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The green microalg&jaematococcus pluvialiss desirable for industrial
cultivation because it produchgh amount®f the powerful antioxidant, astaxanthin.
Currently, he primarybottlenecks for the algae astaxanthin industry are the low
biomass yield and high production costbfpluvialis With rapid development of
genetic engineering toolboxes in microalgaegeting specific genes, proteins, or
pathways directly through strain engineerig@n attractive alternative strateigy
improve biomass and astaxanthin yi€imics technologies, including proteomics
and phosphoproteomidsaveenabled the global characterization of genes, proteins,
metabolites, etc. under different @pnental conditionandpathway analysis to
reveal promising targets for strain engineeridigwever, ag nonmodel species,

interpretation of data from omics analyseslirpluvialis remains challenginglhis



work aimsto 1) develop a method for analyzing complex proteomics and
phosphoproteomics data frdf pluvialisthat can also be used in other frandel
species, 2) investigate the heterotroglgreen stagenetabolism oH. pluvialis, and
3) investigate the high liglited stagenetabolism oH. pluvialis Two mutant
strains, KREMS 23EB and JWHIB 2738, were generated via chemical mutagenesis
(ethyl methane sulfonate; EMS) apldysical radiationi{eavyion beans),

respectively. Both demonstrate desirable phenotypes undersrakdlaboratory
conditions, such ashigh cell division rate and high astaxanthin content per cell. A
Tandem Mass Tabased proteomics and phosphoproteomics approach was used
along withphysiological and biochemical characterizatiorunderstand the dynamic
metabolism oH. pluvialis. Comparison of protein expression and phosphorylation
levels between the mutant strains and the wild type rexgaioteinsand
phosphoproteinthat wee potentiallyresponsible for thebserveghenotypesThis
work established proteomics and phospproteomics analysis pipelirier H.

pluvialis that might also be useful to analyze omics data from othenromiel algal
species andlentified promising targets for strain engineering to improve biomass
and astaxanthiproduction fromH. pluvialis Ultimately, these efforts magromote

widespread industrial cultivation éf. pluvialisfor astaxanthin production.
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Microalgae as a renewable source of lhvalue products

It is expected that the human population will groméarly10 billion people
by 2050(UN, 2024) With this growing number of peoplarovations in agriculture,
aguaculture, and wastewater treatment mashhde to ensure a high quality of life
for everyone while protecting dmeatenpr eser vi
years, algae have emerged as a potential solution to this sustainability problem.
Macroalgaesuch akelp and sea lettuce, have been staple food sources in many
cultures around the world for centuri@zeialver et al., 2020and macroalgae
farming is a growing industrfNOAA, 2024) Microalgaearealso gaining
prominence as a potential food source, but also as a means of providing other
valuableproductsand services.

Microalgae are microscopic organisms that can be found in marine and
freshwater environments worldwide. These photosynthetic organisms are the base of
many food webs and contribute nearly half of the total oxygen produced on Earth
(Pierella Karlusich et al., 2020)dditionally, many microalgal species produce
lipids, antioxidants, and/or other substances that can be very useful for humans.
Oleaginous microalgae species are named as such due to their ability to accumulate
large amounts of lipidscé. 50% of their biomass by weighfyhese species include
ScenedesmumdNannochloropsiswhich produce large amounts of lipids that have
anideal fatty acid composition fdaofuel production(Chua & Schenk, 2017;

Oliveira et al., 2021)Other species likelaematococcus pluvialendChlorella

zofingiensigproducea highly valuable ketocarotenoid, astaxant(tmah et al., 2016;

2



Villaré et al., 2021) Due to their ability to synthesize many higalue compounds,
microalgae have gained prominence as promisewfeedstocks in various
industries, including aquaculture, pharmaceuticals, and cosr{ietienz &
Cysewski, 2000Q)In contrast with other crops, microalgae require less arable land and
water to cultivate, can be grownabigh density, and can be cultured with
wastewater, coupling biomass production with wastewater treafilean et al.,
2018; Su, 2021)

The many benefits and applications of algae cultivation have sparked new
growth in the algae industhan et al., 2018 However, it has also revealed how
much more needs to be understood about the lifecycle of different algae species to use

them most efficiently.

Life cycleof Haematococcus pluvialsccompanied with physiological

and biochemical changes

Haematococcupluvialis (Chlorophyceae, Volvocales) is a green microalga
that is found in freshwater worldwid&/hengrown under favorable conditiofnid.
pluvialis cells are green and pesinaped with a thick extracellular mat(iigure
1A). Green cells are flagellated and motile, and predominantly reproduce asexually
However,H. pluvialiscells undergo a dramatic change in morphology under adverse
culture conditions likeutrient deprivation, high light, high salinitgnd/orexposure
to certain chemical#\t the onset of stressl. pluvialiscells lose their flagella and

increase in volum@-igurelB). As stress persistsell division ceases aradthick cell
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wall develops, forming a cyst. Additionallgellsaccumulate large amounts of
astaxanthin which is deposited into cytosolic lipid bodies. As a result, cells turn bright
red as the culture transitions into the red s{@gaissiba, 2000; Kobayashi,

Kurimura, Kakizono, et al., 1997; Shah et al., 2016; Zhekisheva et al., @§aje
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Figure 1: Dynamic H. pluvialis morphology
A) Green stagél. pluvialiscells. B)H. pluvialiscells transitioning to cyst cells followingitial stress
exposureC) MatureH. pluvialisaplanospores induced by prolondegh lightstress.

Astaxanthin and/or the astaxanthin biosynthesis patimaag been proposed
to protect algal cellander stresthrough several different mechanisnife structure
of the astaxanthin molecule itself enables its high antioxidant capacity, which confers
protection from free radicals and reactive oxygen species (ROS) that are generated
from thephotosynthetic systesfKurashige et al., 1990; Pashkow et al., 2008; Terao,
1989; Yang et al., 2013pther hypotheses suggest that it is the astaxanthin
biosynthetic pathway, including the intermediates it consumes as well as those it

produces, that contributes to lowering the oxidative stress on the photosynthetic
4



electron transport chain. For example, because astaxanthin contains two keto groups
and two hydroxyl groups at each end of the molecule, it is proposed that the
incorporation of these oxygens into the molecule during astaxanthin biosynthesis is a
possiblemeans of consuming evolved molecular oxygen and preventing its
conversion into RO$Li et al., 2008) Additionally, the two desaturation steps of the
carotenogenesis pathway produce electrons which may increase electron transport to
the photosynthetic plastoquinone (PQ) pool. This weduction of the PQ pool
activates plastoquinone terminal oxidase (PJQ¥hich uses the excess electrons to
generate water from evolved molecular oxygEme activity of this cycle also
remowesevolved molecular oxygeprevening it from generating ROSnder stress
conditions(Y. Li et al., 2010)

It hasalsobeen reported théatty acid biosynthesis is positively correlated to
astaxanthin accumulation under stfabgrowth conditions(Zhekisheva et al., 2002)
and thatde novdatty acid biosynthesis i®quired forastaxanthin accumulation H.
pluvialis (Zhekisheva et al., 2008)Vhile astaxanthin is lipidoluble, accumulating
in triacylglycerol TAG)-rich lipid bodies, 95% oHaematococcuastaxanthin is
mona or diesterified with fatty acids, presumably to incretisesolubility of the
molecule in theipid bodies(Lorenz & Cysewski, 2000)nhibition of thede novo
fatty acid biosynthesis pathway leads to a bujdof nonesterified astaxanthin,
which in turn causes feedback inhibition of the astaxanthin biosynthesis pathway
(Chen et al., 2015Enhancement of the lipid biosynthesis pathway may also enhance

the cel |l 6s c a pmareastaxgnthin.cAddaianally, the:idoraposiion of



accumulated lipids magffectastaxanthin accumulation, with oleic acidh lipid
bodiesproposed to hava greater capacity for astaxanthin storGfeekisheva et al.,
2002)

TAG and starch are both molecules used to store energy in plant and algae
cells. Under stress conditions, both starch and lipids accumulate, hoivesser
generally accepted that starch accumulates at the onset of stress but a switch to lipid
accumulation occurs as stress persists. The mecharggulating this switclarenot
well known,and it has been proposed teatdyingstarchlessmutant algae strains
mayshed light on this topifde Jaeger et al., 2014)

Synthesis of lipids and astaxanthin requires carbon and energy, which is
supplied by carbon fixation via the CalMBensonBassham cycle or by consumption
of exogenous carboithe central carbon metabolic pathways can govern where this
carbon and energy is diverted, and there are various dynamic and interconnected
regulatory mechanisms involved. Where this carbon and energy is directed may result
in increased cell division and/oell growth or increased flux through the lipid
biosynthesis pathway.

Cell division is one of the most carband energyexpensive processes that
occurs in the cell. Many species of green algae, includiigmydomonasindergo a
cell cycle called multiple fissio(CavalierSmith, 1980) This cycle is characterized
by a prolonged G1 phase, during which daughter cells grow in size, followed by
quick progression by the mother cell througtounds of alternative S phase and

mitosis/cytokinesis to producé @aughter cell§Umen, 2018)It has also been



observed that the division number isqpregrammed into the mother cell, ensuring
all sister cells undergo the same number of divisions, thus implementing a form of
size contro(Umen, 2018)Under favorable growth conditiond, pluvialiscells have
been observed to divide into betweeB82daughter celléNayama et al., 2013The

H. pluvialis cell cycle is not well studied, however, a 2018 study proposes that it
possesses a houghematococcusype GCC cell cycle, similar to thedCC cell

cycles of closely relate@hlamydomonaandScenedesmyfeinecke et al., 2018)

H. pluvialisis a desirable source aktaxanthin

Haematococcuslerived astaxanthin is desirable in many industries,
particularlyas feedstock for salmon aquacultéeed(Novoveska et al., 2019)Vild
salmon have a pink color because sthaanthirderived from their natural diet.
Astaxanthinalso has provitamin Aeffectfor Atlantic salmon and is essential for fry
health and growtfChristiansen et al., 1993)l. pluvialisexclusively synthesizes the
3S,306S astaxanthin isomer, whichwpllossesses
retained in salmon fleg{Capelli et al., 2013; Han et al., 2013a; Harker et al., 1996;
Yu & Liu, 2020). Moreover,in contrast with othesources of naturally derived
astaxanthin, such &sill, crawfish oil, and som@haffiayeastthat produce 0.15%
astaxanthin by weighHaematococcusan accumulatap to 4%astaxanthin by
weight Because of thiflaematococcuslerivedastaxanthins considered to be

A c oncen taguadulauc industry standard.orenz & Cysewski, 2000)



Over the pasiew decads, wild salmon harvest has been declinargl
salmonaquaculturas increasingBorowitzka, 1997)subsequently increasing the
demand for sustainable and nutritious feed soufstsxanthirmust be provided to
salmon grown in aquaculture pooducethe pinkcolored flesh that is desired by
consumergSigurgisladottir et al., 1994%Currently syntheticastaxanthirdominates
the overall marke&nd is predominantly used in aquacultdue to its lower price
($1000 kg vs. $7000 kg for Haematococcuslerived)(Koller et al., 2014; J. Li et
al., 2011; Novoveska et al., 201®espite this lower cost, synthetic astaxanthin is
not approved for direct human consumption, which is why it can be used in salmon
feed but not in pharmaceuticals or supplemé@gpelli et al., 2013)Additionally,
consumers are more concerned about their h
sustainable product®&mbati et al., 2019)While H. pluvialisis a promising source of
A n at astaxanthinits slow heterotrophic growth rates result in prohibitively high
production cost(Han et al., 2013awhich prevents more widespread industal
pluvialis cultivationfor astaxanthin productiomn recent years, there have been
efforts to move away from relying on petrochemicals, including those used for the
production of synthetic astaxanti{i@apelli et al., 2013)This trend supports the need

for a shift towards algae cultivation for the production of higlue products.

Industrial cultivation oH. pluvialis for astaxanthin production

In theH. pluvialislife cycle, biomass accumulation and astaxanthin

production are mutually exclusive because astaxanthin production predominantly
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occurs under stress conditions where cell growth has c€alset et al., 2016)

Because of thigil. pluvialisis usually cultivated in a twetagetechnique where a

Agrstam@ i s pr ovi d-epetewdlturdmediumtandiogimal growth

conditions to promote vegetative growth in photobioreacofermentergHan et

al., 2013a, 2013b)Vhen thebiomass concentratiaeaches the maximal level, the
culture is trstagés idri ofnpeldostagei redtuiawdidocnh gr e en
vegetativecells are subjected to photooxidative stress, leading tivahsformation

of green vegetativeells into red aplanospores (cysiShah et al., 2016)

The figreen stageo of cultivation can be
mode,during whichcultures are provided an exogenous carbon source in the absence
of light (Chen & Johns, 1996; Shah et al., 20H&terotrophic growth of algae is
generally considered to be more expensive than autotrophic growsevaual
advantagesnable it to b@f commercial interest for specialized bioprody&arclay
et al., 2013)First, the needor illumination is removed since the cells are not
photosynthesizing. This enables cultures to grow to higioenass concentratisn
e.g., over 200 g1, sincephotoinhibition or selshading is not an issii€hen &

Johns, 1996; Jin et al., 2028econdgclosed fermentation systems allow for more
precise control of nutrients and other growth parameters and better protection from
contaminantgBarclay et al., 2013; Ogbonna & Tanaka, 2000; Shah et al., 2016)
Third, higher cell density yields greater amounts of prosl{etg., omega fatty

acids or carotenoidsind reduces the cost of harvestamgl product separatig@hen

& Johns, 1996)



The astaxant hi n stagé;cambe indudethroughvariaus #fr e d
ways, including exposure to high light and/or reactive oxygen species {ROS)
inducing chemicals, nutrient deprivation, eeanong whichigh light has the most
pronounced effeqHarker et al., 1996; Shah et al., 201&¢lditionally, the
physiological status dlaematococcusells and/or the heterotrophic culture
conditions may influence the astaxanthin accumulation potential upon transition to
the red stagdt has been reported thaigh carborto nitrogenratioscontribute to
encystment and astaxanthin accumulafi$akizono et al., 1992)Another more
recent study also found thidt pluvialiscells with higher chlorophyll contents at the
end oftheheterotrophic growttageproduced morastaxanthin during the
photoinductiorstageof cultivation(Fang et al., 2019)They propose thakellswith a
higher chlorophylcontentafter heterotrophic growthave a more intact
photosynthetic apparatus amdy provide morecarbon skeletasifor cell growth and
astaxanthin biosynthesis under strgshoefs et al., 2001; Tanaka & Tanaka, 2007)
Chlorophylktend todegrade as light intensity increagsm et al., 2011)andthe
degradation products include phytol, which can become a substrate for astaxanthin
biosynthesigFang et al., 2019; Rontani et al., 199B)e transition from
heterotrophy to stresaducing levels of light can lead to photoinhibitiandcell
death(Harker et al., 1996; Shah et al., 20I6) mitigate these effects, researchers
have developed a sequerdiedterotrophydilution-photoinduction (SHDP) method,

in which cultures are grown heterotrophically to achieve a high cell density, then
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diluted and grown at a low light intensity to acclimate cells before transitioning them

to high light stresg¢Wan et al., 2015)

Methods to improve industrial cultivation

Currently, he primarybottlenecks for the algae astaxanthin industry are the
low biomass yield and high production costbfpluvialis(Han et al., 2013a)
Industrial heterotrophic cultivation has been established for the production of-omega
3 fatty acids from dinoflagellatesvith cultures achieving over 200 g'ldry cellular
weight and DHA productivities of 12 giDay? (Barclay et al., 2013Biomass yield
and astaxanthin productivity from heterotrophically grdwrpluvialiswerereported
to be up to 26 g £ dry weight and 6.4 my* Day?, respectivelyWan et al., 2015)
This is a major improvement from previous repait$.877 7 g L'* biomass
concentratior{Hata et al., 2001; Sun et al., 20H5)d 4.4 mg ! Day! astaxanthin
productivity (Hata et al., 2001 put still far lower than dinoflagellates and other
species.

Previous work to @dress the slow heterotrophic growth ratélopluvialis
has shown limited success and offecused oroptimizing the growth medium and
culture conditiongChakdar et al., 2021; Li et al., 2020; Sung & Sim, 2022)
Recently, with rapid development of genetic engineering toolboxes in microalgae,
targeting specific genes, proteins, or pathways directly through strain engineering
seems tdoe an attractive alternative stratdgyet al., 2020; Sproles et al., 2021)

providedknowledge ofgenes and enzymes regulatthgse pathways svailable A
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completely sequenced genomea-bfpluvialiswas not available at the beginning of
this work andvasonly published recentlgBian et al., 2023)Moreover, genome
annotation remains challenginghh pluvialis partially due to the large genome size,
estimated to b816.0Mbp (Bian et al., 2023; Luo et al., 20183rsusca. 111 Mbp in
the model organisnGhlamydomonas reinhardiiCraig et al., 2022)Therefore, most
strain improvementork in H. pluvialishas been approached using random
mutagenesis followed by screening for ideal phenotygasng et al., 2019; Li et al.,

2020; Shah et al., 2016)

Generatiorand screeningf mutants with desirable phenotypes

Due to the limited genome and annotation data available, targeted strain
engineering technigues have been underutilizédl ipluvialis Several methods have
been developed in recent years that have made this pdstinlest al., 2013a; Ng et
al., 2017) including stable nuclear transformatiorHnpluvialis (Steinbrenner &
Sandmann, 200&@ndChlorella zofingiensigHuang et al., 2008; Liu et al.)
Agrobacteriumamediated gene transferlih pluvialis (Kathiresan et al., 2009and
CRISPRCas9 based gene modificationGhlamydomonas reinhard{iNg et al.,
2017) While genetic engineerinig targeted and controlled, it is costly, challenging,
and not suitable or developed sufficiently in all strdi@sLi et al., 2023)Because of
this, random mutagenesis methods such as chetreaxinentand physical radiation
remainreadily accessible, easg-use, and more prevalent metkaldlatcan produce

a high frequency of mutatiorf€heng et al., 2019)n this work, two random

12



mutagenesis methods were used to generate mutant candidavesy éhigientified by
screening for improved heterotrophic cell division in comparison with the wild type

(Figure2, Chapters 3 and)4

A N E (000000000800
00_000000000
=o: 0000000 ©

) 0000 0000
00000000000 C
00 00000 00
S e e e
L OD0eee 00 0

"/

2 3 4 5

-

O
oe

0000

1
@
L

B

c

70‘

)
o
>
—
E!‘II‘}‘II“‘II\)
700000 =
/ te0000s
VYY) = = =
IV —
¢ v =
vereee =
DY YY >
W22 E"'

Figure 2: Schematic of mutagenesis and screening

A-D) Mutagenesis procedure; more detailsoutlined in the materials and methods sections of
Chapters 3 and 4 under mutagene&jschemical (EMS) mutagenesighich usuallycauses point
mutations throughout the genoni) physical radiation (HIB) mutagenesihich usuallycauses
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doublestrand breaks throughout the geno@g Following mutagenesis, cells were spread onto C
medium agar plates and grown heterotrophically until colonies were visible. D) The largest and most
green colonies were streaked onto C medaamtaining agar pltes for further screening.

E-G) Screening procedure; more detaitsoutlined in the materials and methods sections of Chapters
3 and 4 under screening) First round screening; mutacdandidatesvere inoculated into 100 LC
mediumin a96-well plate with no biological replicates. The top row contains blanks (C medium in
wells Al, A6, A7, and A12) and wild type cultures (wells-A2 and A8A11). F) Second round
screening; mutant candidates were inoculated into 2 mL C medium iwelPdlate at a starting

ODyso0f 0.1 with biologcal duplicates (e.g., wells B1 and B2 are biological duplicates). The top row
contains blanks (C medium in wells A1 and A6) and wild type cultures (wel&5)2G) Third round
screening; mutant candidates and the wild type are inoculated into 100 mL C medium in 250 mL flasks
at a starting cell density of 5.0 x“¢ells mL* in biological triplicate Drawings made with
BioRender.com.

Finding targets for strain engineering

From a biotechnological perspective, increased knowledge of the factors that
may be involved in a certain phenotype can provide novel targets for strain
engineering. Typically, strain engineering has involved overexpression, knockdown,
or knockout of genesm pathways with biotechnological significance. However, many
studiesattempting to manipulate target genes in algae have failed to produce the
anticipated phenotypgao et al., 2023; Dehesh et al., 2001; Kumar et al., 2020; Li et
al., 2013; Mhaske et al., 2005; Sheehan et al., 1998; Stahl et al., ROOEr
demonstrating that higher transcript abundances may not be linked to the phenotype
changes and other modificatiomsregulatory mechanisnaseinvolved

New omicstechnologeshave enabled the global characterization of genes,
proteins, metabolites, etc. under different experimental condif@issibl et al.,

2019; Luo et al., 2018)hese techniques, including transcriptomics, proteomics,
phosphoproteomics, metabolomics, etc., allow researchers to gain a more holistic

picture of the regulation afellularpathways.
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Many transcriptomic studies have been conductédl ipluvialisand other
microalgae. However, in eukaryotes, only about 40% of variations in protein
concentrationsarrelate withhigher abundances of their respective mRN¥sgel &
Marcotte, 2012§lue to various pogtanscriptional modifications, such as alternative
splicing (Li & Biggin, 2015; Liu et al., 2016)and postranslational modifications
(PTMs), such as phosphorylatig@ohen, 2002)Studies in green algae species like
Chlorella vulgaris(Guarnieri et al., 2013ndH. pluvialis(Gao et al., 201&)ave
demonstrated that proteomic and transcriptomic results do not always align, further
suggesting that various PTMs play a role in regulating cellular responses.

Protein phosphorylation, a reversible and ubiquitous process, is the most
common form of PTM that can modify proteins in nearly every way poSsialeen,
2002; Vlastaridis et al., 201/ ethods of proteomic studies have also improved in
recent years, moving away from labatensive twedimensional gel electrophoresis
methodqRabilloud & Lescuyer, 2015; Zhang et al., 20fietyard highthroughput
methods of separating and identifying peptides using liquid chromatography and mass
spectrometry (LEMS) (Nilsson et al., 2010; Zhang et al., 201B)e to PTMs,
proteomes can be far larger and more complex than genomes and transcrignboimes,
these technological advances provide a crucial means of efficiently obtaining and
analyzing large amounts pfoteomicdata(Zhang et al., 2014)

Examining PTMs like phosphorylation may be especially relevant for finding
targets for strain engineering to promote lipid production. AgebA synthetase

(ACCase)is the first committedand rate limiting step of fatty acid biosynthesis that
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catalyzes the conversion of aceGbA into malonylCoA (Hu et al., 2008)
However, previous efforts to increase lipid accumulation through overexpression of
the ACCase gene in the diato@gclotellacryptica and Mwviculasaprghila were
unsuccessfulSheehan et al., 1998)MP-activated kinase (AMPKis a fatty acid
biosynthesis accessory protein thditibits ACCaseby phosphorylatioriGuarnieri et
al., 2011; Hardie & Pan, 2002n the green alg&hlorella vulgaris upregulation of
ACCase and downregulation AMPK proteins under lipiecaccumulating conditions
suggest tha®PTMs of fatty acid biosynthetic machinery play a pivotal role in
regulating fatty acid accumulatig¢uarnieri et al., 2011; Guarnieri et al., 2013)
Despite the relevance of PTMs in regulating protein expression and activity, there
have yet to be any phosphoproteomics stupliggishedn H. pluvialis
Phosphoproteinmay also play a vital role in signal transduction, conferring
external stress signals and coordinating t
meangTran et al., 2009)Plants have more than 1000 different protein kinases that
are involved in signal transduction relating to metabo(iKempa et al., 2007; Polge
& Thomas, 2007)stress respongBelkhadir & Chory, 2006; Harper & Harmon,
2005; Kempa et al., 2007; Nakagami et al., 2005; Takahashi et al., 2007; Wrzaczek et
al., 2007) thecell-cycle (Inze & De Veylder, 2006)and other biological processes
Proteomic and phosphoproteomic analysis can provide a global insighbimtthese
proteins may be modified, how proteins like transcription factors are involved in
regulating gene expression, and/or how these environmental signals are

communicated within the calinder different stress conditians
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Challenges of omics approaches

Advances in omicgechnologies have enabled the collection of vast amounts
of biological datan different organisms including microalggeoviding global
insighs into the inner workings of a cell at a given tildamers et al., 2009; Lenka et
al., 2016) However, annotation of thegene, transcript, and protesequences is
required to understand their biological significance, which remains to be a challenge
(Chakdar et al., 2021)

Annotationis the process of ascribing statensdota specifiqgene producto
describe it, be it a description it$ function or unique characteristidSsene ontology
(GO) is a set ofontrolledannotation terms that have specific definitions and
relationships to each othéxccurate annotation is a rigorous process requiring
experiments to characterize a gene and its actiity there are annotation projects
that employ biocurators to vet annotatigBslakrishnan et al., 2013} is possible to
apply annotations from one species to another closely related sppeciasse the
sequences of their genes may be more similar, and thus more likely to have the same
function and characteristicdlowever, this is not always the case, which is why
exhaustive confirmation is still necessary.

Model organisms have fully sequenced genoraed,often have thorough and
vetted annotation of these genoniHsis greatly aids irtheinterpretation obmics
data However, normodel organismbke H. pluvialisoftenhave limited genom
dataandbr a poorly annotated genopmeaking biological interpretation of omics

data challenging-or exampleannotation coverage from a single databaseéean
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low, e.g., with KEGG alone only 17.9586 unigenes werannotated in
HaematococcuéX. D. Wang et al., 2022)zathering as many annotations as possible
for each gene or protein helwith interpretation, such as synthesizing protein

domain annotations with biological function annotatigkdditionally, since GO
annotations can be applied across species, finding annotations from closely related
species also aids in interpretatiom Chapter 2, the development of an annotation
pipeline forH. pluvialisand other normodel species is described which helps

overcome this data analysis hurdle.

Focus and objectives

This research aims to better understand the metabolismpfivialisunder
Agreeno and Ar edo sthexytieationpratess forfutmre s t o
application A proteomics and phosphoproteomics approach is used to gain a global
understanding of protein expression and PTM level under-soak cultivation
systems. Two mutant strains generated via chemical mutagenesis (ethyl methane
sulfonate; EMS) anghysical radiationt{eavyion beams; HIB) respectivelyFigure
2), demonstrate desirable phenotypes suchhagh cell division rate and high
astaxanthin content per cell. Comparison of protein expression and phosphorylation
level between the mutant strains and the wild gyides insights on
proteins/phosphoproteirisatmay beresponsible for the desirable phenotypes and

thus may be good targets for future strain engineering.

18

mpr



Chapter 2 outlines the development of the analysis pipeline used to analyze
and interpret the proteomics and phosphoproteomics data obtaineH frdavialis
Three publicly available bioinformatics tools were used to conduct functional
enrichment analysis, annotation, and biological interpretation of the proteomics and
phosphoproteomics data. Downstream homology analysis was also used to confirm
putative progins. This analysis pipeline was used in the subsequent two chapters for
data analysis and biolazl interpretation.

