Ex: 405 nm, Em: A&nm) was measured alongside GFP and chlorophyll.

5.3.7 TransmissionElectron Microscopy (TEM)

As previously described, the University of Colorado, Boulder microscopy core facility performed
transmission electron microscopy (TEM) imagingRarceleri[4]. Air growth samples were harvested

following 2 weeks of cultivation in 250 mL Erlenmeyer flasks with 60 mL total culture volume at RT

under 300 €E constant | ight, 175 rpm shaking.

TEM facility (~1 haur) then frozen using a Wohlwend Compagthi@h pressure freezer (Technotrade
International, USAB6]. Frozen cells were freemubstituted in anhydrous acetone containing 2%
osmium tetroxide and 0.2% uranyl acetate and embedded in Epon/Araldite resin. Serial thin (80 nm)
sections were cut using a Leica UCT ultramicrotome (Leica, Germany). The ser@isectre collected

50

onFormvasc oat ed copper sl ot grids, poststained with

lead citrate and imaged using a Tecnai T12 Spirit TEM (Thermo Fischer Scientific (formerly FEI) USA),

operating at 100 kV.

5.4 Results
5.4.1 Carbonic Anhydraseldentification and Alignment

Carbonic anhydrase sequences from the model gree€hlganydomonas reinhardtias shown in
Table5.1, were compared to tiicochlorum celerpenome using BLAST. This BLAST search
identified 8 total carbonic anhydrasedPincelerj as shown in Tablg.2, as a result of active site
similarities[29]. Protein alignments were generated, as show#igiare 1AD, for four carbonic
anhydrase types to better identify the specific classes of carbonic anhydiasesleri

When compared to three alpha carbonic anhydragesreinhardtii CAH1, CAH2, and CAHS3, two
carbonic anhydrases i celeri PCCAAL and PCCAA2, were identified as algiipe, as shown in

Figure 5.1Abased on conserved active site residdésalphatype carbonic anhydrases showed a

conserved active site serine (~110 AA consensus). At ~160 AA consensus, all show the first conserved

asparagine and a conserved histidine, however CAH3 @orainhardtiidoes not show a conserved

active second asparaginatlis seen in the other carbonic anhydrases. Following the conserved active site

histidine, CAH1 and CAH2 show a TIQ(V)Q sequence that is active, however this sequence is not present

in CAH3, PCCAA2, oiPCCAAL. At ~210 AA consensus, all proteins show a conserved glutamine

followed by two histidines and a glutamic acid. At ~220 AA consensus following the conserved glutamic

acid, all proteins except PCCAAL show an active site histidine. A Glu (except @ARD, His, His

sequence is seen in all alpha carb@mnhydrases compared at ~230 AA consensus. Betwee26PARA
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consensus, CAH1 and CAH2 have an active Cys and Leu that is not seen in the other carbonic
anhydrases. At 310 AA consensus, a Val is presedt reinhardtiicarbonic anhydrases (CAH1, CAH2,
CAH3) but not inP. celeri(PCCAAL, PCCAA2). This is followed by a Tyr seen in all carbonic
anhydrases except PCCAAL, then a highly conserved active site sequence of LTTPP present in all alpha
type. At ~320 AA consensus, a Ser followed by a Gly is conserved among all except PCCAA2,
immediately followed by a Val consexgt between CAH3, PCCAAL, and PCCAA2. All strains contain a
conserved active Trp and Val ~330 AA consensus. At the end of the protein, ~420 AA consensus, CAH1
and CAH2 contain two Asn not seen in the other alypa carbonic anhydrases.

Two betatype carbonic anhydraseskn celerji PCCAB1 and PCCAB2, were identified through
active site alignments when compared to 54bgbe carbonic anhydrases frain reinhardtii CAH4,
CAHS5, CAH6, CAH7, and CAHB8, as shownhiigure 5.1B. All identified betatype carbonic anhydrases
showed a conserved Cys and Asp at ~130 AA consensus. A conserved Glu acid was seen in all proteins
except PCCABL at ~170 AA consensus. After 180 AA consensus an active site His followed by a Cys are
conserve@aamong all strais.C. reinhardtiicarbonic anhydrases CAH4, CAH5, and CAH6 contain a final
active Glu at ~240 AA consensus that is not seen in the other proteins.

Through active site alignments usi@greinhardtiigammatype carbonic anhydrases CAG1, CAG2,
and CAG3, three gamrmtgipe carbonic anhydrases were identified®irceleri PCCAG1, PCCAG2, and
PCCAGS, as shown iRigure 5.1C. Several (CAG2, CAG3, PCCAG1, PCCAG3) have a conserved
active site His ~180 AA consensus. At ~200 AA consensus, CAG1, CAG3, PCCAG1 and PCCAG2 have
another conserved His. A final active site histidine residue follows and is conserved among CAG3,
PCCAG1 andPCCAG2.

