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ABSTRACT

Algae are responsible for 50% of global oxygen production and sequestration wd@0O
the atmosphere. Alggphotosynthesis plays a critical role in all aquatic ecosystems converting
sunlight and C@into usable bimass.Algal growth and biomass producti@an be cooptd to
produce industrially relevant bioproducts like triacylglycerol (TAGs) that can be cedvetb
biodiesel and provide a sustainaldarbonneutral alternative to fossil fuels. Imigh-stress
environments, algae produce high levels of TARsltiple stresses including nitrogen limitation
and high pH impact algae physiology, but little is knaatrout how algae shift their metabolism
to produce TAGH response to these stressEsis topic remains relatively unexplored due to the
limited availability of complete algae genomes. Here we sequence and annotetenfiiete
telomereto-telomeregenone of an alkalitolerantgreen algae€hlorella sp.SLA-04. Genomic
analysissupportsa reclassification of Chlorophyta green algaeiinchinateshow SLA-04 adapts
to diverse environmental conditions. Additionally, transcriptomic analysis revealeGmlovella
sp. SLA-O4rewires carbon metabolism in high alkaline and nutrieglete conditions to produce
TAGs while minimizing photosynthetic oxidative stre3®gether, we double the amount of
publicly available telomerén-telomere green algal genomes and use this resource to explore how
algae respond to diverse environmental conditions in their native and industrial settings.
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CHAPTER ONE

PREFACE AND OUTLINE

Chapter two introducesalgal biofuels and cultivatiomethods used to optimize algal
biomass compositiomhis chapter gives background informationpitosynthesis, the diversity
of algal metabolism, and how environmental stresses can be utilized to trigger lipid production in
algae. Here we focus on highlkalinity cultivation systems that improve algatowth by
increasingCO; availability and reducing culture contamination in outdoor cultivation systems.
This chapter summarizes our poor understanding of algal metabolism Halkadimty systems
and addresses the needHarh-quality genomic and transiptomic data tadentify the metabolic
foundation of how algae adapt and produce lipids in extreme environnidmgsgap in our
knowledge is explored in chapters two and three.

Chapter three introduces the first completgenome sequer@nd annotation ainalkali-
tolerantgreenalgaandexploresgenotypes that may contribute to adaptatioringenvironmental
variability. Chlorella . SLA-04 is agreen algdhat grows to high cell density in a wide variety
of environment$ high and neutral pH, high ahow alkalinity, and high and low salinity. SI-A
046s ability to grow in high pH:2sapplgisfavoraple al k al
for largescalealgal biomasgroduction.Genomic analysisf SLA-04 identifies the genes capable
of utilizing TCA cycle intermediates t@plenish cytosolic acetfCoA pools for lipid production.

We also identify a complet@etabolic pathwajor sphingolipid anabolisithat may allow SLA
04 to readily adapt to chging environmental condition§ogether this analysis provides the
genomic resources necessary to explore algal metabolism in alkaline systems and identifies

genotypes that facilitate robust cultivation in mpssduction systems.
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Chapter four expands ttd analysis to identify genotypes that contribute to growth in
alkaline conditions anexplore how carbors reallocated after nitrogen depletionGhlorella sp.
SLA-04.A combined approach tracking changes in physiologicaipositionand transcriptomic
expression identifies that SL-A4 rewires carbon metabolisto rapidly produce carbohydrates
and triacylglycerols in nutrient deplete environments. Addition&llyA-04 appears to cycle
carbon between TAG storage and the TCA cycle to consume excess ptiwtsyreducing
power through groposeddutile cycle In extreme alkaline condition§LA-04 maintais high
cellular concentrations of carbohydrates, unsaturated lipids, and upregulated ion trangatrters
likely function tomaintain intracellular hometasis when experiencing alkalimeluced osmotic
stress.These combined analyses provide ardepth understanding of the adaptati@hsing
growth in alkaline conditions and how StQ¥ reallocates carbon in stressful conditions.

Chapter five summarizeghe contributions made throughout this dissertation and their
impact on algal biofuel production. This chapter also proposes future work to expand our
understanding of carbon flow in extreme alkaline conditions.

Appendix A contains pedagogical research performed at MSU investigating how different
teaching styles impact the motivation and engagement efmagor students.

Appendix B contains a firsauthor publication summarizing the sequencing and
annotation of phage usimgnopore sequencing.

Appendix C contains ceauthor publications that address the detection and genetic
variation of SARSCoV2 in Gallatin Valley and repurposing CRISPR systems for rapid SARS

CoV2 diagnostics
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CHAPTERTWO

INTRODUCTIONAND LITERATURE REVIEW

Classification andEvolution of Algae

Algae are a large group photosynthetieukaryotes that contains an estimated, @00
specieqGuiry, 2012) Algae are incredibly diverse ranging from unicellular microorganisms to
macroalgae spanning 60 meters in length. Algal diversity stems fronargriamd secondary
endosymbiotic eventapproximately 1.@illion years agavhen an ancientyanobacteriumvas
retained within the cytoplasm of ancestral algal species leading to the chlo(dfplastet al.,
2004) These endosymbiotic events occurred acrosseth@ryotic tree of life leading ta
paraphyletic clade of algae with immensecleargenetic diversity. The wide range of algal
genotypes and phenotypes has resulted in algae being a ubiquitous and necessary component of all
aguatic and many terrestrialasysters today.

Across thesecasystemsalgae play fundamental roles in nutrient processing and carbon
fixation. Algae take up nutrients such as nitrogen and phosphorus from the imatepporating
these nutrientsto their biomassWithout these phatautotrophsnutrientswould not be recycled
and heterotrophic growth across the planet would be unsustaiAigde.are the primary source
of nitrogen for marine ecosystemassimilaing six times moreinorganicnitrogeninto organic
biomoleculexomparedo terrestrial plant&uypers et al., 2018Whenalgaedie or are consumed
by other organisms, these nutriente eeleased back into the water, contributing to the nutrient
cycling processWhile algae play critical roles in nutrient cycling, their photosynthetic capabilities

and resulting carbon sequestration are also central to the survival of @gosiistems.
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Figure 1:The lightdependent reaction of photosynthesis in algae

Algae are primary producers apdoduce organic matter through photosynthesis. This

photosynthetic capability provides the biomolecules thastorganisms use to gerade energy

and survive During the lightdependent reactions of photosynthesis algae strip electrons away
from H20 andgenerate ©(Fig. 1). These electrons are transferred to the digirvesting center

of photosystem Il within the chloropla@tall & Rao, 1999) Light from thephotosynthetically

active radiatiorspectrum(400-700nm) is absorbed by photosynthetic pigments and used to excite
these electrons to a higher energy s(&teCree, 1981)High-energyelectronssubsequentlpass

through the photosynthetic electron transport clyginerang energyrich molecules like ATP
(adenosine triphosphate) and NADPH (nicotinamide adenine dinucleotide phosphate) that are used

as reducing power to generate biomass in the@gllgenis a byproduct of photosynthesis and is



5
released into the atmosphere where it can be utilized by heterotrophic organisms to generate energy
through oxidative phosphorylation. Algahotosynthesis contributes to about 50%gtdbal
oxygen generation and is agessary step in maintaining an oxygieh atmospheréChapman,

2013; Walker, 1980)

Cyclic electron transport 0
Fluorescenc e _Az -
cangNPQ 2 e" “

Light dependent reaction

Adapted from
Algal Research Vadlamani et al. 2019

Figure 2: The lighindependent reaction of photosynthe5|s and carbon fixatialgae.

The reducing power generated through the {dgpendent reaction of photosynthesis is
then used to sequester carbon and produce biomass in thendighendent reaction of
photosynthesigFig. 2). Algae perform 50% of global biological carbsequestration, generating
most of the biologically available carbon in aquatic ecosyst@ekrenfeld, 2001; Cai et al.,
2019) COzis an inorganic carbon source that is highly abundant, but biologically unavailable for
many cells. During carbon fixatlp CQ: naturally diffuses or is converted to bicarbonate
(HCOx3) by carbonic anhydrases (CAldhd actively transported into the chloroplast of the cell

(Fig. 2 (Supuran, 2008)Here ribulosel,5-bisphosphate carboxylase/oxygengB&JBisCO)
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convertsconcentrated€O; into biologically available $hosphoglyceraldehyde (3PGA) using the
reducing power ofheNADPH and ATPproduced from photosyntheglsall & Rao, 1999) 3PGA
is then converted to glucose through the Calvin cycle and enters central carbon metabolism to
synthesizall the necessargrganic compounds such as carbohydratasleic acidsl|ipids, and
proteins needed for cell growth and divisi&equestered carbon can then be used by heterotrophic
organisms when consumed or stored in sediment when algae sink to the bottom of ther ocean

lake, helping to regulate the global climdfEsai et al., 2015)

Repurposindilgal Metabolism tdVlakeUseful Bioproducts

The genomic diversitpf algaecontainsa wide variety of metaboligathwayghatproduce
many different carbon compounds from photosynthesis. Algae can produce antioxidants, proteins,
and fats liketriacylglycerols(TAGs) from CQO: and sunlight While this biomass serves as the
foundation ofall life across the planet, alghavealsorecently beepursuedas a potential biomass
feedstock for industrially relevant productdgal metabolism can be used to produce a range of
useful bioproductsncluding biofuels, food additives, pharmaceuticals, bioplastics, fertilizers, and
animal feed. Producing TAGs from algae has been a major focus due to their chemical and physical
similarities to dieselTAGs can be extracteflom algaetransesterified, ahthe resulting products
fatty acid methyl esters (FAMI;, can beutilized asbiodiesel(Fig. 3) (Yodsuwan et al., 2017)

Sourcing biodiesel from TAGs instead of fossil fuels has the potential to reduce global
carbon emissions significantlizossil fuel utilization releases 7.8 billion tons of carbon per year
into the atmosphererhich is not offset by biological carbon fixation proces§€sis & Jones,

2013) Humanproduced carbon emissions have had measurable and visible effects on the earth's

ecosystemgancreasingCOz concentration from 278 ppm in 1960 to 415 ppm in 2026hta et
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al., 2023) Additionally, current rates of fossil fuel consumption and increasing world populations
are expected to exhaust the fossil fuel supply by 2A&8&phens et al., 2010yAG-derived
biodiesel can directly supplement petrolederived diesel, be used in existing engines, contains
fewer contaminants than existing fselurcesandprovidesa carbormneutralrenewable fuel source

that couldprovidecontinuousenergy for future generatio(Song et al., 2022)

M i
0} OH CHzo)l\/\/W\/\/\/\
[0} o]
o)k/\/\/W\M + CHsONa &’ OH CHao)l\/\/\N\/W\ AN
Petroleum Diesel
j:j)\/\/\/\/\/\/\/\ i
(o) OH CH;OJI\/\/\N\/W\

Triacylglycerol Glycerol + 3 x Fatty Acid Methyl Ester (FAME)

Figure 3:Transesterification of triacylglycerols (TAGS) to produce fatty acid methyl esters
(FAMEs). FAMEs have similar structures to petroleum diesel and can be burned in existing
diesel engines.

Currentib i of uel cropso such as corn and oi l p
biodiesel necessary to replace fossil ff€lsisti, 2007) Further thegrowth of these crops directly
competeswith cropland availability for foodChisti, 2007) Algaecan grow much fastewith a
doubling time of about0-24 hourgHoek et al., 1995)Additionally, algagroduce up to A of
their biomass as useable wihich results inL0-23 times morel AGs producedper hectare than
alternative biofuelcrops (Sharma et al., 2018Algae can also grown arid and nonarable
landscapes to further limit competition withod crops.As such algae area highly productive
biofuel crop andwould only require 5.0% of existing US cropland to provide 100% of all

transportation fuel needed for the United Sté@dssti, 2007)
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Impacts of Stress on Algal Growth and Biomassdaction

While algae can grow in a wide range of conditifmg., temperatures®°C, pH G11.5,
and salt concentrations 0:82M, (Evans, 1958; Varshney et al., 201Bpst algal species grow
bestatcircumneutral pH (pH ¥, andbetween 20 and 3 (PawlitaPosmyk et al., 2018)n ideal
conditions where nutrients are in excess, algae can grow exponentially, replicatingr abiouws
every 24 hourgHoek et al., 1995While log phase groth produces high levels of biomaatyal
cells typically have low levels of highly reduced storage compounds like TAGshese
conditions, potosynthesiprodu@s high levels of energynd needs to beghtly regulated to
prevent cellular damageow levels of photosynthesis causellsto beenergylimited, while too
much photosynthesisesultsin oxidative stress. In ideal conditignalgae can maintain this
homeostasiby rapidy consuming excess photosynthetic endhggughcell growth and divisio.
Constant cell growthtilizes the NADPH created during photosynthesid replenishes NADP+
pools that serve as an electron sink in the {@dggendent reaction of photosynthg8sarma et
al., 2012) If these poolsarenot regenerated, electrons from the ligefendent cycle build up and
create oxidative radicalshat would destroy photosynthetic machinery, proteins, and cell
membranegPérezPérez et al., 2012Yherefore, algal photosynthesgarbon fixation and cell
growthare tightly regulatednd coupledo minimize the stresses associated with converting light
to chemical energy.