Chapter 3 investigates the heterotrophic stage of cultivation, comparing
mutant REMS 23D 3 (EMS generated) against the wild type. The mutant
demonstrates altered cell cycle control and nutrient partitiopnavgalingthe
regulation of interrelatedcetatemetabolic pathwaysThis work provides more
information about how heterotrophic growth conditions can influétesmat@occus
physiologybeforehigh light stressultimately affecting itsastaxanthin accumulation
potential.

Chapter 4 then explorésaemataoccusphysiology and change in
metabolism during the transition from heterotrophy to high light stress. In this
chapter, both mutants (KREMS 23Dand JWHIB 2738) are compared against the
wild type. Proteomic and phosphoproteomic analysis of mutahtiB 27-38 at 0,

48, and 72 of highlight stress reveal significant differential expression of proteins
and phosphoproteins involved in cell cycle control, carbon partitipfatty acid
biosynthesis, astaxanthin biosynthestsess response, and chlorophyll biosynthesis.

It provides insight into the mechanisms underlying the initiation and regulation of
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stress response k. pluvialis and other factors that may contribute to astaxanthin
accumulation.

This research identifigsrgetsthat may be relevant for improving industrial
cultivation ofH. pluvialisfor astaxanthin production. It also emphasizes the
importance of phosphorylation regulatingH. pluvialis protein expressioand
functionandsuggestshe need for more phosphoproteomics studiés. ipluvialis

and other algae
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Disclaimer

The results presented in this chapter are published as paytmiblished
paper Ramaruj K., Li, Y. (2024) Proteomics and phosphoproteomics analysis of
Haematococcus pluviali®\n improved method to generate and interpret proteomics
and phosphoproteomics data of amoeodel species. Journal of Applied Phycology.
https://doi.org/10.1007/s1084124-03356 1. Reproduced with permission from

Springer Nature.

Abstract

As a nonmodel species that lacks a wahnotated genome, omics analyses in
Haematococcus pluvialisave often been used together with physiological analysis to
guery its transcriptome, proteome, and metabolome. Howianterpretation of
these datasets remains challenging. This chapter outlines the analysis pipeline
developed to interpret proteomics and phosphoproteomics dat&ifrphavialis
Here, TMT-based proteomics and phosphoproteomics analyses were conducted on
Haematococcusells grown undefavorable conditions (green stage biomass) and
high lightstress conditions (red stage biomass). Phosphoproteins were enriched using
titanium dioxide before LAMS/MS analysis. The proteomics and phosphoproteomics
analyses identified 1394 proteins and 569 phosphosites on 366 phosphoproteins. Of
these, 1315 protes and 396 phosphosites on 314 phosphoproteins were quantifiable,
among which 370 proteins and 121 phosphosites on 94 phosphoproteins were

differentially expressed. Using an improved analysis pipdliyat combines
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Blast2GO, KEGG, and DAVID to analyze differentially expressed proteins and
phosphoproteinghetotal identified proteins increased from 255 to 322 tuedotal
identified phosphoproteins increased from 59 to 70, which were 26.28% and 18.64%,
respectively, higher than with the UniProt analysis alone. Using this pipeline, a
previously uncharacterized protein and phosphoprotein were identified as an ATPase
sukunit B and a phosphofructokinase, respectively, and further confirmed with
translated genomic andatrscriptomic data. Thishaptemprovides the first example of
phosphoproteomics analysishh pluvialis, while the proteomics and

phosphoproteomics analysis pipelines described here may be useful to analyze omics

data from other nemodel algal species.

Introduction

The bottlenecks fondustrial astaxanthin production frar pluvialisare
low biomass and astaxanthin productivitielan et al., 2013a)argeted strain
engineering in conjunction wittulture optimization has been proposed as a
promising way to improveélaematococcuproduction(Acheampong et al., 2024)o
identify promising targets for strain engineering, it is necessary to understand the
interrelated and dynamic metabolic pathways that are active under different
cultivation conditions. The global nature of omics analyses may reveal complex
relationshipghatcouldbe missed when looking at individual proteins in isolation
Previous work withranscriptomic, proteomic, and phenotypic analysfds.

pluvialis often do not corroborate each otl€hen et al., 2015; Gao et al., 2016; Y.
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Li et al., 2010) likely due to postranslational modifications (PTMs) such as
phosphorylation that can modify protein activi@ohen, 2002)This suggests the

need to better understand the effect®Mslike phosphorylation on the activity of
certain proteingn H. pluvialis. Another challenge is interpreting the biological
significance of differentially expressed proteins and phosphoproteins, especially in
non-model species likél. pluvialisthat have lacked well-annotated genon{®ian

et al., 2023; Luo et al., 2018)

The analysis pipeline outlined in this chapter was developed to enable
biological interpretation of proteomics and phosphoproteomics dataHrquuvialis
when a genome was not available. This chapter desc¢hiberarious publicly
available bioinformatics analysis tools used in this pipeline, including the Database
for Annotation, Visualization, and Integrated Discovery (DAVID), Blast2GO, and the
Kyoto Encyclopedia of Genes and Genomes (KEGG). The coverage iofput data
by these tools was also asseksse

DAVID was used in this pipeline due to its ability to agglomerate annotations
from many databases, including NCBI, UniProt, Ensemble, Gene Ontology (GO), etc.
(Sherman et al., 2022y his ability to search several databases increases the
likelihood that significantly regulated proteins and phosphoproteins will be assigned
annotations that can aid in data interpretation. Additionally, DAVID contains
functional enrichment analysis top&ich as functional annotation clustering
(Sherman et al., 2022runctional enrichment analysis can reveal patterns of

overexpression that may be more meaningful than analyzing individual proteins.
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Blast2GO was also used in this pipeline becausen this work startedhe
species used in this example did not havelly sequencedenome. Blast2GO was
developed as a data mining tool to obtain annotations for sequences franodeh
species that have limited annotation and/or geaalata(Conesa et al., 2005)he
ability to blast significant protein sequences against sequences from closely related
species can increase the amount of descriptive information available for these
significant proteins. This can be accomplished in one batch, rather than blasting each
significant protein onat atime. While Blast2GO currently has a proprietary version
(OmicsBox), a free version of Blast2GO is still available
(https://lwww.biobam.com/blast2¢uasic).

Finally, KEGG was used to visualize how proteins may be part of larger
metabolic pathwayfanehisa & Sato, 2019Vhile KEGG had the lowest coverage
overall in terms of the number of proteiitsvas able to maphemto metabolic
pathwaysandit provided the metabolic context that was lacking from the annotations
provided by DAVID or Blast2GO. Overall, these three tools are available to use via
web browser or in downloadable software programs. No coding is required, but rather
lists of the sigificant protein IDs or FASTA files of the significant protein sequences
can be provided directly to the tools, making thfgetine more accessible to those
with limited or no bioinformatics experience or expertise.

This chapter aims to develop an improved method to interpret the biological
significance of omics data obtained fréinpluvialis. The input data used to develop

this method was derived frorlaematococcusells grown underfavorableconditions
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(green stage biomass) anigh lightstressconditions (red stage biomadbkat were
analyzed using a TMbased poteomics and phosphoproteomaggproach with
titaniumdioxide-based phosphopeptide enrichm@rite improved analysis pipeline
that combineBlast2GQ KEGG, and DAVID was used to annotaddferentially
expressegroteins angphosphoproteinsThese three tools can be applied in any order
and/or concurrentlyDuring the preparation of this worlgn improved. pluvialis
genome was published, estitad to be around 316.0 Mb with BUSCO results
revealing 93.4% completenedan et al., 2023)Therefore, an ATPase subunit B
identified in this study was also confirmed by blasting its sequence against the
genome and a translated pluvialistranscriptoméLee et al., 2018)The method
developedn this chapte(Ramarui & Li, 2024)was used tsuccessfully analyze
phosphoproteomics and proteomics data in a recent (@brdpter 3(Ramarui et al.,
2024) and data described in ChapteiTis improved analysis method may benefit

future omics work irH. pluvialisas well as other nemodel species.

Materials and Methods

Strain and culture conditions

Haematococcus pluvialNIES 144 was obtained from the National Institute
for Environmental Studies Microbial Culture Collection (N)E&apanOne green

stage sample was collected from-d&rold 100 mL algal culture maintained in a

250 mL Erl enmeyer flask under mixotrophic
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photons ¥ st and an acetateontaining growth medium (C mediun@.medium
consists of the following nutrient compositiGhndersen, 2005)0.96 g L*
CH3COONa, 0.15 g 1 Ca(NG)-4H20, 0.10 g [} KNOs, 0.05 g L1 b-
glycerophosphate disodium salt hydrate, 0.04*dgSQs- 7H-0, 0.50 g L1
C4H11NOs (Tris base), 1 mgtNaE T D A A, 61196 mg ! FeCkA 628, 0.36 mg
L1 MnCl2A 428, 0.22 mg t:ZnSQA 7@, 0.04 mg t: CoChA 628, 0.025 mg I
NaMoO:sA 226, 0.0001 mg it Vitamin B12, 0.0001 mg tBiotin, and 0.01 mg i
ThiamineHCI. During the mixotrophic growth period, the culture was manually
swirled twice a dayTo generate red stage biomass, 30 mL-dagold mixotrophic
culture was transferred directly t®% a 50
stlight intensity, and bubbled with 1.5% G@ne red stage sample was collected

after 3 days of high light stres

Sample preparation for mass spectrometry

After harvesting, the green and red stage samples were washed with PBS three
times and frozen a80 °C. Frozen pellets were lysed in lysis buffer (5% SDS, 50 mM
TEAB, pH 8.5) by sonication. Aftezentrifugation at 17,000 x g at 16 for 30
minutes the protein lysates were collected, and the protein concentration was
determined using bicinchoninic acid (BCA) assay (Pierce, Waltham, MA). An equal
amount of protein from each sample was subjected to trypsin digestion on a Strap
Midi column (Protifi, Farmingdale, NY). Briefly, the protein was reduced with

dithiothreitol, alkylated with iodacetamide, and acidified with phosphoric acid,
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loaded onto mS-trap Midi column, washed with 90% MeOH and 100 mM TEAB,

pH adjusted to 8.5 to remove SDS, digested with-Citsypsin mixed protease
(Promega, Madison, WI), and eluted with elution bufferif®@ TEAB pH 8.5, 0.2%
formic acid, 50% acetonitrile). The resulting peptides from two samples (green and
red) were labeled with a 4lex tandem mass tag (TMT) labeling reagent, separately
(126 for the green sample and 134N for the red sample). After tfieldbéling
efficiency was confirmed to be motfean 95%, all the labeled peptides from each
sample were equally mixed, dried completely in a vacuum concentatbkept at

80 °C. 10% of the mixed TMTabeled peptides were saved for total proteomics
analysis. 90% of mixed TMTabeled peptides were subjected to titanium dioxide

based phosphopeptide enrichment.

Mass spectrometry analysis

The peptides and enriched phosphopeptide were analyzed by liquid
chromatographyandem mass spectrometry (IMS/MS) using a Dionex 3000
RSLC nanescale liquid chromatograph in tandem with an Orbitrap Exploris 480
mass spectrometer (Thermo Fisher Scientific, Danvers, MA). Briefly, each peptide
sample was reconstituted in acidic buted preconcentrated via autosampler on
aEXP2 Stem Trap (0.38., 2.7 um HALO Peptide ESC18, Optimize Technologies,

Oregon City, OR) , and s epamnmpadkes hhowser a

50

with Acclaim 2.2 em C18&C\simgad20mmot&i s her )

gradient with 0.4 Lmin* flow rate. The mass spectrometer was operated in a data
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dependent acquisition (DDA) mode. The parameters for analgsesa) Precursor
scans (FTMS) from 34Q,600 m/z (Maximum Injection Time (ms) = 50, Normalized
AGC Target (%) = 100) at 120,000 resolution; and b) MS2 scan (FTMS) of HCD
fragmentation of the most intense ions (isolation window: 0.7 m/z; HCD collision
energy %0): 32; FT first mass value: 110.00 (fixed); data type: centroid; Normalized

AGC Target (%) = 200) at 45,000 restodun.

Mass spectrometry data analysis

The tandem mass spectra were searched using the Andromeda search
algorithm against aHl. pluvialisUniProt database (2021 02 Release) on the
MaxQuant platform (version 1.6.7.(Lox & Mann, 2008). The search parameters
were set as follows: a maximum of two missed cleavages, carbamidomethylation at
cysteine and TMT at lysine and peptidaé¥minus as a fixed modification and
oxidation at methionine, acetylation at proteitddminus, deamidatiort asparagine
and glutamine, and phosphorylation at serine, threpaimtyrosine as variable
modifications. The first search and main search peptide tolerance were set to 20 ppm
and 4.5 ppm, respectively. The FTMS MS/MS match tolerance was set to 20 ppm.
The reverse type of the targdecoy analysis was chosen. False discovery rates
(FDR) for both peptide and protein level were set to 0.01. The minimum peptide
length was set to 7. The minimum number of peptides for protein identification was

setto 1.
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Data normalization and parsing

The TMT reporter ion intensities were log2 transformed and median
normalized, then used to calculate the abundance changes of proteins and
phosphoproteins between the two groups. In this dataset, each group only contained
one replicate, so no statisticaladysis could be conducteBollowing the current
literature(B. B. Wang et al., 2022; X. D. Wang et al., 2022; Yu et al., 20##d¢ast
three biological replicates per group should becud , a n d t-tast (svétailele nt 6 s
two-sample equal variance) should be used to calctiiafevalue. Themethod
developed hereasvalidatedin arecent workwherephosphoproteomics and
proteomics data with biological triplicate samplesssuccessfully analyzeChapter
3, (Ramarui et al., 202%) This analysis provides confidenicethe statistical
significance, as fole¢hanges of >1.5 or < 0.67 withpavalue of < 0.05 are
considered as significantly upregulated or downregulated in mutant KREMS,23D
respectively (Figure 2, Table S1, Tablei®2Ramarui et al., 2023%)Some
significant proteins or phosphoproteins may be assigned more than one accession
number. To increasthe coverage of the bioinformatics tools, the dsttauld be

parsel so that there is oplone accession number per row.

Functional enrichment analysis

Functional enrichment analysis was done using the Functional Annotation

Tool from DAVID (Database for Annotation, Visualization, and Integrated
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Discovery, https://david.ncifcrf.gov/summary.jgpjuang et al., 2009Within the
Functional Annotation Tool, the Functional Annotation Clustering tool was used with
medium stringency and all other defaults to cluster terms based on their similarity.
Clustering was conducted independently on the significantly upregulattsing:,
significantly downregulated proteins, significantly upregulated phosphoproteins, and
significantly downregulated phosphoproteins. The Functional Annotation Chart tool

was used fotheanalysis of data that could not be clustered.

Annotation and interpretation of GO terms

Blast2GO was used to provide more annotations to enable better interpretation
of the biological meaning of the ddtaonesa et al., 20054 fasta file containing the
sequences for all the significant proteins and phosphoprotesispioaded into
Blast2GO (each file is loaded into its own workspace and individually processed
through the workflow). The Blastp and InterPro scan steps of the analysis pathway
were conducted simultaneously. For the blast analysis, blastp against the NCBI
(QBlast) norredundant database with the green algae taxonomic filter (taxa: 3041,
Chlorophyta) vasused. Additionally, the-galue statistical significance #shold
was set to 1:8, and the number of blast hits was set to 20. The Blast Description
Annotator check box was also selected, which finds the best possible description for a
sequence based on the blast result. All other defaults were unchanged. For the
InterPro scan, all defidts were unchanged. Next, the mapping step was executed

using the latest database versj@dtz et al., 2008)Finally, the annotation step was
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completed with all defaults unchanged. After annotation was completed, QuickGO
was used to look up definitions of GO terms to better understand their biological

significance(Binns et al., 2009)

Pathway mapping

KEGG tools, including Assign KO, BlastKOALA, and Reconstruct Pathway
were used to understand the role of significantly changed proteins and
phosphoproteins within a metabolic pathway confgeinehisa & Sato, 2019The

GENES database used waklamydomonadaceg8051).

Customdatabase creation from a publicly availablepluvialis
transcriptome and genome and homology analysis

Custom databases fromrartslatedHaematococcus pluvialisanscriptome
and genome wergreated and used for comparison and identification of the
assembled peptideBor the transcriptome databa88,2 million singleend raw
reads, each 100 base pairs in length and sequenced using the lllumina Hiseq2000
platform, were downloaded from the NCBI Sequence Read Archive (SRA accession
# SRR6756898(Lee et al., 2018and assembled using Trinig€ommand 1)
(Grabherr et al., 2011 his assembly yieled 218,087 transcripts. Af. pluvialis
genomeconsisting of 820 contigwas obtained from NCBI (accession #
PRJINA964479(Bian et al., 2023)The genome anmlanscriptomeaverethen

translated in all six frames (three forward and three reverse) using the standard
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genetic codevith the EMBOSS:transeq prograi@dommand 2)Rice et al., 2011)

Finally, the EMBOSS:checktrans program was used to identify all open reading
frames (ORFs) of seven amino acids or greater in length from all transéapeences

and list them in a new fil&aJommand 3 The translatedi. pluvialistranscriptome
contained 10,866,007 sequences and the translated genome coh®:866d19
sequenceslhe translated transcriptome and genome were used to create custom
databases using the NCBI Blast+ program suite for command line (Command 4). To
test if significant proteins were homologous to putative proteifagmatococcuer

related species, individual or lists of sequences in FASTA format were blasted against
this custom database to find sequences with significant matches (Command 5). Awk
commands were used to create a list of headers of the translated sequences that
matcled the query sequence (Caorand 6),andthen this list was used to create

FASTASs containing all the matching sequences from the translated transcriptome or
genome (Command 7). These significant match sequences were then blasted against
the NCBI nonredundant protein database with the Chloropbgtanomic filter

(taxid 3041) to identify them. Sequence similarity was visualized usi@gfiee(Di
Tommaso et al., 2011IMEGA11 (v11.0.13)Tamura et al., 2022¥as used to align

homologous sequences and generate maximum likelihood phylogenetic trees.

Command 1: Transcriptome assembly from RNAseq reads using Trinity
Trinity --seqType fgq-max_memory 100Gsingle /path/to/file/YourFileName.fastq.¢ZCPU 4

Command 2: Translate fasta file in six frames (three forward and three reverse)
transeqYourFileName.fast¥ ourFileNamepep-table=0-frame=6
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Command 3: Compile all open reading frames of 7 peptides or greater identified in translated
transcripts

checktransrourFileNamepep-orfml=7 YourFileNamepep.checktran¥ourFileNamepep
YourFileNamepep.gff

Command 4: Createa custom database
makeblastdbin PathToFile/YourFileName.fastdbtype protout db/translated_transcriptome

Command 5: Example blast command against the custom database
blastp-db db/translated_transcriptomeORgencmgeryYourFileNamefasta-outfmt6 > blast_results

Command 6: Extract headers from blast results into a list
awk {print ">" $2}' blast_results > headers

Command 7: Create a FASTA file of matches between the query and the transcriptome or
genome

awk 'NR==FNR { ids[$1]; next } /*>/ { id = $1; getline; if (id in ids) print idn" $0 }' headers
TranscriptomeOrGenome.fasta > matches.fasta

Phosphosite Analysis

Sequence windows containing phosphorylation sites at the center flanked by
the 7 amino acid residues on either side were aligned with the MUSCLE algorithm
(Edgar, 2004)Phosphorylation sites that were close to theNC- termini and
therefore did not have at least 7 amino acids on either side were excluded from
further motif analysis. The sequence logos were generated using the PSP Production
algorithm (https://www.pbsphosite.org/sequencelLogoActi¢hlornbeck et al.,

2011) The background was selected based on the amino acid residue of the
phosphorylation site and the minimum number of aligned sequences is 10. Motifs of

significantly changed phosphorylation sites were extracted using the Miotif
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algorithm (https://www.phosphosite.org/staticMotifAnalysis.actig¢tg et al., 2011)
The significance was set at 1x¥0the support threshold was set to 0.05, and all

identified phosphosite sequences was used as the background.

Results

Datasets for proteomics/phosphoproteomics analysis

H. pluvialis cellsgrown undefavorableconditions(green stage biomass) for
6 days andhigh lightstressconditionsfor 3 days(red stage biomassg)ere harvested
for this analysis. Proteins were extracted and analyzedTT-based proteomics
and phosphoproteomics analysis using an Orbitrap Equipped Mass Spectroheeter.
proteomics and phosphoproteomics analisstified 1394 proteins an869
phosphosites on 3GghosphoproteingOf these, 1315 proteins and 396 phosphosites
on 314 phosphoproteins wegaantifiable, among whicB70proteinsand 121
phosphosites on 94 phosphoproteirese differentially expressathder the red stage.
The differentially expressed datasets includ&é up and 154 downregulated
proteins and40 upegulated phosphosites on 39 phosphoprotaiais81
downregulateghhosphosites on §8hosphoproteingTable1-Table5). These results
are consistent with the number of proteins identifiredther recent proteomics papers
in H. pluvialis(Gao et al., 2016; B. B. Wang et al., 2022; X. D. Wang et al., 2022; Yu
et al., 2022) To the best of my knowledge, this work provides the first example of

phosphoproteomics analysishh pluvialis. Through DAVID, Blast2GO, and KEGG
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analysis as detailed below, the total identified proteins and phosphoproteins (defined
by UniProt) could be increased from 255 and 59 to 322 and 70, respectively, which
were 26.28% and 18.64%, respectively, higher than with the UniProt analysis alone
(Tablel), showcasing ways to improve proteomics and phosphoproteomics analysis

in a nonmodel microalgal strain.

Table 1: Summary of proteomics/phosphoproteomics data

Metric Proteomics Data Phosphoproteomics Data
Total identified proteins/phosphoproteins 1394 569 phosphosites,
366 phosphoproteins
Total quantifiable proteins/phosphoproteins 1315 396 phosphosites,
314 phosphoproteins
Significantly changegroteins/phosphoprotein 370 121 phosphosites,
94 phosphoproteins
Upregulated proteins/phosphoproteins 216 40 phosphosites,
39 phosphoproteins
Downregulated proteins/phosphoproteins 154 81 phosphosites,
55 phosphoproteins
Identified prior toimproved annotation 255 59
% identified prior to improved annotation 68.92% 62.77%
Identified after improved annotation 322 70
% identified after improved annotation 87.03% 74.47%
% increase in identification peannotation 26.28% 18.64%

Of the top 10 most upregulated proteins, seven were uncharacterized, likely
due to the incomplete and less annotated genome compared with the model alga
ChlamydomonagBian et al., 2023; Luo et al., 2018}he third most highly
upregulated protein in red cells was an oil globagsociated protein that was 11.22
fold upregulatedTable2). This is in line with the fact thad. pluvialiscells

accumulate more triacylglycerols (TAGs) under stress condifi¢imskisheva et al.,
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2005) An LTD domaincontaining protein and a Rieske domaontaining protein

were also upregulated at the red stage under high light sTiasg?2).

Table 2: Top ten most significantly upregulated proteins in red stagédl. pluvialis compared to
the green stage

UniProt Protein Ratio
Accession (Red/Green)

AOAB99ZNY3  trlAOAB99ZNY3|A0AG699ZNY3_HAELA Uncharacterized 21.66
protein (Fragment) OS=Haematococcus lacustris OX=44
GN=HalLaN_17568 PE=4 Sv=1

AOABAQA3Y7 tr]AOAGAOA3Y7|AOABAOA3Y7_HAELA Uncharacterized 13.78
protein (FragmentpS=Haematococcus lacustris OX=447
GN=HalLaN_25440 PE=4 SV=1

AOAB99YFJ9;  trlAOA699YFJI9|A0AG699YFJI9_HAELA Oil globule 11.22

E2JF04; associated protein OS=Haematococcus lacustris OX=44

AOAB99ZTKO GN=HalLaN_00343 PE=SV=1;tr|E2JF04|E2JF04_HAEL/

Oil globule associated protein OS=Haematococcus lacus
OX=44745 PE=2
SV=1;tr]AOA699ZTKO|AOAG99ZTKO_HAELA Oi

AOABAO0AH96  tr|AOABAOAH96|A0A6A0AH96 HAELA Uncharacterized 7.21
protein OS=Haematococcus lacustris OX=44745
GN=HalLaN_31546 PE=4 SV=1

AOAB99Z3W8  trlAOA699Z3W8|AO0A69923W8_HAELA LTD domain 6.51
containing protein OS=Haematococcus lacustris OX=44"
GN=HalLaN_13262 PE=4 SV=1

AOA69979C9 tr]AOA699Z9C9|A0A699Z79C9 HAELA Uncharacterized 5.10
protein OS=Haematococcus lacustris OX=44745
GN=HalLaN_12121 PE=4 SV=1

AOAB99ZX44;  tr|AOAB99ZX44|A0A699ZX44 HAELA Uncharacterized 4.67

AOAB99ZAE9;  protein OS=Haematococcus lacustris OX=44745

AOABAOAFV5  GN=HalaN_21934 PE=4
SV=1;tr|]AOA699ZAE9|AOA699ZAE9 HAELA
Uncharacterized protei@S=Haematococcus lacustris
OX=44745 GN=HalLaN_12129 PE=4
SV=1;trlAOA6AOAFV5|A0AB6ACAFVS

AOABAOAQOTO;  tr]AOABAOAOTO|AOABAOAOTO_HAELA Rieske domain  4.16

AOAB99YUWG6E  containing protein (Fragment) OS=Haematococcus lacus
OX=44745 GN=HalLaN_22846 PE=4
SV=1;tr|]AOA699YUW6|AOAG99YUW6_HAELA Rieske
domaincontaining protein (Fragment) OS=Haematococc
lacustris OX=44745 GN=HalLaN_

AOABAOA9D6  trlAOAGAOAID6|AOABAOAID6_HAELA Uncharacterized 3.94
protein (Fragment) OS=Haematococcus lacustris OX=44
GN=HalLaN_27994 PE=4 SV=1

AOAGB99YRB8  trJAOAG99YRBBJIAOAG99YRB8_HAELA Uncharacterized 3.86
protein (Fragment) OS=Haematococcus lacustris OX=44
GN=HalLaN 04436 PE=4 SV=1
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The top 10 most downregulatpdbteins were all annotatédiable3). Acetyl-
CoA synthetase (ACS) was the most downregulated protein in red cells
(AOA6992Y17,0.18fold). In the green stage, mixotrophically grown cells
metabolized the sodium acetate in the growth medium into aCety|
accomplishable through AQ€hapman et al., 2015 owever, upon transition to
high light, cells shift to primarily photosynthesizing, reducing the need for-ACS
catalyzed metabolism of acetate in red stage cadlgeralotherdownregulated
proteinswerelikely involved in photosynthesis or chloroplast maintenaimeiding
plastid/chloroplast ribosomal proteiAGA6AOAISE), chlorophyll a/b binding protein
(AOAB99YRA4), ATP synthase subunit AQA0S2IDCO0, and magnesium
protoporphyrin IX A0OA6997528 (Table3). A likely explanation is thatransitioning
mixotrophically grown cells to the red stage under high light stress is accompanied
with degradation of chloroplasts as a stress resp@issh et al., 2016)hereforepn

Day 3, decreased expressiorchforoplastrelated proteins was observed.

