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The green microalga, Haematococcus pluvialis, is desirable for industrial 

cultivation because it produces high amounts of the powerful antioxidant, astaxanthin. 

Currently, the primary bottlenecks for the algae astaxanthin industry are the low 

biomass yield and high production cost of H. pluvialis. With rapid development of 

genetic engineering toolboxes in microalgae, targeting specific genes, proteins, or 

pathways directly through strain engineering is an attractive alternative strategy to 

improve biomass and astaxanthin yield. Omics technologies, including proteomics 

and phosphoproteomics, have enabled the global characterization of genes, proteins, 

metabolites, etc. under different experimental conditions and pathway analysis to 

reveal promising targets for strain engineering. However, as a non-model species, 

interpretation of data from omics analyses in H. pluvialis remains challenging. This 



  

work aims to 1) develop a method for analyzing complex proteomics and 

phosphoproteomics data from H. pluvialis that can also be used in other non-model 

species, 2) investigate the heterotrophic (green stage) metabolism of H. pluvialis, and 

3) investigate the high light (red stage) metabolism of H. pluvialis. Two mutant 

strains, KREMS 23D-3 and JWHIB 27-38, were generated via chemical mutagenesis 

(ethyl methane sulfonate; EMS) and physical radiation (heavy-ion beams), 

respectively. Both demonstrate desirable phenotypes under small-scale laboratory 

conditions, such as a high cell division rate and high astaxanthin content per cell. A 

Tandem Mass Tag-based proteomics and phosphoproteomics approach was used 

along with physiological and biochemical characterization to understand the dynamic 

metabolism of H. pluvialis. Comparison of protein expression and phosphorylation 

levels between the mutant strains and the wild type revealed proteins and 

phosphoproteins that were potentially responsible for the observed phenotypes. This 

work established a proteomics and phosphoproteomics analysis pipeline for H. 

pluvialis that might also be useful to analyze omics data from other non-model algal 

species and identified promising targets for strain engineering to improve biomass 

and astaxanthin production from H. pluvialis. Ultimately, these efforts may promote 

widespread industrial cultivation of H. pluvialis for astaxanthin production. 
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Chapter 1: Introduction 
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Microalgae as a renewable source of high-value products 

It is expected that the human population will grow to nearly 10 billion people 

by 2050 (UN, 2024). With this growing number of people, innovations in agriculture, 

aquaculture, and wastewater treatment must be made to ensure a high quality of life 

for everyone while protecting and preserving the Earthôs natural resources. In recent 

years, algae have emerged as a potential solution to this sustainability problem. 

Macroalgae, such as kelp and sea lettuce, have been staple food sources in many 

cultures around the world for centuries (Peñalver et al., 2020), and macroalgae 

farming is a growing industry (NOAA, 2024). Microalgae are also gaining 

prominence as a potential food source, but also as a means of providing other 

valuable products and 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). Additionally, 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 lipids (ca. 50% of their biomass by weight). These species include 

Scenedesmus and Nannochloropsis, which produce large amounts of lipids that have 

an ideal fatty acid composition for biofuel production (Chua & Schenk, 2017; 

Oliveira et al., 2021). Other species like Haematococcus pluvialis and Chlorella 

zofingiensis produce a highly valuable ketocarotenoid, astaxanthin (Shah et al., 2016; 
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Villaró et al., 2021). Due to their ability to synthesize many high-value compounds, 

microalgae have gained prominence as promising new feedstocks in various 

industries, including aquaculture, pharmaceuticals, and cosmetics (Lorenz & 

Cysewski, 2000). In contrast with other crops, microalgae require less arable land and 

water to cultivate, can be grown at a high density, and can be cultured with 

wastewater, coupling biomass production with wastewater treatment (Khan et al., 

2018; Su, 2021).  

The many benefits and applications of algae cultivation have sparked new 

growth in the algae industry (Khan 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 cycle of Haematococcus pluvialis accompanied with physiological 

and biochemical changes 

Haematococcus pluvialis (Chlorophyceae, Volvocales) is a green microalga 

that is found in freshwater worldwide. When grown under favorable conditions, H. 

pluvialis cells are green and pear-shaped with a thick extracellular matrix (Figure 

1A). Green cells are flagellated and motile, and predominantly reproduce asexually. 

However, H. pluvialis cells undergo a dramatic change in morphology under adverse 

culture conditions like nutrient deprivation, high light, high salinity, and/or exposure 

to certain chemicals. At the onset of stress, H. pluvialis cells lose their flagella and 

increase in volume (Figure 1B). As stress persists, cell division ceases and a thick cell 
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wall develops, forming a cyst. Additionally, cells accumulate 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 stage (Boussiba, 2000; Kobayashi, 

Kurimura, Kakizono, et al., 1997; Shah et al., 2016; Zhekisheva et al., 2002) (Figure 

1C). 

 

 
 
Figure 1: Dynamic H. pluvialis morphology 

A) Green stage H. pluvialis cells. B) H. pluvialis cells transitioning to cyst cells following initial stress 

exposure. C) Mature H. pluvialis aplanospores induced by prolonged high light stress. 

 

 

Astaxanthin and/or the astaxanthin biosynthesis pathway have been proposed 

to protect algal cells under stress through several different mechanisms. The 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 the photosynthetic systems (Kurashige et al., 1990; Pashkow et al., 2008; Terao, 

1989; Yang et al., 2013). Other 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 

A B C 
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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 

possible means of consuming evolved molecular oxygen and preventing its 

conversion into ROS (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 over-reduction of the PQ pool 

activates plastoquinone terminal oxidase (PTOX), which uses the excess electrons to 

generate water from evolved molecular oxygen. The activity of this cycle also 

removes evolved molecular oxygen, preventing it from generating ROS under stress 

conditions (Y. Li et al., 2010).   

It has also been reported that fatty acid biosynthesis is positively correlated to 

astaxanthin accumulation under stressful growth conditions (Zhekisheva et al., 2002) 

and that de novo fatty acid biosynthesis is required for astaxanthin accumulation in H. 

pluvialis (Zhekisheva et al., 2005). While astaxanthin is lipid-soluble, accumulating 

in triacylglycerol (TAG)-rich lipid bodies, 95% of Haematococcus astaxanthin is 

mono- or diesterified with fatty acids, presumably to increase the solubility of the 

molecule in the lipid bodies (Lorenz & Cysewski, 2000). Inhibition of the de novo 

fatty acid biosynthesis pathway leads to a build-up of non-esterified astaxanthin, 

which in turn causes feedback inhibition of the astaxanthin biosynthesis pathway 

(Chen et al., 2015). Enhancement of the lipid biosynthesis pathway may also enhance 

the cellôs capacity to accumulate more astaxanthin. Additionally, the composition of 
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accumulated lipids may affect astaxanthin accumulation, with oleic acid-rich lipid 

bodies proposed to have a greater capacity for astaxanthin storage (Zhekisheva 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, however, it is 

generally accepted that starch accumulates at the onset of stress but a switch to lipid 

accumulation occurs as stress persists. The mechanisms regulating this switch are not 

well known, and it has been proposed that studying starch-less mutant algae strains 

may shed light on this topic (de Jaeger et al., 2014).  

Synthesis of lipids and astaxanthin requires carbon and energy, which is 

supplied by carbon fixation via the Calvin-Benson-Bassham cycle or by consumption 

of exogenous carbon. The 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/or cell growth or increased flux through the lipid 

biosynthesis pathway. 

Cell division is one of the most carbon- and energy-expensive processes that 

occurs in the cell. Many species of green algae, including Chlamydomonas, undergo a 

cell cycle called multiple fission (Cavalier-Smith, 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 through n rounds of alternative S phase and 

mitosis/cytokinesis to produce 2n daughter cells (Umen, 2018). It has also been 
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observed that the division number is pre-programmed into the mother cell, ensuring 

all sister cells undergo the same number of divisions, thus implementing a form of 

size control (Umen, 2018). Under favorable growth conditions, H. pluvialis cells have 

been observed to divide into between 2-32 daughter cells (Wayama et al., 2013). The 

H. pluvialis cell cycle is not well studied, however, a 2018 study proposes that it 

possesses a novel Haematococcus-type CnCC cell cycle, similar to the CnCC cell 

cycles of closely related Chlamydomonas and Scenedesmus (Reinecke et al., 2018).  