However, when algae run out of nutrierdsid environmental conditiondecome
unfavorabldstressful,algae stop growing and enter stationary phiase & Liu, 2011; Song et
al., 2022) Stationary phaseetls cannot maintain photosynthetic homeostasis thiamadj growth

andexcess reducing poweancreateoxidative radicalsln stressfutonditions algae must rewire
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carbon metabolism to consume NADRHd replenish NADP+ pootsirough mechanisms other
than cellular divisior{Shi et al., 2020)Multiple studiesreviewed belowhave explored how algal
physiology changes in responsalifferent stressescluding high pH, nutrient depletion, extreme
temperatures, and hypersalinity identify how algae minimize photooxidation in stressful

conditions

Salinity Stress

Sainity stresshas been shown taffect the growth and biomass composition of algae.

When exposed to hypersaline conditiogigen alga®Jlva proliferashows asignificant decrease

in growth rateandhigh levels of @idative damag€_uo & Liu, 2011) In responséo high salinity

U. prolifera accumulated high levels ahtioxidants likeglutathione and increaseke activities

of reactiveoxygenscavengingenzymesExposure to saline condbns canalso alter the carbon
allocation and synthesis of storage molecules in alggmity stressncreasd the accumulation

of triacylglycerols (TAGs) and antioxidant pigments including astaxanithilgreen algae
Chromochloris zofingiensié&ou et al., 202Q)Additionally, Chlorella sorokiniana SDEQS8, a
freshwatergreenalga, produced2.16 timesmore lipids when cultivated in saline conditions
compared to anesosalinecontrol (Zhang et al., 2018)These findings provide evidence that

salinity stress triggers the accumulation of carbon storage compounds in algae

Temperaturéstress

Temperature is a crucial factor influencing algal productivity, particularly during mass
cultivation in open pondg emperature fluctuations cafsostress metabolic processes, resulting
in altered growth, productivity, and biomass composit@alhoun et al., 2021; Nalley et al., 2018;

Raven & Geider, 1988; Singh & Singh, 20186pld stress has been found to reduce growth and
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productivity in various algal tax&éutenhancelipid productionwithin algal cell§Sushchik et al.,
2003; Wang et al., 2016Told stres canalsolead to an increase in unsaturated fatty acids that
play a crucial role in maintaining membrane fluidity and permealjMty et al., 2017)Iin contrast
high temperaturegnhance lipid production biricreasethe saturation of fatty acid€Renaud et

al., 2002; Sharma et al., 2012)

pH Stress

Several studietiave beeronductedo understand the influence of different pH levels on
algal growth and lipid productiorMixed algal cultures grown with varying pkevels had
significanty higher lipid productivities (26.93%) at pH 8ompared to 14% lipid in lower pH
systems(Alkhamis et al., 2022)Similarly, the eukaryotic alg&hodomonas salinhad lower
productivity in high pH conditions but produced higher protein and total fatty acid content

compared to neutral conditiofisatsos et al., 2022)

Nutrient Depletion

The most common environmental stress that impacts algal growth is the limitation of
nutrients. When nutrients become depleted in the environment, algal growthcoamekeverely
limited Algae arecommonly nitrogen orphosphoroudimited within their nativeecosystems
which can lead to a decrease in biomass productiorasmadsition to stationary phaggharma et
al., 2018) Due to the prevalence of nutridimhitation and the resulting impacts on algal growth,
this is one of the most wedtudied algal stressoitspid accumulation is observed in select diatoms
and green algae during phosphorous starvaBoenedesmus sgrown in phosphorous deplete
condifons increase TAG accumulation by 53%Xin et al., 2010) Phosphorous limitation in

Chlorella kessleralso triggers TAG mduction of up to 39.3%f biomassEl-Sheekh & Rady,
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1995) Interestingly, phosphorus limitation shows the opposite effect for other green algae
imposing lower TAG accumulatiom iNannochloris atomuand Tetraselimis sp(Reitan et al.,
1994) In contrast, all reported studies of nitrogen limitation show increased lipid production in
algae(Arisz et al., 2000; Widja et al., 2009)Chlorella vulgarisincreases lipid content by 40%
in low nitrogen condition@liman et al., 200Q)Lipid accumulation is also observed when coupling
nitrogen depletion and the addition iobrganic carborin Scenedesmusp., Chlamydomonas
rheinhardtii, and Phaeodactyluntricornutum (Gardneret al., 2012; Gardneret al., 2013) This
trend of increased TAG accumulatitinggered bynitrogen deficiency is seeacrossa wide
diversity of algae ioludingdiatoms red algaeand green algagisieh & Wu, 2009; Praveenkumar

et al, 2012; Yeh & Chang, 2011)

Stres-InducedLipid AccumulationStrateqgies

Stresses can have significant impacts on algal growth and biomass production. While these
studies focused on a wide variety of algae and stress condi@nsommorsimilarity is that
stressful conditions appear &hift carbon metabolism to producing highly reduced storage
compounds likeTAGs, starch, and pigment3his shift to synthesizing higanergy storage
compounds helps to recycle NADP+ electron acceptor pools for photosynthesis and minimize
oxidative stresgven when cells are not growi(harma et al., 2012)

Intentionally inducing stressful conditions to remodel algal metabolism is an effective
method to maximize the production of desired bioproducts like TAGs in éRimet al., 2020)
Researchers have implementetiva-stage growth system to first maximize biomass production,
then imposea stressor to increase lipid compositi@harma et al., 2018By optimizing the

amount of algal biomasthroughinitial growth in optimal conditions follwed by optimizing
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biomass composition through stress inductesearcherbave been able to significantly improve
the productivity and economic viability of algal biofuels.

Nitrogen starvation is the most used and extensively researched nutrient starvation method
to maximize biofuel productioim algae Nitrogen is the primariimiting factor for the growth of
eukaryotic microalgae and is one of the first nutrients to be exhausted during algae cultivation.
Therefore, itrogen stresds naturally appliedto cultivation systems through algal growth
Additionally, TAG accumulatiorappears to increase in all studtesting nitrogen depletioto
date,makingit the most effective technique for inducing lipid product{bisieh & Wu, 2009;
Praveenkumar et al., 2012; Yeh & Chang, 20HDwever, achieving high lipid productiaiter
nitrogen stress can take betweeb @ays and is often accompaniedrinimal growth rates and
low cell counts, which ultimately impact the overall biomass and lipid producfiMigjaja et al.,

2009) Although algae are currentthe best potential source of renewable biofuel, their desired
growth and lipid phenotypes seen at smaller scales do not always translate when gdaeskap
Lopes da Silva, 2015As a resultlarge scalebiofuel production with existigp algae strains is not

economically feasible due to low biomass and oil productivity leading todoisfis

CurrentLimits of Algal Cultivation andLipid Production

Algal cultivation for lipid production has many potential advantages, such abibighss
productivity, low land requirements, and the ability to utilize-aosble land and waste streams.
However, there are also several limitations and hurdles that need to be overcome to make algal
biofuels and other lipidlerived products economicalgnd environmentally sustainable. While
culturing experiments have provided proof of concept that algae can serve as a sustainable platform

for producing biodiesetultivation costs are still too expensi{e Chen, Li J., Dong, W., Zhang,
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X., etal., 2018; Delrue et al., 2012pargescalealgae cultivation can occur in either open raceway
ponds or enclosed photobioreact{histi, 2007) Photobioreactors have significant overhead and
operating costs making them economically viable only when gpvalgae forhigh-value
productslike astaxanthirpigment(Kothari et al., 2017)Outdoor ponds provided much cheaper
scaleup and arecurrentlythe onlypotentially economic choice folargescalealgae growth for
biofuel productionThe Department of Energy (DOE) has invested millions of dollars to reduce
the cultivation costs of outdoor raceway systems to $3 per gallon gasoline equiXalezttal.,
2016; Yousuf, 2020However, when using raceway porttlscurrent algal biodiesel production
costs areurrentlyestimated to range fro$6.27 -$14.43 pegallon (Energy, 2012; Hoffman et
al., 2017; Prieto et al., 2017; Quinn & Davis, 2015; Rafa et al., 2021; Yousuf, 2020)

Many factors that contribute tbigh cost are nonrbiologicd and include purchasing
materials and media nutrients, operating expenses, supplying water, and harvesting biomass. High
costs are also due to the underperformance of algal growth in raceway(Quinas & Davis,
2015) The underperformance of algal growth and lipid production in outdoor raceway ponds is
mostly due to two major factors, low G@ansfer from the atmosphere into solution, and
biological contamination(Wilson et al., 2009) CO: is the primary source of carbon for
photosynthetic organisms and is reqdifor algal growth. Algae cultures are traditionally grown
at near neutral pH whetetal dissolvedinorganic carborconcentration is low (0.07 mM) and
dissolution rates struggle to replenish used @dlamani et al., 2019; Yuvraj & Padmanabhan,
2017) As such CQ s often the limiting resource for algae in a raceway p@mtl biomass

production is lower than expected
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Open raceway ponds neutral pHare also easily subject to contamination of unwanted
algae, bacteria, protozoa, and viruses via airborne trarismvgich can reduce lipid productivity
and quality(McBride et al., 2014)Contamination of competing microorganisms and parasites
results in annual yield losses of ~30% in outdoor algae culfNesby et al. 2016; Rowe et al.,
2013) Contamination of predators such@aphnia (water fleas)an lead to a crash of an entire
pond or facility leading to devastating economic logsesllamani et al., 2017dmproving carbon
transfer and minimizing contamination is necessary to make algal biofuels economically feasible.

To overcome C®limitation, algal cultres areoften sparged withexternalconcentrated
CQe. This process improves inorganic carbon availability and restores carbon fixation and biomass
production in raceway systemblowever purchasing and delivering external £6€burces
significantly increases costs, contributin@®65% of cultivationrelatedoperating costéEnergy
et al., 2017; Eustance et al., 2020; Ryan Davis, 2016; Vadlamani et al., @0édper sources of
COz such as flue gas from factories and refinecias be used, bidlue gas contains toxins such
as nitrogen and sulfur oxides that build up over timesdond algal biomass productiagidoucha
et al., 2005; Lar&il et al., 2014; Quinn & Davis, 2015; Ryan Davis, 20Hrther, this method
does notaddress culture contaminatioNew algal strains are being identified with higher
tolerance to toxituild-up, but even if biomass loss to toXinild-up can be overcomibe required
co-location of algae farms next to viable flue gas sources limits prioduatea and this process
could only displace 5% of total US petroleum impofk8. H. Langholtz, 2016; Michael
Huesemann, 2017An alternative growth method is required to improve carbon transfer and

reduce contamirien that does not rely on factory flue gas.
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High Alkaline Cultivation Strategies

One potential solutioto improve cultivation costis growing algae in high alkaline, high
pH conditions.Extreme cultivation conditions (pH 10) have been shown tmpose stress to
trigger lipid production, but more importantly, theygnificantly improveatmospheric C®
dissolutioninto an algé culturevia increased hydroxyl ion [OHconcentrationgVadlamani et
al., 2017)CQzis an ideal gaand the maximumoncentration of dissolved CG@an be calcuked
using Henkiggyds WHewmrfgds | aw states thatisthe c:
dependent on the atmospheric partial pressure ot @@l temperatureTherefore, the
concentration of C&is constant across all pH rangethe temperature anghrtial pressureemain
unchangedThe maximum concentration of dissolved £&Dstandard temperature and pressire
incredibly low at 0.013 mMOnce CQ reaches this very low concentration, dissolution from the

atmosphere stops causing £10 be a limiting growth factor for algae in neutral pH conditions.