Table 3: Selectedsignificantly downregulated proteins in red stageH. pluvialis compared to the
green stage
UniProt Protein Ratio
Accession (Red/Green)
AOAB99ZY17;  trlAOAG99ZY17|A0AB99Z2Y17_HAELA Acetykoenzyme 0.18
AOABAOAIQ7 A synthetase (Fragment) OS=Haematococcus lacustris
OX=44745 GN=HalLaN_20753 PE=4
SV=1;tr]AOAGAOAIQ7|AOABAOAIQ7_HAELA Acetyt
coenzyme A synthetase (Fragment) OS=Haematococcu:
lacustris OX=44745 GN=HaLaN_30875 PE
AOA6997528 tr|AOA6992528|A0A6992528 HAELA Mgrotoporphyrin  0.20
IX chelatase subunit Chll (Fragment) OS=Haematococct
lacustris OX=44745 GN=HalLaN_10173 PE=4 SV=1
AOA699ZKB2 tr|AOAB699ZKB2|A0A699ZKB2_HAELA Ferredoxii 0.21
(FragmentlOS=Haematococcus lacustris OX=44745
GN=HalLaN 20639 PE=4 SV=1
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AOAGAOADES

AOA0S2IDCO

AOAG99YMJIO

AOAGB99YCZ3

AOAG99YRA4

AOAG699YJ00

AOABAOAISG;

AOABAOABQS5

AOAG699ZSB1

trAOA6AOADES5|AOA6AOADES _HAELA Ribulose 0.29
bisphosphate carboxylase/oxygenaseactivase (Fragmen
OS=Haematococcus lacustris OX=44745

GN=HalLaN_29845 PE=4 SV=1
trfAOAOS2IDCO|AOAO0S2IDCO_HAELA ATP synthase 0.32
subunit a, chloroplastic OS=Haematococcus lacustris
OX=44745 GN=atpl PE=3 SV=1
tr]AOA699YMJO0|AOA699YMJIO0_HAELA Transaldolase  0.32
(Fragment) OS=Haematococcus lacustris OX=44745
GN=HalLaN_07003 PE=3 SV=1
tr]AOA699YCZ3|AOAB99YCZ3 HAELA Acetycoenzyme 0.33
A synthetase OS=Haematococcus lacustris OX=44745
GN=HalLaN_02063 PE=3 SV=1
trlAOA699YRA4|AOAG699YRA4_HAELA Chlorophylldd  0.34
binding protein, chloroplasti®©S=Haematococcus lacustris
OX=44745 GN=HalLaN_03767 PE=3 SV=1
trfAOA699YJO0|A0A699YJ00_HAELA High lighinduced 0.35
nuclease (Fragment) OS=Haematococcus lacustris
OX=44745 GN=HalLaN_02746 PE=4 SV=1
tr|AOABAOAIS6|AOABAOAIS6_HAELA Plastid/chloroplast 0.35
ribosomal protein L21 OS=Haematococcus lacustris
OX=44745 GN=HalLaN_31385 PE=3
SV=1;tr/AOAGAOABQ5|AOAGAOABQ5 HAELA
Plastid/chloroplast ribosomal protein L21
OS=Haematococcus lacustris OX=44745 GN=HalLaN_2
trlAOA699ZSB1|A0A699ZSB1_HAELA Uncharacterized 0.51
protein (Fragment) OS=Haematococcus lacustris OX=4<
GN=HalLaN 23524 PE=3 SvV=1

Seven of the top 10 most upregulated phosphoproteins were anndtiés (
4). Two interesting phosphoproteins among them wkxébulin and plasma
membrane ATPasékubulin is a major component of the cytoskelefdrioga et al.,
2017) which is expected tbe involved in the morphological changes tieés
undergo as thetyansition from the green vegetative stage to thdiglal light stress
stage A studyin rice andArabidopsisfound that phosphorylation aftubulin is
induced byhypeosmoticstressand mayinterferewith the ability ofU- andb-tubulin
to associataesuling in depolymerization of microtubuléBan et al., 2013)This

study proposethatrapid phosphorylation oE-tubulin in response to stress may be a
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mechanism to avoid the polymerization of atypical tubulin polymers that are also
associated with stressed célBan et al., 2013Haematococcusells need
microtubules as part of their morphological transformatod it is possible that
phosphorylation of-tubulin may prevent atypical microtubule formation whigh
detrimental.

As for upregulation of phosphorylated plasma membrane ATPase in red cells,
it may reflect the dynamic response of the algal cells as they are exposed to a new
environmental stimulug2lasma membrane ATPasa® pumps that transfer bns
to the extracellular spacestablishing a cellular membrane potentihich is
essential for proper transport across the plasma memgitbmere & Coaker, 2011)
Increased activity of plasma membrane ATPase acidifies the extracellular space due
to the increased concentration of idns, which can loosen the cell wall in
preparation for cell expansighlaruta et al., 2015Previous workn Arabidopsis
observed a correlation between auxin and blue light exposure and phosphorylation of
plasma membrane ATPase on the penultimate Threomteh coincidedwvith cell
expansion to bend the hypocotyls towards the [jbllairuta et al., 2015; Hohm et al.,
2014) Phosphorylation of plasma membrane ATPagdg¢aamatococcusells may
alsocontributeto their response tioigh light, since theyundergosimilar cell

exparsionunderhigh light stress.

Table 4: Selectedsignificantly upregulated phosphgroteins in red stageH. pluvialis compared to
the green stage

UniProt Protein Ratio

Accession (Red/Green)
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AOAG997374;
AOAG99ZAQS8;
AOAGB99ZFS2

AOAG9977J8

AOA699Z341;
Q2KN32;
AOA3G4RSHS:
AOA3G4RSH7;
AOABI9ZIRY;
DOUDMS8
AOABIIYR27;
AOAB99ZTV4

AOAG99ZK22;

AOAG699ZBYS5

AOA6997139

AOABAOAHSS;

AOAB99Z7N4

AOAG99YPC5

AOAG997WQ4

AOAGAOAZ2LO;

AOA69973J3

AOAG99ZJF1

tr|AOA6992JZ4|A0A699Z2JZ4 HAELA Uncharacterized
protein OS=Haematococcus lacustris OX=44745
GN=HalLaN_16928 PE=4
SV=1;tr|]AOA699ZAQ8|A0A699ZAQ8_HAELA
Uncharacterized protein (Fragment) OS=Haematococcu:
lacustris OX=44745 GN=HalLaN_15621 PE=4
SV=1;tr]AOA699ZFS2
tr]AOA69927J8|A0A69927J8 HAELA FBPase domain
containing proteifDS=Haematococcus lacustris OX=447:
GN=HalLaN_14227 PE=3 SvV=1
tr/AOA699Z341|A0A699Z341 HAELA}tubulin
(Fragment) OS=Haematococcus lacustris OX=44745
GN=HalLaN_12325 PE=3
SV=1;tr|Q2KN32|Q2KN32_HAELA Tubulin alpha chain
(Fragment) OS=Haematococcus lacustris OX=44745 PE
SV=1;tr|]AOA3G4R8H8|A0OA3G4R8H8_HAELA Tubulin
trlAOAB99YR27|AOABG99YR27_HAELA
ANK_REP_REGION domaktontaining protein
(Fragment) OS=Haematococcus lacustris OX=44745
GN=HalLaN_04488 PE=4
SV=1;tr|]AOA699ZTV4|A0A699ZTV4_HAELA
ANK_REP_REGION domaitontaining protein
(Fragment) OS=Haematococcus lacustris OX
trfAOAB699ZK22|A0A699ZK22_HAELA Uncharacterized
protein(Fragment) OS=Haematococcus lacustris OX=44
GN=HalLaN_18714 PE=4
SV=1;tr]AOA699ZBY5|A0A699ZBY5 HAELA
Uncharacterized protein (Fragment) OS=Haematococcu:
lacustris OX=44745 GN=HalLaN_16163 PE=4 SV=1
trfAOA699Z139|A0A699Z139 _HAELA SPX domain
containing protein (Fragment) OS=Haematococcus lacus
OX=44745 GN=HalLaN_18972 PE=4 SV=1
trfAOA6AOAH85|A0A6A0AH85_HAELA Uncharacterized
protein (Fragment) OS=Haematococcus lacustris OX=4<¢
GN=HalLaN_30431 PE=4
SV=1;tr/AOA699Z7N4|AOAG99Z7N4_HAELA
Uncharacterized protein OS=Haematococcus lacustris
OX=44745 GN=HalLaN_15486 PE=4 SV=1
tr]AOA699YPC5|A0AE699YPC5_ HAELA RanBD1 domain
containing protein (Fragment) OS=Haematococcus lacus
0OX=44745 GN=HalLaN_06904 PE=4 SV=1
trfAOA699ZWQ4|A0A699ZWQ4_HAELA Plasma
membrane ATPase OS=Haematococcus lacustris
OX=44745 GN=HalLaN_20182 PE=4 SV=1
trfAOA6AOA2LO|AOABAOA2LO_HAELA Lipoyl-binding
domaincontaining protein (Fragment) OS=Haematococc
lacustris OX=44745 GN=HalLaN_21307 PE=4
SV=1;tr|]A0A69923J3|A0A69923J3_HAELA Lipoyl
binding domaircontaining protein OS=Haematococcus
lacustris OX=44745 GN=H
tr]AOA699ZJF1|AOA699ZJF1 HAELA PFK domain
containing protein OS=Haematococcus lacustris OX=44"
GN=HalLaN 16662 PE=4 SV=1

11.21

7.14

4.58

3.81

3.43

3.42

3.36

3.05

2.93

2.74

1.53
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Finally, of the top 10 most downregulated phosphoproteins, eight
phosphoproteins were annotat@alfle5). Several phosphorylated chlorophadb
binding proteins were significantly downregulated, as expectdddematococcus
cells grown under changing light conditicsiace reversible phosphorylation of these
proteinsis expectedo balance photosystems | andlllu & Shen, 2004)
Phosphorylated anaphase promoting complex (APC) subunit 2 is significantly
downregulated in red cell§éble5). Studies have proposed that phosphorylation of
APC enables its association with activator proteins and thus increases its activity
(ShevahsSitry et al., 2022)Red stage cells ceased cell division in favor of cell
transformation into cystsShah et al., 2016jherefore downregulation of
phosphorylated anaphase promoting complex subunit 2 was in line with a decrease in

cell division.

Table 5: Top ten mostsignificantly downregulated phosphaqoroteins in red stageH. pluvialis
compared to the green stage

UniProt Protein Ratio

Accession (Red/Green)

AOAB99YRNY9  tr]AOAG699YRNIJAOAB699YRNY_HAELA Uncharacterized 0.23
protein OS=Haematococcus lacustris OX=44745
GN=HalLaN_04772 PE=4 SV=1

AOAGAOA4B4  tr]AOAGAOA4B4|AOAG6AOA4B4_HAELA Uncharacterized 0.25
protein OS=Haematococcus lacustris OX=44745
GN=HalLaN_25284 PE=4 SV=1

AOAOS2IDM2  tr|AOAOS2IDM2|AOA0S2IDM2_HAELA 30S ribosomal  0.27
protein S4, chloroplastic OS=Haematococcus lacustris
OX=44745 GN=rps4 PE=3 SV=1

AOAB99YTRY9  trlAOA699YTRI|AOAG99YTRI_HAELA Chlorophyll 0.28
binding protein, chloroplastic OS=Haematococcus lacusi
OX=44745 GN=HalLaN_09459 PE=3 SvV=1

AOAB99YTRY  trJAOAG99YTRIJAOAG99YTRI_HAELA Chlorophyll-# 0.28
binding protein, chloroplastic OS=Haematococcus lacusi
0OX=44745 GN=HalLaN_09459 PE=3 SV=1

AOAB99YJ12 tr[AOA699YJ12|A0A699YJ12_ HAELA Anaphase 0.30
promoting complex (APC) subunit 2 (Fragment)
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OS=Haematococcus lacustris OX=44745
GN=HalLaN_04339 PE=4 Sv=1
AOAB99ZLS5;  tr|AOAB99ZLS5|A0A699ZLS5 HAELA Chlorophyll-a 0.32
AOABAOAAK9;  hinding protein, chloroplastic OS=Haematococcus lacusl
AOABAOAA98; 0OX=44745 GN=HalLaN_17690 PE=3
AOAB99Z0W4  SV=1;trlAOA6AOAAKI|AOABAOAAKI_HAELA
Chlorophyll ab binding proteinchloroplastic
OS=Haematococcus lacustris OX=44745 GN=
AOABAOACQ4; trlAOAGAOACQ4|AOABAOACQ4 HAELA 0.32
AOA6997VR8 Uroporphyrinogen decarboxylase OS=Haematococcus
lacustris OX=44745 GN=HalLaN_28566 PE=4
SV=1;tr]AOA699ZVR8|A0A699ZVR8_HAELA
Uroporphyrinogen decarboxylase (Fragment)
OS=Haematococcus lacustris OX=44745
GN=HalLaN_17097 PE=4 Sv=1
AOABAOAE42;  tr]AOABAOAE42|AOABAOAE42 _HAELA Fcf2 domain 0.33
AOABAOAFZ2 containing protein (Fragment) OS=Haematococcus lacus
OX=44745 GN=HalLaN_30143 PE=4
SV=1;tr|AOA6AOAFZ2|AOABAOAFZ2_HAELA Fcf2
domaincontaining protein (Fragment) OS=Haematococc
lacustris OX=44745 GN=HalLaN_2992
AOAB99YT12 trfAOAB99YT12|A0OAG99YT12_HAELA Chlorophyll-4 0.33Fc
binding protein, chloroplastic OS=Haematococcus lacusi
0X=44745 GN=HalLaN 04631 PE=3 SV=1

DAVID analysis

To increase the number of identified proteins and phosphoproteins, DAVID
functional enrichment clustering analysis was conducted on the significantyndp
downregulated proteins and phosphoprotitasets. Following clustering analysis,
clusters were manually named based on the terms that were included in the cluster.
DAVID analysis of significantly upregulated proteins yielded 15 clusters, with the
largest number of unique genes included withahistone and transmembrane
cluster Figure3l). Annotations of significantly upregulated proteimsre mostly
obtained from the UniProt Keyword and Gene Ontology databksps€¢3A), and

the top annotation was nucledsdure3B). DAVID analysis of significantly
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downregulated proteins yielded 20 clusters, with the largest number of unique genes
included within the transmembrane clusteig(re3J). Annotations of significantly
downregulated proteins with a similar UniProt Keyword and Gene Ontology
databases analysis showed the top annotations overall were chloroplast and plastid
(Figure3C & D). DAVID analysis of significantly upregulated phosphoproteins
yielded four clusters; chromosome, ATP binding, transmembrane, and microtubule
with similar numbers of unique genes within each clustgufe3K). Annotations of
significantly upregulated phosphoproteins revealed that the top annotation was
nucleus. Figure3E & F). DAVID analysis of significantly downregulated
phosphoproteins yielded seven clusters, with the largest number of unique genes
included within the photosynthesis clusteigure3L). Annotations of these
downregulated phosphoproteins showed the top annotations overall were chloroplast,

plastid, and ATP binding~gure3G & H).

A ! B
KW-1133~Transmembrane helix
TRANSMEM:Helical
G0:0046872~metal ion binding
KW-0812~Transmembrane
KW-0158~Chromosome
G0:0030527~structural constituent
of chromatin
G0:0016020~membrane
G0:0000786~nucleosome
KW-0472~Membrane
m Gene Ontology m UniProt Keyword GO:0005634~nucleus
m InterPro Domain ' T T T !
m Transmembrane  m SMART 0 8 16 24 32
m Compositional Bias # of Sequences
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KW-0689~Ribosomal protein

GO0:0006412~translation

G0:0009535~chloroplast

thylakoid membrane

G0:0005524~ATP binding

KW-0472~Membrane
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m UniProt Keyword
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Domain ® SMART # of Sequences

E GO:0030261~chr'omosome
condensation
IPR005819:H1/H5
TRANSMEM:Helical
KW-0812~Transmembrane
G0:0005524~ATP binding
G0:0016887~ATP hydrolysis activity|
GO0:0005737~cytoplasm
KW-0472~Membrane
KW-0539~Nucleus
G0:0005634~nucleus

m Gene Ontology m UniProt Keyword !

m InterPro m SMART 8
m Transmembrane Domain # Of Sequences
G G0:0009768~photosynthesis, light
harvesting in photosystem |
G0:0009416~response to light
stimulus
IPR001344:Chloro_AB-bd_pin
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. |
= Photosynthesis
= ATP binding

m Transmembrane
m Pyruvate formate lyase

.‘

= ATP binding m Intracellular signaling
® Transmembrane m Cyclic nuleotide biosynthesis
Microtubule m Protein kinase activity

m Chromosome

Figure 3: DAVID analysis of proteomics and phosphoproteomics datasets

DAVID term distribution within thg/A) upregulated proteins, (C) downregulated proteins, (E)

upregulated phosphoproteins, and (G) downregulated phosphoproteins. The top 10 DAVID annotations
within the (B) upregulated proteins, (D) downregulated proteins, (F) upregulated phosphoproteins, and
(H) downregulated phosphoproteins. The number of unique genes per cluster within the (1) upregulated
proteins, (J) downregulated proteins, (K) upregulated phosphoproteins, and (L) downregulated
phosphoproteins.

Blast2GO analysis

Blast2GO analysis was conductedmprove the analysis pipelin8ince
clustering is not available in this tool, Blast2GO results were used to corroborate the
biological meaning of a particular protein based on DAVID, KEGG, and homology
analyses. However, Blast2GO analysis provided Gene Ontology (GO) terms, as well
asthe GO term category that a particular GO term belonged to. Overall, most GO
terms assigned to significéychangedroteins and phosphoproteins were part of the
biological process or moletar function categories, with the cellular component

category having a slightly lower proportiokigure4A, C, E, G). The top GO
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annotation for the significantly upregulatebteins was ATP bindind=(gure4B),

while the top annotation for the significantly downregulated proteins was ATP

binding, chloroplast, structural constituent of ribosome, and chloroplast thylakoid

membraneKigure4D). The top GO annotation for the significantly upregulated

phosphoproteins was metal ion binding and cytopldsgu(e4F), andthe top GO

annotation for the significantly downregulated phosphoproteins was ATP binding

(Figure4H).

= Molecular Function
= Biological Process
= Cellular Component

Cc

= Molecular Function
= Biological Process
= Cellular Component

F: RNA binding| B
C: cytosol
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F: DNA binding
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F: ATP binding
I T T T T 1

0 9 18 27 36 45
# of Sequences

F: chlorophyll binding

C: ribosome

C: photosystem Il

C: membrane

F: metal ion binding

P: translation

C: chloroplast thylakoid membran:
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C: chloroplast
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F: ATP binding|
C: plasma membran:

F: GTP bindin

F: structural constituent of
cytoskeleton

C: membrane

F: hydrolase activity
C: microtubule

C: cytoplasm

F: metal ion binding

= Molecular Function T T T T
= Biological Process 0 2 4 6 8 10
= Cellular Component # of Sequences
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P: photosynthesis, light harvesting i
photosystem |

C: chloroplast thylakoid membran
C: chloroplast

F: metal ion binding
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C: photosystem Il

C: photosystem |

F: chlorophyll binding
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= Molecular Function T T T
= Biological Process 0 5 10 15 20 25
= Cellular Component # of Sequences

Figure 4: Blast2GO analysis

Blast2GO term distribution within the (A) upregulated proteins, (C) downregulated proteins, (E)
upregulated phosphoproteins, and §@jvnregulated phosphoproteins. The top 10 Blast2GO
annotations within the (B) upregulated proteins, (D) downregulated proteins, (F) upregulated
phosphoproteins, and (H) downregulated phosphoprofeitise bar plots (B, D, F, and H), the

category each term belongs to, i.e., molecular function, biological process, or cellular component, are
denoted by F:, P:, and C:, respectively.
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KEGG analysis

KEGG analysis was conductémlimprove annotation dahe significantly up
and downregulated proteins and phosphoprsté&iigure5A-D shows the distribution
of the genes that could be assigned KEGG Orthology (KO) IDs into various
metabolic pathways within KEGQhere were 16 KEGG pathways that the
significantly upregulated proteins could be mapped to, predominantly genetic
information processing, carbohydrate metabolism, and energy metabBiggme(
5A). The significantly downregulated proteins could be mapped to nine KEGG
pathways, with the predominant pathways being energy metabolism, carbohydrate
metabolism, genetic information processing, and metabolism of cofactors and
vitamins Figure5B). There were six KEGG pathways that the significantly
upregulated phosphoproteins were mapped to, with more than 50% of the proteins
mapping to the cellular processes pathway. The other two predominant pathways
were energy metabolism and environmentidnmation processing={gure5C).
Finally, there were seven KEGG pathways that the significantly downregulated
phosphoproteins mapped to. The predominant pathways included genetic information
processing, energy metabolism, metabolism of cofactors and vitamins, and nucleotide

metabolism(Figure5D).
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D m Genetic information processing
m Energy metabolism
A m Metabolism of cofactors and vitamins
= Nucleotide metabolism

Protein families: genetic information processing

m Carbohydrate metabolism

m Cellular processes

Figure 5: KEGG analysis
KEGG pathway distribution within the (A)pregulated protas, (B) downregulated proies, (C)
upregulated phosphoprats, and (D)downregulateghhosphoprotas.

Assessment of coverage of themmmonly usedbioinformatics tools

DAVID, Blast2GO, and KEGG were used to annotate significantly
differentially expressed proteins and phosphoproteins, and annotations and pathway
information from all three tools wesmmbinedo interpret the biological meaning of
these results. The coverage of each tool was variable, with DAVID having the highest
coverage (proteomics 89.9%, phosphoproteomics 95.6%), followed by Blast2GO
(proteomics 68.6%, phosphoproteomics 70.4%), and fimatty KEGG having the
lowest coverage (proteomics 48.2%, phospbtgmmics 33.3%). Additionally, most
proteins and phosphoproteins that were identified with KEGG were also identified in
Blast2GO and DAVID(Figure6).

Many of the recently published proteomic studieblimpluvialisuse

Blast2GO(X. D. Wang et al., 2022; Yu et al., 2022)d KEGG(B. B. Wang et al.,
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2022; X. D. Wang et al., 2022; Yu et al., 202&)nsistent with the current
approaches. However, none of these studies include annotation and functional
enrichment by DAVID. In this study, without DAVID analysis, only 274 proteins (vs.
322 with DAVID) and 61 phosphoproteins (vs. 70 with DAVID) arentifeed,
representing a 14.91% and 12.86% reduction in total identified proteins and
phosphoproteins, respectively, suggesting the need to inDINED in future
analyses

Overall, the time consumption of these tools was féaly. The largest
dataset was the significantly upregulated proteins withg2d&insin total. DAVID
analysis of this list took only a few seconds to complete, and KEGG analysis took a
few minutes Blast2GO is the ratkmiting step, taking severdloursto complete the
BLAST and InterPro scan steps. The subsequent steps of Blast2GO (mapping and

annotation steps) are much quicker, generally taking arfentes to complete.

A Blast2GO B Blast2GO

0

KEGG KEGG
Figure 6: Comparison of the coverage of three bioinformatics tools

The coverage of DAVID, Blast2GO, and KEGG of all significant (A) proteins and (B)
phosphoproteins. Venn diagramerecreated using
http://bicinformatics.psb.ugent.be/webtools/Venn/.

53



Phosphorylation motif analysis

Phosphorylation motifs and sequence logos can elucidate the mechanism and
regulation of phosphorylation by revealing patterns in phosphorylation sites that may
correspond to binding sites in kinagete et al., 2011)Phosphosite motif analysis
wasconducted to determine if thengre specific sequences thagre enriched
within the phosphoproteins.

Analysis of the phosphosite motifs revealed that the most prevalent
phosphorylated amino acid residue was serine (S), followed by threonine (T).
Tyrosine (Y) was rarely phosphorylated in the datéSigure7). Only one Y
phosphosite was identified overall, and no Y phosphosites were identified in the
differentially expressed phosphoproteins. The S and T phosphosite logos for all
phosphosites identified were alanine (A) rich on both sides of the phospliagites(
7A and B). The significantly downregulated S phosphosites were relatively A rich but
also contained valine (V), S, glycine (G), arginine (R), proline (P), methionine (M),
and T Figure7C). The significantly downregulated T phosphosites were enriched
with lysine (K), A, and G, and also contained V and-ig@re7D). The significantly
upregulated S phosphosites contained M, G, leucine (L), glutamine (Q), R, and
aspartic acid (D)Rigure7E). There were not enough significantly upregulated T
phosphosites to conduct sequence logo andlgslg 5 upregulated T phosphosites
minimum of 10 sequences needed for andlysis

TheMotif-All algorithm (He et al., 2011)vas usedo extract phosphorylation

motifs that were significantly overrepresented in phosphorylationthi¢s
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significantly changed in the red stage samples compared with all the phosphorylation
sites identified irthis analysis. This analysis revealed no phosphorylation motifs in

the significantly upregulated phosphoproteins and 59 phosphorylation motifs in the
significantly downregulated phosphoproteins (selected motisgare 7F). Many

downregulated motifs were V, S, G, R, or K direcfegjure7F).

All'S Phosphosites All T Phosphosites

387 input sequences 118 input sequences
-1

"‘-@9979q¢-‘-ownnvnov~c -‘N'T?'PY'?':‘T°"“”""°"C

C 1 All Downregulated S Phosphosites D All Downregulated T Phosphosites

59 input sequences
'Jr:vp,qqn-;ev—unnnohc

-1

E All Upregulated S Phosphosites F

VSG.RAsP.P....
K..AA.1..G..KG

Figure 7: Phosphositesequence logos and motifs

A) All serine (S) phosphosites, B) All threonine (T) phosphosites, C) All downregulated S
phosphosites, D) All downregulated T phosphosites, E) All upregulated S phosphosites, F) Selected
downregulated phosphosite motifs.
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Discussion

Identifying an uncharacterized protein using this pipeline

Using this improved analysis pipeline, a significantly downregulated protein
with the UniProt accession number AOA699ZSBalgle3) was analyzed. Prior to
functional enrichment analysis and annotation, this protein was described as
uncharacterized in UniProt. After DAVID analysis, this protein was included in
clusters 11 and 19, which were manually named transport and transmembrane,
respectively Figure3). After Blast2GO analysis, this protein was described as ATP
synthase subunit 2. KEGG analysis assigned this protein with the KO number
K02109 and the enzyme naméype H-transporting ATPase subunit B. The
reconstruct pathway tool within KEGG was then used to visualize where this
significant differentially expressed protein belonged in various pathways.e8A
shows this enzyme, denoted by a red box with red text (7.1.2.2), within the
photosynthesis pathway in KEGG. Overall, the annotations provided by the three
bioinformatics tools are consistent with each other and provide varying degrees of
information abouthis protein.