 

H. pluvialis is a desirable source of astaxanthin 

Haematococcus-derived astaxanthin is desirable in many industries, 

particularly as feedstock for salmon aquaculture feed (Novoveska et al., 2019). Wild 

salmon have a pink color because of astaxanthin derived from their natural diet. 

Astaxanthin also has a provitamin A effect for Atlantic salmon and is essential for fry 

health and growth (Christiansen et al., 1995). H. pluvialis exclusively synthesizes the 

3S,3ôS astaxanthin isomer, which possesses stronger antioxidant capacity and is well 

retained in salmon flesh (Capelli et al., 2013; Han et al., 2013a; Harker et al., 1996; 

Yu & Liu, 2020). Moreover, in contrast with other sources of naturally derived 

astaxanthin, such as krill, crawfish oil, and some Phaffia yeast that produce 0.15% 

astaxanthin by weight, Haematococcus can accumulate up to 4% astaxanthin by 

weight. Because of this, Haematococcus-derived astaxanthin is considered to be 

ñconcentratedò by aquaculture industry standards (Lorenz & Cysewski, 2000).  
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Over the past few decades, wild salmon harvest has been declining and 

salmon aquaculture is increasing (Borowitzka, 1997), subsequently increasing the 

demand for sustainable and nutritious feed sources. Astaxanthin must be provided to 

salmon grown in aquaculture to produce the pink-colored flesh that is desired by 

consumers (Sigurgisladottir et al., 1994). Currently synthetic astaxanthin dominates 

the overall market and is predominantly used in aquaculture due to its lower price 

($1000 kg-1 vs. $7000 kg-1 for Haematococcus-derived) (Koller et al., 2014; J. Li et 

al., 2011; Novoveska et al., 2019). Despite 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 supplements (Capelli et al., 2013). Additionally, 

consumers are more concerned about their health and prefer to use ñnaturalò and 

sustainable products (Ambati et al., 2019). While H. pluvialis is a promising source of 

ñnaturalò astaxanthin, its slow heterotrophic growth rates result in prohibitively high 

production costs (Han et al., 2013a), which prevents more widespread industrial H. 

pluvialis cultivation for astaxanthin production. In recent years, there have been 

efforts to move away from relying on petrochemicals, including those used for the 

production of synthetic astaxanthin (Capelli et al., 2013). This trend supports the need 

for a shift towards algae cultivation for the production of high-value products.     

 

Industrial cultivation of H. pluvialis for astaxanthin production 

In the H. pluvialis life 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 ceased (Shah et al., 2016). 

Because of this, H. pluvialis is usually cultivated in a two-stage technique where a 

ñgreen stageò is provided with nutrient-replete culture medium and optimal growth 

conditions to promote vegetative growth in photobioreactors or fermenters (Han et 

al., 2013a, 2013b). When the biomass concentration reaches the maximal level, the 

culture is transitioned to a ñred stageò or ñphotoinduction stageò at which green 

vegetative cells are subjected to photooxidative stress, leading to the transformation 

of green vegetative cells into red aplanospores (cysts) (Shah et al., 2016).  

The ñgreen stageò of cultivation can be accomplished using a heterotrophic 

mode, during which cultures are provided an exogenous carbon source in the absence 

of light (Chen & Johns, 1996; Shah et al., 2016). Heterotrophic growth of algae is 

generally considered to be more expensive than autotrophic growth, but several 

advantages enable it to be of commercial interest for specialized bioproducts (Barclay 

et al., 2013). First, the need for illumination is removed since the cells are not 

photosynthesizing. This enables cultures to grow to higher biomass concentrations, 

e.g., over 200 g L-1, since photoinhibition or self-shading is not an issue (Chen & 

Johns, 1996; Jin et al., 2021). Second, closed fermentation systems allow for more 

precise control of nutrients and other growth parameters and better protection from 

contaminants (Barclay et al., 2013; Ogbonna & Tanaka, 2000; Shah et al., 2016). 

Third, higher cell density yields greater amounts of products (e.g., omega-3 fatty 

acids or carotenoids) and reduces the cost of harvesting and product separation (Chen 

& Johns, 1996). 
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The astaxanthin accumulation, or ñred stageò, can be induced through various 

ways, including exposure to high light and/or reactive oxygen species (ROS)-

inducing chemicals, nutrient deprivation, etc., among which high light has the most 

pronounced effect (Harker et al., 1996; Shah et al., 2016). Additionally, the 

physiological status of Haematococcus cells and/or the heterotrophic culture 

conditions may influence the astaxanthin accumulation potential upon transition to 

the red stage. It has been reported that high carbon to nitrogen ratios contribute to 

encystment and astaxanthin accumulation (Kakizono et al., 1992). Another more 

recent study also found that H. pluvialis cells with higher chlorophyll contents at the 

end of the heterotrophic growth stage produced more astaxanthin during the 

photoinduction stage of cultivation (Fang et al., 2019). They propose that cells with a 

higher chlorophyll content after heterotrophic growth have a more intact 

photosynthetic apparatus and may provide more carbon skeletons for cell growth and 

astaxanthin biosynthesis under stress (Schoefs et al., 2001; Tanaka & Tanaka, 2007). 

Chlorophylls tend to degrade as light intensity increases (Kim et al., 2011) and the 

degradation products include phytol, which can become a substrate for astaxanthin 

biosynthesis (Fang et al., 2019; Rontani et al., 1996). The transition from 

heterotrophy to stress-inducing levels of light can lead to photoinhibition and cell 

death (Harker et al., 1996; Shah et al., 2016). To mitigate these effects, researchers 

have developed a sequential-heterotrophy-dilution-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 stress (Wan et al., 2015). 

 

Methods to improve industrial cultivation 

Currently, the primary bottlenecks for the algae astaxanthin industry are the 

low biomass yield and high production cost of H. pluvialis (Han et al., 2013a). 

Industrial heterotrophic cultivation has been established for the production of omega-

3 fatty acids from dinoflagellates, with cultures achieving over 200 g L-1 dry cellular 

weight and DHA productivities of 12 g L-1 Day-1 (Barclay et al., 2013). Biomass yield 

and astaxanthin productivity from heterotrophically grown H. pluvialis were reported 

to be up to 26 g L-1 dry weight and 6.4 mg L-1 Day-1, respectively (Wan et al., 2015). 

This is a major improvement from previous reports at 1.87 ï 7 g L-1 biomass 

concentration (Hata et al., 2001; Sun et al., 2015) and 4.4 mg L-1 Day-1 astaxanthin 

productivity (Hata et al., 2001), but still far lower than dinoflagellates and other 

species. 

Previous work to address the slow heterotrophic growth rate of H. pluvialis 

has shown limited success and often focused on optimizing the growth medium and 

culture conditions (Chakdar 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 to be an attractive alternative strategy (Li et al., 2020; Sproles et al., 2021), 

provided knowledge of genes and enzymes regulating these pathways is available. A 



 

 

 

 

12 

 

completely sequenced genome of H. pluvialis was not available at the beginning of 

this work and was only published recently (Bian et al., 2023). Moreover, genome 

annotation remains challenging in H. pluvialis partially due to the large genome size, 

estimated to be 316.0 Mbp (Bian et al., 2023; Luo et al., 2018) versus ca. 111 Mbp in 

the model organism, Chlamydomonas reinhardtii (Craig et al., 2022). Therefore, most 

strain improvement work in H. pluvialis has been approached using random 

mutagenesis followed by screening for ideal phenotypes (Cheng et al., 2019; Li et al., 

2020; Shah et al., 2016).  