6 0 z0
Figure 4: ,G=econcenttason df dissolvedg&dH = Henr y6s ,Paw const g
partial pressure of gas

When CQ dissolves into solution it can bemedeprotonateéormingbicarbonat€HCOs
, pKa=6.3)or carbonate (C&?, pKa=10.3Fig. 4a). The ratio of inorganic carbon speciation is
dependent on pHBelow pH 6.3 the major inorganaarbon species is CObetween pH 6.3 and
10.3 the major species is bicarbonate, and above 10.3 the major species is carimpriie)
Bicarbonate and carbonadee norgaseous andan reach much higher maximum concentrations
within solutioncompared to C® At lower pH where C®is the major inorganic carbon species,

CQ: dissolves and quickly reaches its maximum but very low concentration of 0.013 inid/.
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causes C@dissolution from the atmosphere to stomd limits algal growthHowever, athigher
pH where HC@ and CQ? are the major inorganic carbon species, when @i€solves it is
converted to these other forms of inorganic carbon whose maximum concentrations are much
greater. At a pHyjreater than nine€COz is instantlyconverted into izarbonate and carbonatnd
high levels of CQcan dissolve before reaching tiaximum concentration of 0.013 mMs a
result,atmospheric dissolution continues at high levekulting in up to 1000 times greater
dissolved inorganic carbdifrig. 5d). Inorganic carbon concentrations in high pH conditions can

naturally reach 6 mM to 100 mM and eliminate the need for an externa(pply.

A COz2(atmosphere) B % HCO;5 % CO;

1

69.10%

18.27%
2.18%

4.47%
68.06% 31.92%
17.57%
2.09%

|

a ~
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Total Dissolved Inorganic carbon (mM)
n
@

Inorganic carbon speciation (%)

o
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Figure 5: Dissolution of inorganic carbon across pH. (A) Schematic of inorganic carbon
dissolution in algal cultation systems(B,C) Speciation ofCO2, bicarbonate (HCO3J, and
carbonate (COQ) across pHIncreasing hydroxyl (OH concentrations increase carbon
conversion to bicarbonate and carbonddg. Quantification of total dissolved inorganic carbon
acros different pH.
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High pH systems havalsobeen shown teffectively prevent culture contamination and
culture crashesaused bgompeting microorganisms and predators Dkeghnia(Gimmler, 2001;
Vadlamani et al., 2017Most microorganismghat contaminate algal cultivation systems grow
rapidly at neutral pH but die in high pH environmeighile most contaninating microorganisms
cannot grow irextremealkaline conditions, industrialgal strains have been isolated foatural
alkaliphilic environments like Soap Lake, WA00 mM inorganic carbon, pH 18hd Mono Lake,
CA (pH 10)(CanonRubio et al., 2016; Gimmler, 20Q0hlorella sp.SLA-04is analkali-tolerant
green alga isolated from Soap Lake, WA that can grow up to pH 11 while producing TAGs
(Goemann et al., 2023; Vadlamani et al., 208L)A-04 is one of a select few alkatilerant model
green algae that are being used to optimize alkaline cultivation sysi¢tresealkali-tolerant
organisms have comparable growth rates when grown in high alkaline conditions with natural CO
transfer compared to neutral conditions with supplementegl Sp@dgng (CanonRubio et al.,
2016; Vadlamani eal., 2017) Currently, high alkaline systems avaee of the bessolutionto
naturally overcome Cg&imitation without sparging and improve culture stability by limiting

culture crashes.

Gaps in ouKnowledge

Despite the potential benefits of high alkélmcultivaton conditions for algal growth and
lipid production, there are still many unknowns and challenges that need to be adifkmiscid.
is well established that some alktdierantalgae can thrive in extreme alkaline conditiomst
research has focusemh algal physiologicalcompositionand isolating avel algal strains with
desired phenotypes of high alkaline growth and lipid producti&ithough high alkaliity

conditions can induce a stress response in algae, it yjehdear how this response isgulated
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or how high alkalinity affects algal metabolism and lipid biosynth@Sisamler, 2001) Further
research is needed to identify the key genes and metabolic pathways involved in the alkalinity
induced stress responddndastanding the mechanisms of growth, and how algal lipids are
produced and stored within this extreme environmtithelp lower cultivation costs, redec

culture crashes, amutovidetargets for genome engineering and biomass optimization.

Hypothesis

| hypothesize thaChlorella sp.SLA-04 remodels its carbon metabolism to respond and
adapt to changing environmental conditions and subsequent stresses. Tolgpothissis| first
sequenced and annotated the genon@&htdrella sp.SLA-04 to identify the genes and metabolic
potential of this organism. This analysis is describe@hapterThreeof this thesis. Using this
genome, | nexperformed differential gene expressitondentify how carbon is reallocated when
SLA-04 is grown in high alkality conditions and encounters nutrient depletion. This
transcriptomic analysis is describeddhapterFour of this thesisTogether this analysis provides
evidence of genotypes thmay contribute to environmental adaptation and global remodeling of
lipid synthesis to combat photosynthetic stress and maintain viable cells throungtioent

depletion and growth in extreme alkaline conditions
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Abstract

Algae are a broad class of photosynthetic eukaryotes that are phylogenetically and
physiologically diverseMost of the phylogenetic diversity has been inferred from ITH$Ar
sequencing since there are only a few complete genomes available in public datdbesase
use ultralong-readNanopore sequencing to determine a gapless, teletméeéomere complete
genome sequence Ghlorella 9. SLA-04, previously described ashlorella sorokinianaSLA-

04. Chlorella . SLA-04 is agreen algahat grows to high cell density in a wide variety of
environments high and neutral pH, high and low alkalinity, and high and low salinity.-SLA G s
ability to grow in high pH and high lelinity media without external C{upplyis favorable for

large scalealgal biomasgroduction. Phylogenetic analysis performed using ribosomal DNA and
conserved protein sequences consistently reveaCtilatellasp.SLA-04forms a distinclineage

from other strains ofChlorella sorokiniana We complement traditional genome annotation
methods with high throughput structural predictions and demonstrate that this approach expands
functional prediction of the SLA4 proteome. &romic analysisf the SLA-04 genome identifies

the genes capable of utilizing TCA cycle intermediatespienish cytosolic acetfoA pools for

lipid production. We also identify a complatestabolic pathwayor sphingolipid anabolisrthat

may allow SLAO4 to readily adpt to changing environmental conditions and facilitate robust
cultivation in mass production systen@ollectively, this work clarifies the phylogeny of
Chlorella sp SLA-04 within Trebouxiophyceae and demonstrates how structural predictions can

be usedd improve annotation beyond sequebesed methods
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Introduction

Algae are diverse photosynthetic eukaryotes that assimilate six times more nitrogen than
terrestrial plants, perform 45% of global oxygenic photosynthesis, and 50% of totékaon
(Behrenfeld, 2001; Field, 1998; Kuypers et al018; Walker, 1980) The phylogenetic and
physiological diversity of algae is mirrored by theersity of aquatic ecosystems where algae are
found (e.g., temperatures58°C, pH G11.5, and salt concentrations 0-Big) (Evans, 1958
Varshney et al., 2015However, it is currently unclear how selective pressures from disparate
aguatic environments shape algehotypesnd correspondinghenotypes

Genomic analysis of algae across different environments is essential to understand how
algae survive and adapt to changing conditidssof September 202#ere are 10 green algae
genomes in the National Center for Biotechnology Informafid@BI) database. Most of these
genomes are highly fragmented and digontain defined chromosome sequences. This resource
limitation restricts efforts to confidently identify genotypes that drive functional diversity.
Understanding the phylogenetic afuhctional diversity of algae will benefit from a broader
collection of complete algal genomes that can be used for comparativeeanalys

To date, most algal genomes have besguenced using shedad sequencing platforms
(BlancMathieu et al., 2014; Merchant et al., 200@hile these platforms are accurate, PCR bias
and short readengthsfrequently result in incomplete assemblies and omissiorepétitive
regions, such as retroelementd tenrepresent up to 90% afeukaryotic genomgAmarasinghe
et al., 2020; Kingsford et al., 2010; Koren et al., 2012; Mehrotra & Goyal, 2@le)ntrast, ultra
long-read sequencing platforms generate megalesggh reads that span repetitive regjcarsd

these methods do not rely on P@Reamer et al., 2016; Payne et al., 2018hile the error rates
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for longread technologies are higher, consensus correction software sigthificacreases
accuracy as a function of read deflfohm et al., 2020; Wang et al., 202llpng-read sequence
data with >100x coverage often results ighly accurate chromosome level assemlfftagton et
al., 2021)

Here we determine a complete genome sequencéthiofella. sp. SLA-04, previously
described asChlorella sorokiniana SLA-04, using Utra-long-read Nanopore sequencing
Chlorella sp.SLA-04 is a oleaginous green alga that was isolated frdmaakish,alkaline lake
(100mM HCOs3, pH 10) in eastern WashingtgSA) (Vadlamani et al., 2017SLA-04 has
growth and composition characistics that are attractive for biofuel production. Phylogenetic
analysis performed usirgjtherribosomal DNAor conserved protein sequenceseal thaSLA-
04 forms a distinct lineage from other strains of the same species. While segbasedd
annotaion methodsonfidentlyassig putative function to a majority of the SL®@4 genes, 44.2%
of the genes wer e c lUsirgsihighitheodghpat sstruciuneypgictidnh et i ¢ a
software (i.e., Alphafoldwe predictthe 3D protein structures encodeg¢ theihy pot het i ca
proteome.Structural predictions are queried against the protein data bank (PDB) to identify
functional homologs and expand functional predictions for 677-84Ayenes that are widely
conserved in algae and a subset of genes thatnageeutoChlorella sp. SLA-04. Collectively,

this work expands oyhylogenetic and functionanderstanding of algae
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Methods

2.1 Strainlnformation

2.1.1 StrairCultivation ConditionsChlorella sp.SLA-04 cultures were grown in Modified

B o | HaSat MedumpH 8.7 (Bolds) containing NaN2.94 mM), KHPQ: (1.43 mM), KHPQOy
(1.43 mM), MgSQ-7H20 (0.30 mM), @02-2H20 (0.17 mM), NaCl (0.42 mM), 1 mL/L of EDTA
solution, 1 mL/L iron solution, and 2 mL/L trace metal solution. The EDTA solution ceut&0
g/L N&EDTA and 31 g/L KOH. The iron solution contained 4.98 g/L Fe3@0 and 1 mL/L
concentrated bBQu. The trace metal solution contained®®s (9.7 mM), MnCp-4H20 (1.26
mM), ZnCk (0.15 mM), CuC4-2H20 (0.11 mM), NaMoO4-2H20 (0.07 mM), CoCG-6H20 (0.06
mM), NiCl2-6H20 (0.04 mM), \4Os (0.01 mM) and KBr (0.08 mMjBold, 1949) Media was
titrated to pH 8.7 with NaOHCultures were grown at &3 with 400 umol-n?-s? light intensity

cycling with a 14:10 hour light/dark cyclesing T5 fluorescent tubes

2.1.2 AxeniclsolationAn axenic culture oChlorellasp. SLA-04 was generated through

antibiotic treatment modifiefom Mustapa et akMustapa et al.2016) Briefly, clonal isolates

of SLA-04 were streaked onto plates containing Balgarwith 700 pg/mL ampicillin and 200
png/mL cefotaxime. Individual colonies were picked and grown in liquid Bolds. Plate antibiotic
treatment and isolation was repega second time and algal colonies were picked and grown in
liquid Bolds with 10 pg/mL tetracycline. Axenic cultures were confirmed usingplicon
sequencingf the V4 region of the 16S rRNAn an lllumina MBeq platform Sup. Fig. )
(Goemann et al., 20214 small percentage of 16S rRNA reads within the axenic culture mapped

to Ralstoniaspecies, buRalstoniasequences are common contaminants of DNA purification
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columns(Weyrich et al., 2019)Axenic stock cultures of SLA4 were maintairgeon agar slants

andin liquid culture of Boldswith 10 ug/mL tetracycline.