Homology analysis was then conducted to confirm the identity of this protein.
The sequence for this protein was blasted against a tranidlapdavialis
transcriptomeLee et al., 2018and a translated. pluvialisgenomgBian et al.,
2023)(See Methods sectiofustom database creation from a publicly availadle

pluvialis transcriptome and genoevhich resulted in 18 and 12 matches,
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respectively. The sequences of these matches were compiled into FASTA files using
awk commands (See Methods section, Command 6 and Command 7), then those files
were blasted against the NCBI amdundant database with the Chlorophyta

taxonomic filter (3041 15 out of the 18 matches to the translated transcriptome
custom database resulted in significant matches in the NCBI database. 6 out of the 12
matches to the translated genome custom database resulted in significant matches in
NCBI. 15 sequences with sieriptive names that matched to the translated
transcriptome and genome sequences were selected for homology visualization. The
putative ATPase subunit 2 identified in this study was shown to be highly

homologous with ATPase subunit B from other closelgteel green algae species
(Figure8B & C). Moreover, dowrregulation of this ATPase subunit B in red
Haematococcusells is consistent with degradation of chloroplasts uhagr light

stresqShah et al., 2016)
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KATIB476872.1 KGNADELNKLTSEAED IVRAARAEVSALVLGOKNAKQAELDKLYNDAKAKITRETEGAIAAMEKES
XP_013897014.1 KGNAEELAQLTKEAEELVRAARGEVSALVLKOKNAKQAELDKLYNEAKAKITKETESAIAAMEKES
KARG424142.1 KDNSGDLKKLQEEAEKVLREARQEAQSLIKDAKSKTQDEQGKKLAETKAKIDKELESALATLDKEK
cons * P T P T . * * % s ST
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GFH25543.1 QAMLAKLDAQVDEMSDEVLEKRVLPSSVRI

GIL51069.1 QAMLKTLDAQVDKISAEVLERVLPEGVKI
ABAO1112.1 ATMLEKSLDAQVDKISAEVLERVLFPEGVRV
XP_002957122 .1 AGMLOTLDAQVDKISAEVLERVLFEGVEV
GLC37574.1 ATMLEKSLDAQVDKISAEVLRRVLFEGVEV
PNHOO786.1 AAMFKTLDAQVDKISAEVLERVLFEGVKV
KAF6255227.1 EGLLKSLDTQAEKISSEVLKRVLPEGVEV
KAIB476872.1 EALLASLDAQAEKISSEVLRRVLPEGVEV
XP 013897014.1 EALLASLDAQAEKISTEVLRRVLPEGVKI
KAAG6424142.1 EEALKDLDAQVGKLSGEILARVLPEGVKL
cons 1 Wkck | kok ko k kdkk ok

Figure 8: Confirmation of a putative ATPase subunit B

A) Significantly differentially expressed proteiAQA699ZSB1, EC 7.1.1.2within the KEGG
pathway photosynthesis. Thatative ATPase subunit @otein is denoted by a red box with red text
within the figure B) Alignmentof putativeATPase subunit Bvith knownATPase subunit Brom
closely related green algae species. Alignments were visualized \@itffée. Blue/green, yellow,
and red highlighting indicates a poor, average, or good alignment score, respectively.

Identifying an uncharacterized phosphoprotein using this pipeline

Next, the improved pipeline was used to analyze an uncharacterized
phosphoprotein with the UniProt accession nun#®k6992JF1 which was
significantly upregulated (1.5f®Id) underhigh light stress and phosphorylated on an
S. This phosphoprotein was identified as a PFK dorsaimtaining protein by
UniProt and DAVID and was named phosphofructokinase family protein by
Blast2GO. Homology analysis confirmed that this protein was a putative
phosphofructokinase.

Phosphofructokinase (PFK) is an enzyme responsible for the phosphorylation
of fructose éphosphate in glycolysis that is regulated allosterically by high levels of
ATP (Wegener & Krause, 2002ncreasing levels of phosphorylation of PFK
increases its sensitivity to ATP inhibitigKitajima et al., 1983)In this dataset,

phosphorylated PFK was significantly upregulated in red stage Talided),
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suggesting that the PFK bfaematococcusells grown undehigh lightstress are

more sensitive to ATP inhibition. Previous work found that increased PFK sensitivity
to ATP inhibition led to decreased activity of this enzyme and downregulation of the
glycolysis metabolic pathwayor et al., 2011)Up-regulation of phosphorylated

PFK corroborates with dowregulation of glycolysis itHaematococcusells, as
underhigh lightstresgheyoften store excess energy as starch and I{Mdsi et al.,

2011)

Conclusions

This proteomics and phosphoproteomics analgstified 1394 proteins and
569 phosphosites on 366 phosphoproteins, among which 370 proteins and 121
phosphosites on 94 phosphoproteins were differentially exprd3sedto the
application ofthe combinedAVID, Blast2GO, and KEGG analysis pipelinEl5
out of 370 proteins (31.08%) and 35 out of the 94 phosphoproteins (37.23%) were
uncharacterized. Following functional enrichment and annotation analysis, total
identified proteins increased from 255 to 322 totdl identified phosphoproteins
increased from 59 to 70, which were 26.28% and 18.64%, respectively, higher than
with the UniProt analysis alon€&his is also the first demonstration of
phosphoproteomics analysishh pluvialis. The development of this analysis pipeline
enabled biological interpretation of the data obtained from proteomics and

phosphoproteomics studies that will be described in the next two chapters.
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Disclaimer

The results presented in this chapter are published as part of my published
paper:Ramarui, K., Zhong, J., & Li, Y. (2024). Proteomic and phosphoproteomic
analysis of &idaematococcus pluviali€hlorophyceae) mutant with a higher
heterotrophic cell division rate reveals altered pathways involved in cell proliferation

and nutrient partitioninglournal of Phycologyhttps://doi.org/10.1111/jpy.13490

Abstract

This work aims to addresie slow growth rate dfl. pluvialis by exploringits
acetate metabolism. Chemical mutagenesis and screening idedtippadvialis strain
KREMS 23D3 that achieved up to3%.9% higher cell density than the wild type
when grown heterotrophically on acetate. An integrative proteomics and
phosphoproteomics approach was employed to quantify 4,955 proteins and 5,099
phosphorylation sites from 2,505 phosphoproteins imiltetype and mutant strains
of H. pluvialis Among them, 12 mteins were significantly upregulated and 22
significantly downregulated in the mutanthile phosphoproteomic analysis
identified 143 significantly upregulated phosphorylation sites on 106 proteins and 130
downregulated phosphorylation sites on 114 proteins. Upregulation of anaphase
promoting complex phosphoproteins and downregulationpoitative cell cycle
division 20 phosphoprotein in the mutant suggests rapid mitotic progression,
coinciding with higher cell division rates. Upregulated coproporphyanaixidase

and phosphorylated magnesium chelatase in the mutant demonstrated altered nitrogen
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partitioning towards chlorophyll biosynthesis. The large proportion of differentially
expressed phosphoproteins suggests phosphorylation is a key regulator for protein
expression and activity iHaematococcuslaken together, thishaptereveals the
regulation of interrelatedeterotrophienetabolic pathways iH. pluvialisand

provides protein targets that may guide future strain engineering work.

Introduction

Under heterotrophic conditions, the cébsly source of carbon and eneiigy
from the growth mediunfBarclay et al., 2013; Shah et al., 201B)ere are many
possible fates for organic carbon once it is taken up into the cell, governed by the
interrelatedmetabolic pathways, which are in turn dependent on culture conditions
(Hu et al., 2018)These metabolic modes are also very dynamic and flexible, evolved
to allow algae to survive in evgariable environmental conditiofdohnson & Alric,
2013)

In Chlamydomongsacetate is believed to be taken into the cell via-ATP

dependent monocarboxylate sympor{@srlacot et al., 2019; Johnson & Alric,
2012; Plancke et al., 2014; Smith & Gilmour, 2Q18¢veral acetate permease genes
have been identified i€. reinhardtii, all of which are members of the
GPR1/FUN30/YaaHpfam01184) gene familthathas been suggested to mediate
acetate uptake i8. cerevisiaéCasal et al., 2008; Goodenough et al., 2014)

Once taken into the cell, acetate can be metabolized into-&mAykither

directly viaa reaction catalyzely acetyliCoA synthase (ACS) or indirectfirst to
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acetatephosphate by acetate kinase (ACK) then to a€&bA by phosphate
acetyltransferase (PATChapman et al., 2015; Spalding et al., 208dl)three genes
are present i€. reinhardtii(Spalding et al., 2009and the ACS enzyme has been
observed in theytosol, mitochondria, and plastifRengel et al., 2018)

After acetate is converted into aceGbA, central carbon metabolism
determines where that carbon and enengfunneled, subsequently producing lipids,
starches, carbon skeletons for other prod@ntsreducing equivalents. Central
carbon metabolism pathways include the tricarboxylic acid (TCA) cycle and/or the
glyoxylate cycle, an alternative pathway for converting monocarboxylic acids
(acetate) that bypasses the Q€leasing steps of the TCA cydldu et al., 2018)

While these cycles can produce reducing equivalents and drive ATP production,
manyother metabolic pathways also require these intermediates, as well as certain
nutrient uptake ointracellular transport systems like the monocarboxylate
transporters and ATP binding cassette (ABC) transpqffRass et al., 2009)

Therefore the overall redox poise of the cell can govern various processesghigom
diversion of carbon to different pathways, triggering stress responses, and synthesis
of certain end products. However, the molecular mechanism that governs the
connection between redox state and carbon metabolism is still u(@lekacot et al.,
2019) ABC-transporters have also been suggested to facilitate the transfer of acyl
chains betwee cellular compartments to shunt carbon towaesovdatty acid
biosynthesigFootitt et al., 2002; Kim et al., 2013)he presence and activity of these

transportersliemanda supply of ATP, which will influence the subcellular energetics
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demands from other pathways. An additional consideration is that different metabolic
pathways may be active in different compartments from sources of ATP and
NAD(P)H, necessitating a trafficking mechanism for ATP/NAD(RBdrlacot et al.,
2019; Mettler & Beevers, 1980; Scheibe, 20@gveral metabolic shuttles have been
proposed, including ADP/ATP translocator, malate/oxaloacetate, malate/aspartate
shuttle(Noguchi & Yoshida, 2008jr ATP andmalate dehydrogenase (MDH) for
NAD(P)H (Mettler & Beevers, 1980; Scheibe, 2004)

Acetate consumption may also be related to@gile control. Cell division is
one of the most carbeand energyexpensive processes that occurs in the Asll.
mentioned previoushlaematococcubas been proposed to useavel
Haematococcusype GICC cell cycle, similar to theCC cell cycles of closely
relatedChlamydomonaandScenedesmyfeinecke et al., 2018Jhis increase in
cell sizeandsynthesis ofarge amounts of DNAnaydraw carbon flux away from
other pathways.

How celk partition nutrients and energy during heterotrophic growth can also
influencetheir performance under high light conditions. Typically, prolonged
heterotrophic growth leads to the dismantling of the photbsyic machinery since it
is not neede@Fan et al., 2012; Ogbonna et al., 19%hentransitioned directly
from heterotrophy to high lighthese cells experience acute stiase their ability
to photosynthesize is dramatically reduced, increasing the likelihood of

photooxidation or photoinhibition. Preserved photosynthetic machinery components
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andchlorophylk of cellsunderthe heterotrophic stageay better preparthemfor
exposure to high lighteducingtheloss of biomass.

This chapter aims to explore the heterotrophic metaboligth pluvialis.
EMS-based chemical mutagenesis and screengrgused tadentify a mutantH.
pluvialis strain, KREMS 23EB (mutant K) that demonstrateshégherheterotrophic
cell divisionratethanthewild typeH. pluvialis(NIES 144). To understand the
molecular underpinning of this phenotypel MT-based quantitative approach was
combined withtitaniumdioxide-based phosphopeptide enrichmenniestigate
changesn the mutant straiat bothproteomics and phosphoproteomics levélse
proteomicgesults reveadthatin mutant Kthe proteins involved ircell cycle and
cell proliferation, nutrient partitioningand metabolic regulationere differentially
expressed, contributing to a higher cell division rate asmallercell size compared
with the wild type. Additionallyphosphoproteomic changes in mutarduggest that
phosphorylation plays leyrole in the regulation dfl. pluvialismetabolismand cell

cycle control

Materials and Methods

Mutagenesis

Haematococcus pluvialNIES 144 was obtained from the National Institute
for Environmental Studies Microbial Culture Collection (N)E$fapanMutagenesis

was conducted as previously descrill@dmarui, 2019)First, wild typeNIES 144
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cells were mutagenized by incubation with80% EMS for 120 nmutes Post
treatment, cells were spread onto acetatgtaining (C medium) agar plates and
grown heterotrophicallyd(mmol photons n? st) until colonies were visiblelhe

survival rate was maintained at about2@, which was determined by the number
of colonies that appeared on agar plates in the fE&t8ed group compared with the
untreated controlLargersized colonies that maintained a green color after growth on

agar plates were selected for additional screefftagnarui, 2019)

Screening

Screening was conducted as previously desciiRadharui, 2019)Briefly,
under heterotrophic growth conditions, mutant candidates that achieved over 1.5
times higher optical density at 750 nm (@f) and cell density in later screening
rounds on 50% of the days in the growth period were selected for further
characterization. Mutant KREMS 23Bconsistently achieved at least 1.5 times
higher optical density and cell density than the wild type on 508teadays in the

growth period and was therefore selected for further angRgaimarui, 2019)

Culture conditions

For lab culture experiment$,L algalculturewas maintaine¢h 2 L
Erlenmeyer flasks under heterotrophic conditions using an acsmataining growth

medium(C medium full recipe described in Chaptey. During the cultivation
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period, cultures were manually swirled twice a.d@ly strainswere set up in

triplicate or quadruplicate biological replicates.

Growth curve and biomass concentration

Throughouthe entire cultivation period, cell density (measured using a
hemocytometer) and optical density at 750 nm (measured using a spectrophgtometer
NanoDrop 2000cThermo Fisher Scientific, Danvers, Nlvere measured daily to
monitor the growth kinetics of each straas previously describddi et al., 2008)

Biomass concentrationasmeasured every day after Daygh 10 mLsamples
filtered through aore-weighed filter paper, drying them overnight in a 100 °C oven,

then weighing the samples on a balaf®artorius, GottingenGermany.

Nutrient consumption analysis

Acetate concentration in the growth medium was measured by high
performance liquid chromatography (HPL@hen & Johns, 1994).5 mL culture
aliquotswere collected and centrifuged at 13,009 at 25°C for 10 minutes The
supernatantvas collected into a sterile Eppendorf tube and store20£C until
measurement. Before HPLC analysis, the collected supermasifittered through a
022e m nyl on membrane (Foxx Life Sciences, S
glass measurement vial. HPLC analysis was done using 25 mM sulfuricsahel a

mobile phase through a Sepax CarbomikIP5 column (4.6 x 300 mm) (Sepax
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Technologies, IngNewark, Delaware) at a flow rate of 0.25 mL rhifThe injection
volume was 2@L. UV spectumat 210 nm was used to detect sodium acefate.
standard curvevasdrawn using samples ranging in concentration fromi @4 L?
sodium acetatéd 0.2 g L* sodium acetatstandard was used to quantify the acetate
concentration in the experimental samples

Total nitrogen and phosphorous concentration in the growth medium was
measured by the Nutrient Analgdil Services Laboratoatthe Chesapeake
Bi ol ogical Laboratory. Sampl esMinisatr e passed
High Flow PESilter (Sartorius, GottingenGermany and diluted into analytical
range with deionized wat€eFotal nitrogen was measured usingesizymecatalyzed
nitrate method, which is a reactivased colorimetric assay. Total phosphorous was
measured using potassium persulfate to oxidize organic and inorganic phosphorous to

orthophosphate under heated acidic conditions, followed by a coladrassay.

Sample preparation for mass spectrometry analysis

After harvesting, triplicatsamplesof wild type and mutant. pluvialiswere
washed with PBS three times and frozerBat°C. Frozen pellets were lysed in lysis
buffer (5% SDS, 50 mM TEAB, pH 8.5) by sonicatidter centrifugation at 17,000
x g at 15°C for 30 minutes theprotein lysates wereollected, and the protein
concentration was determined usanigicinchoninic acid (BCA) assay (Pierce,
Waltham, MA).An equal amount of protein from each sampées subjected to

trypsin digestion onraS-trap Midi column (Protifi, Farmingdale, NY Briefly, the
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protein wageduced with dithiothreitol, alkylated with iodoacetamide, and acidified
with phosphoric acidpaded onto aS-trap Midi column washedvith 90% MeOH
and 100 mM TEAB, pHadjusted to 8.50 remove SDS, digested with L-¢g¥trypsin
mixed protease (Promega, Madison, WI), and eluted elitton buffer 60 mM

TEAB pH 8.5, 0.2%ormic acid, 50%acetonitrile. The resulting peptides from each
sample were labeled with apex tandem mass tag (TMTabeling reagent,
separately. After the TMT labeling efficiency was confirmed to be more than 95%, a
the labeled peptides from each sample were equally mixed, dried completely in a
vacuum concentratpand kept at80 °C.The mixture of TMTFlabeled peptides as
fractionatedusing basigoH reverseephase liquid chromatography on a Waters
Xbridge Peptide BEH 4.60m x 25cm C18 columrio 96 fractions and th@6
fractionswereconcatenatetb 12 fractions90% of each fraction of peptidesas/
subjected to phosphopeptide enrichment uBieiy TA resin on an Agilent Assaymap
Bravo.The 12 fractions of the enriched phosphopeptides and the remaining 10%
unenriched peptides welgphilized and stored aB0°C prior tomass spectrometry

analysis.

Mass spectrometignalysis

Each fraction of peptides and enriched phosphopeptide were analyzed by
liquid chromatographyandem mass spectrometry (IMS/MS) usinga Dionex 3000
RSLC nanescale liquid chromatograph in tandem wath OrbitrapExploris 480

mass spectrometéfhermo Fisher Scientific, Danvers, MAriefly, each peptide
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samplewasreconstituted in acidic buffer and preconcentrated via autosampler on

aEXP2 Stem Trap (0.38., 2.7 um HALO Peptide ESC18, Optimize Technologies,

Oregon City, OR), and separated-hause a 35 cm
with Acclaim 2.2 egm C1l&Cusiighhddbdmmot€Ei sher ) hea
gradientwith 0.4¢ Lmin flow rate The mass spectrometer was operated in a data

dependent acquisition (DDA) modEhe parameters for analysis of unenriched

peptidesverea) Precursor scans (FTMS) from 4R@00 m/z (Maximum Injection

Time (ms) = 50NormalizedAGC Target(%) = 200) at 120,000 resolution; and b)

MS2 scan (FTMS) of HCD fragmentation of the most intense ions (isolation window:
0.7m/z;HCD collision energy (%): 8, FT first mass value: 110.00 (fixed); data type:
centroid;NormalizedAGC Target(%) = 300) at 30,000 resolutioif he parameters

for analysis of enriched phosphopeptigessea) Precursor scans (FTMS) fr@b0-

1,500 m/z (Maximum Injection Time (ms) = 5RprmalizedAGC Target(%) = 100

at 120,000 resolution; and b) MS2 scan (FTMS) of HCD fragmentation of the most

intense ions (isolation windowa.7 m/z; HCD collision energy (%): 8, FT first mass

value: 110.00 (fixed); data type: centroiiprmalizedAGC Target(%) = 200) at

45,000 resolution

Mass spectrometry data analysis

The tandem mass spectra were searched using the Andromeda search
algorithm againstraH. pluvialisUniProt database€2022 03 Releaj$®n the

MaxQuantplatform {rersion2.1.3.Q (Cox & Mann, 2008). The search parameters
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were set as follows: a maximum of two missed cleavages, carbamidomethylation at
cysteine and TMT at lysine and peptidaé¥minus as a fixed modification and
oxidation at methionine, acetylation at proteistddminus, and phosphorylation at
serine, threomie, and tyrosine as variable modificatiofi$ie first search and main
search peptide tolerance were set to 20 ppm and 4.5 ppm, respettiaeTMS
MS/MS match tolerance was set to 20 ppime reverse type of the targdecoy

analysis was chosen. Falgsabvery rate¢FDR) for both peptide and protein level
were set to 0.01. The minimum peptide length was sétThe minimum number of
peptides for protein identification was set to 1. The TMT reporter ion intensities were
log2 transformed and median normalized, then tsedlculate the abundance
changes of proteins and phosptaipinsin mutant K vswild type strain. Thep-value
was cal cul at e d-tesi(tsvo-tailgd, tacsénple ejeahvaridree)he

fold changes of > 1.5 or < 0.67 wittpavalue of < 0.05 were considered as

significantly upregulated or downregulated in mutant K, respectively.

Functionalannotation, enrichment analyssyd KEGG mapping

See Chapter 2 for a description of these methods.

Phosphosite motif analysis

See Chapter 2 for a description of the phosphosite motif analysis.
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Results

Mutant K demonstrates enhanced cell divisiondmdller cells

Mutant K was generated by EM$ased chemical mutagenesis and identified
by screening fomutants with aenhanced heterotrophyrowth rate measured by
optical density at 750 nm and cetincentrationLaboratory 1L-scale cultivation
experimentshowed thathte mutant strain was able to achieve higheraredl optical
densities than theild type when grown heterotrophically with acetanath
statistically significant differences on 4 days out of tiaag experimentRigure9A
& B). The doubling time of the wild type and mutant K under heterotrophy is 2.85
and 2.56 Days, respectively (calculated between Days 0 anugnt Kreached a
maximum of 34.9%igher cell density than theild typeon Day 5(Figure9A).
However, there was generally no statistically significant difference in biomass
concentrations (gt betweemmutant Kand the wild type, except for Day 4 when the
biomass concentration of mutant K was significantly higher than the wild type by
16.9% Figure9C). Additionally, the biomass per cell data showed thatiant Khas
significantly lower biomass per cell than the wild type by 26.1% and 19.7% on Days
3 and 6, respectivelyr{gure9D). These results suggest tmatitant Khasa shorter

doubling time and smaller cells compared with the wild type.
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Figure 9: Growth of the Haematococcus pluvialisvild type and mutant K under heterotrophic
growth conditions

Mutant K (pink triangle dashed lireg pink cross hatch fill) and the wild type (blue circle solid lare
blue solid fill). A) Cell density(cells mL*). B) Optical density (OR). C) Biomass concentration (dry
weight g L1, w/w). D) Biomass per cell (ng cef). Quadruplicatédaematococcusultures were
maintained under heterotrophic conditions with acetatgaining C medium and samples were taken
daily. The statistical significance of the differences between the wild type and muatscaloulated
using at-test to obtain the-value.* represents @-valueless than 0.05 (statistically significant) and +
represents p-valueless than 0.01 (highly statistically significant).
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Proteomic and phosphoproteomic analysis of mutant K

To understand the mechanisthatdrive the phenotypic changes in mutant K,
the proteomes and phosphoproteomese quantifiedn the wild type and mutant K
using a TMFbased quantitative approadh cut-off of 1.5-fold change in mutant K
vs. wild type with p-value<0.05(St u d etest, tivatailed, twesample equal
variance, df = was choseas significantly upregulated or downregulated
expression/phosphorylation in mutant®e proteomics analysis revealed that out of
4,955 quantitated proteins, %re significantly upregulated and 22 downregulated in
mutant K Figure10A, Table6 andTable7). Figure10C & E shows the numbers of
the top annotation®r identified proteins, categorized by annotation term based on
the annotations by Blast2G®igure10C) and DAVID Figurel0E). The majority of
these proteins are transmembrane proteins, but there are also proteins involved in
photosynthesis and cell structuféne phosphoproteomics analysis revealed 5,099
phosphorylation sites from 2,505 phosphoproteins, of which 143 phosphorylation
sites in 106 phosphoproteins were significantly upregulated and 130 phosphorylation
sites in 114 phosphoproteins were significantiwdoegulated in mutant KHgure
10B, Table8 andTable9). Among these identified phosphorylation sites, 4,026 were
phosphoserine sites, 1,032 phosphothreonine sites, and 41 phosphotyrosine sites.
FigurelOD & F shows the numbers of the top annotatimmgphosphoproteins,
categorized by annotation term based on the annotations by BlasE2§u@e(0D)
and DAVID (Figurel0F). The majority of these phosphoproteins are transmembrane

proteins, chloroplastelated proteins, and proteins involved in phosphorylation, RNA
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binding, and DNA binding. DAVID analysis also generated one cluster of annotation
terms for the proteomics data and 13 clusters of annotation terms for the
phosphoproteomics data, which demonstrated enrichment of terms including

transmembrane, ATP bindingnd chloroplastRigure10G).
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Figure 10: Volcano plots and functional enrichment analysis of quantifiable proteins and

phosphorylated proteins at 48h under heterotrophy

(A) Proteins and (Bphosphoproteins that were significantly upregulated (orange, right of the

rightmost dashed line) or downregulated (blue, left of the leftmost dashed line), respectivetgrin

K under 48h of heterotrophy. Grey dots indicate proteins or phosphoproteins that did ntteeass

off (1.5-fold change) or were not significantly changed-(.05).P-values less than 0.05 were

considered statistically significant (above the horizontal dashedTihe)top 13 annotations that were

assigrd to the greatest number of proteins/phosphoproteins by Blast2GO for the significant (C)

proteins and (Dphosphoproteindn the Blast2GObar plots C andD), the category each term belongs

to, i.e., molecular function, biological process, or cellular component, are denoted by F:, P:, and C:,

respectivelyAll annotations assigned to (Rjoteins and the top 10 annotations that were assigned to

the greatest number of (Bhosphoproteins by DAVID. (G) The number of genes assigned with each

annotation by cluster. The phosphoproteomics data yielded 13 clusters while the proteomics data

yielded 1, which shared silarities with one cluster in the phosphoproteomics data, so both sets of

clusters are shown.
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Table 6: All significantly upregulated proteins in mutant K compared to wild type

Gene Symbol  UniProt Protein Ratio p-
Accession (K/WT) value
HalLaN_17164; AO0A699ZE23; Adenosylhomocysteinase (Fragment) 2.20 0.02
HalLaN_02131 AQA699YKCO Adenosylhomocysteinase (Fragment)
HalaN_21171 AO0A699ZNM8 Uncharacterized protein (Fragment) 1.85 0.00
HalaN_31896; AOA6A0AJJO; Adenosylhomocysteinase (Fragment) 1.82 0.05
HalLaN_22630 AOA6A0A0A8 Adenosylhomocysteinase (Fragment)
HalLaN_ 32161 AOAG6A0AJE5  Chlorophyll ab binding protein, 1.75 0.01
chloroplastic (Fragment)
HalLaN_02046 AO0A699YD11  Coproporphyrinogen oxidase 1.74 0.02
HalLaN_09861 AO0A699YUI9 Phosphorylase (Fragment) 1.59 0.05
HalLaN_20394 AOAG6A0A1I5 Importin N-terminal domaircontaining 1.58 0.01
protein (Fragment)
HalLaN_06176; AOA699YNAS5; USP domaircontaining protein,USP  1.57 0.04
HalLaN_30926 AOA6AO0AGS4 domaincontaining protein (Fragment)
HalLaN_32233 AOAB6AOALVO  AMP-binding domaircontaining 1.55 0.03
protein (Fragment)
HalaN_22668 AO0A6A0A178 H15 domaincontaining protein 1.54 0.00
HalaN_07866; AO0A699YSG9; Aminomethyltransferase, 1.53 0.00
HalaN_12182 A0A699Z9R7  mitochondrial;Glycine cleavage syste
T protein
HalLaN_ 28030 AOA6A0AAH8 Dihydropyrimidine dehydrogenase 1.52 0.04
(NADP(+)) (Fragment)
Table 7: Selected significantly downregulatedroteins in mutant K
Gene Symbol  UniProt Protein Ratio p-
Accession (K/WT) value
HalLaN_23827; AO0A699ZTV1; Apocarotenoiell5,150xygenase 0.75 0.00
HalLaN_09997 AO0A6992527 (Fragment);Apocarotenoitl5,15*
oxygenase (Fragment)
HalLaN_08471; A0A699z187; Chlorophyll ab binding protein, 0.75 0.02
HalLaN_05646 AO0A699YV57  chloroplastic;Chlorophyll 4 binding
protein, chloroplastic
HalLaN_07376 AOA699YYHO NUDIX hydrolase domaktike 0.74 0.00
(Fragment)
HalaN_14366 A0A6997P63  Endoplasmic reticulup&olgi 0.74 0.02
intermediate compartment protein 3
(Fragment)
HalLaN_24907 AO0A699ZVK9  Protein STIP1 0.74 0.02
HalaN_12409 A0A6997178 Proteasome subunit beta (Fragment) 0.72 0.00
HalLaN_04921; A0A699YS42; DExH-box ATP-dependent RNA 0.72 0.03
HalLaN_16793 AO0A699ZCE2 helicase DExH3
(Fragment);Uncharacterized protein
HalLaN_07833 AOA699YSE7 EFhand domaircontaining protein 0.71 0.00