 

Generation and screening of mutants with desirable phenotypes 

Due to the limited genome and annotation data available, targeted strain 

engineering techniques have been underutilized in H. pluvialis. Several methods have 

been developed in recent years that have made this possible (Han et al., 2013a; Ng et 

al., 2017), including stable nuclear transformation in H. pluvialis (Steinbrenner & 

Sandmann, 2006) and Chlorella zofingiensis (Huang et al., 2008; Liu et al.), 

Agrobacterium-mediated gene transfer in H. pluvialis (Kathiresan et al., 2009), and 

CRISPR-Cas9 based gene modification in Chlamydomonas reinhardtii (Ng et al., 

2017). While genetic engineering is targeted and controlled, it is costly, challenging, 

and not suitable or developed sufficiently in all strains (G. Li et al., 2023). Because of 

this, random mutagenesis methods such as chemical treatment and physical radiation 

remain readily accessible, easy-to-use, and more prevalent methods that can produce 

a high frequency of mutations (Cheng et al., 2019). In this work, two random 
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mutagenesis methods were used to generate mutant candidates that were identified by 

screening for improved heterotrophic cell division in comparison with the wild type 

(Figure 2, Chapters 3 and 4).     

 

 
 

Figure 2: Schematic of mutagenesis and screening 

A-D) Mutagenesis procedure; more details are outlined in the materials and methods sections of 

Chapters 3 and 4 under mutagenesis. A) chemical (EMS) mutagenesis which usually causes point 

mutations throughout the genome. B) physical radiation (HIB) mutagenesis which usually causes 
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double-strand breaks throughout the genome. C) 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 medium-containing agar plates for further screening.  

E-G) Screening procedure; more details are outlined in the materials and methods sections of Chapters 

3 and 4 under screening. E) First round screening; mutant candidates were inoculated into 100 ɛL C 

medium in a 96-well plate with no biological replicates. The top row contains blanks (C medium in 

wells A1, A6, A7, and A12) and wild type cultures (wells A2-A5 and A8-A11). F) Second round 

screening; mutant candidates were inoculated into 2 mL C medium in a 24-well plate at a starting 

OD750 of 0.1 with biological 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 (wells A2-A5). G) 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 104 cells mL-1 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 genes in pathways with biotechnological significance. However, many 

studies attempting to manipulate target genes in algae have failed to produce the 

anticipated phenotype (Cao 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., 2004), further 

demonstrating that higher transcript abundances may not be linked to the phenotype 

changes and other modifications or regulatory mechanisms are involved. 

New omics technologies have enabled the global characterization of genes, 

proteins, metabolites, etc. under different experimental conditions (Gissibl et al., 

2019; Luo et al., 2018). These techniques, including transcriptomics, proteomics, 

phosphoproteomics, metabolomics, etc., allow researchers to gain a more holistic 

picture of the regulation of cellular pathways.  
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Many transcriptomic studies have been conducted in H. pluvialis and other 

microalgae. However, in eukaryotes, only about 40% of variations in protein 

concentrations correlate with higher abundances of their respective mRNAs (Vogel & 

Marcotte, 2012) due to various post-transcriptional modifications, such as alternative 

splicing (Li & Biggin, 2015; Liu et al., 2016), and post-translational modifications 

(PTMs), such as phosphorylation (Cohen, 2002). Studies in green algae species like 

Chlorella vulgaris (Guarnieri et al., 2013) and H. pluvialis (Gao et al., 2016) have 

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 possible (Cohen, 

2002; Vlastaridis et al., 2017). Methods of proteomic studies have also improved in 

recent years, moving away from labor-intensive two-dimensional gel electrophoresis 

methods (Rabilloud & Lescuyer, 2015; Zhang et al., 2014) toward high-throughput 

methods of separating and identifying peptides using liquid chromatography and mass 

spectrometry (LC-MS) (Nilsson et al., 2010; Zhang et al., 2014). Due to PTMs, 

proteomes can be far larger and more complex than genomes and transcriptomes, and 

these technological advances provide a crucial means of efficiently obtaining and 

analyzing large amounts of proteomic data (Zhang et al., 2014).  

Examining PTMs like phosphorylation may be especially relevant for finding 

targets for strain engineering to promote lipid production. Acetyl-CoA synthetase 

(ACCase) is the first committed and rate limiting step of fatty acid biosynthesis that 
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catalyzes the conversion of acetyl-CoA into malonyl-CoA (Hu et al., 2008). 

However, previous efforts to increase lipid accumulation through overexpression of 

the ACCase gene in the diatoms Cyclotella cryptica and Navicula saprophila were 

unsuccessful (Sheehan et al., 1998). AMP-activated kinase (AMPK) is a fatty acid 

biosynthesis accessory protein that inhibits ACCase by phosphorylation (Guarnieri et 

al., 2011; Hardie & Pan, 2002). In the green alga Chlorella vulgaris, upregulation of 

ACCase and downregulation of AMPK proteins under lipid-accumulating conditions 

suggest that PTMs of fatty acid biosynthetic machinery play a pivotal role in 

regulating fatty acid accumulation (Guarnieri 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 studies published in H. pluvialis. 

Phosphoproteins may also play a vital role in signal transduction, conferring 

external stress signals and coordinating the cellôs stress response through various 

means (Tran et al., 2009). Plants have more than 1000 different protein kinases that 

are involved in signal transduction relating to metabolism (Kempa et al., 2007; Polge 

& Thomas, 2007), stress response (Belkhadir & Chory, 2006; Harper & Harmon, 

2005; Kempa et al., 2007; Nakagami et al., 2005; Takahashi et al., 2007; Wrzaczek et 

al., 2007), the cell-cycle (Inze & De Veylder, 2006), and other biological processes. 

Proteomic and phosphoproteomic analysis can provide a global insight into how these 

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 cell under different stress conditions. 
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Challenges of omics approaches 

Advances in omics technologies have enabled the collection of vast amounts 

of biological data in different organisms including microalgae, providing global 

insights into the inner workings of a cell at a given time (Jamers et al., 2009; Lenka et 

al., 2016). However, annotation of these gene, transcript, and protein sequences is 

required to understand their biological significance, which remains to be a challenge 

(Chakdar et al., 2021).  

Annotation is the process of ascribing statements to a specific gene product to 

describe it, be it a description of its function or unique characteristics. Gene ontology 

(GO) is a set of controlled annotation terms that have specific definitions and 

relationships to each other. Accurate annotation is a rigorous process requiring 

experiments to characterize a gene and its activity, and there are annotation projects 

that employ biocurators to vet annotations (Balakrishnan et al., 2013). It is possible to 

apply annotations from one species to another closely related species, because the 

sequences of their genes may be more similar, and thus more likely to have the same 

function and characteristics. However, this is not always the case, which is why 

exhaustive confirmation is still necessary.  

Model organisms have fully sequenced genomes, and often have thorough and 

vetted annotation of these genomes. This greatly aids in the interpretation of omics 

data. However, non-model organisms like H. pluvialis often have limited genomic 

data and/or a poorly annotated genome, making biological interpretation of omics 

data challenging. For example, annotation coverage from a single database can be 
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low, e.g., with KEGG alone only 17.95% of unigenes were annotated in 

Haematococcus (X. D. Wang et al., 2022). Gathering as many annotations as possible 

for each gene or protein helps with interpretation, such as synthesizing protein 

domain annotations with biological function annotations. Additionally, since GO 

annotations can be applied across species, finding annotations from closely related 

species also aids in interpretation. In Chapter 2, the development of an annotation 

pipeline for H. pluvialis and other non-model species is described which helps 

overcome this data analysis hurdle. 

 

Focus and objectives 

This research aims to better understand the metabolism of H. pluvialis under 

ñgreenò and ñredò stage conditions to improve the cultivation process for future 

application. A proteomics and phosphoproteomics approach is used to gain a global 

understanding of protein expression and PTM level under small-scale cultivation 

systems. Two mutant strains generated via chemical mutagenesis (ethyl methane 

sulfonate; EMS) and physical radiation (heavy-ion beams; HIB), respectively (Figure 

2), demonstrate desirable phenotypes such as a high cell division rate and high 

astaxanthin content per cell. Comparison of protein expression and phosphorylation 

level between the mutant strains and the wild type provides insights on 

proteins/phosphoproteins that may be responsible for the desirable phenotypes and 

thus may be good targets for future strain engineering. 
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Chapter 2 outlines the development of the analysis pipeline used to analyze 

and interpret the proteomics and phosphoproteomics data obtained from H. pluvialis. 