LCIB in C. reinhardtiihas recently been identified as a thisgae carbonic anhydra$&7,19] Active
site alignments . celeriidentified a similar thetéype carbonic anhydrase, PCCAT1, as shown in
Figure5.1D. A conserved active site Cys is seen in both thgia carbonic anhydrases around 130 AA
consensus. This is followed by an active site His (~170 AA consensus) seen in both PCCAT1 and LCIB.
At ~190 AA consensus, there is a second conserved active siieuHGIn both proteins. Finally, after

~210 AA consensus an active site Cys is conserved between both LCIB and PCCAT1.
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Figureb5.1 A. Active site alignments (designated by *) of alpha carbonic anhydrase amino acid sequences
in Picochlorum celer{PCCAA1, PCCAA2) andChlamydomonas reinhardiCAH1, CAH2, CAH3); B.

active site alignments (designated by *) of beta carbonic anhydrase amino acid sequeitoehliorum
celeri(PCCABL1, PCCAB2) an€hlamydomonas reinhard{{CAH4, CAH5, CAH6, CAH7, CAHS8); C.

active site alignments (designated by *) of gamma carbonic anhydrase amino acid sequences in
Picochlorum celer(PCCAG1, PCCAG2, PCCAGandChlamydomonas reinhard{CAG1, CAG2,

CAGQ3); D. active site alignments (designated by *) of theta carbonic anhydrase amino acid sequences in
Picochlorum celer(PCCAT1) andChlamydomonas reinhard{LCIB).
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5.4.2 Carbonic AnhydraseL ocalization

Prior to experimental localizatioR, celericarbonic anhydrase protein sequences were entered into
DeeplLoc2.0 to generate a predicted location, as shown in 324R&7]. These proteins were predicted to
be localized throughout the cell, as indicated. PCCAA1 was predicted extracellularly, PCCAA2 and
PCCAT1 were predicted localized in the chloroplast, with PCCAB1 and PCCAB2 predicted in the
cytoplasm. All gammdype carboit anhydrases (PCCAG1, PCCAG2, PCCAG3) showed predicted
localizations in the mitochondria.

To experimentally localize carbonic anhydraseB.iceleri a fluorescent plasmid library was
constructed for transformation and confocal microcopy evaluation. As shdvigure 5.2A, all
fluorescent plasmids used phleomycin (Ble) antibiotic resistance drive@ByBH promoter and
RBCS2Zerminator. Along with antibiotic resistance, fluorescent plasmids contained several carbonic
anhydrase fusions (PCCAA1, PCCAA2, PCCAB1, PCCAB2, and PCCAT1) driven by native promoters
amplified from theP. celerigenomewith sequences shown kigure 5.2B. Carbonic anhydrase
sequences were linked to a bfloGFP followed l6yA°DHterminator.

CAH

(I linker
]

Amp

Gene Native promoter nucleotide sequence

PCCAA1  ATGGACATAATTTGATGTAAATGATTCTGCACTTTGCTATTTCAGGACGTACGATACAAGCAATTTGCTCAAAGCTGATGATACGGCACATCAAACAGGCTGGAGATTCTCTCGGATTTGCCCAGACATG
GCTAGCCAAATTGTCGCCATTGTACACGAGAGGCAATGAAGCCTATTCCTAGGAAGCTGATGCACCGTAGTCCATGAAATATTTCTCAATGCATGCATAAAAGAACCCTTCTCTGAGCTGCAGACATAGA
GGAGGACATCGCTTCTTGTGATCCTAGAAGGAAGGTTGTTTGTTAACGTCCAACAGGATATTATTGCAGTACACCGTACGGGLGTCGCGAGT AMAATTTTCTCTCCACTCGCTGCACTCTATCCTTCAAAT
TGAAACATTATGTCAATATTATTGATATATGATATTTGGTCCCACTAAAATGATACTCAGGAATTTTCGATCGAAGAACCCATCACACTCAGTCAGGCGTGTGCCCCTAGGAACTCGTCTCTTGGACAATG
CTACTAGTGCCATGTCGATTGTACAAAAGCTCTGGGAATTCAAAAAGAAAATCACATTCGAAACTCAATCTATCAAAATATCATTCTAAAGCATTCATTTACGATTTCATC

PCCAA2 GTATATATATCTTTTTGTTITGGACTTTATTTTGAAGCATT TGAATCGAAAAAGCGGTAGAAATCATTTCGACACAAGCAATGCTGTAACTCTTCAACCTTGATCAAATAACATCTATAATCCTTCCATTGAC
CTATAGAAGTGAATATATTGGTTTAAG