2.2 Genoméequencing anéssembly

2.2.1 High MolecularWeight DNA ExtractionChlorella sp. SLA-04 was grown in Bolds

to log phaseCells from100 mL of culture were spun down aB,000x g for 10 minutesand
transferred to a liquid NAchilled mortar. The pellet was ground for 30 otgswith liquid N2added
as needed. Ground algaomasswas transferred to 15 mL bfsis buffer (20 mM EDTA pH 8.25,
10 mM Tris, 500 mMguanidine HCI, 200 mM NaCl, 1% w/w Triton-X00, and 9 mg
hemicellulase) and incubated af@7#or 1 hour.To remove RNARNase A was added to a final
concentration of 20 pg/mL arttie mixture wasncubated for an additional 30 nutesat 37C.
To remove poteins,Proteinase K (12 pg) was added dhel mixture wasncubated at 5C for 2
hours. Samples evepelleted at 100x g at £C for 20 mirutesandthe supernatant was added
to an equilibrated Qiagen Genontip 100/G gravity column (Cat. N0.10243)NB. was washed
and eluted pghemanuf acturerdés instructions. DNA was p
isopropyl alcohol IPA). TheDNA pellet was collected by centrifugation (5850 x g) @@ 4or 30

minutes andesuspended in molecular gragater.

2.2.2 RNA ExtractionChlorella sp. SLA-04 RNA was extracted usinpe Qiagen RNeasy

powerplant RNA isolation kit (Cat. No.135@D) with modifications. SLAO4 culture was grown
to log phase (2.0’ cells/mL) in Bolds.Cells from200 mL of culture wrepelleted at 00X g
for 5 mirutesat4°C andthe pellet wagroundfor 10 minutes in a liquid dchilled mortar using
a pestle before beingansferred to 1 mL Trizol in a PowerBead tube providetheQiagen

RNeasy powerplant kit. Potassium acetate (1 M) was added to a final concentration of 0.2 M to
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improve polysaccharidergcipitation. Phenolic separation solution (50 pL) frdine Qiagen
powerplant kit was added. The sample was shaken atéérs per secorfdr 60 seconds using
a MP Biomedicals FastPrépl Classic bead beater, incubated at room temp for 20tesirand
centrifuged at 13000x g for 10 minutes at°€. Protein and cell debris was removed by adding
200 pL chloroform, shaking for 30 seconds, centrifuging eéda®x g for 10 miutesat £C and
transferringthe aqueous phase tonew tube. RNA was extracted apdrified from the aqueous
phaseusingtheRNeasy power pl ant RNA isolation kit per
the inhibitor removal step (step 6l glassware was washed with 2% diethylpyrocarbonate

(DEPC) in water (v/v) and autoclavedfore use

2.2.3 DNA and RNASequencingrheChlorella sp.SLA-04 genome was sequenced using

Nanopore sequencing. High molecular weight DNA was sequenced using a Maekdidncer
and the ligation sequencing kit (SQKS K 1 0 9 by Oxford Nanopor e)
instructions. Briefly, 1 pg of genomic DNA was used for library preparation that included end
preparation and ligation tdanopore adapters. 350 ngtloé DNA library was used and sequenced
on the MIinlION sequencer. Sequencing generated 1.97 M reads totalingigabdses@b) of
data.
Chlorella sp. SLA-04 mRNA sequencing was performed usiniylinlON sequencer and
the direct RNA sequencing kiiSQK-RNAO0OO2 by Oxford Nanoporep e r manufactur
instructions MRNA was isolated and purifidcbm total RNAusing magnetic Dynabeads coated
with Oligo(dT)ys adaptersPurification using ragnetic beadgielded 338 ng of mRNA from 22
pg of total RNA. 338 1g of mMRNA was used fddanopore library preparation that included reverse

transcription of cDNA scaffold and ligation dfanopore adapters. 168 ng of mRNA library was
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used and sequenced on tMénION Nanopore sequencer. Sequencing generated 1.12 M reads

totaling 1.35 Gb of data.

2.2.4 GenomeAssembly andAnnotationNanopore raw DNA reads (5.64 GB) were

basecalled and analyzed for quality using MinKN@W.22software in fast basecalling mode.

Quality reads were submitted to CANU v1.9, YE v2.5-g0c3de5b,and Miniasm v(B-r179

programs for longead genome assemifirolmogorov et al., 2019; Koren et al., 2017; Li, 2016)

CANU, FLYE, and Miniasm assembly pipelines each generated contig level assemblies with

minor gaps. Manual curation of assemblies was performed by aligning contigs from the three

assembly pipelines using minimap2.17-r954-dirty (Li, 2018a) Each gap within the individual

assemblies was completely bridged by contigs from at least one other genome assembly.

Assemblies were merged to form a chromosome level genome with no gaps. Chromosomes were

considered complete if they had fkamg telomeric repeats (CCCTAAADN both termini with no

gaps. Coverage depth of DNA reads was calculated using samtool§arkkek et al., 2021)
RepeatMaskev4.0.9was used to identify repetitividemens in the Chlorella sp.SLA-04

genome using Repbase and Dfasireference databag@so et al., 2015; Smit et al., 1996; Storer

et al.,, 2021)LTRharves$ v1.5.10 was used to identify and fetch the sequences oftéongnal

repeats in the SLA4 genome byerforming a six open reading frame (ORF) translatiortraf

genomeand scanimg each ORF longer than 75 amino acids for homology to LTR retrotransposon

protein domains from PfafkEl-Gebali et al., 201%llinghaus et al., 2008; Rice et al., 20000

identify active retrotransposons, we extract@dsequencethat containedjag and pol domains

flanked by longterminal repeats and aligned them in MARFT429(Rozewicki et al., 2019)To

verify LTR retrotransposon fanms, we aligned the capsid domains of diverse families of LTR
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retrotransposons from Repbase and those identifisdAr04. SLA-04 retrotransposons clustered
with retrotransposons from Capretrotransposons found in plants.

Raw mRNANanopore reads were mapped to the S14Agenome using minimap2 and a
consensus sequenaerd transcript couniseregenerated using Stringt.0and Gffread/0.11.6
(Pertea & Pertea, 2020; Pertea et al., 20T&g mMRNA consensus data was used to aidi¢he
novo annotation prediction software MAKER3.01.03to generatea transcriptome of SLA4
(Campbell et al., 2014; Cantarel et al., 20@@ne functions ereassignedy submitting protein
sequence tahe Kyoto Encyclopedia for Genes and Genomes (KEGG) Automatic Annotation
Server (KAAS)and Eggnog mapper webservers with default set(i@gsatalapiedra et al., 2021;
Moriya et al., 2007) Genome completeness was assessed by BUEXD2 using 1519 single
copy orthologs found inthe Chlorophytaclade (Manni et al., 2021; Siméo et al.,, 2013
schematiof the SLA-04 genomeKig. 1) was generated usirilge ggplot2 v3.3.3 package within
RStudio v1.3.959(Hadley, 2016) GC content was determined usithg RStudio seqinr package
v4.2-5 (Charif & Lobry, 2007)

Structuralbased protein annotation was performed following the ColabFoldSeek
EggNOG (CoFFE) pipelinéRuperti et al., 2022)Briefly, amino acid sequences were submitted
to the ColabFold Alphafoldbatch notebook through google colab with default set{jBgans et
al., 2@1; Jumper et al., 2021; Mirdita et al., 2022he highestanking predicted protein data
base (pdb) structure with predicted local distance difference test omthto@s (pLDDT) > 70
was selected for each analyzed protein. PDB structugss submitted to Foldseek v3.915ef7d for
structural comparison against the AlphaFold database of protein structures. For eabd SLA

protein we kept the AlphaFold database hit with the greatest bit score. We enforncdda@itoff
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of 1xe05. Sequencesf AlphaFold database best hits of each S04 protein were annotated

using EggNOG mapper webserver with default settings.

2.3 Comparativédnalyses

2.3.1 PhylogenetidnalysisPhylogenetic analysis was performed on all chromosome level

green algal genomg®=10) Sup Fig. 3) and all Trebouxiophyceae genomes (n=25y.(2)

within the NCBI database. 18BNA sequences were identified and extracted fobmomosome

level algal genomegn=10) using SSUalign v0.1.1(Cannone et al., 2002; Eddy & Nawrocki,
2009) Ribosomal sequences werenmed with trimal v1.4.rev22 with thienogap flagaligned

with MAFFT with thei auto flag,and a maximum likelihood phylogenetic tree of th& &&iltiple
sequence aligment was generated using IQtree6.1 using default settingkatoh & Standley,
2013; Nguyen et al., 2015Phylogeny based on orthologous proteins was perforomedll
Trebouxiophyceae genomes (n=21ing OrthologRv0.4.0 in RStudio (Drost et al., 2015)
Briefly, OrthologR performed a reciprocal best hit blast for orthology inference between algal
species. @hologous sequences were aligned based on amithgequence using the Needleman
Wunsch method and codons were aligned using pa(®wlama et al., 2006) The Comer on
method was used to predict dN/dS estimati@rghologous proteinexjuences were aligned with
MAFFT and a maximum likelihood phylogenetic tree was generated using I(tadeh &
Standley, 2013\guyen et al., 2015 reeswererenderedisingtheRStudio ggtreev2.0.4 package

(Yuetal., 2017)
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Results

3.1 GeneralGenomeCharacteristics

3.11 Chlorella sp. SLA-04 GenomeAssenbly StatisticsTo determine a telomeite-

telomere genome @hlorellasp.SLA-04, high molecular weight DNA was extracted from SLA

04 cultures folong-read sequencing using a MinlG&quencefrom Oxford NanoporéSup. Fig

1). Nanopore sequencirgsulted in5.64 Gb of sequencealatain a total 0of1.97 M reads Sup.

Table 1). Sequencing reads were assembled using a combination of FLYE, Miniasm, and CANU
(Kolmogorov et al., 2019; Koren et al., 2017; Li, 201@sulting in a 8.8 Mb complete genome

with an average of 117x coverage. The S0P genome consists of3llinear chromosomes
rangng from 1.20 to 5.25 Mbpn lengthwith an average GC content of 65.87%, and circular
mitochondron and chloroplast sequencdsd. 1, Sup. Table 1). Thischromosomal architecture

is consistent withpreviously publishedChlorella genomes, which contain 46 nuclear

chromosomesgArriola et al., 2018; Higashiyama et al., 1995; Hovde et al., 2018)
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Figure 1. Complete genome of Chlorella sp. S0A (A) Chromosome level assembly of
Chlorella sp. SLAD4 reveals thirteen nuclear chromosomes, and circular chloroplast and
mitochondrial genomes. Genegre annotated with KEGG automatic annotation server (KAAS)
and color coded according to six different functional categories.
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3.1.2 Genom&€ompletenessnalysisGenome completeness wagluated using several

distinct but complementary metrics. Fir@JSCO was usedto calculate the perceage of
orthologous Chlorophyta genes within tBklorella sp.SLA-04 genoméManni et al., 2021)The
SLA-04 genome contag93.4% of Chlorophytaorthologs(n=1418) which surpasses the 90%
BUSCO cutoff considered to (SempTablesl(Hanschergel o d o
al., 2020) Second, repetitive elements were identified and mapped ituairchromosomal
locations, indicating that this assembly provides sufficient coverage to unambiguously assign
chromosomal location to repetitive elements that have historically frustrated complete genome
assembliegFig. 1, Sup. Fig 2, Sup. Table 2(Smit et al., 1996; Tarail&raovac & Chen, 2009)
Finally, eath nuclear chromosome is composed of a single contiguousswadorted sequence
flanked bytelomeric repeats (CCCTAAAY Ful ne| k o v §Figel). Colidctively, thie€el 2 )
metrics suggest that the SE genome constitutes a complete telorterlomere algal

genome.