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 proteins. This analysis pipeline was used in the subsequent two chapters for 

data analysis and biological interpretation. 

Chapter 3 investigates the heterotrophic stage of cultivation, comparing 

mutant KREMS 23D-3 (EMS generated) against the wild type. The mutant 

demonstrates altered cell cycle control and nutrient partitioning, revealing the 

regulation of interrelated acetate metabolic pathways. This work provides more 

information about how heterotrophic growth conditions can influence Haematococcus 

physiology before high light stress, ultimately affecting its astaxanthin accumulation 

potential.  

Chapter 4 then explores Haematococcus physiology and change in 

metabolism during the transition from heterotrophy to high light stress. In this 

chapter, both mutants (KREMS 23D-3 and JWHIB 27-38) are compared against the 

wild type. Proteomic and phosphoproteomic analysis of mutant JWHIB 27-38 at 0, 

48, and 72 h of highlight stress reveal significant differential expression of proteins 

and phosphoproteins involved in cell cycle control, carbon partitioning, fatty acid 

biosynthesis, astaxanthin biosynthesis, stress response, and chlorophyll biosynthesis. 

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

accumulation. 

This research identifies targets that may be relevant for improving industrial 

cultivation of H. pluvialis for astaxanthin production. It also emphasizes the 

importance of phosphorylation in regulating H. pluvialis protein expression and 

function and suggests the need for more phosphoproteomics studies in H. pluvialis 

and other algae. 
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Chapter 2: Building a bioinformatics analysis pipeline for 

proteomics and phosphoproteomics datasets of H. pluvialis 
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Disclaimer 

The results presented in this chapter are published as part of my published 

paper: Ramarui, K., Li, Y. (2024) Proteomics and phosphoproteomics analysis of 

Haematococcus pluvialis: An improved method to generate and interpret proteomics 

and phosphoproteomics data of a non-model species. Journal of Applied Phycology. 

https://doi.org/10.1007/s10811-024-03356-1. Reproduced with permission from 

Springer Nature. 

 

Abstract 

As a non-model species that lacks a well-annotated genome, omics analyses in 

Haematococcus pluvialis have often been used together with physiological analysis to 

query its transcriptome, proteome, and metabolome. However, the interpretation of 

these datasets remains challenging. This chapter outlines the analysis pipeline 

developed to interpret proteomics and phosphoproteomics data from H. pluvialis. 

Here, TMT-based proteomics and phosphoproteomics analyses were conducted on 

Haematococcus cells grown under favorable conditions (green stage biomass) and 

high light stress conditions (red stage biomass). Phosphoproteins were enriched using 

titanium dioxide before LC-MS/MS analysis. The proteomics and phosphoproteomics 

analyses identified 1394 proteins and 569 phosphosites on 366 phosphoproteins. Of 

these, 1315 proteins 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 pipeline that combines 
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Blast2GO, KEGG, and DAVID to analyze differentially expressed proteins and 

phosphoproteins, the total identified proteins increased from 255 to 322 and the total 

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 

subunit B and a phosphofructokinase, respectively, and further confirmed with 

translated genomic and transcriptomic data. This chapter provides the first example of 

phosphoproteomics analysis in H. pluvialis, while the proteomics and 

phosphoproteomics analysis pipelines described here may be useful to analyze omics 

data from other non-model algal species.  

 

Introduction 

The bottlenecks for industrial astaxanthin production from H. pluvialis are 

low biomass and astaxanthin productivities (Han et al., 2013a). Targeted strain 

engineering in conjunction with culture optimization has been proposed as a 

promising way to improve Haematococcus production (Acheampong et al., 2024). To 

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 

relationships that could be missed when looking at individual proteins in isolation. 

Previous work with transcriptomic, proteomic, and phenotypic analyses of H. 

pluvialis often do not corroborate each other (Chen et al., 2015; Gao et al., 2016; Y. 
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Li et al., 2010), likely due to post-translational modifications (PTMs) such as 

phosphorylation that can modify protein activity (Cohen, 2002). This suggests the 

need to better understand the effects of PTMs like phosphorylation on the activity of 

certain proteins in H. pluvialis. Another challenge is interpreting the biological 

significance of differentially expressed proteins and phosphoproteins, especially in 

non-model species like H. pluvialis that have lacked a well-annotated genome (Bian 

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

The analysis pipeline outlined in this chapter was developed to enable 

biological interpretation of proteomics and phosphoproteomics data from H. pluvialis 

when a genome was not available. This chapter describes the various 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 of the input data 

by these tools was also assessed. 

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., 2022). This 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 tools, such as functional annotation clustering 

(Sherman et al., 2022). Functional 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 because when this work started, the 

species used in this example did not have a fully sequenced genome. Blast2GO was 

developed as a data mining tool to obtain annotations for sequences from non-model 

species that have limited annotation and/or genomic data (Conesa et al., 2005). The 

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 one at a time. While Blast2GO currently has a proprietary version 

(OmicsBox), a free version of Blast2GO is still available 

(https://www.biobam.com/blast2go-basic/).  

Finally, KEGG was used to visualize how proteins may be part of larger 

metabolic pathways (Kanehisa & Sato, 2019). While KEGG had the lowest coverage 

overall in terms of the number of proteins, it was able to map them to metabolic 

pathways, and it 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 significant protein IDs or FASTA files of the significant protein sequences 

can be provided directly to the tools, making this pipeline 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 from H. pluvialis. The input data used to develop 

this method was derived from Haematococcus cells grown under favorable conditions 
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(green stage biomass) and high light stress conditions (red stage biomass) that were 

analyzed using a TMT-based proteomics and phosphoproteomics approach with 

titanium dioxide-based phosphopeptide enrichment. The improved analysis pipeline 

that combines Blast2GO, KEGG, and DAVID was used to annotate differentially 

expressed proteins and phosphoproteins. These three tools can be applied in any order 

and/or concurrently. During the preparation of this work, an improved H. pluvialis 

genome was published, estimated to be around 316.0 Mb with BUSCO results 

revealing 93.4% completeness (Bian 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 H. pluvialis transcriptome (Lee et al., 2018). The method 

developed in this chapter (Ramarui & Li, 2024) was used to successfully analyze 

phosphoproteomics and proteomics data in a recent work (Chapter 3, (Ramarui et al., 

2024)) and data described in Chapter 4. This improved analysis method may benefit 

future omics work in H. pluvialis as well as other non-model species. 

 

Materials and Methods 

 

Strain and culture conditions 

Haematococcus pluvialis NIES 144 was obtained from the National Institute 

for Environmental Studies Microbial Culture Collection (NIES), Japan. One green 

stage sample was collected from a 6-day-old 100 mL algal culture maintained in a 

250 mL Erlenmeyer flask under mixotrophic conditions; light intensity of 1.15 ɛmol 
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photons m-2 s-1 and an acetate-containing growth medium (C medium). C medium 

consists of the following nutrient composition (Andersen, 2005): 0.96 g L-1 

CH3COONa, 0.15 g L-1 Ca(NO3)·4H2O, 0.10 g L-1 KNO3, 0.05 g L-1 ɓ-

glycerophosphate disodium salt hydrate, 0.04 g L-1 MgSO4·7H2O, 0.50 g L-1 

C4H11NO3 (Tris base), 1 mg L-1 Na2ETDAÅ2H2O, 0.196 mg L-1 FeCl3Å6H2O, 0.36 mg 

L-1 MnCl2Å4H2O, 0.22 mg L-1 ZnSO4Å7H2O, 0.04 mg L-1 CoCl2Å6H2O, 0.025 mg L-1 

Na2MoO4Å2H2O, 0.0001 mg L-1 Vitamin B12, 0.0001 mg L-1 Biotin, and 0.01 mg L-1 

Thiamine-HCl. During the mixotrophic growth period, the culture was manually 

swirled twice a day. To generate red stage biomass, 30 mL of 6-day-old mixotrophic 

culture was transferred directly to a 50 mL column, exposed to 300 ɛmol photons m-2 

s-1 light intensity, and bubbled with 1.5% CO2. One red stage sample was collected 

after 3 days of high light stress.    