PCCAB1  AACCATTACCCTTTGTATCTATCTATCTATCTATATCTGTAAAGAGGATTCGCCTCGTGGLTGCATAGTAGTAGTACGAGTAGTAAGTAAGCAACGECAAGGCTGTCCCTGCATGCAGGGLLCCGLCCCT
GGGCGGGCGEGCCCGCCCGLCCGLCTTGGGTCAAGGGCAATGTCAAGAAATGGTCATGTTGTAGAGATTTCGATTTAACGTTACTTTTTATTCAACGTAATTTGAAGAATATACAATTTCATCAGAAATA
ACATCCGAAGC

PCCAB2 TCAGGGTATGTTGGTGGCCACGTGGCCTGCATCGAGGCGCTACCCT GOCCTTCTTTTACTGOCGGGATCCTGACCTGTAGTAGGTTTACCCCACAGACAGCAGGAGTCCTGCGGGAAGATAGCCGG
CTCATTGCGTAACCATGCAGTTTGATTTTAATTTAAGAATTTCTAGACGT GGGAATGTGCCCGATTGGTGAAGACACCAAG

PCCAT1 GTGCTGCTGCAGACAACACCCTCAGCAAATCCATGTACTATATACGATATATATTTCGTTCAAGTAGGATATTGTAATAATAACGACCAGATTGCCGTTACAAGCATGGTTGGTAGGTTGTCATATTCCTT
GAGTTGAGCTTTACAGGAGGTCAAACATTGGCCTGCATTCGGATCCAGGCGTCACGTGCCTGCACCTAGGTCCATCACCATCACGATGGCCAACCCTGACCCACACACGTCCAAAMCATGGCTCAAAGA
CCGACATATCCCATACTTTACTATTTATAATGTTTGTGTGAAGTATACTCGGCTACATTGACACGATCAGAGAGTTTTCAAACGTTTCAGTGCAACCTACTACAGTTCTGCAAGGTAGTCATAAACCGAATT
TAATCAAGCGCATTGGTGGATAGGGGLGCATTAATATATATAAAATTGATTTCAAAGGCTAATCTGACAG

Figure5.2 A. Summary design of plasmids used for localizatioRiobchlorum celercarbonic

anhydrases showing native promoters and carbonic anhydrase sequences attached via flexible linker
sequence to bfloGFP and terminated®@®&PDH, with antibiotic selection via Phleomycin resistance
(Ble) using aGAPDH promoter andRBCS2erminator, and linearization achieved through restriction
digest usingecoRV B. Native promoter sequences used in plasmid construction for localization of
Picochlorum celercarbonic anhydrases.
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Fluorescent plasmids were transformed into W Teleriand evaluated for GFP fluorescence using
confocal microscopy, as shown inkigure 5.3. PCCAB1 showed the highest level of GFP fluorescence,
with GFP localized outside of the chloroplast and dispersed in the cytosol, as Begmerb.3A.

Additionally, most cells exhibited strong GFP fluorescence indicating that this protein was highly
expressed in all cells when grown in air. Both PCCAT1 and PCCAAL were localized inside the
chloroplast, with verydw GFP fluorescence seen in a small subset of cells imaged. Both PCCAT1 and
PCCAAL showed punctate fluorescence within the chloroplast itself, with PCCAT1 appearing slightly
more punctate compared to PCCA&L shown zoometh in Figure 5.30. PCCAB2 was also seen as
punctate, however it showed localization outside of the chloroplast, in a small area within the cytosol. To
further confirm this localization, additional confocal imaging was performed using mitochondrial dye
(Rhodamine 123) anduslear dye (Hechst 33342), as shownHiigure 5.3B. Colocalization of PCCAB2
within the mitochondria or nucleus was not observed, indicating the presence of PCCAB2 outside of
those organelles. Similarly to PCCAT2 and PCCAAL, GFP fluorescence of PCCAB2 was observed only
in a subset of cells imaged. For edinfocal experiments, WIP. celeriwas used to ensure no background
GFP fluorescencd-{gure 5.6). While a fluorescent fusion plasmid was constructed and transformed for

PCCAAZ2, no GFP fluorescence was visible in transformants when tested in these conditions.
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Figure5.3 A. Confocal microscopy imaging #ficochlorum celercarbonic anhydrases PCCAB2,