3.1.3 Annotation ofChlorellasp.SLA-04.Chlorella sp. SLA04 mRNA was gtracted, and

directly sequenced using a MinlON sequencer. Sequences were submitted to MAKER v3.01.02
and aligned to the SL-A4 genome to predict protein coding sequences (CDSs) and splice sites
(Campbell et al., 2014; Holt & Yandell, 201The SLA04 genome contains 10,310 CDSs that
span 45.73% of the genome with an average gene length of 3,475 bp (Sup. TabgNOGE
mapper was used to assign gene function resulting in 5,757 (55.8%) CDSs with predicted function
(Fig. 2A) (Cantalapiedra et al., 2021Annotated gene functions appear evenly distributed across

the nuclear and plastid chromosomes with little functional clustering (Fig. 1). Genes coding for
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proteins that participate in prn synthesis, amino acid metabolism and chaperones are the most

abundant gene categories in the S0Agenome (Fig. 2)

A Percentage Increase After Structural Similarity Analysis

Functional Distribution of SLA-04 Proteins Annotation of Hypothetical Proteins B 0 5 10 15 20 25 30 35 40
from Sequence-based Methods Using Structural Similarity

Post-trans mod, protein turnover, chaperones Il T T T T T T 1

Amino acid metabolism and transpor
Carbohydrate metaboli
i

Nucleotide metabolism and transport (=
Cell wall/membrane/envelope biogenesis [7]
Cytoskeleton B

Defense mechanisms ]

Conserved Hypothetical Proteins B
Hypothetical Proteins [l

Figure 2. Annotation using protein structural similarity improves functional understanding of
SLA-04 proteome. A) 10,310rotein sequences from SE& were submitted to Eggnog mapper

for annotation using sequenbased methods resulting in 5,757 sequences (55.8%) with
predicted function. Remaining sequences (2,226 conserved hypothetical and 2,327 hypothetical
proteins) weresubmitted to Colabfold structural prediction and resulting structures were
compared to the Alphafold and Uniprot structural databases using Foldseek to identify structural
homologs of hypothetical SL-A4 proteins. Sequences of structural homologs wereiiedrno
Eggnog Mapper resulting in the annotation of an additional 6.6% of theO8Lpkoteome. B)

The percent increase in annotation after structural similarity analysis was calculated by dividing
the number of proteins annotated using structural prediotethods by the number of original
annotated proteins from sequesised methods. Proteins were grouped based on their Clusters
of Orthologous Genes (COG) functionality.

3.1.4 Annotation usindprotein 3D Structural HomologyThe 4,553 (44.2%) CDSs that

could not be assigned putative functions using seqdemeed annotation, consisted of
Ahypothetical 0 and fAconserved hypothetical o
proteins are CDSs with no predicted function and no homology to sequentes BggNOG
database, whereas conserved hypothetical proteins are annotated CDSs that have homology to
sequences within the EQgNOG database, but the function of these homologous sequences remains

unknown. To further improve annotation of the SDA genome, & used the ColabFald
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FoldSeekEggNOG (CoFFE) pipeline to predict the 3D structures of hypothetical and conserved
hypothetical proteins to query the protein databank for structural hom@&aogerti et al., 2022)
Consistent with functional importanc8D structures of proteins are more conserved during
evolution than primary aminacid seqenceg(lllergard et al., 2009)Thus, we hypothesized that
the integration of structure prediction into genome annotation would improve our functional
understanding of th&LA-04 genome. In fact, structurbased annotation resulted in high
confidence functional annotations for 677 of the CDSs that were previously assigned to the
hypothetical and conserved hypothetical categories using Eggnog n{@apealapiedra et al.,
2021)(Fig. 2A). Structurebased annotation identifies proteins primarily associatgdformation

of the cytoskeleton and cell wall, transcription, and signal transduétignZB).

3.1.5 PhylogeneticAnalysis ofChlorella sp. SLA-O4.Initial taxonomic classification of

Chlorella sp. SLA-04 was based on 5.8S and internal transcribed spacer (ITS) regions of the
ribosomal small subun{vadlamani et al., 2017)TS regions contain highly variable sequences

and can be used to distinguish genera; however, phylogenetic analysis performed using a single
gene can limit species level classification and laakstical support for certain phylogenetic nodes
(Alvarez & Wendel, 2003; Delsuc et al., 2005; Evans et al., 20P@ylogenomic analysis
performedusing orthologous proteirms 18S rDNA sequencesgveal that SLAO4 shares a closest
common ancestor witBhlorella vulgaris UTEX395 (Fig. 3, Sup. Fig. 3. Further,the Chlorella
genus(n=8) forms a paraphyletic cladaterspersed wittMicractinium conductrix SAG 241.80

(Fig. 3). Thesedata suggest that the current taxonomy of Trebouxiophyceae may not capture the
true phylogenetic history of these alga®l we anticipate that the addition of more complete algal

genome sequences will provide new taxonomic perspsctive
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Trebouxiophyceas 88 Chlorella sp. SLA-04

Chlorophyceae
Chloropicophyceae)

Mamiellophyceae Chlorella sorokiniana 1602
Streptophyta Chlorella sorokiniana DOE1412
Chlorella sorokiniana 1230
Chlorella sorokiniana 1228

95
Micractinium conductrix SAG 241.80

I Picochlorum soloecismus DOE101
L Picochlorum renovo

Nannochloris sp. “desiccata” UTEX 2526
INannochloris sp. “desiccata” UTEX 2437
—Auxenochlorella protothecoides UTEX 25

—+ LAuxenochlorella protothecoides 0710
Helicosporidium sp. 1.0

{:ymbiochloris reticulata Switzerland metagenome v1.0

Symbiochloris reticulata Africa metagenome v1.0
Symbiochloris reticulata Spain metagenome v1.0

Symbiochloris reticulata Spain reference genome v1.0
83 Symbiochloris reticulata Scotland metagenome v1.0
| Trebouxia sp. A1-2
Asterochloris glomerata Cgr/DA1pho v2.0
_I Botryococcus braunii Showa v2.1
55

Coccomyxa subellipsoidae C-169

Chlamydomonas reinhardtii v3.0
0.1

Figure3. Phylogenomic analysis of green algae performed ueitigologous genesdicates that
SLA-04is distinct from otheChlorella sorokinianaspeciesMaximum likelihood phylogenetic
analysis based on a concatenation of 215 orthologous proteins sequences oéavailabl
Trebouxiophyceagenomes from NCBI and PhycoCosm (JGI) datab&3aamydomonas
reinhardtii was used as an outgroujpree scale indicates the number of amino acid substitutions
per site between sampldootstrap valuesf 100 are represented by blackslon nodes.
Bootstrap values less than 100 are providdedsses of algae are denoted via colotree
branchesRed text denoteShlorella sorokinianaspecies. Orange text represents remaining
algae classified within th€hlorellagenus.

3.2 GenomicAnalysis ofMetabolicPathways inChlorella sp SLA-04

To evaluate the metabolic capability encoded withirGhkrella sp SLA-04 genome, we
submittel the complete chromosome level genomehi® Kegg Automatic Annotation Server
(KAAS) and KofamKOALA for nmetabolic mappingAramaki et al., 2020; Moriya et al., 2007)
These programs antate and map proteins to established metabolic pathwagsrding to this
analysisthe SLA04 genome contains all genes necessary for core metabolic pathways including

photosynthesis, fatty acid synthesis, carbohydrate synthesis, and the citric aeid cycl
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Genes involved in lipid synthesis are critical for biofuel production and stress response to
environmental changéd®e Bigault Du Granrut & Cacas, 2016; Li et al., 2017; Resemann et al.,
2021) The SLAO04 genome encodeATP citrate lyaseEC 2.3.3.8(ACLY), involved in
replenishing cytosolic acetf$oA pools from citratéFig. 4). This enzyme is present in some, but
not allgreen algal genomeSyp. Fig. 4. Cytosolic acetylCoA pools are necessary for fatty acid
synthesis within the endoplasmic reticulum. The presence and transcription of ATP citrate lyase
ACLY within the SLA-04 genome suggests that this organism can uliltz cycle intermediates
for fatty acid synthesis in addition to using photosynthate direStip(Table 3.

Metabolic network analysisf SLA-04 genes involved in lipid synthesis aleveat the
presence and transcription of genes coding foptb&ns necessary faphingolipid biosyntlsis
(Fig. 4, Sup. Table 3. Similar to ACLY, enzymes involved in sphingolipid synthesis are only
present in a subset of green algal genor8ap (Fig. 4. Phytoceramide and phytosphingosine are
two sphingolipids syntsized within the endoplasmic reticul(BR) of land plants and algae that
remodel the cell membranes to maintain fluidity in response to temperature and osmotfPstress
Bigault Du Granrut & Cacas, 2016; Kong et al., 2015; Li et al., 200 ability to synthesize
phytoceramide and phytosphingossggest that SLA4 maintairs the ability to synthesize and

remodelcell membrane lipids response to changes in temperature and osmotic stress.
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Flow of carbon from fixation to lipid synthesis in Chlorella sp. SLA-04

co,
P
Light co, ,
%3 G3P =——p PEP=——p Pyruvate Long Chain
Fatty Acids
2 Acetyl-CoA
Photosynthesis

Malonyl-CoA Free Fatty + Acyl-CoA
Acids |

Fatty Acid

iy Synthesis

3-Dehydrosphinganine
Chloroplast Sugars HNiaY

;"

Sphinganine

Acetyl-CoA

Glucose —» PEP &—— Pyruvate

Cltrate Phyto- Dihydro-
sphingosine  ceramide
|
Pyruvate
Acetyl -CoA Phito-

Oxaloacetate Cltrate ceramide
I500| rate ER
Mitochondria
TCA Cycle
a-Ketoglutarate

\ / Triacylglycerol
SRS s

Figure 4. Flow of carbon from fixation to lipid synthesis in Chlorella sp.-B8ASchematic of

carbon flow from fatty acid biosynthesis and TCA cycle to triacylglycerolsphihgolipid
biosynthesis in algae. Green arrows represent the flow of carbon from photosynthesis directly to
fatty acids within the chloroplast. Purple arrows represent the flow of carbon from
photosynthesis to fatty acids through starch synthesis afidCiheycle. Black arrows represent
additional pathways involved in central carbon metabolism. Blue boxes show enzymes of
interest. Enzymes are labeled using KEGG and International Union of Biochemistry and
Molecular Biology (IUBMB) nomenclature.

Discussion

Algae thrive in diverseaquaticecosystemsindidentifying the genotypes responsible for
growth across diverse environments requires a comprehensive understanding of genomic and

metabolic variation across habitatsing ultralong-read Nanopore sequencing, we determined a
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complete chromosome level agsbly of theChlorella sp. SLA-04 genomeKig. 1). Annotation
of the SLA04 genome using sequergased methods resulted in an incomplete representation of
SLA-04 metabolism with just over half of the proteins having assigned functions. While traditional
sequencéased annotation methods identified coretaholic pathways within SLA4, a large
portion of the proteome remained hypothetical with unknown funckan 2A).

The structure of a protein dictates its funct{gtendrew et al., 1958By predicting the
structure of hypothetical proteins and comparing them to a structural database we were able to
predict the function of proteins that were unrecognizable at the sequence level. Whilgadtruc
annotation identified additional proteins within all functional categories, some categories such as
cytoskeleton and cell wall proteins were overrepresented in this anahbigis 4). The
overrepresentation of cytoskeleton and cell wall proteinsdcbala consequence of functional
diversification or an underrepresentation of cytoskeleton and cell wall protein sequences within
databases used for sequebhased annotation (NCBI or EggNOG). Regardless, we found that
using structurdased annotation mettis aid in generating a more complete representation of algal
metabolism. Interestingly, 37.6% of SE@d proteins continue to escape functional predictions
following structural annotation, and 20.5% of these sequences are conservation within other algae
ard plants. Evolutionary conservation and retention of proteins across algae and plants suggests
these proteins are functionally important, and this analysis helps focus future efforts on conserved
aspect of the proteome that remain functionally uncharaeteri

While annotating the SLA4 proteome, we identified lipid synthesis pathways that may
allow SLA-04 to respond to changing environmental conditiohEP citrate lyase (ACLY)

generates cytosolic acet@loA from citrate and is a critical enzyme for fatacid (FA)
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biosynthesis and modificatiqBaue et al., 2005; Hynes & Murray, 2010; Liang & Jiang, 2016)
Algal fatty acids ee initially synthesized in the chloroplast and exported into the cytosol where
they are modified into triacylglycerols (TAG) or sphingolipids within the BRidan & Pick,
2015; Bellou & Aggelis, 2013; De Bigault Du Granrut & Cacas, 2016; Fan et al., 2015; Goncalves
etal., 2016; Ta& Lee, 2016)Fig. 4). Modification and synthesis of additidrfatty acids within
the cytosol and ER requires cytosolic ac&lglA. The presence and transcription of genes
encoding ACLY suggests that SE@ can utilize starchlerived TCA intermediates as a precursor
for lipid synthesis. The ability to interconverétiveen storage molecules enables the metabolic
flexibility to synthesize desired biomolecules regardless of the molecular resources available
within a cell.Sincestarches anlipids are important precursors for bioproducts like biodiesel and
ethanol, thisvork demonstratehow genome sequences may improve our abiliiykobioproduct
production to specifiorganisms andnvironmental conditions.