 

Sample preparation for mass spectrometry 

After harvesting, the green and red stage samples were washed with PBS three 

times and frozen at -80 °C. Frozen pellets were lysed in lysis buffer (5% SDS, 50 mM 

TEAB, pH 8.5) by sonication. After centrifugation at 17,000 × g at 15 °C for 30 

minutes, the protein lysates were collected, and the protein concentration was 

determined using a 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 iodoacetamide, and acidified with phosphoric acid, 
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loaded onto an S-trap Midi column, washed with 90% MeOH and 100 mM TEAB, 

pH adjusted to 8.5 to remove SDS, digested with Lys-C/trypsin mixed protease 

(Promega, Madison, WI), and eluted with elution buffer (50 mM TEAB pH 8.5, 0.2% 

formic acid, 50% acetonitrile). The resulting peptides from two samples (green and 

red) were labeled with a 16-plex tandem mass tag (TMT) labeling reagent, separately 

(126 for the green sample and 134N for the red sample). After the TMT labeling 

efficiency was confirmed to be more than 95%, all the labeled peptides from each 

sample were equally mixed, dried completely in a vacuum concentrator, and kept at -

80 ºC. 10% of the mixed TMT-labeled peptides were saved for total proteomics 

analysis. 90% of mixed TMT-labeled peptides were subjected to titanium dioxide-

based phosphopeptide enrichment. 

 

Mass spectrometry analysis 

The peptides and enriched phosphopeptide were analyzed by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) using a Dionex 3000 

RSLC nano-scale liquid chromatograph in tandem with an Orbitrap Exploris 480 

mass spectrometer (Thermo Fisher Scientific, Danvers, MA). Briefly, each peptide 

sample was reconstituted in acidic buffer and preconcentrated via autosampler on 

aEXP2 Stem Trap (0.33 µL, 2.7 µm HALO Peptide ESC18, Optimize Technologies, 

Oregon City, OR), and separated on a 50 cm x 75 ɛm i.d. column packed in-house 

with Acclaim 2.2 ɛm C18 (ThermoFisher) heated to 60 ºC using a 120 minute 

gradient with 0.4 ɛL min-1 flow rate. The mass spectrometer was operated in a data-
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dependent acquisition (DDA) mode. The parameters for analysis were a) Precursor 

scans (FTMS) from 340-1,600 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 (%): 32; FT first mass value: 110.00 (fixed); data type: centroid; Normalized 

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

 

Mass spectrometry data analysis 

The tandem mass spectra were searched using the Andromeda search 

algorithm against an H. pluvialis UniProt database (2021_02 Release) on the 

MaxQuant platform (version 1.6.7.0, (Cox & Mann, 2008)). The search parameters 

were set as follows: a maximum of two missed cleavages, carbamidomethylation at 

cysteine and TMT at lysine and peptide N-terminus as a fixed modification and 

oxidation at methionine, acetylation at protein N-terminus, deamidation at asparagine 

and glutamine, and phosphorylation at serine, threonine, and tyrosine 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 targetïdecoy 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 

set to 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 statistical analysis could be conducted. Following the current 

literature (B. B. Wang et al., 2022; X. D. Wang et al., 2022; Yu et al., 2022), at least 

three biological replicates per group should be used, and a studentôs t-test (two-tailed, 

two-sample equal variance) should be used to calculate the p-value. The method 

developed here was validated in a recent work where phosphoproteomics and 

proteomics data with biological triplicate samples was successfully analyzed (Chapter 

3, (Ramarui et al., 2024)). This analysis provides confidence in the statistical 

significance, as fold-changes of >1.5 or < 0.67 with a p-value of < 0.05 are 

considered as significantly upregulated or downregulated in mutant KREMS 23D-3, 

respectively (Figure 2, Table S1, Table S2 in (Ramarui et al., 2024)). Some 

significant proteins or phosphoproteins may be assigned more than one accession 

number. To increase the coverage of the bioinformatics tools, the data should be 

parsed so that there is only one 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.jsp) (Huang et al., 2009). Within 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 upregulated proteins, 

significantly downregulated proteins, significantly upregulated phosphoproteins, and 

significantly downregulated phosphoproteins. The Functional Annotation Chart tool 

was used for the analysis 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 data (Conesa et al., 2005). A fasta file containing the 

sequences for all the significant proteins and phosphoproteins was uploaded 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) non-redundant database with the green algae taxonomic filter (taxa: 3041, 

Chlorophyta) was used. Additionally, the e-value statistical significance threshold 

was set to 1e-3, 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 defaults were unchanged. Next, the mapping step was executed 

using the latest database version (Götz 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 context (Kanehisa & Sato, 2019). The 

GENES database used was Chlamydomonadaceae (3051). 

 

Custom database creation from a publicly available H. pluvialis 

transcriptome and genome and homology analysis 

Custom databases from a translated Haematococcus pluvialis transcriptome 

and genome were created and used for comparison and identification of the 

assembled peptides. For the transcriptome database, 98.2 million single-end raw 

reads, each 100 base pairs in length and sequenced using the Illumina Hiseq2000 

platform, were downloaded from the NCBI Sequence Read Archive (SRA accession 

# SRR6756898) (Lee et al., 2018) and assembled using Trinity (Command 1) 

(Grabherr et al., 2011). This assembly yielded 218,087 transcripts. An H. pluvialis 

genome consisting of 820 contigs was obtained from NCBI (accession # 

PRJNA964479) (Bian et al., 2023). The genome and transcriptome were then 

translated in all six frames (three forward and three reverse) using the standard 
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genetic code with the EMBOSS:transeq program (Command 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 translated sequences 

and list them in a new file (Command 3). The translated H. pluvialis transcriptome 

contained 10,866,007 sequences and the translated genome contained 13,366,119 

sequences. The 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 proteins in Haematococcus or 

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 

matched the query sequence (Command 6), and then this list was used to create 

FASTAs containing all the matching sequences from the translated transcriptome or 

genome (Command 7). These significant match sequences were then blasted against 

the NCBI non-redundant protein database with the Chlorophyta taxonomic filter 

(taxid 3041) to identify them. Sequence similarity was visualized using T-Coffee (Di 

Tommaso et al., 2011). MEGA11 (v11.0.13) (Tamura et al., 2021) was used to align 

homologous sequences and generate maximum likelihood phylogenetic trees.    

 

Command 1: Transcriptome assembly from RNA-seq reads using Trinity 

Trinity --seqType fq --max_memory 100G ïsingle /path/to/file/YourFileName.fastq.gz --CPU 4  

 

 

Command 2: Translate fasta file in six frames (three forward and three reverse) 

transeq YourFileName.fasta YourFileName.pep -table=0 -frame=6  
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Command 3: Compile all open reading frames of 7 peptides or greater identified in translated 

transcripts 

checktrans YourFileName.pep -orfml=7 YourFileName.pep.checktrans YourFileName.pep 

YourFileName.pep.gff  

 

 

Command 4: Create a custom database 

makeblastdb -in PathToFile/YourFileName.fasta -dbtype prot -out db/translated_transcriptome  

 

 

Command 5: Example blast command against the custom database 

blastp -db db/translated_transcriptomeORgenome -query YourFileName.fasta -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 id "\n" $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 the N- or C- 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.phosphosite.org/sequenceLogoAction) (Hornbeck 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 Motif-All 
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algorithm (https://www.phosphosite.org/staticMotifAnalysis.action) (He et al., 2011). 

The significance was set at 1×10-06, the 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 cells grown under favorable conditions (green stage biomass) for 

6 days and high light stress conditions for 3 days (red stage biomass) were harvested 

for this analysis. Proteins were extracted and analyzed by a TMT-based proteomics 

and phosphoproteomics analysis using an Orbitrap Equipped Mass Spectrometer. The 

proteomics and phosphoproteomics analysis identified 1394 proteins and 569 

phosphosites on 366 phosphoproteins. Of these, 1315 proteins and 396 phosphosites 

on 314 phosphoproteins were quantifiable, among which 370 proteins and 121 

phosphosites on 94 phosphoproteins were differentially expressed under the red stage. 