PCCABL, PCCAT1, and PCCAA1 showing chlorophyll autofluorescence in the chloroplast (red) and
bfloGFP fluorescence (green) with arrows highlighting faint GFP fluorescen@garBocal microscopy
showing imaging oPicochlorum celercarbonic anhydrase PCCAB2 showing overlays of GFP
(green)/Chlorophyll (red), Rhodamine 123 (mitochondria; grey)/GFP (green)/ Chlorophyll (red), and
Hoechst 33342 (nucleus; blue)/ GFP (green)/Chlaybgred); C. Confocal microscopy showing

overlays of zoometéh GFP (green)/Chlorophylli(red) fluorescence for carbonic anhydrases PCCAT1 and
PCCAAL.
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5.4.3 Carbonic Anhydrase Knock-Outs

To knockout carbonic anhydrasesk celeri transformations were performed using antibiotic
resistance plasmids and CRISPR/Cas9 RNPs containing sgRNAs. For aldtriacéperiments, CNAT
antibiotic resistance was used, with plasmid design shoWwigime 5.4A. Singlestranded guide RNAs
were designed according to the method of Doench et al., with a length of 20 bp and targeted to the
beginning of an exon sequence within the carbonic anhydrase gene of interest, with guide sequences
shown inFigure 5.4C[33]. Following transformation with linearize&¢a) CNAT antibiotic resistance
plasmid and RNP, diploid knock outs were confirmed through colony PCR/gel electrophoresis as well as
Sanger sequencing. Colony PCR using a carbonic anhydrase specific forward primer (FWD) and a
plasmid specific primer (AmpUp ¢gkmpDwn) confirmed the insertion of the antibiotic resistance
plasmid at the cut site in one allele, and determined the orientation of the insertion, as dfigwrein
54B,C. PCCA2, PCCAB1, PCCAB2, and PCCAT1 all showed insertions of the antibiotitaress
plasmid at the cut site in one allele. To confirm diploid knock out, the colony PCR product from the
remaining allele (carbonic anhydrase FWD to carbonic anhydrase REV) was sequenced. PCCAA2
showed a 5 bp insertion, PCCAB1 showed a 4 bp deletiorRP@wRB2 showed a 1 bp deletion, all of
which resulted in frame shift knoakut. PCCAT1 showed a 15 bp insertion-{{iame) which may result
in a partially functional gene remaining. Among many transformants screened for PCCAT1, there was no
frame shift muation identified, and no complete diploid knealat was achieved for this carbonic
anhydrase, suggesting that it may be essential for photoautotrophic viability. PCCAAL showed a very
high molecular weight colony PCR product for the carbonic anhydrasdcgbenic anhydrase FWD to
carbonic anhydrase REV), indicating that the two gene alleles were likely disrupted by very large

insertions.
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pGAPDH

Gene Guide sequence PCR and gel electrophoresis result Sequencing result

PCCAA1 AACCGCACACAGAATCAGGA  FWD to AmpUp band; High molecular weight FWD to REV band N.A.

PCCAA2 GTTGGAGCATCAAGGGATGT FWD to AmpDwn band SBP insertion at cut site
PCCAB1 TCTCATTCAGAAGAATCTCG FWD to AmpUp band 48P deletion at cut site
PCCAB2 AGTCACTACAACCAATCCAC FWD to AmpUp band 1BP deletion at cut site
PCCAT1 AAAGCTTCGGGACTACACTG FWD to AmpUp band 15BP insertion at cut site

Figure5.4 A. Summary design of CNAT antibiotic resistance plasmid used during CRISPR/Cas9 RNP
knock out of carbonic anhydrasesHitochlorum celershowing AmpUp and AmpDwn primers aBdal
restriction site used for linearization; B. Gel electrophoresis of knock out colonieedamhlorum celeri
carbonic anhydrases: 1) GeneRuler 1kB Plus DNA Ladder, 2) PCCAAL1 FWD to REV, 3) PCCAAL1 FWD
to AmpUp, 4) PCCAA2 FWD to REV, 5) PCCAA2 FWD to AmpDwn, 6) PCCAB1 FWD to REV, 7)
PCCAB1 FWD to AmpUp, 8) PCCAB2 FWD to REV, 9) @Ruler 1kB Plus DNA Ladder, 10)

PCCAB2 FWD to AmpUp, 11) PCCAT1 FWD to REV, 12) PCCAT1 FWD to AmpUp; C. Table
summarizing CRISPR/Cas9 ssRNA guide sequences used to generate carbonic anhydrasgsandk
confirmation of diploid knoctout via PCR/gel @lctrophoresis and sanger sequencing.