(Fragment)
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HalLaN_23153; AOA6A0A485; Phosphoserine 0.71 0.01
HalLaN_06008 AOA699YKA2 phosphatase;Phosphoserine
phosphatase, chloroplastic
HalLaN_15423 A0A69977J1 Glutathione Sransferase (Fragment) 0.70 0.00
HalaN_09185 AQ0A699YUU9 ANK_REP_REGION domain 0.69 0.01
containing protein (Fragment)
HalLaN_21966; AOABA0A069; Phosphodiesterase;3t/clic 0.69 0.04
HalLaN_10659 AOA69975L9 nucleotide phosphodiesterase
HalLaN_20578; AO0A699ZPF4; Channelopsin 1 0.68 0.05
HalLaN_10595 AOQ0A699YZ75  (Fragment);Uncharacterized protein
(Fragment)
HalLaN_14544 AO0A699ZG05  Aldo-keto reductase family 4 member 0.66 0.00
like (Fragment)
HalaN_04765 AOA699YTBO Uncharacterized protein 0.64 0.04
HalLaN 25219 AO0A6997Y83 Low CO2induced aldose reductase 0.56 0.00
Table 8: Selectedohosphoproteins significantly upregulated in mutant K
Gene Symbol  UniProt Protein Phosphosite  Ratio p-
Accession (*ambiguous) (K/WT) value
HalLaN_ 23329 AO0A699ZZT5 Uncharacterized proteit S22 3.83 0.00
HalLaN_09645; AOA699Z3T3; Magnesium chelatase S29* 3.25 0.00
HalLaN_ 24175 AOA6A0A318 subunit D (Fragment);
Mg-protoporphyrin IX
chelatase
HalLaN_ 13211 AOA699ZBT6 Malate dehydrogenase S7 3.10 0.00
chloroplastic
(Fragment)
HalLaN_17551; AOA699ZE66; Ribonucleoprotein, S202* 2.97 0.00
HalaN_32072 AOA6AOAKF8 chloroplastic
(Fragment); RRM
domainrcontaining
protein
HalLaN_32314 AOA6A0AKJ4  GDP-mannose 4;6 S39 2.88 0.04
dehydratase (Fragment
HalLaN 03262 AOA699YK44  Anaphase promoting S336 2.84 0.03
complex (APC) subunit
2 (Fragment)
HalLaN_ 15672 AOA699Z9E9  Gag,protease,endonuc S255 2.65 0.00
ase, reverse
transcriptase,RNaseH
HalLaN_25348; AOA699ZYG4; Alphatype protein S87* 2.47 0.00
HalLaN_17784 AOA699ZDF4  kinase domai®
containing protein;
Alpha-protein kinase
VWKA
HalLaN_03167; AOA699YMV4 Rubisco activase S40* 2.36 0.00
HalaN 31732 ; AOA6AOAJPO (Fragment);
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HalaN_04656
HalaN_06878

HalLaN_30875
HalaN_31840

HalLaN_04339

HalLaN_04339

HalaN_04339

HalaN_31840
HalaN_31840

HalLaN_04619;
HalaN_04625;
HalLaN_22020

HalLaN_23329
HalLaN_ 07863

psbB

HalLaN_04619;
HalLaN_04625;
HalLaN_22020

HalLaN_32026;
HalaN_32178

HalLaN_01984
HalLaN_ 31310

HalaN_13211

AOAG99YT31
AOAB99YXV8

AOAGAOAIQ7
AOABAOAJID7

AOAG99YJ12
AOAG99YJ12
AOAG99YJ12

AOAGAOAJID7
AOAGAOAJID7
AOAG99YJ11,;

AOABI9YRCS;
AOAB99ZSW7

AOAB99ZZT5
AOAG9979L5

AOAO0S2IDK8
AOA699YJ11;

AOAG99YRCS;
AOAGB99ZSW7

AOAGAOAKE7

AOABAOAM 71

AOAG99YJZ6
AOABAOAING

AOA699ZBT6

Uncharacterized protei
(Fragment)
Uncharacterized proteit
Uncharacterized proteit
(Fragment)
Acetyl-coenzyme A
synthetase (Fragment)
Uncharacterized protei
(Fragment)

Anaphase promoting
complex (APC) subunit
2 (Fragment)
Anaphase promoting
complex (APC) subunit
2 (Fragment)
Anaphase promoting
complex (APC) subunit
2 (Fragment)
Uncharacterized proteit
(Fragment)
Uncharacterized protei
(Fragment)
Uncharacterized
protein; Formate-
acetyltransferase
(Fragment);
Uncharacterized proteil
(Fragment)
Uncharacterized proteil
Uncharacterized proteit
(Fragment)
PsbB(Fragment)
Uncharacterized
protein; Formate €
acetyltransferase
(Fragment);
Uncharacterized protei
(Fragment)

CULLIN_2 domain
containing protein
(Fragment); CULLIN_2
domaincontaining
protein (Fragment)
Uncharacterized proteil
Glutamatel-
semialdehyde
aminotransferase
(Fragment)

Malate dehydrogenase
chloroplastic
(Fragment)

S91
S36

S30

T263

S508

S503

T501

T263

T265

S595*

T155
S435

S302
S592*

S71*

S234
S59*

S30

2.22
2.21

2.21

2.19

2.16

2.16

2.16

2.13

2.13

2.12

2.08
2.08

2.06
2.05

2.01

1.70
1.60

1.54

0.04
0.00

0.02

0.00

0.01

0.01

0.01

0.00

0.00

0.00

0.00
0.01

0.00
0.00

0.00

0.00
0.00

0.00
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Table 9: Selected phosphoproteins significantly downregulated in mutant K

Gene Symbol  UniProt Protein Phosphosite  Ratio p-
Accession (*ambiguous) (K/WT) value
HalaN_20534; A0A699ZPB8; WD_REPEATS RE S1183* 0.68 0.01
HalLaN_22387 AOA6AOA0V9  GION domain
containing protein;
WD_REPEATS_RE
GION domain
containing protein
(Fragment)
HalLaN_20534; A0A6997ZPB8; WD_REPEATS_RE T1184* 0.68 0.01
HalLaN 22387 AOAG6A0A0V9 GION domain
containing protein;
WD_REPEATS_RE
GION domain
containing protein
(Fragment)
HalLaN_25395 AQ0A699ZW26  Glutamine synthetas¢ T319 0.62 0.01
HalaN_14731 AOA699ZGR5 Methionine synthase T492 0.49 0.03
ycflb; AOAO0S2IE43;  Hypothetical T2122* 0.49 0.01
SG3EUKT9745 AOA2K9YRQ9 chloroplast RF1;
60.1 Hypothetical
chloroplast RF1
HalLaN_05616 AO0A699YLW?7 Importin subunit T45 0.49 0.03
alpha
HalLaN_ 10814 AOA699YWS1 Uncharacterized T49 0.48 0.02
protein
HalLaN_ 25002 AOA6A0A4Y4  Uncharacterized S32 0.47 0.01
protein (Fragment)
HalaN_00932 AQ0A699YT99 UBX domain T66 0.46 0.02
containing protein
HalLaN_03003; AOA699YYD9; Ul-typedomain S19* 0.46 0.01
HalLaN_06384 AOA699YLS6  containing protein
(Fragment); Uitype
domairrcontaining
protein
HalLaN_22708; AOA6AO0A3Z5; Uncharacterized T224* 0.45 0.02
HalLaN_30728 AOAG6AOAICY9  protein;
Uncharacterized
protein
HalLaN_01469; AO0A699Y9B0; Uncharacterized T49* 0.45 0.01
HalLaN_ 12899 A0A699ZC46  protein (Fragment);
Uncharacterized
protein (Fragment)
HaLaN_06003 AO0A69975D8  Uncharacterized S223 0.42 0.00
protein (Fragment)
HalaN_04631 AO0A699YT12  Chlorophyll ab T33 0.42 0.02
binding protein,
chloroplastic
HalLaN_23439; AO0A699ZRP0; Chlorophyll ab T8* 0.41 0.01
HalaN 32161 AOAG6AOAJES  binding protein,
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chloroplastic;
Chlorophyll ab
binding protein,
chloroplastic
(Fragment)

HalLaN_09564 AO0A699Z2Y6  Protein kinase S142 0.39 0.00
domairrcontaining
protein (Fragment)

HalLaN_10920 AO0A699ZGS8 Chlorophyll ab S29 0.38 0.01
binding protein,
chloroplastic
(Fragment)

HalLaN_25972 AOA699ZXE9 Ribosomal L2 C S275 0.38 0.00
domaincontaining
protein

HalLaN_18671 AO0A699ZSP8 EFRhand domain S31 0.37 0.00
containing protein

HalLaN_18671 AO0A699ZSP8 EFRhand domain T33 0.37 0.00
containing protein

HalLaN_03208 AOA699YEQ7  Protein kinase S756 0.36 0.01
domairrcontaining
protein (Fragment)

- AOA3G4R8H8; Tubulin alpha chain; T349* 0.36 0.00

HalLaN_12318; AOA3G4R8H7; Tubulin alpha chain;

; Q2KN32; Tubulin alpha chain

HalLaN_12325 AOQ0A699Z9R9; (Fragment); Tubulin

DOUDMS; alpha chain
AO0A6997341 (Fragment); Tubulin

alpha chain
(Fragment); Alpha
tubulin (Fragment)

HalLaN_27840 AOA6A0A906 Uncharacterized T17 0.35 0.01
protein

HalLaN_19327 AO0A699ZUG1 DNA-directed RNA S91 0.29 0.00
polymerase

HalLaN_19327 AO0A699ZUG1 DNA-directed RNA S96 0.29 0.00
polymerase

HaLaN_ 24805 AOA6A0A3S7  Protein kinase S414 0.28 0.01
domairrcontaining
protein

HalLaN_20495 AOA699ZWAl1 CRAL-TRIO S90 0.19 0.00

domaincontaining
protein

Next, he motifs of phosphorylation sites significantly changed in mutant K

were analyzedOf all identified phosphorylation sites, the sequence logowed
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that proline (P) was dominant ¢ime+1 location and alanine (A) was dominant on
both sides of phosphoserirfeédure11A) and phosphothreonin&igure11B). No
amino acid was significantly enriched on either side of phosphotyrdsme€11C).
Interestingly, both sequence logos of phosphoserine significantly upreguagace(
11D) and downregulated-{gure11E) in mutant K also showed proline (P) dominant
on +1 location and alanine (A) rich on both sides, simil&igorel1A. The Motif-

All algorithm (He et al. 2011yvas used to extract phosphorylation motifs that were
significantly overrepresented in phosphorylation dites$ weresignificantly changed

in mutant K compared with all phosphorylation sites identified in the analysis. The
Motif -All algorithm identified 5 phosphorylation motifs in the significantly
upregulated phosphoproteirfsigure11F) and 10 phosphorylation motifs in the
significantly downregulated phosphoproteifgytre11G), in which valine was
prevalent in the motifs of upregulated phosphorylation in mutant K, and aspartic acid

was prevalent in the motifs of downregulated phosphorylation in mutant K.
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Figure 11: Green stagephosphosite sequence logo and motif analyses

A) All S phosphositesB) All T phosphositesC) All Tyrosine(Y) phosphositesD) Significantly
upregulated S phosphosit€&y Significantly downregulated S phosphosit€sUpregulated
phosphosite motif<s) Downregulated phosphosite motifs.

Discussion

Cell cycle regulators are differentially expressed in mutant K

As mutant K displayed rapid proliferation of daughter cells compared with the

wild type (Figure9), DAVID, Blast2GQ and KEGGwere usedo examine the

potential roles of differerdlly expressed proteins/phosphoproteins in regulating cell

cycle and/or proliferation. The most upregulated protemuiant Kwas

adenosylhomocysteinase (AOA699ZE23; AOA699YKCO0), which showed-fl2i 2

higher expression level than the wild tydalle6, p-value = 0.02)Several other
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adenosylhomocysteinasegrealsosignificantly upregulatedliable6).
Adenosylhomocysteinase is responsible for the reversible break of
adenosylhomocysteine (SAH) inteHomocysteine and adenosiM@zan et al.,

2021) SAH is a potent inhibitor of methyltransferase activity, so
adenosylhomocysteinase is typically recruited to chromatin to enable proper DNA
methylation during replication and transcriptidfizan et al., 2021)DNA can be

passively demethylated as daughter strands are synthesized, requiring methylation of
the daughter strand to maintain methylation pattéBastels et al., 2018)

Upregulation of adenosylhomocysteinases may allow for increased methyltransferase
activities to support the neéor DNA replication during cell proliferatio(Bisova &
Zachleder, 2014)

Two proteinamay be involved irde novapurine biosynthesis, which may
support the increased need for nucleotides during DNA replication. The first is
ribosephosphate pyrophosphokinase 1 (AOA699YJZ6), a significantly upregulated
phosphoproteinTable8, 1.70-fold). Ribosephosphate pyrophosphokinase 1
catalyzes the conversion of ribos@losphate into phosphoribosyl pyrophosphate
(PRPP), which feeds into the purine nucleotide biosynthesis pathwetyal., 2007)
Additionally, this protein is activated by phosphorylat{&niksen et al., 2000)
Upregulation of phosphorylated ribephosphate pyrophosphokinase 1 suggests
increased synthesis of purines which may support increased DNA replication.
Anothersignificantly upregulated protein related to purine biosynthesis was

phosphorylase (AOAG699YUI9 able6, 1.59fold upregulatedp-value = 0.05)This
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phosphorylas&as blastecgainst putative nucleoside phosphorylases in closely
related species, and only purine nucleoside phosphorylase yielde@idnite(2A).
Purine nucleoside phosphorylase is responsible for converting purine nucleosides into
purines, the nitrogenous base building blocks for guanine and adbuffatt &
Ashihara, 2002)These results suggest that the phosphorylase identified in this study
is likely involved in supplying nucleotides needed for increased DNA replication in
rapidly proliferating mutant K cells.

Another significantly upregulateg{alue< 0.05 phosphoprotein in mutant
K was the anaphase promoting complex (APC). Studies have found that hyper
phosphorylation of the APC is observed during mitosis, and it is believed this
phosphorylation enables its association with itactivator protein cellycle division
protein 20 (Cdc20§ShevakhSitry et al., 2022)In this study, several APC subunit 2
proteins and one CULLIN_2 domagontaining protein (part of the APC subunit 2)
were phosphorylated and significantly upregulated in mutaftalé8), suggesting
APC has a higher affinity for Cdc20. Additionally, it has been suggested that
phosphorylation o€dc20 inhibits its association with ARShevakSitry et al.,
2022) i.e., downregulation of phosphorylateddc20 promotes APC activityn this
study, one putativ€dc20 protein containing WD_REPEATS_ REGION domain
(AOA699ZPB8) was identified as phosphorylated on two s$d483 and T1184
and downregulated by 0.68ld in mutant K(p-value= 0.01).Cdc20 proteins contain
WD40 repeat region&hang & Zhang, 2015)lo confirm if this protein is a putative

Cdc20 protein, it was blastegjainst Cdc20 sequences fretaematococcuand
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other closely related species, with the best matétatematococcu€dc20 protein

with 28% query cover, 33.80% identity, and avadue ofle-08 (Figurel2B).
Downregulation of putative phosphorylated Cdc20 proteins indicates there are more
unphosphorylated Cdc20 proteins thahassociate with the APC. Together with
upregulation of phosphorylated APC proteins, these results suggest an increased
activity of the APC that ensures a swift mitotic progression in mutant K, necessary
for rapidly proliferating cellsThese results also suggest mutant K has altered cell

cycle control relating to control of mitosis.
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Figure 12: Green stage lomology analysis

A) Alignment of putative nucleoside phosphorylase with known purine nucleplsaiphorylase, B)
Alignment of putative Cdc20 protein with Cdc20 from closely related species, C) Putative pdNAD
MDH against known pdNADHVDH in closely related species. Alignments were visualized with T
Coffee. Blue/green, yellow, and red highlightingigates a poor, average, or good alignment score,
respectively.

Enhanced acetate consumption in mutant K may be attributed to
changes in acetate assimilation and downstream central carbon
metabolic pathways

Coinciding with increased cdllivision, mutant K consumed acetate from the
growth medium more quickly than the wild type, starting on Dayi@ufel13A).
Mutant K completely depleted acetate from the growth medium by Day 5, while the
wild type still hal 0.03 g L:* at Day 6 Figure13A). Acetate is believed to be
imported into the cell by monocarboxylate transporters and acetate permeases that
belong to th&GPR1/FUN30/YaaH or GFY (pfam01184) gene fanjidurante et al.,
2019) Theproteomic datasetsere queriedhowever, n@good matches for homologs
were foundor H. pluvialis

Once taken in by the cell, acetate can be metabolized into-&mwAykither
directly via a reaction catalyzed by aceBoA synthase (ACS) or indirectly first to
acetatephosphate by acetate kinase (ACK) then to a€gvA by phosphate
acetyltransferase (PATEpalding et al., 2009The data showed that ACK and PAT
were not differentially expressed between the mutant and wild type. However, a
phosphorylatedCS (AOA6AOAIQ7) was significantly upregulated éble8, 2.21-

fold, p-value = 0.02). Studies Balmonellahave found that ACS can be deactivated
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by acetylation(Starai et al., 2002 here is limited information on how
phosphorylation of ACS influences its activibytphosphorylation may influence
the ability of ACS to be acetylated anthyimpactthe catabolism of acetate through
this pathway.

Pyruvate formate lyase (PFADA699YJ1]) converts pyruvate into formate
and acetylCoA under anaerobic conditiofSrain & Broderick, 2014)Two PFL
phosphoproteins were upregulated in mutanT&b{e8, S595, 2.1Zold; S592, 2.05
fold). In E. coli, faster growth on acetate and formate has been attributed to PFL
(Zelcbuch et al., 2016and upregulatioof PFL in mutant K may also be correlated
with its higher cell division rate with acetate as the sole carbon sdriftes
activated and deactivated by RBttivase and PFdeactivase respectively, and RFL
activase is reliant on proteprotein interactions that result in conformational changes
(Crain & Broderick, 2014)Phosphorylation of PFL may influence the binding
affinities of theseregulatory proteins and thus facilitate pyruvate metabolism in

mutant K.
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Figure 13: Nutrient consumption rate and chlorophyll content in heterotrophically grown

mutant K in comparison with the wild type

Mutant K (pink triangle dashed lin€hl apink cross hatch fiJIChl b pink outline no fil and the wild
type (blue circle solid lineChl ablue solid fill, Chl b dotted blue fi)l A) Acetate concentration in the
growth medium(g L ). B) Phosphorous concentration in the growth mediwmg L'%). C) Nitrogen
concentration in the growth mediuimg L?). D) Chlorophylla andChlorophyllb content(% w/w).
Culture conditions were the same as described irdFithe statistical significance of the differences
between the wild type andutant vascalculated using &test to obtain the-value.+ represents p-
valueless than 0.01 (highly statistically significant).
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Mutant K nitrogen metabolism maintains chlorophyll biosynthesis

Mutant K consistently had a significantly-yalue< 0.05) higher nitrogen
consumption rate than the wild type from Day 2, ending with a 12% lower nitrogen
concentration than the wild type on DayFegure13C). Under prolonged
heterotrophy, chlorophyll degradation is expected since no photosynthesis is
occurring(Ogbonna et al., 199.Wnexpectedly, chlorophyd andb levels in both
mutant K and the wild type did not decrease under heteroti@jinyre13D). To
understand these phenotypes, different proteins and phosphoproteins involved in
nitrate uptake, nitrogen metabolism as well as chlorophyll biosynthesis were
investigated.

In H. pluvialis, nitrate is believed to be taken up by the cell via nitrate/nitrite
transportergHuang et al., 2019 wo putativenitrate/nitrite transportegsequences
(AOAB99ZVV1 and AOA699YRKA4) were obtained thesedatasets. However, both
the protein and phosphoprotein were not differentially expressed between the two
strains.Once nitrate is taken into the cell, it is catabolized first to nitrite by nitrate
reductase (NR) in the cytosol then to ammonium by nitrite reductase (NiR) in the
chloroplast(Su, 2021) NR (AOA699ZBF8; AOA6AOAEML1) and NiR
(AOA482KHT8;A0A699ZKM5) were found in both the proteomics and
phosphoproteomics data, but they were not differentially expreEsede results
suggest that increased nitrogen consumption in mutant K is unlikely attributable to
enhanced N uptake or catabolism at the levels of protein expression or

phosphorylation.
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Once assimilated nitrate is converted to ammonium, it can be metabolized into
glutamine (GIn) via glutamine synthetase (GS), then to glutamate (Glu) by glutamate
synthetase (GOGAT(Coruzzi, 2003)It has been proposed that phosphorylation of
GS increases its activify. Li et al., 2023) In this study, phosphorylated GS
(AOAB699ZW26 was downregulateglable9, 0.62-fold, p-value = 0.01), indicating
downregulation of activated GS. These data sugg&sgen flux is channeled
towards Glu biosynthesigigurel14). Glu can then be converted inte 5
aminolevulinic acid (ALA), which is the precursor of all tetrapyrrqf@gzarnecki &
Grimm, 2012) via glutamatel-semialdehyde 2;aminomutase (GSAM,

AOABAOAING) (Gamini Kannangara & Gough, 197®8nhosphorylatedlsSAM was
significantly upregulatedTiable8, 1.60fold, p-value = 4.99e1). Upregulation of this
protein supports the idea of increased nitrogen flux towards maintaining chlorophyll
biosynthesisKigure14).

Several patterns of differentially expressed proteins in mutant K suggest that
chlorophyll biosynthesis is active under heterotrophy, including upregulation of
chlorophyll biosynthesiselated proteins coproporphyrinogen oxidase (CPOX),
magnesium chelatasand lightindependent protochlorophyllide reductase subunit B
(DPOR ChiIB). CPOXAO0A699YD11,Figurel4, 1.74-fold upregulated) is an
enzyme in porphyrin biosynthesis that is a part of the larger tetrapyrrole biosynthesis
pathway. Upregulation of this protein indicated increased flux through the
tetrapyrrole biosynthesis pathway. Upregulation of phosphorylatgdesaim

chelatase (AOA699Z3TFigurel4, 2.58fold) indicates that this flux continues to
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chlorophyll biosynthesis but not heme biosynthesis. In consistence, previous work
suggests magnesium chelatase as a key regulator of chlorophyll biosynthesis that is
regulated through postanslational modifications by GUN4 through proterotein
interadions (Masuda & Fujita, 2008 Many photosynthetic organisms, including
green algae, have a ligdependent and a ligimdependent chlorophyll biosynthesis
pathway(Armstrong, 1998)DPOR is part of the lighthdependent pathway that
catalyzes the reduction of protochlorophyllide to chlorophyllide a, the penultimate
step of chlorophyla biosynthesigArmstrong, 1998)In this study, DPOR ChIB was
phosphorylated3591% and significantly upregulatedQA2K9YRP7,Figure14,
1.61fold), suggesting enhanced activity of the ligihdependent chlorophyll
biosynthesis pathway in mutant K.

Malate dehydrogenase catalyzes the interconversion of malate and
oxaloacetate, also yielding reducing equivalents like NADH or N8&linski &
Scheibe, 2019)n this study, a putative plastidial NA@ependent malate
dehydrogenase (pdNADIDH) was identified as two phosphoproteins with two
phosphosites (AOA699ZBT6, S7 and S30) that were both significantly upregulated
(Table8, 3.16fold and 1.54fold, respectively). This protein was confirmed to be a
pdNAD-MDH by blasting sequences of pdNADH from Arabidopsisthaliana
andC. reinhardtiiagainst the sequence of AOA699ZBTFegurel12C). Studies have
proposed that pdNABMDH functions to maintain plastidial redox homeostasis in
dark conditions or heterotrophic tissues and is essential for proper chloroplast

developmen{Schreier et al., 2018Ypregulation of putative pdNAIMDH in
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mutant K suggests maintenance of plastidial integrity in these heterotrophically
grown cells, in line with upregulation of proteins/phosphoproteins involved in
chlorophyll biosynthesis.

The aforementioned work suggest mutant K, proteins and phosphoproteins
involved in chlorophyll biosynthesis and maintaining chloroplast development are
active even under heterotrophy. One possible explanation is that it may be beneficial
for darkgrown cells to synthesize chlorophiyll preparation for eventual exposure to
light (Armstrong, 1998)A typical example is plant sprouts that begin germination
below the soil, but eventually emerge and begin photosyntffgsistrong, 1998)

For industriaH. pluvialiscultivation, higher levels of chlorophyll in green vegetative
cells afterstageone may be advantageous. Curtevd-stagecultivation setups use
high light and nutrient deprivation stagetwo to induce astaxanthin accumulation in
H. pluvialis(Han et al., 2013a, 2013b; Li et al., 20209wever, stress conditions
often lead to a reduction in cell density and biomass produ@tiam et al., 2015)A
recent study found th&taematococcusells with higher chlorophyll contents tend to
produce more astaxanthin at a higher rate under light indyé&taorg et al., 2019)

This work proposes that cells with comparable chlorophyll contents after
heterotrophy maintain their photosynthetic potential and capacity upon high light
exposure, which generate energy and carbon backbones that can support astaxanthin
biosynthesigFan et al., 2015; Fang et al., 2019anipulation of chlorophy!l
biosynthesis ilHaematococcusells under heterotrophy for maximum astaxanthin

production through physiological or molecular tools warrants future study.
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Figure 14: Preference for glutamate biosynthesi
biosynthetic enzymes channelsitrogen towards

s and upregulation of certain tetrapyrrole
chlorophyll biosynthesis

A dashed line represents an enzymatic reaction with a reduced biosynthetic activity based on
proteomic and phosphoproteomic data. A bold arrow indicates the direction of the nitrogen flux based
on the differentially expressed proteins and phosphoprot&ibkie box with a solid outline depicts a
downregulated protein in mutant K. A gray box with a dashed outline represents a protein that is not
differentially expressed. An orange box with a double outline depicts an upregulated protein in mutant
K. A purple circle depicts a phosphorylated protein. GS = glutamine synthetase, GIn = glutamine,
GOGAT = glutamate synthetase, Glu = glutamate, GSAdlutamatel-semialdehyde 2;1

aminomutasgALA = 5-aminolevulinic acid, CPO
independent protochlorophyllide reductase.