The differentially expressed datasets included 216 up- and 154 downregulated 

proteins, and 40 upregulated phosphosites on 39 phosphoproteins and 81 

downregulated phosphosites on 55 phosphoproteins (Table 1-Table 5). These results 

are consistent with the number of proteins identified in other 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 analysis in H. 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 

(Table 1), showcasing ways to improve proteomics and phosphoproteomics analysis 

in a non-model 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 changed proteins/phosphoproteins 370 121 phosphosites,  

94 phosphoproteins 

Upregulated proteins/phosphoproteins 216 40 phosphosites,  

39 phosphoproteins 

Downregulated proteins/phosphoproteins 154 81 phosphosites,  

55 phosphoproteins 

Identified prior to improved 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 post-annotation 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 

Chlamydomonas (Bian et al., 2023; Luo et al., 2018). The third most highly 

upregulated protein in red cells was an oil globule-associated protein that was 11.22-

fold upregulated (Table 2). This is in line with the fact that H. pluvialis cells 

accumulate more triacylglycerols (TAGs) under stress conditions (Zhekisheva et al., 
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2005). An LTD domain-containing protein and a Rieske domain-containing protein 

were also upregulated at the red stage under high light stress (Table 2). 

 

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

the green stage 

UniProt 

Accession 

Protein Ratio 

(Red/Green) 

A0A699ZNY3 tr|A0A699ZNY3|A0A699ZNY3_HAELA Uncharacterized 

protein (Fragment) OS=Haematococcus lacustris OX=44745 

GN=HaLaN_17568 PE=4 SV=1 

21.66 

A0A6A0A3Y7 tr|A0A6A0A3Y7|A0A6A0A3Y7_HAELA Uncharacterized 

protein (Fragment) OS=Haematococcus lacustris OX=44745 

GN=HaLaN_25440 PE=4 SV=1 

13.78 

A0A699YFJ9; 

E2JF04; 

A0A699ZTK0 

tr|A0A699YFJ9|A0A699YFJ9_HAELA Oil globule 

associated protein OS=Haematococcus lacustris OX=44745 

GN=HaLaN_00343 PE=3 SV=1;tr|E2JF04|E2JF04_HAELA 

Oil globule associated protein OS=Haematococcus lacustris 

OX=44745 PE=2 

SV=1;tr|A0A699ZTK0|A0A699ZTK0_HAELA Oi 

11.22 

A0A6A0AH96 tr|A0A6A0AH96|A0A6A0AH96_HAELA Uncharacterized 

protein OS=Haematococcus lacustris OX=44745 

GN=HaLaN_31546 PE=4 SV=1 

7.21 

A0A699Z3W8 tr|A0A699Z3W8|A0A699Z3W8_HAELA LTD domain-

containing protein OS=Haematococcus lacustris OX=44745 

GN=HaLaN_13262 PE=4 SV=1 

6.51 

A0A699Z9C9 tr|A0A699Z9C9|A0A699Z9C9_HAELA Uncharacterized 

protein OS=Haematococcus lacustris OX=44745 

GN=HaLaN_12121 PE=4 SV=1 

5.10 

A0A699ZX44; 

A0A699ZAE9; 

A0A6A0AFV5 

tr|A0A699ZX44|A0A699ZX44_HAELA Uncharacterized 

protein OS=Haematococcus lacustris OX=44745 

GN=HaLaN_21934 PE=4 

SV=1;tr|A0A699ZAE9|A0A699ZAE9_HAELA 

Uncharacterized protein OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_12129 PE=4 

SV=1;tr|A0A6A0AFV5|A0A6A0AFV5 

4.67 

A0A6A0A0T0; 

A0A699YUW6 

tr|A0A6A0A0T0|A0A6A0A0T0_HAELA Rieske domain-

containing protein (Fragment) OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_22846 PE=4 

SV=1;tr|A0A699YUW6|A0A699YUW6_HAELA Rieske 

domain-containing protein (Fragment) OS=Haematococcus 

lacustris OX=44745 GN=HaLaN_ 

4.16 

A0A6A0A9D6 tr|A0A6A0A9D6|A0A6A0A9D6_HAELA Uncharacterized 

protein (Fragment) OS=Haematococcus lacustris OX=44745 

GN=HaLaN_27994 PE=4 SV=1 

3.94 

A0A699YRB8 tr|A0A699YRB8|A0A699YRB8_HAELA Uncharacterized 

protein (Fragment) OS=Haematococcus lacustris OX=44745 

GN=HaLaN_04436 PE=4 SV=1 

3.86 
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 The top 10 most downregulated proteins were all annotated (Table 3). Acetyl-

CoA synthetase (ACS) was the most downregulated protein in red cells 

(A0A699ZY17, 0.18-fold). In the green stage, mixotrophically grown cells 

metabolized the sodium acetate in the growth medium into acetyl-CoA, 

accomplishable through ACS (Chapman et al., 2015). However, upon transition to 

high light, cells shift to primarily photosynthesizing, reducing the need for ACS-

catalyzed metabolism of acetate in red stage cells. Several other downregulated 

proteins were likely involved in photosynthesis or chloroplast maintenance, including 

plastid/chloroplast ribosomal protein (A0A6A0AIS6), chlorophyll a/b binding protein 

(A0A699YRA4), ATP synthase subunit a (A0A0S2IDC0), and magnesium-

protoporphyrin IX (A0A699Z528) (Table 3). A likely explanation is that transitioning 

mixotrophically grown cells to the red stage under high light stress is accompanied 

with degradation of chloroplasts as a stress response (Shah et al., 2016). Therefore, on 

Day 3, decreased expression of chloroplast-related proteins was observed.  

 

Table 3: Selected significantly downregulated proteins in red stage H. pluvialis compared to the 

green stage 

UniProt 

Accession 

Protein Ratio 

(Red/Green) 

A0A699ZY17; 

A0A6A0AIQ7 

tr|A0A699ZY17|A0A699ZY17_HAELA Acetyl-coenzyme 

A synthetase (Fragment) OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_20753 PE=4 

SV=1;tr|A0A6A0AIQ7|A0A6A0AIQ7_HAELA Acetyl-

coenzyme A synthetase (Fragment) OS=Haematococcus 

lacustris OX=44745 GN=HaLaN_30875 PE 

0.18 

A0A699Z528 tr|A0A699Z528|A0A699Z528_HAELA Mg-protoporphyrin 

IX chelatase subunit ChlI (Fragment) OS=Haematococcus 

lacustris OX=44745 GN=HaLaN_10173 PE=4 SV=1 

0.20 

A0A699ZKB2 tr|A0A699ZKB2|A0A699ZKB2_HAELA Ferredoxin-A 

(Fragment) OS=Haematococcus lacustris OX=44745 

GN=HaLaN_20639 PE=4 SV=1 

0.21 
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A0A6A0ADE5 tr|A0A6A0ADE5|A0A6A0ADE5_HAELA Ribulose 

bisphosphate carboxylase/oxygenaseactivase (Fragment) 

OS=Haematococcus lacustris OX=44745 

GN=HaLaN_29845 PE=4 SV=1 

0.29 

A0A0S2IDC0 tr|A0A0S2IDC0|A0A0S2IDC0_HAELA ATP synthase 

subunit a, chloroplastic OS=Haematococcus lacustris 

OX=44745 GN=atpI PE=3 SV=1 

0.32 

A0A699YMJ0 tr|A0A699YMJ0|A0A699YMJ0_HAELA Transaldolase 

(Fragment) OS=Haematococcus lacustris OX=44745 

GN=HaLaN_07003 PE=3 SV=1 

0.32 

A0A699YCZ3 tr|A0A699YCZ3|A0A699YCZ3_HAELA Acetyl-coenzyme 

A synthetase OS=Haematococcus lacustris OX=44745 

GN=HaLaN_02063 PE=3 SV=1 

0.33 

A0A699YRA4 tr|A0A699YRA4|A0A699YRA4_HAELA Chlorophyll a-b 

binding protein, chloroplastic OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_03767 PE=3 SV=1 

0.34 

A0A699YJ00 tr|A0A699YJ00|A0A699YJ00_HAELA High light-induced 

nuclease (Fragment) OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_02746 PE=4 SV=1 

0.35 

A0A6A0AIS6; 