Diploid knock outs PCCAB1 KO, PCCAB2 KO, and PCCAA2 KO were evaluated for a growth
phenotype in air when comparedRoceleriWT, as shown idrigure 5.5A. Under linear/exponential
phase growth in air over 30 days, all strains showed similar growth rates when evaluated in triplicate
flasks. Once in stationary phase, from day$22the average Og)for all strains was compared, as
shown inFigure 5.5B. WT P. celerihad an average QB of 9.9 £ 0.49, PCCAB1 KO averaged 9.8 +
0.51, PCCAB2 KO averaged 11+70.91, and PCCAA2 KO averaged 10.4 + 0.93, with error reported as
+ 1 standard deviation. To confirm the increased stationargf@bserved for PCCAB2 KO compared to
P. celeriWT, ashfree dry weight (AFDW) measurements were conducted on day 62 of air growth. Each
strain was tested using 3 biological replicates in analytical duplicate (6 total replicates). The average
AFDW for P. celeriWT was 2.96 + 0.18 g't, while the average AFDW for PCCAB2 KO was 3.28 +
0.20 g L. A two-tailed T-test produced a palue of 0.01, which did not reject the null hypothesis. Thus,
a statistically significant increase in biomass was observed for PCCAB2 KO compare® tcdhazi

WT at stationary phase.
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Figure5.5 A. Optical density at 750 nm (QE) measurements féticochlorum celeriWT, PCCAB1

knockout (KO), PCCAB2 KO, and PCCAA2 KO over 35 days of air growth during linear/exponential
phase, with measured optical densities shown as circular data points with error as + 1 standard deviation
and linear besfit approximates shown in tked lines; B. Average optical density at 750 nm ¢§JD
measurements faticochlorum celerWT, PCCAB1 knockout (KO), PCCAB2 KO, and PCCAA2 KO

during stationary phase (air growthydad262) with error as + 1 standard deviation; C. TEM imaging of
Picochlorum celerWT during linear/exponential growth in air showing the nucleus (n), mitochondria

(m), chloroplast (ch), thylakoid (t), and starch granules (s).

5.4.4 TransmissionElectron Microcopy (TEM)

TEM imaging was conducted to evaluate structural componeftsasfleriWwT under air growth
conditions. As shown ifrigure 5.5C, several key cellular components were visibl® irtelericells
following air growth. A large nucleus (n) was identified, along with a large chloroplast (ch) containing
thylakoid stacks and several small starch granules. Adjacent to the nucleus and the chloroplast a
mitochondrion was visible. While starch gragsilere visible inside the chloroplast, an organized,
circular starch sheath characteristic of a microalgal pyrenoid was not obseR.ezklariunder any
conditions, including the air grown catidns shown in this work. This is consistent with other strains of

Picochlorumwhere a pyrenoid has not been seen in air condifggjs

5.5 Discussion

Slow microalgal growth and biomass productivity in air levels of 8@ major problem that limits

the viability of microalgal products. High carbon dioxide supplementation can represent a large portion of
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the cost of industrial microalgal pond operatjdgh While Picochlorum celerhas been a uniquely
productive outdoor microalgal strain, with summer pond productivities exceeding Z@ayhbiomass

on peak days during the summer of 2020, such growth is enabled by 1% constamp@€émentation

[6]. To minimizeP. celeripond operation costs, a better understanding efuUptake and biomass
conversion in this strain is needed. This work addresses the need for a detailed underst@ndigigrof
carbon consumption through a detailed identification, characterization, localization, and knock out of
carbonic anhydrases in this strain.

Comparisons of weltharacterized carbonic anhydrases fl@rmeinhardtiiusing BLAST revealed
four types of carbonic anhydrasedinceleri alpha, beta, gamma, and theta, describing eight total
enzymesC. reinhardtii in contrast, has 15 total carbonic anhydrases, 12 of which have been localized
and characterized with roles alongside regulatory proteins and bicarbonate transporters in the CCM.
Interestingly, there was not high sequence homology for many of the cagmimnidrases identified .
celeriwhen compared t€. reinhardtii Outside of conserved active site residues, even carbonic
anhydrases within the same type, had significant sequence differences between the two organisms,
suggesting potentially differential localization and functionality. This hypothesis was suppoded wh
looking at CCM components outside of carbonic anhydrases using BLAST. Bicarbonate transporters
LCIA and HLAS3, used to transport inorganic carbon from outside of the cell intd. treenhardtii
chloroplast stroma, do nbve homologs . celeri Furthermore, the primary regulatory protein
involved inC. reinhardtiiCCM function, CIA5, was not found in th& celerigenome when evaluated
using BLASTI[39]. TheC. reinhardtiiCCM is wellcharacterized with a circular pyrenoid formed inside
the chloroplast during low Conditions. While pyrenoid formation proteins are often specific to a
given organism, it is important to note that no homologS.akinhardtiipyrenoid formation proteins
SAGA1/2, EPYC1, or RBMP2 were foundh celeriduring BLAST evaluatiofd0i 42]. To look for a
pyrenoid inside of the chloroplast, TEM imaging was perfornkégufe 5.5C). While small starch
granules were visible inside the chloroplasPotelerj a circular starch sheath forming a pyrenoid was
not observe@42]. These results point towards a lackOofreinhardtiilike CCM functionality inP.
celeri.