X = coproporphyrinogen oxidase, DPOR =light
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Conclusions

This work characterizedlaematococcumutant K with a highecell
divisionrate than the wild type. Proteomic and phosphoproteomic analysis revealed
differential expression patterns in the mutant leading to aberrant cell cycle control,
nutrient partitioning, and chlorophyll biosynthesis. This and gthesph@roteomic
and phenotypic analyséShen et al., 2015; Gao et al., 20%6pgest that post
translational modifications, particularly phosphorylation, are key for protein
expression and function regulationHin pluvialis

Thiswork providesnformation that could later be used to improve algal
strains via strain engineering. For example, manipulation of proteins and
phosphoproteins involved oell cycle control (such aadenosylhomocysteinase,
Table6, and the APCTable8), nitratemetabolism (such as GS and GOGAlgure
14), and chlorophylbiosynthesis (such as CPOX and DPORjurel14) may
increase cell division while redirecting carbon flux to or from chlorophyll
biosynthesis towards cell growtnabling improved biomass and astaxanthin
production fromH. pluvialisand perhaps other algal strains for industrial

applications.
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Abstract

This chapteraims tounderstanéstaxanthin biosynthesis ki pluvialis by
exploringits stress response duritigetransition from heterotrophy to high light
conditions Chemicakndphysical radiationi{eavyion beam)mutagenesis
approachesvere appliedo generateand screeid. pluvialismutantswith a higher
cell division rate. Two strailiREMS 23D-3 and JWHIB 2738 that achieved 20%
and 5% faster doubling time, respectivetyran the wild type under heterotrophic
conditionswere identified Mutant JWHIB 2738 alsoachieveda69.61% higher lipid
content per cell and 86.17% higher astaxanthin per cell than the wild type under high
light stress conditions. A proteomics and phosphoprotecanialysisvas conducted
with JWHIB 27-38 and the wild typeat 0, 48, and 78 of high light stress to
elucidate the mechanisms underlying these phenotippetomics analysis revealed
68 significantly upregulatecind 50significantlydownreguatedproteinsat O h 142
upregulated and 85 downregulafdteinsat 48 h and93 significantly upregulated
and 37 significantly downregulatgaoteinsat 72 hin mutantJWHIB 27-38.
Phosphoproteomics analysis reved&@ phosphosites on 133 phosphoproteins
significantly upregulated and 206 phosphosites on 152 phosphoproteins significantly
downregulatect 0 h 171 phosphosites on 128 phosphoproteins significantly
upregulated and 346 phosphosites on 277 phosphoproteins significantly
downregulatedit 48h, and68 phosphosites on 59 phosphoprotsigsificantly
upregulated and 91 phosphosites on 86 phosphoproteins significantly downregulated

at 72 hin mutantJWHIB 27-38. Differentially expressed proteins and
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phosphoproteins in mutad¥WHIB 27-38 relaied to chlorophyll biosynthesis, carbon
partitioning, and astaxanthin biosynthesis and trafficking may underlie the phenotype
of mutant $VHIB 27-38 and provide promising targets for future strain engineering

work to improve astaxanthin productivity.

Introduction

As Haematococcus pluvialisells are exposed to environmental stressoch
ashigh light and nutrient deprivationells will initiate various stress responses,
including accumulating carbon and energy storage molecules like starch and lipids
and photoprotective molecules like astaxanthin and other carotéBobials et al.,

2016) Additionally, chlorophyll levels will declingKobayashi, Kurimura, & Tsulji,
1997) causing the cultures to transition from a green color to a deep red color. As
stress persists, cell division cegsand instead individual cells increase in volume
and accumulate astaxanthin in lipid bogliescessitating fwvo-stagecultivation setup
(Ogbonna & Tanaka, 2000; Shah et al., 2016)

However thecultivation conditions of heterotrophic stage 1 can influence the
stage 2 astaxanthin accumulation potenkal example, the acetate provided in the
heterotrophic stage mdged into certain metabolic pathways that paise thecell
for a certain level of astaxanthin accumulation potentia¢ central carbon metabolic
pathways govern where carbon and enenmgdiverted,such agowardsincreased
cell division cell growth or increased flux through the lipid biosynthesis pathway. It

has been reported that fatty acid biosynthesis is positively correlated to astaxanthin
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accumulation under stress conditig@dbekisheva et al., 2002nd thatle novdatty
acid biosynthesis is required for astaxanthin accumulatih pluvialis (Zhekisheva
et al., 2005)About 95% ofHaematococcuastaxanthin is monmr diesterified with
fatty acids, presumably to increase the solubility of the molecule in the lipid bodies
(Lorenz & Cysewski, 2000)nhibition of thede novdatty acid biosynthesis pathway
leads to a buildip of nonresterified astaxanthin, which in turn causes feedback
inhibition of astaxanthin biosynthegiGhen et al., 2015Enhancd lipid biosynthesis
maythusincreasec e | chpaciy to accumulatmoreastaxanthin. Additionally, the
composition of accumulated lipids maffectastaxanthin accumulation, with oleic
acidrich lipid bodiessuggested tpossess a greater capacity for astaxanthin storage
(Zhekisheva et al., 2002)

Chapter 3 discussddde EMSgenerateanutant KREMS 23EB (mutant K),
which consisterly achieved higher cell densities than the wild type under stage 1
heterotrophic condition@igure9). Mutant JWHIB 2738 (mutant Jwas generated
using heawyion bearms mutagenesis arehowedsimilar growth characteristics to
mutant K under heterotrophic conditions. However, the two mutant strains demonstrate
different phenotypes afténetransition to high light stresSpecifically, mutant J lta
significantly lower cell density than the wild type, largercell size higherbiomass
per cell, cell complexity, chlorophyll, lipid, DNA, and astaxanthin per cell. Meanwhile,
mutant K has similar cell size, complexity, biomass, and astaxanthin peooglared
to the wild type, lower chlorophyll than the wild type, and slightly higher lipids and

DNA.
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This chapteraims to explore the dynamic metabolic changes demonstrated by
the two mutant strains in comparison with the wylde upon transition into high light
conditions focusing on mutant Flow cytometry was used to investigate cell size
and complexity, chlorophyll, lipid, and dsDNA content on a gt basis.

Phenotypic analyses were synthesized with the results of proteomics and
phosphoproteomics analysesmutant onducted at 0, 48, and #2f high light
stress to explore how changes in pino$/phosphoprotein expression during the
transition from heterotrophy to high light may result in the observed phenotypes.
Studying these two mutantand the proteome/phosphoproteome of mutant J,
comparison with the wildype provids insight into how the metabolic state of the
cells after the heterotrophic stage influemcentralcarbon metabolism argbid
biosynthesiss cultivation conditions change. This may also remeaihanisms
regulatingastaxanthirbiosynthesisn H. pluvialisafterthetrarsition from the

heterotrophic stage thehigh light stage.

Materials and Methods

Mutagenesis

Wild type Haematococcus pluvialNIES 144 was obtained from the National
Institute for Environmental Studies Microbial Culture Collection (NIES, Japan).
Mutant KREMS 23B3 (mutant K)was generated by mutageniziwdd type H.

pluvialis NIES 144 using ethyl methanesulfonate mutager{B&scribed in Chapter
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3) (Ramarui, 2019)Mutant JIWHIB 2738 (mutant Jwas generated by mutagenizing
wild type H. pluvialisNIES 144 using heavion beams(HIB) irradiation Briefly,
wild type H. pluvialis cellswere grown in Gnedium under low light conditions {80
umol photons m# st) for 6-8 days. The cell culture wabkentransferred into sterile
30cm petri diskes with each dish containg 1 mL of culture for mutagenesi¥he
samples were exposed to carbon beams'¢C®) in triplicate dose grous(0, 60,
90, 120, 150, 200, 300, 4@Y). The carborion beams werproduced by théleavy
ion Research Facility in Lanzhou (HIRFL) thie Institute of Modern Physics,
Chinese Academy of Sciences. The initial enafgthe carborion beamsvas 80
MeV/e, with anaveragdinear energy transfet ET) of 33keVe mt. After
irradiation, each dose growgasdiluted to 5031000 cells h-t, and100¢L of each

wasspreadnto C media agar plates in triplicat€he plates were incubatati25 1

°C in thedark to form colonies for further screening. After several wezkenies
derived from the irradiated cells weselected based aize compared to theild
typestrain.A mutantcandidate librargonsisting ofl,546 strainswasestablished

following the HIB mutagenesis.

Screening

In the firstroundof screening, all mutant candidate sefdm stock plates
were iroculated iro 96-well microplatedn triplicate, with each well containing 100
eL of C media. The cultures were incubated under low ({0 pumol photons n?

s?1) for 6-8 days. Themutant strains were then transfertedresh C media i®6-well
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microplateausing a sterile replicate tool (as describe(Ramarui, 2019)and grown
under heterotrophic conditionStarting on day 3, optical densiy750nm (ODz7s0)
was measured dailf’he mutant candidates with a growth rate 1.5 times higher than
thewild type strain passed the first round of screeninghisecondound of
screeningl19mutant candidate seeds were inoculated ww2H# platesin triplicate
with 2 mL of C media and incubated under low lig&t10 pmol photons n? s?).
Oncethe seedgemonstrated a bright green colall strainsvereadjusedto an
ODrso0f 0.1in fresh C media to initiate the second round of screefioig7 daysof
heterotrophigrowth theaverage growth raseof the mutant strains were compared
to thewild type strain 22 strainsdemonstrated significantly higher @othan the
wild type strain In the thirdround of screening, the mutant candidates andviide
typestrain seeds were scaled up and cultured inmdi28asks with 20 nh of C

media under low light5-10 pmol photons ni s?). To set up the experiment, the
initial cell density was adjusted to 5x@.0* cellsmL in 250mL flasks containing
100mL of C media, and the cultures were grown for 7 days under heterotrophic
conditions. Cell density and QB were measured daily, while biomass was
measured every other day. The two mutant strains exhibited significantly bejher
densities than theild type strain.To confirm astaxanthin accumulation in the final
two mutants, both theild type strain and the two mutant seeds were scaled up and
cultured in 500 rh of C media in 1 flasksin triplicate.To set up the experiment,
the initial cell density waadjusted to 5.010% cellsmL*in 1L cultures using 2.8 L

flasks under heterotrophic conditions. After 6 days of cultivation, the cultures were
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transferred to high light conditions to induce astaxanthin produc@ghdensityand
ODr7s0 0f the three strains wereeasuredlaily, and biomass was measured every
other day, with astaxanthin content monitored every day after high light induction.
After all rounds of screening, strallVHIB 27-38 was confirmedo grow faster than
thewild type strain under heterotrophic conditioi$e phenotype of stralWwHIB

27-38 was further characterizesid will be described later in this chapter

Culture conditions

A smallscaletwo-stagecultivation method is used to grow théd type and
mutant strains, each with four biological replicatéageone entailed a-8ay
heterotrophic growth period in which 2 L cultures were grown in the absence of light in
2.8 L Fernbach flasks with a carbon source provided in the liquid growth medium in the
form of sodium acetat@€C medium; full recipe described in ChapterQjp Day 6,
when cultures reached their maximum cell densities (celt$§) nthey were transferred
to glass carboys and provided with 1.5%.C@®hen cultures were transferred, they
were also diluted with supernatant from spare cultures grown under the same conditions
to the same cell density, since the two mutant strains had achieved significantly higher
cell densities than the wild type during the heterotrophic stage. For thelfirstfter
transfer, the cultures wercallOeexmploids®.d t o fimec
This intermediate level of light intensity acts as a light acclimation stage. Afteo24
light acclimation, the cultures were exposed to high light stoasg¢00&mol m? s?)

for 6 days.Throughouthe entiretwo-stagecultivation period, cell density was
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measured daily using a flow cytometer to monitor the growth kinetics of each strain.
Biomass concentration was measured every day after Day 3 of Stage 1 by harvesting
samples onto preveighed filter paper, drying them overnight in a 100 °C oven, then

weighing the samples on a balance.

Nutrient consumption analysis

Acetate concentration in the growth medium was measured by high
performance liquid chromatography (HPL& described in Chapte(Ghen &
Johns, 1994)Total nitrogen and phosphorous concentration in the growth medium
was measured by the Nutrient Anatgi Services Laboratotthe Chesapeake

Biological Laboratoryas described in Chapter 3

Flow cytometry

In addition to monitoring cell density,BD Accuri C6+ flow cytometewas
used to investigate cell size, cell complexity, and chlorophyll, lipid, and dsDNA
content in heterotrophically grown cells upon transition to high light and through
adaptation to high light conditions. Plotting cellular chlorophyll autofluorescence
(proportional to chlorophyll contengigainstforward light scatter (proportional to cell
size) in a twevariate cytograndentified the cell population. BODIPY lipid dye was
applied to stin cellular neutral lipids (0.1% final concentration) so theyldbe

detected by the flow cytometer. Additionally, the dsDNA dye SYBR Green was
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applied to cells (1% final concentration)rtenitor the nuclear DNA content of

dividing H. pluvialiscells.

Lipid analysis

Total lipid extraction and quantificationereconducted following the method
outlined in Yoon et al., 201¢roon et al., 2012)30 mgof freezedried algae biomass
wasground three times with liquid nitrogen in a mortar and pestle. The mortar and
pestles were rinsed with chloroform and methanol, (2 and the liquid was
collected into a glass vial. 0.75% potassium chloride was then added to the solvent at
a ratio of 8:4:3The organic phase was collected and then dried under a nitrogen
stream into a preveighed Eppendorf tube. Lipicbntaining tubes were driedjain
under a nitrogen stream, then weighEade final weight was sed to determinthe
percent lipid content of the original biomass. The lipids were theissolved with
chloroform, transferred to new glass vials, dueder a nitrogen strearthen stored

at-20 °C for later analyses.

Fatty acid analysis

Fatty acid profile analyses were also conducted for the total lipid, TAG,
astaxanthin monoester, and astaxanthin diester fractions. TAG was resolved by TLC
(silica gel 60, 10 x 16 cm plates, 0.25 mm thickness, Millipore Sig@aanstadt,

Germany with a solvent system dfexane:#butyl methyl ether:acetic acid (80:20:2,
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v/vIv) for approximately 18ninutes To visualize TAG, the developed TLC plates
were sprayed with 8% (w/v)3RQu solution containing 10% (w/v) copper (ll) sulfate
pentahydrate, then charred at 280for 3minutes For downstream analysis, a
separate TLC was run to isolate TAG, which was then localized by brief exposure to
I2 vapors and comparison with a TAG stand#@staxanthin monoand diesters were
also resolved b¥LC (silica gel 60, & x 10 cm plates, 0.25 mm thickness, Millipore
Sigma,Darmstadt, Genany) with a solvent system of hexane:acetone (75:25, v/v)
for approximately 45ninutes Astaxanthin monoand diesters were localized by
comparison with the Rf of standards. Fatty acid analysis was done by gas
chromatographynass spectrometry (GRIS) as previously describd. T. Li et al.,
2010; Y. Wang et al., 2017Briefly, thetotal lipid, TAG, astaxanthin monoester, and
astaxanthin diester fractiomsere transesterified with 1%280Qs in methanol at 83C

for 1.5hoursto convert fatty acids (FA) to fatty acid methyl esters (FAME). FAMEs
were then profiled using TSQ 8000 Triple @45 System (Thermo Scientific).
Heptadecanoic aciC17:0)was used as an internal standard (SigmRAMES were
identified by comparison of their retention timed MS chromatogramgith those of
the authentiexternalstandards (Sigmand were quantified by comparing their peak

areas with that of the internal standlar

Astaxanthin analysis

Astaxanthin contenvas measured with previously established methtisan

& Chen, 2000ps both % content by dry weight and on agedt basis (pg cefl). 10
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mg of freezedried biomassvasweighed and transferred to a mortar and pestle along
with approximatelyl mL of extraction solvent (dichloromethane/methanol, 25:75
v/v). Cellswereground vigorously at least three times with liquid nitrogen. The
mortar and pestieererinsed with more extraction solvent and all liquid was
collected into a 12 mL glass vial. Thigasrepeated until the cell pellatascolorless.
Samplesverecentrifuged at 200Q g for 10 minutesto pellet the cell debris, then the
supernatantvascollected into a new 12 mgllass tube and dried under a nitrogen
stream. Once completely dried, 1 mL extraction solwagadded back to each
sample to ralissolve the pigment. Pigment solutiomerefiltered through a organic
solvent0.20¢ nmHydrophobic FluoroporenembrandMerck KGaA, Darmstadt,
Germany)into a2 mL ambemeasurement vial.wWo solventsvereused in a gradient
for astaxanthin HPLC analysis; solvent A
(dichloromethane/methanol/acetonitrile/water, 5:85:5.5:4.5, v/v), and solvent B
(dichloromethane/methanol/acetonitrile/water, 25:28:42.5:4.5, v/v). During a sample
run, the proportion of solvent i the mobile phaseas100% between 0 and 8
minutes Between 8 and ldinutes solvent A transitioadfrom 100% to 0% while
solvent Btransitioredfrom 0% to 100%. Finally, the proportion of solvent@s
100% between linutesand 60minutes All samples were separated usang
HiChrom Ultrasphere 8 ODS column (4.6 x 250 mm) (8hrom limited Berkshire
UK) at a flow rate of 1 mlmint. The threedimensional chromatogramas

monitored from 250 to 750 nm. Astaxanthin, lutginn dcarbtenevere measured at

480 nm and chlorophyll andb were measured at 450 nm accordingtean &
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Chen, 2000Peakswvereidentified by matchingheretention time of samples and
standards, as well as checking the maximum absorbance of each stakdard
curvewasdrawn using samples ranging in concentratfoom 0.017 0.2g L un
esterified astaxanthiexperimental amples were compared against a standard

sample 00.05¢g L* un-esterified astaxanthin

Statistical analysis

Each strain (independent variable) had quadruplicate biological replicates. For
each dependent variable measured by the flow cytometer, the average value per cell
(arithmetic mean) was calculated from the raw flow cytometric data. For all other
dependent ariables, the average and standard deviatiereealculated for all
biological replicates of each straifwo-tailed two-sample equal variané®t udent 6 s
t-testswere used to compare theild type against each mutant strain at each time
point when considering one dependent variable at a time to determine statistical
significance P-value< 0.05 is considered statistically significaRtvalue< 0.01 is
marked as highly statistically significant. To investightcombined effects of
dependent variables, omeay MANOVA was calculated at each time point using R
to determine if there @restatistically significant differences tveeen strains. Post
hoc canonical discriminant analysis (CDA) was calculated and plotted in R to
visualize the results of the MANOVA and to investigate how different dependent
variables may influence each other and contribute to the significant differences

between the strains.
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Sample preparation for mass spectrometry analysis

After harvesting, triplicate sampleswfid type and mutant. pluvialisat O,
48, and 7h were washed with PBS three times and frozeB@tC. Frozen cells
were subjected to iaolution trypsin digestion followed by TMT labeling and
phosphopeptide enrichment as described previo@igter 3(Ramarui et al.,
2024). Briefly, after cell lysis and protein extraction, protein was reduced, alkylated,
and digested by trypsin om &-trap Midi column (Protifi, Farmingdale, NYYhe
resulting peptides from each sample were labeled with TMTpi@eb8reagents,
separately and mixdokeforefractionation orbasicpH reverseephase liquid
chromatographybRP-HPLC). The 96 fractions from bRRPLC wereconcatenated
to 12 fractions90% of each fraction of peptidesassubjected to phosphopeptide
enrichment using-eNTA resin on a Agilent Assaymap Bravd.he 12 fractions of
the enriched phosphopeptides and the remaining 10% unenriched peptides were

lyophilized and stored a80°C prior tomass spectromet@nalysis.

Mass spectrometignalysis

Each fraction of peptides and enriched phosphopeptadamalyzed by liquid
chromatographyandem mass spectrometry (IMS/MS) usinga Vanquish Neo
UHPLC systemn tandem withan OrbitrapEclipseTribrid mass spectrometer
(Thermo Fisher Scientific, Danvers, MAriefly, each peptide sampleas

reconstituted in acidic buffer and preconcentrated via autosampler on aEXP2 Stem

111



Trap (0.33uL, 2.7um HALO Peptide ESC18, Optimize Technologies, Oregon City,
OR), and separated orPapSep column (4€mx1 0 0 xd.5e mBruker,

Billerica, MA) heated t&0°C using al50 minutegradientwith 0.4¢ Lmin flow

rate The mass spectrometer was operated in adigandent acquisition (DDA)
modewith the parameters set as follsva) Precursor scans (FTMS) fr@380-1,200
m/z (Maximum Injection Time (ms) = 56lormalizedAGC Target(%) = 100) at
120,000 resolution; and b) MS2 scan (FTMS) of HCD fragmentation of the most
intense ions (isolation windowv.7 m/z; HCD collision energy (%): &, FT first mass
value: 110.00 (fixed); data type: centroirmalizedAGC Target(%) = 200) at

50,000 resolution

Mass spectrometry data analysis

The tandem mass spectra were searched using the Andromeda search
algorithm againstraH. pluvialisUniProt database€024 02 Relea3®n the
MaxQuantplatform {rersion2.2.0.0, (Cox & Mann, 2008). The search parameters
were set as follows: a maximum of two missed cleavages, carbamidomethylation at
cysteine and TMT at lysine and peptidaé¥dminus as a fixed modification and
oxidation at methionine, acetylation at proteiftddminus, and phosphdagion at
serine, threonineand tyrosine as variable modificatioi$e first search and main
search peptide tolerance were set to 20 ppm and 4.5 ppm, respettiaciTMS
MS/MS match tolerance was set to 20 ppime reverse type of the targdecoy

andysis was chosen. False discovery rgteBR) for both peptide and protein level
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were set to 0.01. The minimum peptide length was sétToe minimum number of

peptides for protein identification was seBtorhe TMT reporter ion intensities were

log2 transformed and median normalized, then us@dlculate the abundance

changes of proteins and phospraipinsin mutant J vavild type strain at each time

point. Thep-v al ue was c al cul taestéwb-tailed, iwosgmpe St udent 0
equal variance)The fold changes of > 1.5 or < 0.67 witp-aalue of < 0.05 were

considered asgnificantly upregulated or downregulated in mutant J, respectively.

Functionalannotation, enrichment analysssydKEGG mapping

See Chapter 2 fora@escription of these methods.

Phosphosite motif analysis

See Chapter 2 for a description of the phosphosite motif analysis.

Results

Mutant J has largercell size highercomplexity, anchigherbiomass
concentratiompercell

MutantJ was generated dyeavy ion bearbasednutagenesis and identified
by screening foanenhanced heterotrophicowth rate measured loyptical density
at 750 nm and cell densitly the same manner than mutant K was gener&ted-

cytometric cell counts showed that, under heterotrophic conditions, both mutant
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strains achieved higher cell densities than the wild type, with statistical significance
starting on Day 4Rigure15A, p-value < 0.05). The doubling time of each strain
under heterotrophy is 2.89, 2.31, and 2.17 days for the wild type, mutant K, and
mutant J, respectively (calculated between Days 0 and 6). For mutant K, these results
wereconsistent with previous experiments (Chapter 3). Mutant J had not been tested
previously but appeared to have similar growth characteristics to mutbtutint K
acetate consumption phenotype was similar to the wild fyigeie 15B), which is
different fromtheprevious, smallescale experiment where the mutant acetate
consumption rate was significantly higher than the wild typgure13A). Mutant J
culture showedignificantly lower acetate concentratidhan the wild type oDays
4, 6 and 7(Figurel5B). All strains demonstrated a relatively similar nitrogen
consumption pattern until Days 6 anaviienmutant J haélower nitrogen
concentration in the growth medium than the wild type and mutaRigare15C).
Both mutants consumed phosphate from the growth medium more quickly than the
wild typefrom Day 3to Day 7 Figurel5D). Under high light conditions, mutant K
and the wildtype demonstrated similar growth characteristics. Mutant J, however,
had much lower cell densities than the other two sti@&igsire 15A).

All threestrains had similar biomass concentrations throughout the entirety of
the growth periodKigure15E). Later during the high light stage, however, mutant J
demonstrated much higher biomass per cell than thetyptlstrain Figure15F), as
the cell density omutantJ was much lower than the wilgbe The dry weight

biomass per cell data ssipportedy the flow cytometry data={gure15G). During
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the heterotrophic stage, both mutant stramdsignificantly smaller cell sizes than
the wild type on two days. However, during the high light stage, mutant J starts to
demonstrate significantly larger cell size than the wild type starting on DMytant

J also exhibedsignificantly greater cell complexity than the wild type during the
first two days of heterotrogtand during the high light staggigure15H). On the

other hangdmutant K had similar cell size and complexity to the wild type.

A 4.0E+05- B 1.0 -
3.5E+05- 0.9 1
3.0E+05- E
B2
=\
“E c
& 2.5E+05- %
© s
L c
> 2.0E+05 §
g :
S 15E+054 g
3 ©
o Q
1.0E+05- <
01234567 8910111213
Days Days
—o— \Nild type H. pluvialis
==k =- KREMS 23D-3 * p-value<0.05
Stage 1 Stage 2 <o m--- JWHIB 27-38 +p-value<0.01

115



Q o < o o
~ [¢2] [qV] - o
o (fw) uoirenuasduod snosoydsoyd

] -+ —
-t

r T T T T T
o o © o e e = =
L o [Te] o Ln o n o
™ ™ N N — —
@)

{:Bw) uoirenuasuod usbouN

o

35 -

L |I§2 Bu) 192 Jad ssewoig

Days

w () Wblem Aig

012345678 910111213

01234567 8 910111213

Days

Days

01234567 8 910111213

+

N O~ © © © "o o
o o o o o o o
+ + + + + + +
L L ] ] [T [T Ll
N © o o o o o
— — [e¢] ©o < N o
T ueaw dndwyire DSS
= I
K -
K+ -
N~ © © ©o o
o o o o o
+ + + + +
L L L L L
o ] o o o
— [e¢] [(e] N o
o

ueaw onswyire Ds4H

0123456738 910111213

Days

Days

116



Figure 15: Growth performance of two different mutants under small-scale cultivation

conditions

Wild type (blue circle solid line), mutant K (pink triangle dashed line), and mutant J (green square
dotted line). A) Cell densitgcells mLY). B) Acetate concentration in the growth medi(gi?). C)
Nitrogen concentration in the growth medigmg L). D) Phosphorous concentration in the growth
medium(mg LY). E) Biomass concentration (dry weight g, w/w). F) Biomass per cell (ng cé)l G)
Average forward scatter fluorescence (FSC), i.e., average cell size. H) Average side scatter
fluorescence (SSC), i.e., average cell complegityadruplicatdHaematococcusultures were
maintained under heterotrophic conditions with acetatgaining C mediunfor stage 1 and high light
stress conditions for stageSamples were taken dailyhe statistical significance of the differences
between the wild type and mutanascalculated using &test to obtain the-value.* represents @-
value less thn 0.05 (statistically significant) and + representsvalue less than 0.01 (highly
statistically significant).