A0A6A0ABQ5 

tr|A0A6A0AIS6|A0A6A0AIS6_HAELA Plastid/chloroplast 

ribosomal protein L21 OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_31385 PE=3 

SV=1;tr|A0A6A0ABQ5|A0A6A0ABQ5_HAELA 

Plastid/chloroplast ribosomal protein L21 

OS=Haematococcus lacustris OX=44745 GN=HaLaN_2912 

0.35 

A0A699ZSB1 tr|A0A699ZSB1|A0A699ZSB1_HAELA Uncharacterized 

protein (Fragment) OS=Haematococcus lacustris OX=44745 

GN=HaLaN_23524 PE=3 SV=1 

0.51 

 

 

 Seven of the top 10 most upregulated phosphoproteins were annotated (Table 

4). Two interesting phosphoproteins among them were Ŭ-tubulin and plasma 

membrane ATPase. Ŭ-tubulin is a major component of the cytoskeleton (Wloga et al., 

2017), which is expected to be involved in the morphological changes the cells 

undergo as they transition from the green vegetative stage to the red high light stress 

stage. A study in rice and Arabidopsis found that phosphorylation of Ŭ-tubulin is 

induced by hyperosmotic stress and may interfere with the ability of Ŭ- and ɓ-tubulin 

to associate, resulting in depolymerization of microtubules (Ban et al., 2013). This 

study proposes that rapid phosphorylation of Ŭ-tubulin in response to stress may be a 



 

 

 

 

40 

 

mechanism to avoid the polymerization of atypical tubulin polymers that are also 

associated with stressed cells (Ban et al., 2013). Haematococcus cells need 

microtubules as part of their morphological transformation, and it is possible that 

phosphorylation of Ŭ-tubulin may prevent atypical microtubule formation which is 

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 stimulus. Plasma membrane ATPases are pumps that transfer H+ ions 

to the extracellular space, establishing a cellular membrane potential which is 

essential for proper transport across the plasma membrane (Elmore & Coaker, 2011). 

Increased activity of plasma membrane ATPase acidifies the extracellular space due 

to the increased concentration of H+ ions, which can loosen the cell wall in 

preparation for cell expansion (Haruta et al., 2015). Previous work in Arabidopsis 

observed a correlation between auxin and blue light exposure and phosphorylation of 

plasma membrane ATPase on the penultimate Threonine, which coincided with cell 

expansion to bend the hypocotyls towards the light (Haruta et al., 2015; Hohm et al., 

2014). Phosphorylation of plasma membrane ATPase in Haematococcus cells may 

also contribute to their response to high light, since they undergo similar cell 

expansion under high light stress. 

 

Table 4: Selected significantly upregulated phosphoproteins in red stage H. pluvialis compared to 

the green stage 

UniProt 

Accession 

Protein Ratio 

(Red/Green) 
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A0A699ZJZ4; 

A0A699ZAQ8; 

A0A699ZFS2 

tr|A0A699ZJZ4|A0A699ZJZ4_HAELA Uncharacterized 

protein OS=Haematococcus lacustris OX=44745 

GN=HaLaN_16928 PE=4 

SV=1;tr|A0A699ZAQ8|A0A699ZAQ8_HAELA 

Uncharacterized protein (Fragment) OS=Haematococcus 

lacustris OX=44745 GN=HaLaN_15621 PE=4 

SV=1;tr|A0A699ZFS2 

11.21 

A0A699Z7J8 tr|A0A699Z7J8|A0A699Z7J8_HAELA FBPase domain-

containing protein OS=Haematococcus lacustris OX=44745 

GN=HaLaN_14227 PE=3 SV=1 

7.14 

A0A699Z341; 

Q2KN32; 

A0A3G4R8H8; 

A0A3G4R8H7; 

A0A699Z9R9; 

D0UDM8 

tr|A0A699Z341|A0A699Z341_HAELA Ŭ-tubulin 

(Fragment) OS=Haematococcus lacustris OX=44745 

GN=HaLaN_12325 PE=3 

SV=1;tr|Q2KN32|Q2KN32_HAELA Tubulin alpha chain 

(Fragment) OS=Haematococcus lacustris OX=44745 PE=2 

SV=1;tr|A0A3G4R8H8|A0A3G4R8H8_HAELA Tubulin  

4.58 

A0A699YR27; 

A0A699ZTV4 

tr|A0A699YR27|A0A699YR27_HAELA 

ANK_REP_REGION domain-containing protein 

(Fragment) OS=Haematococcus lacustris OX=44745 

GN=HaLaN_04488 PE=4 

SV=1;tr|A0A699ZTV4|A0A699ZTV4_HAELA 

ANK_REP_REGION domain-containing protein 

(Fragment) OS=Haematococcus lacustris OX 

3.81 

A0A699ZK22; 

A0A699ZBY5 

tr|A0A699ZK22|A0A699ZK22_HAELA Uncharacterized 

protein (Fragment) OS=Haematococcus lacustris OX=44745 

GN=HaLaN_18714 PE=4 

SV=1;tr|A0A699ZBY5|A0A699ZBY5_HAELA 

Uncharacterized protein (Fragment) OS=Haematococcus 

lacustris OX=44745 GN=HaLaN_16163 PE=4 SV=1 

3.43 

A0A699ZI39 tr|A0A699ZI39|A0A699ZI39_HAELA SPX domain-

containing protein (Fragment) OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_18972 PE=4 SV=1 

3.42 

A0A6A0AH85; 

A0A699Z7N4 

tr|A0A6A0AH85|A0A6A0AH85_HAELA Uncharacterized 

protein (Fragment) OS=Haematococcus lacustris OX=44745 

GN=HaLaN_30431 PE=4 

SV=1;tr|A0A699Z7N4|A0A699Z7N4_HAELA 

Uncharacterized protein OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_15486 PE=4 SV=1 

3.36 

A0A699YPC5 tr|A0A699YPC5|A0A699YPC5_HAELA RanBD1 domain-

containing protein (Fragment) OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_06904 PE=4 SV=1 

3.05 

A0A699ZWQ4 tr|A0A699ZWQ4|A0A699ZWQ4_HAELA Plasma 

membrane ATPase OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_20182 PE=4 SV=1 

2.93 

A0A6A0A2L0; 

A0A699Z3J3 

tr|A0A6A0A2L0|A0A6A0A2L0_HAELA Lipoyl-binding 

domain-containing protein (Fragment) OS=Haematococcus 

lacustris OX=44745 GN=HaLaN_21307 PE=4 

SV=1;tr|A0A699Z3J3|A0A699Z3J3_HAELA Lipoyl-

binding domain-containing protein OS=Haematococcus 

lacustris OX=44745 GN=H 

2.74 

A0A699ZJF1 tr|A0A699ZJF1|A0A699ZJF1_HAELA PFK domain-

containing protein OS=Haematococcus lacustris OX=44745 

GN=HaLaN_16662 PE=4 SV=1 

1.53 
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 Finally, of the top 10 most downregulated phosphoproteins, eight 

phosphoproteins were annotated (Table 5). Several phosphorylated chlorophyll a-b 

binding proteins were significantly downregulated, as expected for Haematococcus 

cells grown under changing light conditions since reversible phosphorylation of these 

proteins is expected to balance photosystems I and II (Liu & Shen, 2004). 

Phosphorylated anaphase promoting complex (APC) subunit 2 is significantly 

downregulated in red cells (Table 5). Studies have proposed that phosphorylation of 

APC enables its association with activator proteins and thus increases its activity 

(Shevah-Sitry et al., 2022). Red stage cells ceased cell division in favor of cell 

transformation into cysts (Shah et al., 2016), therefore downregulation of 

phosphorylated anaphase promoting complex subunit 2 was in line with a decrease in 

cell division. 