AcetylCoA has many cytosolic functionsutwe hypothesize th&LA-04 may generate
additional cytosolic acetyCoA in partto synthesizéong term storage lipids argphingolipids.
Sphingolipids are membrane lipids synthesized within the ER that contain long Fohsin
Sphingolipids modifythe algal cell membrane to maintaimembrane fluidity in response to
temperature and osmotic str¢Be Bigault Du Granrut & Cacas, 2016; Li et al., 2017; Resemann
et al., 2021)The synthesis ofphingolipids such as phytoceramide and phytosphingosine require
cytosolic acetylCoA to modify and elongate frdéAs that originated from the chloroplggtd,

2020) (Fig. 4). Similar to ACLY, genes encodingnzymes resporde for phytoceramide and
phytosphingosine biosynthesis gneesent and being transcribed in the Sh4genom€Fig. 4,

Sup. Table 3. Togetherthe capacity forsphingolipid biosynthesis and cytosolic acebdA
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generation by ACLY suggests that A-04 mayhave themetabolic capacity to modulate cell
membrane fluidityto rapidlyadaptto diurnal and season@mperature and osmotic changes.,

alkalinity and/or salinitywithin the environmentCael et al., 2017; Eakins, 2010)

Conclusion

Chlorella sp. SLA-04 grows well in a wide range of media conditions such as (i) high
(>100 mM)(Vadlamani et al., 2019)and low (<5 mM)(Vadlamani et al., 2017lkalinities, (ii)
circumneutral pHHanifzadeh et al., 2018nd high (>10.2) pHVadlamani et al., 2019and (iii)
in media containing 0 to 35,000 ppm g&lanifzadeh, 2018)The genome analysis presented here,
together with pior experimental results indicate that SDA has robust and adaptable growth
characteristics, with potential for use in diverse engineered growth systems for biofuel and
bioproduct applicationdMore broadly, thiscomprehensive view of metabolism witf81LA-04
has demonstrated how complete algal genomes can be leveraged to discover new genotypes and

identify algal strains most suitable for production of desired bioproducts.
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Supplementary Data

A 16S Abundance of Non-Antibiotic 16S Abundance of Antibiotic B
Treated SLA-04 Culture Treated SLA-04 Culture

[ Chloroplast B Mitochondria
C B Janibacter Ralstonia
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753 Mb
700 Mb

600 Mb

& 500Mb
2 som
§ 300 Mb
.g 200 Mb

100 Mb

ob

184Kb 369Kb 553Kb 737Kb 922Kb 111Kb 129Kb 147Kb 166Kb 184Kb  203Kb
Estimated Read Length

Supplementary Figure 1: DNA isolation and sequencing parameters for Chlorella sp4SLA
(A) An axenic culture of SLAO4 was confirmed by sequencing the V4 region of the 16S rRNA
gene on an lllumina MiSeq platform [21]. Pie charts indicate raw read numbers from an
untreated (left) and antibiotic treated culture (right). The antibtotiated culture was used for
DNA extraction and genomic analysis. Ralstonia sequences are corantammants of DNA
purification columns [22]. (B) Gel of high molecular weight DNA from Chlorella sp. -®4A
using liquid N2 grinding and gravity column purification. (C) Nanopore output of sequence
lengths from SLAO4 sequencing run.
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Assembly and annotation statistics of Chlorella sp. SLA-04

SLA-04 Genome Assembly:
Assembled genome size
Chromosomes

Average contig size

N50

N90

GC content

Coverage

SLA-04 Genome Annotation:
Annotated protein coding genes
Annotated tRNA genes

Average gene length

Average CDS length

% of genome assembly as genes
% of genome assembly as CDS

Busco: Complete genes
Busco: Fragmented genes
Busco: Missing genes

Genes with KEGG function
Cellular processing genes

Environmental info. processing genes

Genetic info. processing genes
Metabolism genes
Unannotated genes

38.8 Mb

13
1,436,022 bp
2.20 Mb
762,653 bp
65.87%

117 X

10,310
100
3,475 bp
1,745 bp
91.07%
45.73%

93.4%
2.4%
4.2%

6,434 (62.4%)
770

307

1976

2427

3,876 (37.6%)

Supplementary Table: Genome statistics @hlorella sp.SLA-04 genome.
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Gypsy/Metavirus

Hyaloperonospora
Phytophthora

SLA-04
Copia Retrotransposons
Vertebrate

Endogenous
Retroviruses

Copia/Pseudoviridae

0.6 AA substitutions/site
Supplementary Figure 2: Phylogenetic tree of LTR retrotransposon capsid domains places SLA
04 retrotransposons among Copia/Pseudoviridae LTR retrotransposons. Hidden Markov Models
for LTR retroelemat capsid domains were downloaded from Pfam. 752,604 ORFs from NCBI
Virus and Repbase were queried to identify LTR retroelements capsid genes in Hod SLA
genome. Redundant sequences were removed witHIi€C[3equences were aligned in MAFFT
and trimmed usg Trimal and manual curation. Final alignment of 75 AA core capsid domain
residues from 5520 sequences were used to build a maximum likelihood phylogenetic tree in
Fasttree2. Tree was annotated in ggtree.
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total length: 38807484 bp (38807484 bp excl N/X-runs)
GC level: 65.87 %

bases masked: 403707 bp ( 1.04 %)
number of length  percentage
elements* occupied of sequence
Retroelements 2312 302824 bp 0.78 %
SINEs: 21 1111 bp 0.00 %
Penelope 14 747 bp 0.00 %
LINEs: 1347 133696 bp 0.34 %
CRE/SLACS 1 77 bp 0.00 %
L2/CR1/Rex 30 1469 bp 0.00 %
R1/LOA/Jockey 336 25654 bp 0.07 %
R2/R4/NeSL 7 361 bp 0.00 %
RTE/Bov-B 68 5553 bp 0.01 %
L1/CIN4 71 22474 bp 0.06 %
LTR elements: 944 168017 bp 0.43 %
BEL/Pao 31 3818 bp 0.01 %
Tyl/Copia 378 128222 bp 0.33 %
Gypsy/DIRS1 438 29928 bp .08 %
Retroviral 82 4306 bp 0.01 %
DNA transposons 772 52810 bp 0.14 %
hobo-Activator 124 8667 bp 0.02 %
Tc1-15630-Pogo 99 6362 bp 0.02 %
En-Spm 0 0 bp 0.00 %
MuDR-1S905 0 Q bp 0.00 %
PiggyBac 2 62 bp 0.00 %
Tourist/Harbinger 41 3105 bp 0.01 %
Other (Mirage, 3 439 bp 0.00 %
P-element, Transib)
Rolling-circles 116 7169 bp 0.02 %
Unclassified: 12 4049 bp 0.01 %
Total interspersed repeats: 359683 bp 0.93 %
Small RNA: 108 39406 bp 0.10 %
Satellites: 67 7508 bp 0.02 %
Simple repeats: 0 9 bp 0.00 %
Low complexity: ] 0 bp 0.00

Supplementary Table 2: Summary of repetiglements identified by RepeatMasker using Dfam
and Repbase as a combined reference database.
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@hlorophycea%
— Chlorella sp. SLA04
Mamiellophyceaé‘ 99 .
Streptophyta - Chlorella vulgaris UTEX395
0.01 100 Chlorella sorokiniana UTEX1230
75 74— Scenedesmus glucoliberatum PABB004

Chlamydomonas reinhardtii CC-503 cw92 mt+
Chloropicon primus CCMP1205

100 Ostreococcus tauri RCC4221

93 Ostreococcus lucimarinus CCE9901

100 — Bathycoccus prasinos RCC1105

Micromonas commoda RCC299

Arabidopsis thaliana TAIR10.1

Supplementary Figure 3: Phylogenomic analysis of green algae performed using 18S rDNA. 18S
rDNA gene sequences of Chlorella sp. S04 and complete algae genes from NCBI were

used to make a phylogenetic tree using maximum likelihood. Branch lengths represent the
number of nucleotide substitutions per site. Arabidopsis thaliana was used as an outgroup.
Bootstrap values are labeled next to each node. Clasakgmefare denoted via color on tree
branches.
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Citric Acid Cycle Sphingolipid Synthesis
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Supplementary Figure 4: Presence of ATP citrate lyase and sphingolipid enzymes across algal
genomes. Algal protein coding sequences from all chromosome level algal genomes (n=10)
within the NCBI databaseave submitted to KofamKOALA to predict function. KofamKOALA
assigned KEGG Orthologs (KOs) to protein sequences by homology search against a database of
profile hidden Markov models (KOfam) with poemputed adaptive score thresholds. Each
datapoint repress the likelihood of a functional protein being present within a single algal
genome. Genes are considered functional if the bitscore is above the adaptive threshold (dotted
line). Genes of interest involved in fatty acid and sphingolipid synthesispardead.

GenelD Gene Name KEGG Ortholog Coverage FPKM TPM
SLA-04_00282-RA  |ATP citrate (pro-S)-lyase [EC:2.3.3.8] K01648 97.7 136.7 1715
SLA-04 07917-RA  |ATP citrate (pro-S)-lyase [EC:2.3.3.8] K01648 824 115.3 144.6
SLA-04 04864-RA |serine palmitoyltransferase [EC:2.3.1.50] K 00654 11.2 15.6 19.6
SLA-04_04303-RA |serine palmitoyltransferase [EC:2.3.1.50] K 00654 229 32.0 40.2
SLA-04_04491-RA  |3-dehydrosphinganinereductase [EC:1.1.1.102] K04708 16.4 229 287
SLA-04_04653-RA  |sphingoid base N-palmitoyltransferase [EC:2.3.1.291] K23727 8.3 11.6 145
SLA-04_00395-RA  |sphingoid base N-palmitoyltransferase [EC:2.3.1.291] K23727 38.2 535 67.1
SLA-04_04461-RA  |sphingolipid C4-monooxygenase [EC:1.14.18.5] K04713 329 46.0 57.7

Supplementary Table 3: Active Transcription of lipid synthesis genes within the Chlorella sp.
SLA-04 genome. mRNA transcript counts were determined by mapping the mRNA reads to the
SLA-04 genome using Integrated Genome Viewer (IGV). Coveragesems the total number

of MRNA reads mapped back to each gene. Fragments Per Kilobase Million (FPKM) and
Transcripts Per Million (TPM) adjusted coverage values are also reported for each gene.
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Metabolic reprogramming of carbon metabolisn€Cimorella sp.SLA-04 under multiple

environmental stressors

CalvinL. C. GoemannHuyen Bui,Sandra Rincon Miranda, Adrienne Arnold, Ross P. Carlson,

Sridhar ViamajalaRobin Gerlach, Blake Wiedenheft

Highlights

1 Inresponse toitrogen depletion SLA)4 rapidly produces high levels of carbohydrates
within 24 hours followed by a slow accumulation of triacylglycerols for the remainder of
batch cultivation

1 SLA-04 appears to cycle carbon between TAG storage and the TCA cycle toneonsu
excess photosynthetic reducing power throughoposedutile cycle.

1 SLA-04 appears to maintain high cellular concentrations of carbohydrates, unsaturated
lipids, and upregulated ion transporters to maintain intracellular homeostasis when
experiencinglkalineinduced osmotic stress.

1 Nitrogen limitation triggers global repression of cellular division while alkaline growth

triggers upregulation of retroelements and antiviral immune systems.
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Abstract

During stress induced by nutrient limitatioalgae ewire metabolism and begin to
accumulate carbon storage compoundstlikeylglycerols TAGs). TAGs can be converted into
biodiesel and are a sustainable alternative to petrolmsad fuelsintentionally hducing stress
in algal cultivation systems @way to maximize TAGaccumulation andbiofuel yields High-
alkalinecultivation is emerging as an effective strategy famwgng algaebecausenigh alkaline
stresstriggers lipid production whilealso minimizingculture contamination aneliminaing the
need for external C£&supply. Chlorella sp.SLA-04 is one of a handful of algae that can grow in
extreme alkaline conditiori®ut it isunclear what genotypes promote survival in extreme alkalinity
and howSLA-04 remodels metabolism after stress to produce lipitere we gow SLA-04 in
neutral and high alkality conditions sampling both physiological composition and mRNA
expression. This analysis reveals how SE®4 reallocates carbon t@ccumulate both
carbohydrats and lipids after nitrogen depletion. We also identify@osedutile cyclethrough
which SLA-04 recycles TAGs tanitigate photooxidative stresgurther, SLAO4 appears to
respond to alkaline conditions by synthesizing high levels of intracelluléolvgdrates and
unsaturated lipids while rewiring the expression of ion transporters and ensystem genes
Together this analysigdentifies genotypes thatlgaemay use tosurvive extreme alkality and
provides afoundationto optimize biomass produch throughhigh alkalinity cultivationand

genome editing.
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Introduction

Photosynthesis is an essential process in algae, generating most of the reducing power

(NADPH) and ATP needed to synthesize biom@dshmannMarriott & Blankenship, 2011,
Losada, 1976)This process isightly regulated due to the high potential of photobleaching and
the production of oxidative radicals that can damageetéRaul & Foyer, 2001)Algae growing
in exponentiapbha® sink photosynthetic electronkroughcell divisionand the consumption of
reducing power through central carbon metabolighno & Andersson, 2006) Utilizing
photosynthetic energio power cellular growth and division minimizes the buildup of excess
electrons that canesult inreactve oxygen species. However, when algaeounterstressful
conditions where cell growth is limiteghotosyntheti@nergy production is no longer balanced
with cellular division(Sharma et al., 2012Algal cells in stressful conditions must maintain
photosynthetic astity while minimizing the oxidative damage associated with imbalanced
photosynthesis.