Mutant J has higher chlorophyll, DNA, lipid, and astaxanthin content
per cell

Once cellsvere exposed tmediumlight acclimation stagéfrom Day 6 to
Day 7) and continuing through the early high light stage (until Day8¥trains
showedan increase in chlorophyll content. Howe\adter Day 9, the chlorophyll
content of all strains decreakas stress contindéo Day 13. Interestingly, mutant J
chlorophyll content continwkto increaseuntil Day 9 Figurel16A). Additionally,
mutant J had significantly higherchlorophyll contenthan that of the wild typen
Days 10, 11, and13 (Figure16A).

All strains shovedsimilar dsDNA content per cellhat increasedt a similar
rate from Days 7 through 10, then dramatically degpgn Day 11. On Day 10, the
wild type, mutant K, and mutant J cells had an averaga.&0,000, 83,000, and
64,000 relative units, respectively. On Day 11, these values droppadl,00Q
16,000, and 13,00@lative units respectivelyapproximately an 80% drop. This is

followed by another increase in dsDNA in all strains through Day 13. However,
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starting from Day 11 both mutant strainglisggnificantly higher DNA per cell than
the wild type on Days 11, 12, and F&durel6B). Between Days 7 and 10, before
the drop in dsDNA content per cell in all strains, mutariad the fastest doubling
time (2.8 Days) anda 32.15% lgher dsDNAcontentper cellon Day 10(though this
difference is not significant). While the wild type and mutant J had similar dSSDNA
contents per cell, interestingly, the wild type had a similar doubling timeutant K
(2.77 Days) whilanutant Jhad a dramatically slower doubling tintE0(58Days)
from Day 7 to 10 FromDay 11 to Day 13, the cell density in all three strains
declined but the DNA content per cell incresss with the differences between the
two mutant strains and the wild type becoming more pronounced.
In the early high light stag@®ay 717 Day 10) both mutants had
significantly lower lipid content per cell in comparison with the wild type. However,
by the end of the high light stagautant Jhada higher lipid content than the wild
type (Figurel6C). Total lipid extraction confirmed that mutant J la@b.61%higher
lipid content per cell (ng cel) than the wild type on Day 1Figurel16D). Fatty acid
analysis revealed that in the total lipid fractitme main fatty acid species were
C16:0 (palmitic acid¢ca.27%), C18:Xlinoleic acid ca.27%), C18: 1&9 (ol ei c
ca.16%), andC 1 8 : 3 &Hlinadle@ic acid ca.14%) (Figure16E). Compared with
the wild typemutant hadss gni fi cant |l y hi ghnecacid@dd8: 329, 12,
s gnificantly FtoeewerdeClet:oli el 1a c(i Hiholeend C18: 3¢
acid) content Figure16E). Like the total lipid fractionthe TAG fractionwas

predominantly made up of C16:0 (palmitic amd,4 3 %) , C18: 1a&d (ol ei c
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27%), andC18:2 (linoleic acigdca. 18%) (Figurel6F). Compared to the wild type
mutantJ hadisgni fi cantly | ower C14:0- (myristic ac
hexadecenoic acidpntent(Figure16F). In the astaxanthin monoesters fractithre,
predominant fatty acid species were C16:0 (palmitic @eid48%), C18:0gtearic
acid, ca. 25%) and C18:4linoleic acid ca. 25%) (Figure16G). Mutant J hac
significantly lower C14:0 (myristic acidjontentthan the wild typen theastaxanthin
monoesters fractiorF{gure16G). Finally, in the astaxanthin diester fraction, the
predominant fatty acid species were C16:0 (palmitic @agsic0%) and C18:2
(linoleic acid ca.35%) (Figure16H).
Mutant Jexhibited ahigher astaxanthin content per cell, especially toward the
end of the high light stagé&igure16l andJ). Previous studies have found that fatty
acid and astaxanthin biosynthesis pathways are positively correlated under stressful
growth conditiongZhekisheva et al., 2005)kely because astaxanthin is a lipid
soluble molecule deposited into cytosolic lipid bodies and mostly f@no
diesterified with free fatty acids to increase its lipid soluhiWghile the fatty acid
profile of mutant J was not very different from the wild type in any of the fractions,
mutant J had a higher lipid content per cell than the wild type on Day 13 when it had
a higher astaxanthin content per cElissuggests hat mut ant Jbés abil it

accumulate more astaxanthin per cell mageto its higher lipid content per cell.
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Figure 16: Dynamic changes of intracellular compositions during high light stress

Wild type (blue circle solid line or solid fill barputant K (pink triangle dashed line or pink hash bar),
and mutant J (green square dotted line or green checker bar). A) Average PerCp fluorescence, i.e.,
chlorophyll per cell. B) Average FITC fluorescence, i.e., dsDNA content per cell. C) Average FITC
fluorescence, i.e., neutral lipid content per cell. D) Total lipid content per cell on Diag t8l). E)

Fatty acid profile of the total lipid fraction. F) Fatty acid profile of the TAG fraction. G) Fatty acid
profile of the monoesterified astaxanthindiian. H) Fatty acid profile of the diesterified astaxanthin
fraction. I) Astaxanthin per celhg celt?). J) Astaxanthin per celhg celtl); a repeat extraction and
HPLC analysis of samples from Day 13 to confirm the results of Figure 9J. Culture conditions were the
same as described in Fig. The statistical significance of the differences between the wild type and
mutant vascalculated using atest to obtain the-value.+ represents p-valueless than 0.01 (highly
statistically significant).
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Statistical analyses revealed mutant J differed from the wild type and
mutant K due to several dependent variables

MANOVA (p-value) calculations for each day indicated that the three strains
were different from each other with statistical significancalbdays, except for Day
10 when the MANOVA negative logl®value wasca. 1.2 Figurel7A).
Additionally, etasquared (effect size) calculations showed that the effect size of the
different strains on the measured variables was @©0.14), furthersupporting
that the three strains were significantly different from each ¢khgurel7A).
Canonical discriminant analysis (CDA) was also conducted on each day to visualize
the MANOVA results(Figure17B-G). On all days, each strain clustered distinctly.
On Day 8, chlorophyll, complexity, and size differentiated mutant J from mutant K
the most, while biomass differentiated mutant J from mutant K and the wild type. Cell
density and DNA differentiatechutant Kfrom the wild type the mogFigurel7B).
Day 9 had very similar results however mutant J was more differentiated from the
wild type than mutant KFigure17C). On Day 10, mutant K was differentiated from
the wild type mostly by DNA and complexity, while mutant J was most differentiated
from the wild type by size, chlorophyll, and lipid cont@rigure17D). On Day 11,
mutant K and the wild type were most similar in cell density, and mutant J was most
differentiated from the wild type and mutant K by chlorophyll, astaxanthin, lipid, and
complexity. To a lesser exteittwas differentiated from mutant K by DNA and from

the wild type by biomas@-igure17E). On Days 12 and 13, the wild type and mutant
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K were very similar to each otherhile mutant J was most differentiated from both

of them by chlorophyll, astaxanthin, complexity, lipid, and D¥#gure1l7F and G.
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Figure 17: Canonical discriminant analysis (CDA) of MANOVA results by Day

A) Significance and effect size of strain the difference in dependent variables@ Canonical
discriminant analysis of MANOVA results. On Day 9 (C), DNA data could not be measured, so that
dependent variable was not included in the MANOVA. Mutant J is missing replicate 2 on Days 12 and
13 (F & G), ® there is no data for any dependent variable for that replicate. On Day 13 (G), biomass
data could not be measured, so that dependent variable was not included in the MANOVA.

Proteomic and phosphoproteomic analysis of mutant J at three time
points of high light stress

As mutant J responded to high light stress differently compared with the wild
type, we propose to explore the mechanisms underlying the phenotypic chpnges
proteomc and phosphoprotedmanalysisof the wild type and mutant J at O, 48, and
72 h of high light stress. A ceff of 1.5-fold change in mutant J vs. the wild type
with ap-value of < 0.05 was chosen as significantly upregulated or downregulated
expression/phosphorylation in mutant J. The proteomics analystsrat/@aled that
out ofthe5132quantfiable proteins, 68 were significantly upregulated and 50 were
significantly downregulated in mutantBigure18A, Table10). DAVID analysis

revealed 4 clusters in tlsggnificantlyupregulated proteins; photosynthesis,
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superoxide dismutase, thioredoxin, and transmembrane, and the top annotations were
chloroplast and plastid-{gure19C & E). The significantly downregulated proteins at

0 halso had 4 clusters; membraneund lipid metabolism, isocitrate metabolism,

ATP binding, and transmembrane, and the top annotation was memBigure {9D

& F). The top Blast2GO annotations for the significantly ampd downregulated

proteins at & were photosystem | and membrane, respectively, which corroborates
the DAVID analysis resultdqgure19A & B).

At 48 h of high light stress, the proteomics analysis revealed that out of 5132
guantifiableproteins, 142 were significantly upregulated and 85 were significantly
downregulatedRigurel8C, Tablel11). DAVID analysis revealed 6 clusters in the
significantly upregulated proteins including cell adhesion, transmembrane, and
kinase, and the top annotation was membr&igu(e19 & K). DAVID analysis of
the significantly downregulated proteins at&vealed 10 clusters which included
metabolism of cell wall components, transporters, and ATP binding, and the top
annotation was membranigure19J & L). Blast2GQOanalysiscorroborats this,
with the top annotations for the significantly-ugmd downregulated proteins being
membrane and cytoplasm, respectivélig(ire19G & H).

Proteomics analysis at Tixevealed that out of the 5128 quantitated proteins,
93 proteinswere significantly upregulated and 37 were significantly downregulated
(Figurel8E, Table12). DAVID analysis of the upregulated proteins revealed 4
clusters; cell adhesion, metal binding, transmembrane, and phosphorylation, and the

top annotation was membrarfédqure190 & Q). DAVID analysis of the
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downregulated proteins revealed 6 clusters, including-ightaged DNA repair,
isocitrate metabolism, and phosphorylation, and the top annotation was membrane
(Figurel9P & R). Blast2GO resultagree with DAVID analysis with the top
annotations for the u@mnd downregulated proteins being membrane and plasma

membrane, respectivelfFigure19M & N).
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Figure 18: Volcano plots of quantifiable proteins and phosphoproteins at 0, 48, and TPof high

light stress

All guantifiable proteins at (A) @, (C) 48h, and (E) 72h of high light stress. All quantifiable
phosphoproteins at (B)lf) (D) 48h, and (F) 72h of high light stress. Orange dots (right of the

rightmost dashed line) represent significantly upregulated proteins/phosphoproteins and blue dots (left
of the leftmost dashed line) represent significantly downregulated proteins/phosphoprataitanin

J. Grey dots indicate proteins or phosphoproteins that did not pass i @ub-fold change) or were

not significantly changedpfvalue > 0.05)P-values less than 0.05 were considered statistically
significant (above the horizontal dashed line).

Table 10: Selected significantly differentially expressed proteins in mutant J at @ of high light

stress
Gene Name UniProt Protein Ratio p-value
Accession (J/WT)
HalLaN_01817 AOA699YA46  Coproporphyrinogen lli 2.095742925 0.00064946
oxidase isoform CPX2
HalLaN_10037 AOA699YWT9 Chlorophyll ab binding 1.924220496 0.000156163
protein, chloroplastic
HalLaN_15736 AOA699ZIG6; Photosystem | reaction centt 1.804236434 6.22944E05
AOAB99YQ69  subunit psakK, chloroplastic
HalLaN_03355 AOA699YZ58  Chlorophylla-b binding 1.707769348 0.003906583
protein, chloroplastic
HalLaN_03767 AO0A699YRA4  Chlorophylla-b binding 1.639221597 0.000351368
protein, chloroplastic
HalLaN_26659 AOA6AO0A7A3  superoxide dismutase (EC 1.611940911 7.49812E05
1.15.1.1)
HalLaN_21532 AOA699ZPl14 Chlorophyll ab binding 1.594169131 0.000839514
protein,chloroplastic
HalLaN_04175 AOA699YG90 Magnesiurachelatase subuni 1.579017317 0.000474205

ChliH, chloroplastic
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HalaN_13902

HalLaN_04131

HalaN_16692

HalaN_26619

AOA699ZDNS5;
AOAB99ZAAT
AOAB99YSO07

AOABG99ZELA4,
AOAB99YTZ5
AOAGAOAGLY7,
AOAGAOAOQG3;
AOA6997XI0

Chlorophyll ab binding 1.569480418
protein, chloroplastic
Biotin carboxyl carrier
protein of acetyCoA
carboxylase

Thioredoxin domain
containing protein
Isocitrate dehydrogenase
[NADP]

1.545644046

1.582271556

0.53598479

0.000359312

0.004458488

0.000494598

0.00074637

Table 11: Selected significantly differentially expressed proteins in mutant J a48 h of high light

stress

Gene Name UniProt Protein Ratio p-value
Accession (J/WT)

HalLaN_09744 AOA699Z4F2; FAS1 domaircontaining 2.26115025 0.002101681
AOAGB99ZF78 protein

HalLaN 24119 AOA6AO0A4P2;  3-ketoacytCoA synthase 2.06355685 0.000137652

HalaN_14407
HalaN_01817
HalaN_16692
HalaN_15221

HalaN_05721

AOAG99Z6WO0
AO0AG997504

AOAG99YA46
AOAG99ZEL4;
AOAG99YTZ5
AOAG99ZIA4

AOA699YUE4

FAS1 domaircontaining 2.037372839
protein
Coproporphyrinogen lli
oxidase isoform CPX2
Thioredoxin domain
containing protein
Photosystem Il polypeptide 1.667214001
chloroplastic
Malonyl-acyl carrier
transacylase

1.985035428

1.881220851

1.542128234

0.005363452

0.000178819

8.56226E05

0.020770577

0.000330453

Table 12: Selected significantly differentially expressed proteins in mutant J af2 h of high light

stress

Gene Name UniProt Protein Ratio p-value
Accession (I/WT)

HalLaN_01817 AOA699YA46 Coproporphyrinogen IlI 2.523071997 0.000154184

oxidase isoform CPX2

HalLaN_09744 AOA699Z4F2; FAS1 domaircontaining 1.768789609 0.004270794
AOA699ZF78 protein

HalLaN_26619 AOAG6AO0AG6L7; Isocitrate dehydrogenase  0.645937743 0.007927882
AOABAOA0G3; [NADP]
AO0AB99ZXI0
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Figure 19: Functional enrichment analysisof significantly upregulated proteinsand
downregulatedproteins at 0, 48, and 72 of high light stress

Top 10 Blast2GO annotations for the significantly (A) upregulated proteink,dB) downregulated
proteins at i, (G) upregulated proteins at #48(H) downregulated proteins at 48(M) upregulated
proteins at 72, and (N) downregulated proteins att¥2n the Blast2GO bar plots (A, B, G, H, M and
N), the category each term belongs to, i.e., molecular function, biological process, or cellular
component, are denoted by F:, P:, and C:, respectiVefy10 DAVID annotations for the
significantly (C) ypregulated proteins att)) (D) downregulated proteins atQ(l) upregulated
proteins at 48, (J) downregulated proteins at B8O) upregulated proteins at fiand (P)
downregulated proteins at i2 The number of genes associated with each DAVID cluster for the
significantly (E) upregulated proteins ah((F) downregulated proteins ahp(K) upregulated
proteins at 48, (L) downregulated proteins at #3(Q) upregulated proteins at A2and (R)
downregulated proteins at 2

Phosphoproteomics analysis &t fevealed that out of 4582 qudible
phosphosites on 22%fuantifiablephosphoproteins, 170 phosphosites on 133
phosphoproteins were significantly upregulated and 206 phosphosites on 152
phosphoproteins were significantly downregulatéidre18B, Table13). DAVID
analysis revealed 10 clusters in the significantly upregulated phosphoproteins,
including vacuolar transport, photosynthesis, and-galfur binding, with the top
annotation being membranéigure20C & E). The significantly downregulated
phosphoproteins had 17 clusters, including RNA recognition motif, intracellular
MRNA localization, and mRNA UTR binding, with the top annotation being ATP
binding Figure20D & F). Blast2GO identified the top annotation for the apd
downregulated phosphoproteins dt th be membrane and ATP binding, respectively
(Figure20A & B).

At 48 h of high light, phosphoproteomics analysis quantitated 4538
phosphosites on 2257 phosphoproteins, of which 171 phosphosites on 128

phosphoproteins were significantly upregulated and 346 phosphosites on 277
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phosphoproteins were significantly downregulatéidre18D, Table14). The
significantly upregulated phosphoproteins atd@ereseparated int@ clusters,

including ATP synthase, lactate/malate dehydrogenase, and photosynthesis, and the
top term was membran€igure20l & K). The significantly downregulated
phosphoproteins had 20 clusters, including nucleotide binding, cytoskeletal
organization, and RNA recognition motif, and the top term was ATP binéiggre

20J & L). Blast2GOanalysiscorroborate these results, with the top annotations for

the up and downregulated phosphoproteins as membrane and ATP biRajoge(

20G & H).

Finally, the phosphoproteomics analysis ah® high light quantitated 4563
phosphosites on 2247 phosphoproteins, of which 68 phosphosites on 59
phosphoproteins were significantly upregulated and 91 phosphosites on 86
phosphoproteins were significantly downregulatéidre18F, Table15). DAVID
analysis revealed 3 clusters in the significantly upregulated phosphoproteins
response to oxidative stress, helicase, and transmembrane, and the top annotation was
ATP binding Figure20Q & O). DAVID analysis revealed 5 clusters in the
downregulated phosphoproteins; RNA recognition motif, ATP binding, microtubule
based movement, phosphorylation, and transmembrane, and the top annotation was
ATP binding Figure20P & R). Blast2GOanalysiscorroborats these results, with
the top annotations for both the-ugmd downregulated phosphoproteins being ATP

binding Figure20M & N).

133



Table 13: Selected significantly differentially expresseghosphgroteins in mutant J at Oh of

high light stress

Gene Name

UniProt
Accession

Protein

Ratio (J/WT)

p-value

HalaN_23439
HalLaN_04631
HalaN_16692
HalaN_31310
HalLaN_20404
HalLaN_27846
HalLaN_17690
HalLaN_16930
HalLaN_07341
HalLaN_04339
HalLaN_06812

HalLaN_26074

HalaN_06051

HalaN_20534

HalaN_08667

AOAG699ZRPO
AOAG99YT12
AOAG99ZEL4
AOAGAOAING
AOAB99ZT76
AOAGAOAAXS
AOAG99ZLS5
AOA699ZCR1
AOAG699YRB5
AOAG99YJ12
AOAB99YMTI

AOAGAOASD9

AOA6997516

AOA6997PB8

AOA6997BQ4

Chlorophylla-b binding
protein, chloroplastic
Chlorophylla-b binding
protein, chloroplastic
Thioredoxin domain
containing protein
Glutamatel-semialdehyde
aminotransferase

Malate dehydrogenase (EC

1.1.1.37)

Aconitate hydratase,

mitochondrial

Chlorophyll ab binding
protein, chloroplastic
Photosystem | reaction cente
subunit VI, chloroplastic

FA desaturase domain
containing protein

Anaphase promotingomplex

(APC) subunit 2

Rieske domairtontaining

protein

Fe S hydralyase tartrate
dehydratase betgpe catalytic
domaincontaining protein
Magnesiuraprotoporphyrin 1X
methyltransferase -@&rminal
domainrcontaining protein
WD_REPEATS_REGION
domainrcontaining protein
phosphoglucomutas&-D-
glucosel,6-bisphosphate
dependent) (EC 5.4.2.2)
(Glucose phosphomutase)

4.3888237943

4.2858797088

2.7940706834

2.6805794257

2.3116369741

2.2165288353

2.0663583782

2.0121507143

1.9558020618

1.9133019574

1.6304087545

1.5867636956

0.6701229591

0.6677659910

0.5213490453

0.00068611

0.01887872

0.00761730

0.05000189

0.00788824

0.00283374

0.00067415

0.02070474

0.00477936

0.00151608

0.00515428

0.00040488

0.00023133

0.00194216

0.00642646
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Table 14: Selected significantly differentially expressed phosphoproteins in mutant J &8 h of

high light stress

Gene Name

UniProt
Accession

Protein

Ratio
(J/WT)

p-value

HalLaN_31310
HalLaN_00470
HalaN_16692
HalLaN_29098
HalLaN_04339
HalLaN_23439
HalLaN_14968
HalaN_13544

HalaN_27598

HalLaN_03689

HalaN_23439

HalLaN_17690

AOABAOAING

AOA699Y9B5

AOAG99ZEL4

AOAGAOAEI3

AOAG99YJ12

AOAG99ZRPO

AOAG699ZHF1

AOA69974J8

AOAG6AOAAS80

AOAG99YL38

AOAG99ZRPO

AOAB99ZLS5

Glutamatel-semialdehyde
aminotransferase

Malate dehydrogenase (EC

1.1.1.37)
Thioredoxin domain
containing protein

succinate dehydrogenase (E

1.3.5.1)

Anaphase promoting
complex (APC) subunit 2
Chlorophyll ab binding
protein, chloroplastic
GUN4 domairrcontaining
protein

Cell division cycle Hike
protein

Starch synthase,
chloroplastic/amyloplastic
(EC 2.4.15)

Chloroplast glycerolipid
omega3-fatty acid
desaturase

Chlorophyll ab binding
protein, chloroplastic
Chlorophyll ab binding
protein, chloroplastic

2.859669707

1.94757435

1.716967627

1.588369516

1.556854346

1.510610069

0.607712043

0.600676262

0.59590558

0.594066586

0.430180529

0.403387292

0.005642625

0.008565826

0.002026895

0.001541963

0.009920599

0.020200213

0.001819621

0.010842598

0.003175966

0.005287815

0.007946602

0.035500428

Table 15: Selected significantly differentially expressed phosphoproteins in mutant J &2 h of

high light stress

Gene Name UniProt Protein Ratio p-value
Accession (J/WT)
HalLaN_09722 A0A699Z3D4  thioredoxindependent 1.58868097 0.03025485

HalLaN_13544

HalLaN_16930 AOA699ZCR1

AO0AG9974J8

peroxiredoxin (EC 1.11.1.24

Cell division cycle Hike
protein

0.656419579

Photosystem | reaction centt 0.512612629

subunit VI,chloroplastic

0.005751684

0.011940351
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Figure 20: Functional enrichment analysis of significant phosphoproteins at 0, 48, and T2of

high light stress

Top 10 Blast2GO annotations for the significantly (A) upregulated phosphoproteins at 0 h, (B)
downregulated phosphoproteins at 0 h, (G) upregulated phosphoproteirts gi¥8ownregulated
phosphoproteins at 48 (M) upregulated phosphoproteins athfzand (N) downregulated
phosphoproteins at #2 In the Blast2GO bar plots (A, B, G, H, M and N), the category each term
belongs to, i.e., molecular function, biological process, or cellular component, are denoted by F:, P:,
and C:, respectivelf.op 10 DAVID annotations for the significantly (C) upregulated phosphoproteins
at Oh, (D) downregulated phosphoproteins dt, @) upregulated phosphoproteins att}&J)
downregulated phosphoproteins ati}80O) upregulated phosphoproteins ath7and (P)

downregulated phosphoproteins atizZhe number ofienes associated with each DAVID cluster for
the significantly (E) upregulated phosphoproteins at () downregulated phosphoproteins & O

(K) upregulated phosphoproteins ati§L) downregulated phosphoproteins at48Q) upregulated
phosphoproteins at # and (R) downregulated phosphoproteins ah.72
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Selected proteins and phosphoproteins were further confirmed as putative

proteins with homology analysiEifure21A-C). Alignment of putative FAD7

(AOA699YL38) with known FAD7 from closely related specresulted in a

sequence score of 98, confirming tentity of HaematococcusAD7 (Figure21A).

The identityof two putative PSY proteingA\QA699ZEL4andAOA699YTZ5) was

also confirmed by alignment with known PSY fréinpluvialiswhich resulted in

sequence scores of 72 and 75, respectiifetyure21B). Finally, alignment of three

putative AstaP protein®\0A699Z4F2 AOA699ZF78 andAOA69975049 with

astaxanthirbinding pink protein of the fasciclin family fro®cenedesmusp. Okt

4N (AOA7G1GET6andAOA7G1GFO05 resultedn sequence scores of 72, 72, and

73, respectively, confirming the identity HhematococcuéstaP(Figure21C).
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Figure 21: Red stage lomology analysis

A) Alignment of putative FAD7 protein with known FAD7 from closely related species. B) Alignment
of putative PSY proteins against proteins in UniProt listed as PSYHrqutuvialis C) Alignment of
putative AstaP protein with known AstaP fratosely related species. Alignments were visualized

with T-Coffee. Blue/green, yellow, and red highlighting indicates a poor, average, or good alignment
score, respectively.

Next, the motifs of phosphorylation sites significantly changed in mutant J at
these three timpoints were analyze®f all identified phosphorylation sites, the
sequence logosiewed thaglycine (G) was dominant on +1 and €8partic acid
(D) was dominanbnthe+2 location, and alanine (A) was dominant on both sides of
phosphoserine in all three time poinsgure22A, C, & E). For phosphothreoninat
all three time pointsrginine (R) was dominant #éte-3 location, G was dominant at
the-1 location proline (P) was dominant #tte+1 location, D was dominant tte +2
location, and A wasrrichedon both sides of the phosphosikégure22B, D, & F).

For phosphotyrosinatall three timepoints, D was dominant prior to the phosphosite

(Figure22Q, R, & S). While significantly upregulated phosphoserine maintained
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dominance of A on both sides of the phosphosite atfiguie22G), there was less
dominance of A in the significantly upregulated phosphoserine at 48 am(Fijre

6l & K). At all three time points, the significantly downregulated phosphoserines
were A and G rich on both sides of the phosphositgufe22H, J, & L). At 0 h,
significantly upregulated phosphothreonine was rich in G prior to the phosphosite
(Figure22M). At 48 h, Phenylalanine (F) was dominantla¢+1 location Figure

220). At 0 and 48, significantly downregulated phosphothreonine had no amino
acid significantly enriched on either siddgure22N & P).

The Motif-All algorithm (He et al., 2011yvas used to extract phosphorylation
motifs that weresignificantly overrepresented in phosphorylation sitest were
significantly changed in mutant dompared with all phosphorylation sites identified
in the analysis. At 0 h, the MotAll algorithm identified 23 upregulated motifs,
many of which were G directed, and 78 downregulated motifs, many of which were
threonine (T), A, Asparagine (N), and Petited Figure22T & U). At 48 h, the
Motif-All algorithm identified 47 upregulated motifs, many of which were Serine (S)
and A directed, and 20 downregulated motifs, many of which were Glutamine (Q)
and Glutamic acid (E) directe&igure22V & W). Finally, at 72h, the MotitAll
algorithm identified 21 upregulated motifs, many of which were G and E directed,
and 30 downregulated motifs, many of which were G and Q direeigdre22X &

Y).
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Figure 22: Red stage posphosite sequence logo and motif analyses

All' S phosphosites at (A) B, (C) 48h, and (E) 72 of high light stress. All T phosphosites at (B),0
(D) 48h, and (F) 72h of high light stress. All significantly upregulated S phosphosites at (G§Ip
48 h, and (K) 72h of high light stress. All significantly downregulated S phosphosites at (H}J) 48
h, and (L) 72h of high light stress. All significantly upregulated T phosphosites at (Mafd (O) 48
h of high light stress. All significantly downregulated T phosphosites at (Nl (P) 4& of high
light stress. All Y phosphosites @) 0h, (R) 48h, and (S) 72 of high light stress. Significantly
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upregulated motifs at (T) K (V) 48h, and (X) 72h of high light stress. Significantly downregulated
motifs at (U) Oh, (W) 48h, and (Y) 72h of high light stress.