To evaluate the hypothesis tiiatceleridoes not utilize a canonical CCM, characterization of the
identified carbonic anhydraseskn celeriwas performed, beginning with localization. Localization
software DeepLoc2.0 predict&d celericarbonic anhydrases throughout the cell, in the chloroplast,
mitochondria, cytosol, and extracellularly (Tabl2) [37]. Experimental localization d®. celericarbonic
anhydrases PCCAAL, PCCAB1, BCCAB2, and PCCATL1 largely agreed with the predicted localizations
from DeepLoc2.0, with the exception of PCCAAL, which was found punctate in the chloroplast with low

GFP fluorescence. While PCCAB2 was found in the sgttas predicted, it was also observed as a
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punctate droplet outside of the nucleus and mitochondria. Similarly, PCCAT1 was observed punctate
inside the chloroplast with low GFP fluorescengg(re 3. The low GFP fluorescence observed for
PCCAT1 and PCCAAI1 further indicate a minimal CCM role for these carbonic anhydrases. These data
support the hypothesis that celeridoes not contain a canonical CCM, as microscopy was performed on
air-grown cells where CCMelated proteins would be expected to be highly upregujd8d Instead,
for PCCAL, PCCAT1, and PCCAB2, a cphase related regulation is possible, as not all cells show
visible GFP fluorescence and cells are not expected to have synchronized cell phases when grown under
constant light.

Comparative analysis &f. celericarbonic anhydrase localizations to the localizatio@.afeinhardtii
carbonic anhydrases further points towards different roles for these enzymesCWhilehardtiihas
alpha carbonic anhydrases in the periplasm (CAH1, CAH2) and thylakoid (CRH&}lerihas alpha
carbonic anhydrases PCCAAL experimentally localized and PCCAAZ2 predicted in the chloéplast.
reinhardtii has many more beta carbonic anhydrases (5) compakRedtéberi(2), with two in the
mitochondria (CAH4, CAH5), one in the chloroplast stroma (CAH6), and one in the periplasm (CAHS).
In contrastpP. celeribeta carbonic anhydrase PCCABL1 is experimentally localized dispersed in the
cytosol, and beta carbonic anhydrase PCCAB2 is experimentally localized punctate in the cytosol, outside
of thenucleus and mitochondria. The only carbonic anhydrase types that show similar localization
(pointing towards potentially similar functionality) betwdenceleriandC. reinhardti are gamma and
theta. Both organisms have three gamtgme carbonic anhydrases, CAG1, CAG2, and CAG&..in
reinhardtii, and PCCAG1, PCCAG2, PCCAG3H celerirespectively. This is perhaps, unsurprising, if
a theory of monophyletic origin of mitochondria is supported in green plgad-urthermore, if these
unigue gamma carbonic anhydrases are functioning to support normal mitochondrial function;the beta
type carbonic anhydrases@ reinhardtii(CAH4 and CAH5) may more specifically function in the
CCM. This is supported by the work of Eriksson et al., who identified CAH4 and CAH5 a&dsw
inducible protein$45]. Thus, the absence of these specific4ygta mitochondrial carbonic anhydrases
in P. celerifurther supports the hypothesis that there is n@t einhardtiilike CCM in P. celeri Finally,
while the localization and classification of LCIB and PCCATL1 are similar, astyygacarbonic
anhydrases found in the chloroplastCinreinhardtiiLCIB is found as a dimer with LCIC and is
characterized by its induction under low £0Onditions[46,47] BLAST analysis of th€. celerigenome
did not identify a LCIC homolog, indicating that PCCAT1 may function as a monomer in a different role
than the LCIBLCIC dimer inC. reinhardtii

Probing ofP. celericarbonic anhydrase functionality was conducted through the generation of diploid
carbonic anhydrase knodut strains. When grown under air conditions for 30 days in linear/exponential
growth, knockout strains PCCAB1 KO, PCCAB2 KO, and PCCAA2 KO showadlar ODsso
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measurements and similar linear approximate growth rates compdteddieriWT (Figure 5.5A).
These data suggest that these carbonic anhydrases do not play a role in carbon concentration under air
levels of CQ (low CO,). This also explains the extremely slow growthiPoteleriWT in air, with
cultures taking 40+ days to reach stationary phase from a starting@.0. Once in stationary phase,
the average optical density of WT, PCCAB1 KO, and PCCAA2 KO was ~10. However, PCCAB2 KO
exhibited a highe©D-so0f 11.74, which was confirmed with AFDW measurements on day 62. This
increased stationary phase biomass density indicates a unique role for PCCAB2, outside of a CCM where
phenotypes are typically observed during linear/exponential growth.