During stress induced by nutrient limitatiazells must respond through means other than

cellular division to mitigate excess photosynthetic reducing power. One niwthtrat algae

utilize to consume photosynthetic energy during stationary phase is the synthesis of reduced carbon

storage compounds like starches, pigments,taadylglycerols(TAGS). In stressful conditions
including nutrient depletigror extreme temgrature, light, salinity, or pHalgaecanaccumulate
up to 80% of their biomass as TAGs to deal with the excess photosynthetic energy(Gursiign
2007)

TAGs are industrially relevanimoleculesthat can be converted into biodiesmhd

supplement petrolewinased fuels. AldarAG production provides aarbonneutralfuel source
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that can help power a growing human population without negatively affecting global climate
(Dragone et al., 2010; Perera & Nadeau, 20&)essful conditions have been coopted to
maximize the TAG accumulation in industrial algae stréikhamis et al., 2022; Calhoun et al.,
2021; Luo & Liu, 2011) Researchers implement a tstage growth system to first optimize
biomass production by growing algae in strigse conditions and then imposing stress such as
nutrient depletion to convert celar biomass to biomolecules of interest like TAGharma et
al., 2018) Cultivation strategiesften use nitrogen depletion as a streassingalgalcellsto enter
stationary phase and begin to synthesize carbon storage moldcl€AGs to mitigate excess
photosynthetic energy

While stressnduced growth has improved TAG production, algalfumb is still too
expensiveo feasibly compete with fossil fue{g. Chen, Li J., Dong, W., Zhang, X., et al., 2018;
Delrue et al., 2012)Current cultivation strategies are costly in part due to the external delivery of
CO, and culture contaminatidiVilson et al., 2009)Algae are typicayl grownat circumneutral
pH where natural atmospheric €@issolution is poor. These conditions rely on externak CO
delivery, contributingup to 65% of operating expenségadlamani et al., 2019)Further, in
outdoor raceway cultivation systemscaatcum-neutral pH, 30% of cultures are lost due to the
growth of unwanted bacterigredatoryprotozoa, or virusefNewby et al., 2016; Rowe et al.,
2013) To minimize costs associated with £€&nd contamination researchers have proposed
growing algae in high pH and high alkatingrowth conditiongVadlamani et al., 2017High-
alkalinity systems not only provide the stress triggers to improve lipid production, but these
conditions ato eliminate the need for external £@nd the growth of unwanted microbial

contaminatioGimmler, 2001; \adlamani et al., 2017)
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Chlorella sp.SLA-04 is an alkalitolerant green alga that grows up to pH 11 while
producing high levels of biomass and lipid contgdemann et al., 2023Fhlorella sp.SLA-04
is one of a handful of algae that can grow in ertrealkaline conditions and serves as a model
organism to understand adaptations to this environment. WBl1il&-04 shows desirable
phenotypes in alkaline conditions it is unclear what genotypes promote survival in extreme
alkalinity and howSLA-04 remodelsmetabolism after stress to produce lipids and mitigate
photosynthetic oxidation. To test this, we gr&wA-04 in neutral and high alkaline conditions
sampling both physiological composition and mRNA expression. Transcriptomic data were
combined with biomas composition to identify genotypes that promote lipid accumulation and
growth in highalkaline environmentsThis analysigeveals how SLAO4 reallocates carbon to
carbohydrates and lipids after nitrogen depletion. We also idengifg@osedutile cyclewhere
SLA-04 recycles TAGs to consume excess photosynthetic reducing power. Furthef4SLA
appears to respond to alkaline conditions by synthesizing high levels of intracellular carbohydrates,
and unsaturated lipids while rewiring the expression oframsportersimobile genetic elements

and antiviraimmunity.

Results

PhysiologicaData

Cell GrowthChlorella sp.SLA-0O4wa s g r o wn BasaiMedsaoat pHOAsithout
addedinorganic carbonrfeutral condition) and pH 10 with 100 mM inorganic carbdkaline
condition) Fig 1 A, B). SLA-04 grew faster in neutral conditions producing more cells and
biomass. Log phase doubling time in neutral conditions was 10.52 hours and alkaline cultures

doubled every 16.45 hourBi¢ 1 E,F). Neutral cultures consumed all nitrate triggering stationary
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phase within 3 days while alkaline cultures took 6 days to reach nitrate depféegioh C). While

neutral conditions produced more cells and biomass, individual cells in alkaline conasigns
larger and weighed on average 1.89 times more than cells grown in neutral conditions. Total
chlorophyll concentrations increased significantly faster and to higher levels in neutral conditions
reaching a maximum total chlorophyll concentration on ttay before reducing to similar
concentrations as the alkaline condition on day $tig (1 D). While total chlorophyll
concentrations were higher in the neutral condition, normalized chlorophyll concentration per cell

was on average 2.67 times greatehm dlkaline
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Figure 1: Experimental conditions and biomass production of-@ASLA-04 was grown in
neutral (pH 7, 0 mM added inorganic carbon) and alkaline (pH 10, 100 mM added inorganic
carbon) conditions. (A) pH, (B) inorganic carbon concentraf@hnitrate concentration, (D)
chlorophyll content, (E) cell count, (F) and total suspended solids were monitorgdaantified
for both conditions.

Lipid and Carbohydrate Compositibtigher Nile red fluorescence is observed in

Chlorella sp.SLA-04 cultures grown in alkaline condition&if 2 A). Nile redfluorescence is

only observedn nonpolar environments like lipid bodies and has shown a strong correlation to
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lipid concentration in algal culturg€ooksey et al., 1987While Nile red cannot be used to
qguantify lipid conentrations it provides a quick lowcost way to compare lipid accumulation
between algal strains and cultivation conditions. In contradiction to increased Nile red
fluorescence, increased lipid accumulation is not observed when quantifying lipid coritent wi
GCMS. After centering lipid accumulation around nitrogen depletion (Neutral = Day 3, Alkaline
= Day 6), cells from both cultures had near identical lipid accumulation after nitrogen depletion
only showing significantly lower lipi¢ontentfor the alkalne conditions four days after nitrogen
depletion Fig 2 B). In these conditiond\ile red fluorescence appeanst correlated to lipid
content as seen previously. We hypothesize that differential Nile red fluorescence may be due to
the increase of other ngolar storage molecules in alkaline conditions.

To test this hypothesis, we measured the total carbohydoatent of SLAO4 across
neutral and alkaline conditions. Prior to nitrogen depletion -BédAbiomass grown in alkaline
conditions contains approximately three times more carbohydrates (21.4%) the®d43jréwn
in neutral conditions (7.0%). After nitrogeepletion, both conditions show a significant increase
in total carbohydrate concentration reaching similar maximum concentrations of 30.5% for neutral
conditions and 29.1% for alkaline conditiorisg 2C). Carbohydrate content does not appear to
be what § impacting Nile red fluorescence in alkaline conditions.

SLA-04 has five major fatty acid species in both neutral and alkaline conditions. Fatty acids
range from C16C18 in length and contain®degrees of unsaturatiofig 2D). The overall fatty
acid length within SLA04 appears to bémpacted by nitrogen availability. Prior to nitrogen
depletion, fatty acids within the neutral and alkaline conditions are composed of 54.66% and

57.73% C18 fatty acids respectively with the remaining fatty acids being AtH8. nitrogen
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depletion, both cultures increase in C18 fatty acid composition to 66.28% and 66.93% of total fatty
acids. In addition to increasing length after nitrogen depletion, fatty acids in both conditions
become more saturated. After nitrogen dephe both cultures show a decrease in C18:3 and

C16:3 fatty acids and an increase in C18:1 compared to log phase cultures.
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Figure 2: Biomass composition of SE in neutral versus alkaline conditions. Biomass
composition was centered on nitrogen @é&ph (nitrogen depletion = day 3 for neutral and day 6

for alkaline conditions. N+ represent nutrient replete conditionsepresent nutrient deplete
conditions. X axis denote hours before or after nitrogen depletion. (A) Nile Red fluorescence was
usedas proxy to compare the amount of lipids within SQ@4grown in neutral and alkaline
conditions. Lyophilized SLA)4 biomass was used to calculate (B) Fatty acid methyl ester

(FAME) content and (C) total carbohydrate content of S14AFatty acidsvere extacted

through transesterification and quantified using a GCMS. (D) fatty acid composition was
guantified and mapped throughout the experiment for-84An neutral and alkaline conditions.
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While SLA-04 grown in neutral and alkaline conditions show sintil@nds of increased
saturation and length after nitrogen depletion, fatty acid composition between conditions is
different. During log phase growtlsLA-04 grown in neutral conditions contains significantly
more unsaturated fatty acids, with statisticatipre C18:3 and C16:35(pp Table 1. After
nitrogen depletion, this trend flips and fatty acids from S)4Agrown in alkaline conditions are
significantly more unsaturated. Pgstrogen depletion, both conditions have identical C16/C16:3
fatty acid profies but SLA0O4 grown in alkaline conditions has significantly more C18:3 and

C18:2 while neutral conditions select C18:1 as the major C18 fatty acid.

TranscriptomeéA nalysisof CarbonMetabolism

PhotosynthesimmIRNA was extracted fror@hlorella sp.SLA-04 before and after nitrogen

depletion from both neutral and alkaline conditions to identify differential expresSigop(

Figure 1). Principal component analysis of samples showed Hhalogical replicatef each
condition formed distinct clustersS@pp. Figure 2. Sequenced reads were mapped to
corresponding genes within the SI04 genome and expression changes were calculated using the
log2 fold change of normalized read counts between condit@msemann et al., 2023)
Differential expression was compared between neutral and alkaline cultures while also comparing
nitrogenreplete versus nitrogesieplete. Taexplain the mechanism &dtty acid and carbohydrate
content increases after nitrogen depletion we explored how central carbon metabolism is
differentially expressed between conditioRgy( 3). The highest levels of differential expression
within carbon metabolism were observed betweengme poshitrogen depletion for both neutral

and alkaline culture&Supp. Fig. 3.
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Mostphotosynthetic genes decrease in expression once both neutral and alkaline conditions
enter nitrogetimitation (Fig. 3). Downregulation was observed in genes coding for PSII, PSI, and
ATP synthaseproteins Supp. Fig. 3. Select photosynthetic genes involved in photooxidation
repair showed opposite expression changes having the highest upregulation of all genes involved
in carbon assimilation after nitrogen depletion. Carbon fixation genes show similar trends with a
downregulation of most genes after nitrogen depletion. Terpenoid biosynthesis is downregulated
in nitrogenlimited conditions suggesting that photosyntheticessory pigment production is also
reduced. In contrast, tetrapyrrole genes involved in synthesizing chlorophyll appear to be

upregulated after nitrogen depletion.

Starch andSugar MetabolismiThe expression of genes involved in starch production in

SLA-04 is also altered between conditions. Starch synthesis shows a slight upregulation of genes
involved in starch elongation in nutrient deplete conditions. However, -giD¢bse
pyrophosphatase which produces ABDIBcose, the first committed step of starcimtbesis, is
downregulatedQupp. Fig. 3. A clearer trend of upregulation is observed in starch degradation
genes Fig. 3). Genes involved in starch degradation have their lowest levels of expression in
neutral nitrogerreplete conditions with upregulatian both alkaline conditions and nitrogen
deplete environments. Three genes involved in starch degradation, two coding for amylase and
one for alphagalactosidase, show strong upregulation in only alkaline conditions and are

expressed at low levels evennautral poshitrogen deplete conditions.
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Differential expression of carbon flow in Chlorella sp. SLA-04
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Figure 3:Differential expression atarbon flowbefore and after nitrogen depletion. Blue arrows
indicate upregulated pathways in nutrielefplete conditions, Red arrows indicate downregulated
pathways. Black arrows indicate pathways with no differential expression.