Discussion

Upreqgulation of chlorophyll biosynthesis and photosynthedeted
proteins in mutant J during high light stress magblehigher
chlorophyll content than the wild type

As suggestedh Chapter 3ahigher chlorophyll conteninder prolonged
heterotrophymay support astaxanthin accumulatiorder high lightProlonged
heterotrophy results in degatbn of chlorophylk within cells,renderinghem more
susceptible to photoinhibition or even death upon exposure to higtf\igimt et al.,
2015) Higher chlorophyll contents in mutant J during heterotrophy may enable cells
to continue photosynthesis under high light conditiongrawvide carbon skeletcemnd
energy that fuslastaxanthirbiosynthesigFan et al., 2015; Fang et al., 2019)

Several differentially expressed proteins and phosphoproteins suggest activity
of the chlorophyll biosynthesis pathway. As mentioned in Chapter 3, GSAM is
responsible for the conversion of glutamate-@nginolevulinic acid (ALA), which is
then convertetb protoporphyrin IX by CPOX. Phosphorylated GSAM
(AOABAOAING) is significantly upregulated in mutant J at 0 anch48able13,
2.68fold, p-value = 0.05 andable14, 2.86fold, p-value = 0.0056, respectively),
andCPOX (AOA699YA46) was significantly upregulated in mutaat 0, 48, and 72

h of high light(Table10, 2.06fold, p-value = 0.0007Table11, 1.99fold, p-value =
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0.0002, and'able12, 2.52fold, p-value = 0.00015, respectivelylhis suggests that
the chlorophyll biosynthesis pathwayupgregulatedn mutant ompared withthe
wild type even as stress persists toi2Jpregulation of magnesium chelatase
(AOAB99YG9Q Tablel0, 1.58fold, p-value = 0.000pat Oh in mutant Jurther
suggest upregulation othechlorophyll biosynthesis pathway, and not just the
tetrapyrrole biosynthesis pathway. Phosphorylated GUIROAE99ZHF]) was
downregulated at 48 (Table14, 0.6%fold, p-value = 0.0018). As mentioned in
Chapter 3, previous work suggestat GUN4 positively regulates magnesium
chelatase through pestanslational modificationfVasuda & Fujita, 2008)
Phosphorylation of GUN4 may interfere with its ability to regulate magnesium
chelatase, so downregulation of phos{@#idN4 may indicate reduced inhibition of
GUN4, andthusactivation ofmagnesium chelataseéhosphorylatedhagnesium
protoporphyrin Gmethyltransferase (chiIM, AOA699Z516), which catalyzes the
conversion of Mgprotoporphyrin IX to MgProtoporphyrin 1X methylestgZ. Wang
et al., 2017)was significantly downregulated in mutant J &t(@ablel13, 0.67fold,
p-value = 0.0002)It is unclear how phosphorylation influences the activity of this
protein,whichwarrants further studysinally, phosphorylatedhlorophyllide a
oxygenase (CAOAOA699YMT9) was also upregulated in mutant J &t(@ablel3,
1.63fold, p-value = 0.0052). CAO converts Chlorophglio Chlorophyllb (Dey et
al., 2023) How phosphorylation of CAO influences its activigmains to be

investigated
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In addition, expression patterns of photosynthesis and antenna proteins in
mutant J suggest dynamic adaptation to prolonged stressfulllighination. During
photosynthesis, light harvesting complexes Il afidHC 1l and LHC I)capture and
transfer light energy to photosystems Il and | (PSIl and, P&pectivelyto drive
ATP synthesisWhile LHCI proteins are strictly associated with PSI, reversible
phosphorylation of LHCII proteins can dictate whether they associate with PSI or
PSIlI (Longoni et al., 2015)A state 2 transition occumhen LCHII proteins are
phosphorylated and begin associating with @8hgoni et al., 2015Blue light
activates PSII more than PSI, so a state 2 transition may occur under blue light
illumination to balance activation of PSIl and RSbngoni et al., 2015Before0 h
of high lighttreatmentcultures were transitioned froheterotrophy to medium light
conditions( 1 0 0 &2 mpfor 24 as an intermediate adaptation proc@sss
may have induced a state transitidhe high light conditions used following the
acclimation stagenayalsoinduce a similar response

At 0 h, light harvesting complex | (LHC I) protein 1 (AOA699YWT9), protein
2 (AOAB99YZ58), protein 3 (AOA699ZDN5;A0A699ZAA7), protein 4
(AOAB99YRAA4), protein 5 (AOAB699ZPI4ere significantly upregulatedh mutant J
compared with the wild typ@rable10, 1.92fold andp-value=0.0002, 1.74fold and
p-value=0.0039, 1.57fold andp-value=0.0004, 1.640ld andp-value= 0.0004,
and 1.59old andp-value= 0.0008, respectivelyAlso at Oh, phosphorylated LHCII
protein 2 AOA699ZLSYH, protein 4 AOA699YT12), and protein 54A0A699ZRP(Q

weresignificantly upregulatedT@able13, 2.07%fold andp-value = 0.0007, 4.2%ld
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andp-value = 0.0189, and 4.38ld andp-value = 0.00069, respectivelyQther
upregulategroteins and phosphoproteins dt iclude photosystem | subunit K
(psaK,A0A699Z1G6) (Tablel10, 1.80fold, p-value = 6.23€) and phosphorylated
photosystem subunit VI (psalADAG699ZCRJ (Tablel3, 2.0%fold, p-value =

0.021). Upregulation of psaK aligns with upregulation of LHCI and phosphorylated
LHCII proteins, favoring the use of PSI. It has been proposed that phosphorylation of
psaH stabilizes the P&HCI complex in state 2Younas et al., 2023and

upregulation of phosphorylated psaHmutant Juggest$Slis favored under
mediumlight conditions The use of PSI may indicate that the cells are adapting to
changing light intensity, especially due to the transition from no light to medium light
intensity(Longoni et al., 2015)

At 48 h, therewasa shift inexpression patterred the photosynthté and
antenna protesand phosphoprote#in mutant JNotably, photosystem Il 10 kDa
protein(psbR,A0A699ZIA4) wassignificantly upregulatedTable11, 1.6%fold, p-
value = 0.021). A study i€. reinhardtiisuggestshat psbR is an essential stabilizer
of thelight-harvestingcomplexstressrelatedprotein3(LHCSR3)}PSIFLHCII
supercomplex under continuous ligiiue et al., 2015)ndicatingthat upregulation
of this protein in mutant J contritegto its stress respons@derhigh light stress.
While one phosphorylated LHCII protein AGA699ZRP( was upregulated at 48
(Table14, 1.5%fold, p-value = 0.02), another phosphorylated LHCII protein 5
(AOAG699ZRP( along with a phosphorylated LHCII protein 2 (AOA699ZLS5) were

downregulated at 48 (Table14, 0.43fold, p-value = 0.008 an@.40fold, p-value=
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0.036 respectively, possibly indicatingtatetransitionback toPSlfrom PSII.
Despite upregulation of phospipgsaH A0A699ZCRY) at Oh, by 72h this
phosphoproteinvassignificantlydownregulatedTable 15, 0.5%fold, p-value =
0.012) Downregulation of this phosphoprotein indicates a reorganization of the
photosystem as stress persists td,7@&nd cells mayeed to decreagiotosynthesis
to avoid high lightstress

Dynamic expressiopatterns of chlorophyll biosynthesis and photosynthesis
proteins and phosphoproteins in mutant J duttiegransition to the high light stage
provide more insight into the acclimation processiopluvialisunder prolonged
stress. It alsonay bewhy mutant Jcanmaintaina higher chlorophyll content per cell
than the wild type throughout highlight stregisile havinga higher astaxanthin

content.

MutantJ ha a higher DNAcontentper cellthan the wild typeluring
the high light stage

During the early high light stag®ay 717 Day 10) mutant J hd.comparable
amounts of DNA as the wild type. However, during the late high light $2ae 12
and Day 13)mutant] had ahigher DNA content than the wild type, with statistical
significance on the last dgipay 13) Interestingly, orDay 13mutant J hd the
lowest cell density, despite simultaneously demonstrating the highest DNA per cell
indicaing that mutant J is replicating DNA but is unable to follow through with cell

division.
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Differentially expressed proteins and phosphoproteins related to cell cycle
regulation maye the reason fahe higher DNA content in mutant J cells, despite
cell density continimg to decline as high light stress persists. Simileslywhat was
observed in mutant K under heterotrophic conditions (Chapter 3), mutant J
demonstrated upregulation of phosphorylated APC subuA®2§99YJ19 at 0 and
48 h of high light stressTable13, 1.9%fold, p-value = 0.0015 andable14, 1.56
fold, p-value = 0.0099, respectively). Putative phosfluz20 A0A699ZPB§ that
was identified via homology analysis in ChapteFR&j(ire12B) was also significantly
downregulated at B of high light stressTable13, 0.67fold, p-value = 0.0019)As
explained in Chapter 3, this combination of apd downregulated phosphoproteins
suggests enhanced activity of the APC. Perhaps the increase in DNA content per cell
early inthe high lightstageis related to increased promotion of mitosis. However, the
lack of increasdcell division suggestanaberrat cell cycle progression.

The lack of normal cell cycle progressionmutant Jvassupportedy
downregulation of phosphorylated cell division cyclék® protein (CDCL5)
(AOA69974J9 at 48 and 75 of high light stressTable14, 0.6Gfold, p-value =
0.0108 and Tabl6, 0.66fold, p-value = 0.0058, respectively). A recent studgin
reinhardtii found that mutant strains deficient in CDC5L demonstrateigher
starch and oil content along with prolonged S and M phase, resulting in abnormal cell
division (TorresRomero et al., 20205imilarly, downregulation of phospf@DC5L
in mutant J coincidgewith botha decreased cell divisiomteandanincreased lipid

content per cell. However, how phosphorylation contribtdeegulation oCDC5L
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in Haematococcuss not clearandfuture studies are needed to fully understand this
regulatory mechanisn€ell cycle progression may also be controlled by cyclin
dependent kinase (CDK), which has been shown to drive cell cycle progression in
green algae when upregulai@ones & Dewitte, 2019Yhedelay in cell cycle
progressionn mutant Jvasfurther supported by the downregulationGiDK at 72h
(AOAB99YSS( Table12, 0.43fold, p-value = 0.0146)

The differential expression of key cell cycle regulatory proteins in mutant J
suggestthat cells may be promoted to continue through mitosis up to a certain point
perhaps S or M phasép to or after this pointell division isdelayed or inhibited,
resulting in an overall increase in DNA content coinciding with a decrease in cell

divisionrate

Downrequlation of gluconeogenesis and starch biosynthesis in mutant J
as stress persists

Differential expression patterns of certain proteins and phosphoproteins in
mutant J suggest that while cells may demonstrate activity of gluconeogenesis at O
of high light stress, they shift away from glucose and starch production in favor of
glycolysis as high light stress persists to 48 ant. Zhosphorylated
phosphoglucomutas&A699ZBQ4 was significantly downregulated ah@Table
13, 0.52fold, p-value = 0.006). It has been proposed that phosphoglucomutase in the
cyanobacteriunsynechocystis inhibited by phosphorylatiofboello et al., 2022)

anddownregulation of phosphorylated phosphoglucomutase sugdgagtses
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activity of phosphoglucomutas@t 0 h of high light stressiHaematococcusells
have been exposed to B4f medium light acclimation following prolonged
heterotrophy, sacclimated cells are likelghannelingphotosyntheticallyixed
carbon through the gluconeogenesis pathway.

However, phosphorylated starch synthaS@X6A0AA80) was
downregulated at 48 (Table14, 0.60fold, p-value = 0.0032). Studies in cereal crops
found that some starch enzymes must form complexes to synthesize starch granules,
and the assembly of these complexes is regulated by protein phosphorylation
(Mehrpouyan et al., 2021Not much is currently known about how starch synthesis
enzymes are regulatedth pluvialis Perhaps downregulation of this phosphoprotein
at 48hindicates a redirection of carbon flux away from starch synthesis and towards
lipid accumulation.

Overall, differential expression of several phagmioteins suggest shift
away from gluconeogenesis and starch biosynthesis and perhaps towards fatty acid

biosynthesis as stress persists beyonh. 72

Carbon partitioning towards fatty acid biosynthesis sup@ohigiher
lipid content per cell in mutant J

Acetyl-CoA, either catabolized from heterotrophically consumed acetate or
from photosynthetically generated glucose catabolized first to pyruvate, is a key
metabolite that can feed into both the TCA cycles and into fatty acid (FA)

biosynthesigJohnson & Alric, 2013)As high light stress persists, mutant J cells
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demonstrata highedipid content per cellandproteomics and phosphoproteomics
analyses were used to investigate this phenotype.

Several proteins and phosphoproteinghi@ TCA cycle were found to be
differentially expresseth mutant J, which indicasea shift in carbon flux away from
cell proliferation toward lipid accumulation. At 0 and i7af high light stress,
isocitrate dehydrogenas@qA6A0AG6L7;A0A6A0A063,A0A699ZXI10) was
significantly downregulated, suggesting disruption of stépof the TCA cycle
(Table10, 0.54fold, p-value = 0.00075 and@lable12, 0.65fold, p-value = 0.0079,
respectively). At (h of high light, phosphorylated aconitagegDA6A0AAXS),
fumarase AOA6AOA5D9), and malate dehydrogenag®A699ZT76 were
significantly upregulated in mutant Jable13, 2.22fold, p-value = 0.0028, 1.59
fold, p-value = 0.0004, and.31-fold, p-value = 0.0079, respectively). Different
studies into eukaryotic aconita@den et al., 2009) fumaras€Wang et al., 2020)and
malate dehydrogenagilinard & McAlister-Henn, 1994found that phosphorylation
of these proteins altedtheir normal function or inactivatehem. Upregulation of
these proteins and phosphoproteinmimant J suggestdteration ofthe normal TCA
cycle. Phosphorylated malate dehydrogenAS&699Y9BY5) was alsoupregulated at
48 h (Table14, 1.95fold, p-value = 0.0086), along with upregulated phospho
succinate dehydrogenas®0A6A0AEI3, Tablel14, 1.59fold, p-value = 0.0015).
Similarly to other proteins mentioned, phosphorylation of succinate dehydrogenase

attenuates its activity in mammgRutter et al., 2010)he arrested cell division and
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enhanced lipid content may be due to a preferérdbe fatty acid biosynthesis
pathwayandtheaberranfTCA cycle.

As mentioned earlier, mutant J hatigher lipid content per cell than the wild
type with statistical significance on Day IRdurel16C and D. In agreement with
this phenotypeat Oh of high light, upregulation ofibtin carboxyl carrier proteiwas
observedBCCP,A0A699YS07 Tablel0, 1.55fold, p-value = 0.004% BCCP is a
componenbdf acety}CoA carboxylas¢ ACCase)XMegha et al., 2022which is the
first committed and ratBmiting step of fatty acid biosynthegsiu et al., 2008)Two
following steps in the initial fatty acid biosynthesis pathwayl-carrier protein S
malonyltransferase (MCATA0OA699YUE4) and 3ketoacytCoA synthase (KCS,
AOABAOA4P2), were also upregulated at A8Tablell, 1.54fold, p-value =
0.00033 an@.06fold, p-value = 0.0001}% suggesting that flux of carbon is directed
towards fatty acid biosynthesis as stress persists.

Upregulation of phosphorylated stearoyl acyl carrier protein desaturase (SAD,
AOAG99YRB5, Tablel3, 1.96fold, p-value = 0.0048was observed atl@ A study
in olives found that SAD is regulated transcriptiongyernandez et al., 2019)
However it is unclear how phosphorylation influences the activity of this protein in
HaematococcusAnother protein in the fatty acid elongation/desaturation pathway
phosphorylated omeg@afatty acid desaturase (FADADA699YL38), was
significantly downregulated imutant Jat 48h of high light stressTable14, 0.59
fold, p-value = 0.005B A study inC. reinhardtiifound that phosphorylation of

Thr286 in crFAD7 was essential for normal desaturation function of the pfatsin
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et al., 2015)The FAD7 phosphoprotein identified in this studyasalso
phosphorylated on a TliFigure21A). Compared with the wild typenutant J haa
significantly lowerC 1 8 6,312contentin the total lipid fractior(o-linoleic acid
Figure16E). Downregulation of this phosphoproteigreeswith decreased
desaturation of C18:2 to C18:3 in mutant J.

Downregulation of gluconeogenesis, starch, and TCA cycle
proteins/phosphoproteinalong with upregulation dhemin the fatty acid
biosynthesis pathway suggest that carbon flux is being directed away from starch
accumulation or cell proliferatiolmwards lipid accumulatioaarly under high light

stresIn mutant J.

Upreqgulation of PSY along withhigher lipid content may enable
enhance@staxanthin accumulation in mutant J

In the astaxanthin biosynthesis pathway, a putative phytoene synthase (PSY)
protein and phosphoproteiAQA699ZEL4,A0A699YTZ5) were upregulated in
mutant J at 0 and 48of highlight stressKigure21B, Table10, 1.58fold, p-value =
0.0005,Tablel11, 1.88fold, p-value = 8.56&, Table13, 2.79fold, p-value = 0.0076,
andTable14, 1.72fold, p-value = 0.002, respectively). PSY is a key enzyme in
astaxanthin biosynthesis, considered to be alirateng enzyme that can ultimately
control the amount of carotenoids produ¢dou et al., 2022)JUpregulation of this
protein early into high light stress indicatbat mutant J has a rapid stress response,

which correlates withts ability to accumulate more astaxanthin. Howeites, not
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clear how thisenzyme is regulate@hou et al., 2022)suggesting the need for more
phosphoproteomic studies of the astaxanthin biosynthesis pathway

Several other relevant stress response proteens differentially expressed
during high light stress. AtB, superoxide dismutas&QD,A0A6A0A7A3) was
significantly upregulated in mutant Jable10, 1.6%fold, p-value = 7.498&). SOD
IS an antioxidant enzyntlatis activeduringinitial stressresponsén
Haematococcu@Kobayashi, Kakizono, et al., 1997; Wang et al., 2084pther
antioxidant enzyme that was upregulated at Was phosphgeroxiredoxin
(AOA69973D4,Tablel5, 1.59fold, p-value = 0.03). Peroxiredoxins are antioxidant
enzymes that are also involved in cellular signafiBlgimasaki et al., 2021puthow
phosphorylation influences their activityyist to beexplored.

Finally, there were several Fasciclin (FAS1) dormadmtaining proteins that
were upregulated at 48(A0A699Z4F2A0A699ZF78andA0A699Z2504 Tablell,
2.26fold, p-value = 0.0021 and 2.64ld, p-value = 0.0054, respectivelgnd 72h
(AOAB99ZAF2A0A699ZF78 Table12, 1.77fold, p-value = 0.0043) of high light
stress. Typically, FAS1 domains are found in extracellular proteins, functioning in
cellular adhesion and localization to the cell surf@Garnilov et al., 2023)A stress
inducible, astaxanthibinding, FAS1 domaktontaining protein calledstaxanthin
binding fasciclin family proteirfAstaP)was identified in green alggKawasaki et
al., 2013) Homology analysisonfirmedthe FAS1 domaktontaining proteins
identified in this studys putative AstaP proteinBiure21C). It has been proposed

that astaxanthin can protedt pluvialis cellsfrom high light stressoy forming a
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physical barrier in the cell peripheflyi et al., 2008) However, how astaxanthin is
targeted and trafficked to the cplriphery isnotwell understoodit is knownthat
hydrophobic carotenoidsutsidea hydrophobic lipid droplet have an aqueous carrier
protein(Kawasaki et al., 2013Aqueous carotenoildinding proteins have been
identified in cyanobacteri@ay Holt & Krogmann, 1981)however, littleis known
aboutthemin eukaryotegKawasaki et al., 2013)Jpregulation of thesputative
AstaPproteins at 48 and 720of high light stress indicasg¢ha mutant Jnighthave
anenhanced ability to traffic astaxanthin to the cell periphery as part of thescell

stress response.

Conclusions

Higher chlorophyll content in mutant J maydhge toupregulation of key
chlorophyll biosynthesis proteins such as CPOX and magnesium chelatase. Mutant J
also demonstrateshigherDNA content per cell while simultaneoustydecreased
cell divisionrateas high light stress persists. This conundrum majuieeto
promotion of anaphase by upregulation of phospR& and downregulation of
phospheCdc20,as well asa delay in the later stage of mitosis by downregulation of
phospheCDC5L. Moreover,Mutant J shifed carbon partitioning away from
gluconeogenesistach accumulation, and the TCA cydeder high light stress
evidenced byariedexpression oproteingphosphoproteins these pathways.

Instead, upregulation of fatty acid biosyriberoteins such as BCCP, MCAT, and

KCS indicates the preference for this pathwayorroboration with amcreased
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lipid content. This increased lipid content, along with upregulation of PSY may
enablethe higherastaxanthin content in mutant J. Overall, proteomics and
phosphoproteomics analysis of mutant J during its acclimation to high light stress
revealed several interesting protpimosploproteinexpression patterns, prowuid

promising targets for future strain engineering efforts.
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The vast amounts of data that can be generated from omics analyses provide
information that may be missed with more targeted approaches. However, it creates a
new challengéo interpretthese datén a streamlined and reproducible way. This is
even more challenging with nanodel species that often do not hawl@le genome
sequencand annotation data available. This research first aimed to develop a
bioinformaticsanalysis pipeline that would enable biological interpretation of
proteomics and phosphoproteomics data fkbrpluvialiswhen afully sequenced
genome was not yet availabléhis was the first phosphoproteomics analysid.in
pluvialis andsuggestshat phosphorylation plaa key role intheregulation of
protein activity. Nowwith an updatedH. pluvialisgenome publishe(Bian et al.,

2023) it will be incorporated into this analysis pipeltodurther improve it.

Chapters 3 and 4 identified various differentially expressed proteins and
phosphoproteins tharovide insight into the molecular mechangsoh acetate
metabolismandlipid and carotenoid biosynthesiBhere were several interesting
patterns of differential expression in mutant K under heterotrophic conditions,
including the proteinadenosylhomocysteinase and CPOX and the phosphoproteins
ACS, APC subunit 2, PFL, GSANmagnesium chelatase, and DPORese proteins
may be promisinduture engineeringargets to channel heterotrophicathgtabolized
carbon toward cell proliferation and/or growth and chlorophyll biosynthesis.
Differentialy expressegbroteirs and phosphoprotesin mutant J during the
transtion from heterotrophy to high light provide insight inke stress response of

H. pluvialis Analysis of ley astaxanthin biosynthe proteins demonstrated dynamic
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expression patterred these proteinsuggeshg PSY as a targeéb promote

astaxanthin production. Additionally, proteins and phosphoproteins inviicedl

cycle control, carbon partitioning, and chlorophyll biosynthesis that were
differentially expressed in mutant J may also be exploited in future strain engineering
effortsto channekarbon toward lipid and astaxanthin biosynthdsishe tuture

Western blot analyseshallbe conducted to quantify the relative expression of these
key proteins andhmpsphoproteins between the wild type and mgtenverify the

omics results.

While these two strains possess certain phenotypearttagneficial for
astaxanthin productigonhere is still room for improvememtlutant J hed a higher
lipid and astaxanthin content per céllitit had the lowest cell density and
comparable biomass concentration to the wild type. Mutastidtved a higher cell
division rate busimilar astaxanthin productivityo the wild typeTo further improve
these strainsdaptive laboratory evolution (ALE) {groposed aanonGMO
engineering strategy for strain improvemanwitere candidate strains ageadually
adapted taertain selective pressweuch as high light stregbrough serial
transferan batch or continuous cultureghis is continued repeatedly accumulate
beneficial mutations that achieve the desired strain improvemest(§t@m &
Arnold, 2009; Hirasawa & Maeda, 2022)jutants K and J have begtentifiedand
characterizedand they are ready to be usedhr next stepo adapt teselective
pressure to further improve these straifm. exampleall three strainshoweda

noticeabledropin cell density(wild type 16%, mutant K 36%, and mutant J 49%
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Figure15A) during the medium light acclimation stage of twe-stagecultivation

experiment. While mutant K recowstand exceeeldthe cell density achieved at the

end of heterotrophy, mutantlid not. Improvingthe acclimation of mutant tb the

medium light acclimation stage mayevent this loss of biomassdermedium to

high lightconditions Togethewwi t h mut ant J&6s higher astaxar
this may improve the overall astaxanthin productivitytto strain Alternatively,

rational engineering strategies are proposed to target astaxanthin biosynthetic genes

such ag”SYor genes involved in cell cycleontrol such asPCandCDCLS.

Two additionalomics analysigpproachgare proposed as future directions to
studyheterotrophically or photosynthetically assimilated carbon metabolism and
astaxanthin biosynthesis HaematococcusOne isproteogenomics, whicbombines
proteomics, transcriptomics, and genomics data to identify peptides, find novel
peptides, and contribute to the annotation of gendiesvizhskii, 2014)
Proteogenomics analyses involve querying the identified peptides from proteomics
experiments against custom databases created from translated genomes and
transcriptomes to determine what proteins they are. Transcriptome databases can
derive from reads map@ddo genomes or frome novaranscriptome assemblies.
Chapter 2 described the creation of custom databases generated from a publicly
availableH. pluvialistranscriptome and genonfeuture analysis could map proteins
identified by the green and red ggsproteomicslataset$o these custom databases

andcontribute to the annotation of the genome.
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The other is natabolomicsa global study of almetabolites. This type of
analysis is usually accomplished by IMS methods, where signals detected from the
sample are compared to the signals of a known metabolite for identifi¢@takdar
et al., 2021)Metabolomics can supplement other omics studies. If differgntial
expressegroteirs, and/or phosphoprotesindicate certain pathways are active, the
expected metaboliteshould bepresentt theexpected concentrations. Metabolomic
studies can also reveal metaboli@sed feedback regulation of certain pathways. For
example, a buildup of excess uesterified astaxanthin leads to feedback inhibition of
astaxanthin biosynthesis that can be alleddty the addition of free fatty acids
(Chen et al., 2015)rhismaybewhy certainpathwaysareinactive everthoughthe
enzymes are present. Finally, this can lead to the discovery of new metabolites.
However, there are several challenges to this apprsach ashe high leves of
individual variabilityandthe difficulty in determiningn which pathwayscertain
metabolites are involved since many pathways use and/or produce the same
metabolites. Isotopstudiescould be used to address this issue and in metabolite flux

studies.
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