To posit the functionality of PCCAB2 iR. celerj analysis of surrounding genes within the genome
was conducted. While not always the case, there is literature precedence for gene clustering into
functional O&éoperonsod i n nRicelerimsdhavaidNamvdctiolopss mal |  ge n
gaditananitrate reductase pathwal8]. Similar clustering is observed B celeriwith nitrate reductase
adjacent to nitrate transportensd nitrite reductase the genomeAs shown inFigure 5.7, PCCAB2has
several surrounding genes involved in ubiquitination. The most obviouslikbtheitin activating
enzyme ER, one downstream frolICCAB2 which contains conserved domains for ubiquitin activating
enzyme active sites. Ubiquitin activating enzymes E1 and E2 are highly conserved proteins in eukaryotic
cells, involved in a ubiquitination cascade to activate various cellular signaling mechpgt8in@ne
upstream fronPCCAB2is aTudordomain containing proteiwith a conserved MIU domain, which is
an E3 ubiquitirprotein ligase, involved in ubiquitin signalifig0]. Farther upstream froPCCABZ2is
DNA mismatch repair protein MIhdith a conserved MutL domain and a role in DNA mismatch repair
[51]. The addition of mono or polyubiquitin tags to proteins signals a variety of intracellular mechanisms
including DNA repair and protein degradati®?2]. Recent work has identified the formation of
carbamates as a result of &8nding to ubiquitination lysines, blocking polyubiquitination and resulting
in cell-signal inhibition[53,54] It is possible that the activity of carbonic anhydrase could play a role in
the formation of ubiquitin carbamates, indicating a potential role for carbonic anhydrase in DNA repair
signaling. Further work is needed to confirm this hypothesis for PCCABther carbonic anhydrases in

P. celeri.

5.6 Conclusions

In summary, through detailed BLAST comparison and analysis, 8 carbonic anhydrase enzymes were
identified inP. celeri BLAST analysis revealed several missing CCM components when comp&ed to
reinhardetii, including bicarbonate transporters, regulatory components, and pyrenoid formation genes.
Computational predicted localizations were obtained using DeepLoc2.0 and experimental localization of
4 carbonic anhydrases, PCCAB1, PCCAB2, PCCAA2, and PCCAT1 eshilwese proteins localized
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throughout the cell with potentially unique cell phase regulation and punctate localization in several

cases. The generation of diploid carbonic anhydrase knock out strains using CRISPR/Cas9 RNPs revealed
similar linear/exponential phase growth for PCCABQ, PCCAB2 KO, and PCCAA2 KO when

compared td. celeriWT in air conditions. Interestingly, the PCCAB2 KO showed increased stationary

(day 42+) cell density compared to the WT and other KO strains, pointing towards a possibly novel role

for this enzyme. A of this work suggests the lack ofGa reinhardtiitype CCM inP. celeri opening a

path for unique genetic engineering approaches to develop better carbon concentration in this industrial

microalgal strain.
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5.9 Supplementary Information
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Figure5.6 Confocal microscopy imaging &ficochlorum celerWWT showing chlorophyll
autofluorescence in the chloroplast (red) and bfloGFP fluorescence (green)
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CHAPTER 6 CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Conclusions andFuture Directions

The hypothesis pursued throughout the work presented in this thesis is that understanding and
improving industrial algal strains beyond their native capabilities will facilitate economically viable
renewable algal products. Chapter 2 discusses the udaufee laboratory evolution (ALE) towards this
aim, and highlights ALE research in algal literature. Chapter 3 builds upon this knowledge of ALE and
describes a high temperature adaptation of the industre#tyant diatonNitzschia inconspicuaNhile
this work presents preliminary outdoor findings of increased productivity of the adapted strain compared
to the parent WT strain, further outdoor testing is needed to confirm a significant outdoor benefit to the
novel adapted strain. It is important to ntitat additional work, built upon the foundation of this original
ALE method resulted in a published manuscript describing high oxygen adaptation as a mechanism for
increasing pond productivities bf. inconspicuan 2024[1]. Therefore, the ALE method described in this
thesis is readily adaptable to alternative stress targets, and may also be implemented in other microalgal
strains in the future.

Chapter 4 presents the proximate biomass compositiBico€hlorum celeri This work is a
cornerstone of future researchicochlorum establishing clear baseline compositional data for this
strain. It may also serve as a template for future research characterizing the biomass composition of novel
strains. By understanding the high protein content fourl gelerj future harvesting and processing
efforts may focus on human or animal nutrition supplements. Furthermore, the 40 ppm N medium dilution
expeaiment presents a compelling method for shiftthgseleribiomass from protein to carbohydrateh
biomass. Using 40 ppm N medium in a pond environment allows for the tunfhgeferibiomass
composition towards higher value products, such as carbohydrate monomers for bioplastics production, or
fermentation of carbohydrate biomass into bioethanol.