Genes related taugar degradatioarealso upregulated in nitrogetepleted conditions.
All irreversible steps of glycolysis are significantly upregulated in neutral and alkahalé&ioas
after nitrogen depletiori~{g. 3, Supp. Fig. 3. Upregulation is also observed in the oxidation of
pyruvate to acetyCoA. While catabolic reactions are upregulated, gluconeogenesis is
downregulated after nitrogen depletiomogether, the upreguian of starch degradation,

glycolysis, and pyruvate oxidation addition to lower gluconeogenesis expressioggests that



80
SLA-04 may be breaking down starches to produce other macromolecules in the cell after nitrogen

depletion.

Fatty Acid SynthesisChloroplast fatty acid synthesis appears to be doegulated in

stressinducing environmenté-ig. 3, Supp. Fig. 3. Almost all fatty acid synthesis genes have the
highest levels of expression in neutral-preogen depletion conditions. Levels of expiessre

slightly lower in alkaline prenitrogen depletion conditions, but the mostgnificant
downregulation is seen once both neutral and alkaline cultures transition to nitrogen deplete
environments. While fatty acid synthesis is downregulated aftegein depletion it appears that

the production of fatty acid precursors has different expression trends. Fatty acid synthesis requires
acetylCoA and malonylCoA to elongate fatty acid&enes involved in the production of acetyl

CoA from pyruvateand theconversion of acetyCoA to malonylCoA within the chloroplasare

slightly upregulated in both alkaline conditions and downregulation in both neutral conditions.

Lipid SynthesisWhile it appears that carbon flow in the chloroplast is downregulated after

nutrient depletion, carbon flow in other cellular compartments is significantly upregulated. The
synthesis, elongation, and degradation of triacylglycerol (TAG) storage lipids are upregulated in
nutrient deplete conditiond=ig. 3, Supp. Fig. 3. TAG biosynthesis and degradation are also
upregulated in nitrogereplete alkaline conditions suggesting that both nitrogen availability and
alkalinity impact fatty acid expressio(Bupp. Fig. 3. In contrast to fatty acid synthesis,
elongation, and degradatipgenes related tahe conversion of phospholipids to TAGs is

downregulated in nitrogedepleted conditions.
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MitochondrialCarbonMetabolismTAGs can be stored in lipid bodies or catabolized into

fatty acids. Fatty acids produced by TAG degradatiorfuaitieer degraded to acetloA via beta
oxidation within the mitochondria. In SL-84 we see an upregulation of betddation genes after
nitrogen depletior{Fig. 3, Supp. Fig. 3. AcetylCoA generated from betaidation can either
enter the tricarboxyliacid (TCA) cycle to generate energy or enter the glyoxylate shunt to
replenish TCA intermediate biomolecules. In addition to upregulatedoletation, there is a
significant increase ithe number of transcripts related ttte glyoxylate shuntni SLA-04 in
nitrogenrdeplete conditions.

Genes related to tHECA cycleareupregulated after nitrogen depletion in both neutral and
alkaline SLAO04 culturegFig. 3). Expression of TCA cycle genes is lowest in neutralpir@gen
deplete conditiongSupp. Fig.3). Intermediate levels of expression are observed for TCA genes
in nitrogenreplete alkaline conditions. The highest levels of expression are present in neutral
nitrogen deplete conditions followed closely by SDA harvested from alkaline nitrogen deple
conditions. In addition to the upregulation of central TCA genes, we also see an upregulation of
genes capable of converting TCA cycle intermediates to cytosolic -#befyl ATP citrate lyase
(ACLY) is upregulated in alkaline nutriem¢plete and bothutrientdeplete conditions compared
to SLA-04 from nitrogenreplete neutral conditions. ACLY is an essential gene for replenishing
cytosolic acetylCoA for TAG synthesis and elongation.

Overall, the strongest trends of differential expression in-84&abon flow are observed
in pre- versus poshitrogen conditions. Only a select few genes show differential expression trends
that correlate with neutral versus alkaline conditispp. Fig. 3. When comparing preversus

postnitrogen depletion photosyrehis, carbon fixation, and chloroplast fatty acid synthesis are
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strongly downregulated after nitrogen depletigilg. 3). In the endoplasmic reticulum TAG
synthesis and elongation are upregulated after nitrogen depletienegulation is also observed
in the mitochondria with increased TCA cycle and glyoxylate shunt gene expression. Lastly,
increased TAG degradation, betsidation, and ACLY expression in nutrient deplete conditions
suggest that SLA4 increases the cycling of carbon between lipids andi@#ecycle in stressful

conditions.

Genednvolved inAdaptation td\itrogenDepletion

Genes with the greatest differential expression were identified between neutral versus
alkaline conditions and preversus poshitrogen depletion. To select fgene expression that
correlates with nutrient availability we analyzed the neutral and alkaline conditions separately and
identified the most significant differentially expressed genes after nutrient depletion. After nutrient
depletion in the neutral coridin, 644 genes are significantly downregulated while 969 are
upregulated compared to the nutrieich condition Fig. 4, Supp. Fig. 43. In the alkaline
condition after nutrient depletion, 214 genes are downregulated while 270 are upregridaiéd (

Supp. Fig. 4b). 169 downregulated and 176 upregulated genes were shared between neutral and
alkaline conditions after nitrogen depletion. Of the shared genes, 126 downregulated genes and 97
upregulated genes have predicted functions. We hypothesize thed glemes play critical roles

in adaptation to nutrient deplete conditions.
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Differential Expression Analysis of SLA-04: Differential Expression Analysis of SLA-04:
Pre vs Post Nitrogen Depletion Neutral vs Alkaline Conditions
Down Regulated | Up regulated Down Regulated | Up regulated
genes genes genes genes
Neutral condition Pre-ND
(pre- vs post-ND) 644 969 (Neutral vs Alkaline) 234 760
Alkaline condition Post-ND
(pre- vs post-ND) 214 210 (Neutral vs Alkaline 283 546
Shared Genes 169 176 Shared Genes 111 303
Differential Gene Expression Differential Gene Expression
Pre- vs Post-Nitrogen Depletion Neutral vs Alkaline Conditions
Amino acid Amino acid
metabolism metabolism
20
Cell 20 Solute Cell Solute
division 15 transport division 15 transport
10 10
5
.. . 0 ! » 0*
Lipid y \ RNA Lipid f \ RNA
metabolism \ J processing metabalism / processing

Photosynthesis RNA Photosynthesis RNA

biosynthesis biosynthesis

Retroelement Retroelement

Up-regulated genes

89/
d Down-regulated genes

Figure 4: Genes with the greatest differential expression between conditions. (A) genes with
greatest up or downregulation in postrogen depletion conditiorompared to praitrogen
depletion. Red is down regulated and blue is upregulated. Total differential genes are noted in
left table. (B) Genes with greatest up or downregulation in alkaline conditions compared to
neutral conditions. Total differential genare noted in right table.

Shared genes that were differentially expressed after nutrient depletion in neutral and
alkaline conditions clustered into multiple metabolic pathways. Most strikingly, of the 126
functionally annotated dowregulated genes 88ere involved in photosynthesiBig. 4a, Supp.

Table 3). The downregulation of photosynthetic genes is complemented by significant
upregulation of oxidative stress and photosynthetic repair genes. The synthesis of antioxidants

including carotenoids ancesotonin is upregulatedS(pp. Table 3. Additionally, superoxide
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dismutase is highly upregulated in nutrient deplete conditions. This suggests a strong global
downregulation of photosynthesis and increased pregair in nutrient deplete conditions.

The second highest downregulation was observed in genes involved in amino acid
synthesis and translation. In nutrigtgplete conditions algae likely do not have the necessary
nitrogen for high levels of proteisynthesis SLA-04 appearsto upregulate geneselated to
nitrogen scavenginig nutrientdeplete conditionsSignificant upregulation wadsoseen irgenes
involved in thetransport of nitrogemich compounds including amino acids, uric acid, and
nucleotides Fig 4a, Supp. Table 3 Additionally, catabolic ammonium generation through
deaminase activityis significantly upregulated Transporting nitrogemich moleculesand
recycling aminesnay be used to supplement the low nitrogen availability in stationary phase
(Dundar & Bush, 2009)

Nitrogendepletion also impacts global regulatory systems in-B4AThe most significant
upregulation after nitrogen depletion was seen in cell cycle regulatory genes. Genes critical for
inhibiting G2/M transition during mitosis (WEE1 kinase) and condensing cleomal DNA
(chromosome structural maintenance protein SMTare significantly upregulate&@pp. Table
3). Global transcription is also impacted by nutrient availability. Multiple transcription factors are
upregulated in nutrient deplete conditig@sipp. Table 3). Thesegenesmay serve as the driving
factors for expression changes. In addition to regulation at the transcriptional level, nutrient
depletion also causes upregulation in histone modifications that may alter gene expression and
chromosomal corghsation through structural genomic rearrangements.

This analysis also identified genes involved in fatty acid biosynthesis and TAG

accumulation. While we see a downregulation in plastid fatty acid synthesis, genes involved in
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TAG accumulation are signifantly upregulated. Diacylglycerol acetyl transferase (DGAT) is
highly upregulated in nutrient deplete conditioBsi|fp. Table 3. This gene has previously been
described to be involved in nutriedéplete lipid accumulation and serves as a benchmarkuhat o
analysis is identifying genes critical for lipid acclimation to {outrient conditions. In addition to
DGAT, we also see upegulation of a caleositype peroxygenase. Caleogype peroxygenase
enzymes have appreciated roles in abiotic stress respowlsépid droplet storage in plants
(Rahman et al., 2018The increaed expression may suggest that peroxygenase activity plays a

critical role in TAG accumulatioor processingn SLA-04 after nitrogen depletion.

Genednvolved inAdaptation toAlkaline Conditions

To identify genes that are associated with adaptatiorikediree growth, we analyzed
differential gene expression between neutral and alkaline conditButigires growing inlog
phase Pr&\D conditions and stationary PeND conditions were compared independently to
minimize the effects of nitrogen depletion @ene expression (neutral A® vs alkaline PreND
and neutral Pos¥ID vs alkaline PosND). Shared upor downregulated genes between these two
comparisons should play a role in adaptation to alkaline growth. When comparing the neutral
versus alkaline@nditions prior to nitrogen depletion, 234 genes are significantly downregulated
while 760 are upregulate#i. 4, Supp. Fig. 58. Comparing the alkaline versus neutral condition
after nutrient depletion showed 283 genes are significantly downregulatéd@are upregulated
(Fig. 4, Supp. Fig. 58. 111 downregulated and 303 upregulated genes were shared and may be
involved in adaptation to growth in alkaline conditions. Of the shared génetownregulated

genes and 149 upregulated genes have prediatetons.
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Interestingly, retroelements are significantly upregulated in alkaline conditions. The SLA
04 genome contains 26 Cogike retrotransposons integrated throughout the 13 nuclear
chromosomeg¢Goemann eal., 2023) Of the 26 retrotransposons, 21 are highly upregulated in
alkaline conditionsKig. 4b, Supp. Table 4. Retroelements are commonly activated in stressful
conditions. Alkalineinduced stress is supported by the upregulation of superoxideatdserand
desiccation response protei{Supp. Table 4. In addition to retroelements, we also see an
upregulation in RNA processing and biosynthesis. Specifically, we see an upregulation in RNase
activity including dicer and two T2 Rases. Dicer genersieall interfering siRNAs involved in
antiviral RNA interference (RNAI) which function to suppress target viral or transposon genes
within algag(Rowe et al., 2013)The upregulation of pathogenic and antiviral genes may suggest
that alkaline conditions impose stresses that trigger immune resporadgad.

Solute transportappears to be rewired in SE@4 during alkaline growthMultiple
potassium, sodium, sulfate, calcium, and phosphate transporters are highly upregulated in alkaline
conditions (Fig. 4b, Supp. Table 4. In contrast, ironaccumulation and oxidatiogenesare
downregulatedSLA-04 may be adapting to the higher osmotic stresses of alkaline conditions by
utilizing alternative transport mechanisms to acquire 