Building upon the composition analyses performed in Chapter 4, Chapter 5 presents the
characterization of carbonic anhydrasePR irceleri,as a means of better understanding and improving
CO: consumption in this strain. The identification and classificatiogigtitcarbonic anhydrases as
alpha, beta, gamma, and theta builds upon decades of structural research which identified the unique
active sites of these enzymes. Furthermore, by understanding and comparing types of carbonic anhydrases
as well as theirelative intracellular localizations, specific functionality can be proposed. Carbonic
anhydrase localization was achieved through the design of GFP plasmids. The development of this
plasmid library and methods for simple Gibson cloning to interchangadijed gene will enable future
work localizing genes in this organism. Finally, CRISPR/Cas9 knock out of multiple carbonic anhydrase
along with growth rate evaluation in air conditions is described. The similarity in growth rédesedéri

WT and carbaoic anhydrase knoekuts indicates a novel functionality of these enzymes, outside of the
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carbon concentration mechanism describedhitamydomonas reinahardtit his work is the first of its
kind to thoroughly document and characterize these carbonic anhydrases, and presents a platform for
further characterization. While not shown in this thesis, a variety of conditions (high salt, 1%.Z%
CO;, 0.1% CQ, day:night light cycling) were tested without success in search for a significant growth
phenotype in carbonic anhydrase knacks. Continued research into additional environmental dondit
may reveal a phenotype yet undiscovered. Genome analysis points towards a role of PCCAB1 in DNA
repair signaling. Future work using advanced proteomics or mass spectrometry may reveal differential
ubiquitination indicative of this functionality. Likese, screening for mutator phenotypes, as described in
literature for yeast, may yield notable phenotypic differences in the PCCAB1 KO comp&eckteri
WT.

This thesis describes the characterization and improvement of industialiant microalgal strains,
N. inconspicuandP. celeri While microalgae present a compelling platform for the production of a
variety of valuable renewable products, including biofuels, bioplastics, nutraceuticals, and nutrition
supplements, continued efforts to improve the biomass productivity, stresséaleand yield of
microalgal strains are necessary to achieve economically viable products. As | have built upon the
reseach of many before me, it is my hope that the characterizations and improvements presented in this

thesis will serve as a building block for future work, ultimately enabling microalgal commercialization.
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published work: Proximate biomass characterization of the high productivity marine microalga
Picochlorum celeri TG2.
Any simple affirmative is all | need.
Thanks much,
Alaina
Dahlin, Lukas <Lukas.Dahlin@nrel.gov> © & & ~ #F
To: ® Alaina LaPanse (Student) Tue 3/19/2024 3:28 PM

CAUTION: This email originated from outside of the Colorado School of Mines organization. Do not click on links or open
attachments unless you recognize the sender and know the content is safe.
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Hi Al

I'm currently working on my PhD Dissertation and need to abide by Mines copyright rules to include our
published work: Proximate biomass characterization of the high productivity marine microalga
Picochlorum celeri TG2.

Any simple affirmative is all | need.

Thanks much,
Alaina
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AK Anagha Krishnan R « « ~ o
® To: ® Alaina LaPanse (Student); © Matthew Posewitz; +8 others Wed 3/20/2024 8:56 AM

Ofcourse, yes!

Good luck.
Anagha

From: Alaina LaPanse (Student) <alapanse@mines.edu>

Sent: Tuesday, March 19, 2024 11:45 AM

To: Matthew Posewitz <mposewit@mines.edu>; Anagha Krishnan <anaghakrish@outlook.com>; Anagha Krishnan
<akrishnan@mines.edu>; Galen Dennis (Student) <gdennis@mines.edu>; Dahlin, Lukas <Lukas.Dahlin@nrel.gov>; Devin
Karns (Student) <dkarns@mines.edu>; Joseph Weissman <jcweissm@gmail.com>; Van Wychen, Stefanie

<Stefanie VanWychen@nrel.gov>; Guarnieri, Michael <Michael.Guarnieri@nrel.gov>; Tyson Burch
<tyson_burch@yahoo.com>

Subject: Response Needed: Copyright permission for Proximate biomass characterization of the high productivity marine

microalga Picochlorum celeri TG2

Hi All,

I'm currently working on my PhD Dissertation and need to abide by Mines copyright rules to include our
published work: Proximate biomass characterization of the high productivity marine microalga
Picochlorum celeri TG2.

Any simple affirmative is all | need.

Thanks much,
Alaina
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