   

Table 5: Top ten most significantly downregulated phosphoproteins in red stage H. pluvialis 

compared to the green stage 

UniProt 

Accession 

Protein Ratio 

(Red/Green) 

A0A699YRN9 tr|A0A699YRN9|A0A699YRN9_HAELA Uncharacterized 

protein OS=Haematococcus lacustris OX=44745 

GN=HaLaN_04772 PE=4 SV=1 

0.23 

A0A6A0A4B4 tr|A0A6A0A4B4|A0A6A0A4B4_HAELA Uncharacterized 

protein OS=Haematococcus lacustris OX=44745 

GN=HaLaN_25284 PE=4 SV=1 

0.25 

A0A0S2IDM2 tr|A0A0S2IDM2|A0A0S2IDM2_HAELA 30S ribosomal 

protein S4, chloroplastic OS=Haematococcus lacustris 

OX=44745 GN=rps4 PE=3 SV=1 

0.27 

A0A699YTR9 tr|A0A699YTR9|A0A699YTR9_HAELA Chlorophyll a-b 

binding protein, chloroplastic OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_09459 PE=3 SV=1 

0.28 

A0A699YTR9 tr|A0A699YTR9|A0A699YTR9_HAELA Chlorophyll a-b 

binding protein, chloroplastic OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_09459 PE=3 SV=1 

0.28 

A0A699YJ12 tr|A0A699YJ12|A0A699YJ12_HAELA Anaphase 

promoting complex (APC) subunit 2 (Fragment) 

0.30 
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OS=Haematococcus lacustris OX=44745 

GN=HaLaN_04339 PE=4 SV=1 

A0A699ZLS5; 

A0A6A0AAK9; 

A0A6A0AA98; 

A0A699Z0W4 

tr|A0A699ZLS5|A0A699ZLS5_HAELA Chlorophyll a-b 

binding protein, chloroplastic OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_17690 PE=3 

SV=1;tr|A0A6A0AAK9|A0A6A0AAK9_HAELA 

Chlorophyll a-b binding protein, chloroplastic 

OS=Haematococcus lacustris OX=44745 GN= 

0.32 

A0A6A0ACQ4; 

A0A699ZVR8 

tr|A0A6A0ACQ4|A0A6A0ACQ4_HAELA 

Uroporphyrinogen decarboxylase OS=Haematococcus 

lacustris OX=44745 GN=HaLaN_28566 PE=4 

SV=1;tr|A0A699ZVR8|A0A699ZVR8_HAELA 

Uroporphyrinogen decarboxylase (Fragment) 

OS=Haematococcus lacustris OX=44745 

GN=HaLaN_17097 PE=4 SV=1 

0.32 

A0A6A0AE42; 

A0A6A0AFZ2 

tr|A0A6A0AE42|A0A6A0AE42_HAELA Fcf2 domain-

containing protein (Fragment) OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_30143 PE=4 

SV=1;tr|A0A6A0AFZ2|A0A6A0AFZ2_HAELA Fcf2 

domain-containing protein (Fragment) OS=Haematococcus 

lacustris OX=44745 GN=HaLaN_2992 

0.33 

A0A699YT12 tr|A0A699YT12|A0A699YT12_HAELA Chlorophyll a-b 

binding protein, chloroplastic OS=Haematococcus lacustris 

OX=44745 GN=HaLaN_04631 PE=3 SV=1 

0.33Fc 

 

 

DAVID analysis 

To increase the number of identified proteins and phosphoproteins, DAVID 

functional enrichment clustering analysis was conducted on the significantly up- and 

downregulated proteins and phosphoprotein datasets. 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 within the histone and transmembrane 

cluster (Figure 3I). Annotations of significantly upregulated proteins were mostly 

obtained from the UniProt Keyword and Gene Ontology databases (Figure 3A), and 

the top annotation was nucleus (Figure 3B). DAVID analysis of significantly 
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downregulated proteins yielded 20 clusters, with the largest number of unique genes 

included within the transmembrane cluster (Figure 3J). Annotations of significantly 

downregulated proteins with a similar UniProt Keyword and Gene Ontology 

databases analysis showed the top annotations overall were chloroplast and plastid 

(Figure 3C & D). DAVID analysis of significantly upregulated phosphoproteins 

yielded four clusters; chromosome, ATP binding, transmembrane, and microtubule 

with similar numbers of unique genes within each cluster (Figure 3K). Annotations of 

significantly upregulated phosphoproteins revealed that the top annotation was 

nucleus. (Figure 3E & F). DAVID analysis of significantly downregulated 

phosphoproteins yielded seven clusters, with the largest number of unique genes 

included within the photosynthesis cluster (Figure 3L). Annotations of these 

downregulated phosphoproteins showed the top annotations overall were chloroplast, 

plastid, and ATP binding (Figure 3G & H). 
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Figure 3: DAVID analysis of proteomics and phosphoproteomics datasets 

DAVID term distribution within the (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 (I) upregulated 

proteins, (J) downregulated proteins, (K) upregulated phosphoproteins, and (L) downregulated 

phosphoproteins. 
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Blast2GO analysis was conducted to improve the analysis pipeline. Since 
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analyses. However, Blast2GO analysis provided Gene Ontology (GO) terms, as well 

as the GO term category that a particular GO term belonged to. Overall, most GO 
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annotation for the significantly upregulated proteins was ATP binding (Figure 4B), 

while the top annotation for the significantly downregulated proteins was ATP 

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

membrane (Figure 4D). The top GO annotation for the significantly upregulated 

phosphoproteins was metal ion binding and cytoplasm (Figure 4F), and the top GO 

annotation for the significantly downregulated phosphoproteins was ATP binding 

(Figure 4H).  
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Figure 4: Blast2GO analysis 

Blast2GO term distribution within the (A) upregulated proteins, (C) downregulated proteins, (E) 

upregulated phosphoproteins, and (G) downregulated phosphoproteins. The top 10 Blast2GO 

annotations within the (B) upregulated proteins, (D) downregulated proteins, (F) upregulated 

phosphoproteins, and (H) downregulated phosphoproteins. In the 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 conducted to improve annotation of the significantly up- 

and downregulated proteins and phosphoproteins. Figure 5A-D shows the distribution 

of the genes that could be assigned KEGG Orthology (KO) IDs into various 

metabolic pathways within KEGG. There were 16 KEGG pathways that the 

significantly upregulated proteins could be mapped to, predominantly genetic 

information processing, carbohydrate metabolism, and energy metabolism (Figure 

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 (Figure 5B). 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 environmental information processing (Figure 5C). 

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 (Figure 5D). 

 



 

 

 

 

51 

 

 
 

 
 

 

Genetic information processing

Carbohydrate metabolism

Energy metabolism

Protein families: genetic information processing

Organismal systems

Nucleotide metabolism

Protein families: signaling and cellular processes

Metabolism of terpenoids and polyketides

Lipid metabolism

Protein families: metabolism

Unclassified: metabolism

Cellular processes

Amino acid metabolism

Environmental information processing

Metabolism of cofactors and vitamins

Unclassified: signaling and cellular processes

Unclassified

A

Energy metabolism

Carbohydrate metabolism

Genetic information processing

Metabolism of cofactors and vitamins

Protein families: metabolism

Unclassified: genetic information processing

Protein families: genetic information processing

Organismal systems

Metabolism of terpenoids and polyketides

B

Cellular processes

Energy metabolism

Environmental information processing

Lipid metabolism

Amino acid metabolism

Human diseases

C



 

 

 

 

52 

 

 
 
Figure 5: KEGG analysis  

KEGG pathway distribution within the (A) upregulated proteins, (B) downregulated proteins, (C) 

upregulated phosphoproteins, and (D) downregulated phosphoproteins. 

 

 

Assessment of coverage of three commonly used bioinformatics tools 

DAVID, Blast2GO, and KEGG were used to annotate significantly 

differentially expressed proteins and phosphoproteins, and annotations and pathway 
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(proteomics 68.6%, phosphoproteomics 70.4%), and finally with KEGG having the 

lowest coverage (proteomics 48.2%, phosphoproteomics 33.3%). Additionally, most 

proteins and phosphoproteins that were identified with KEGG were also identified in 

Blast2GO and DAVID (Figure 6).  
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2022; X. D. Wang et al., 2022; Yu et al., 2022), consistent 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) are identified, 

representing a 14.91% and 12.86% reduction in total identified proteins and 

phosphoproteins, respectively, suggesting the need to include DAVID in future 

analyses. 

Overall, the time consumption of these tools was fairly low. The largest 

dataset was the significantly upregulated proteins with 216 proteins in total. DAVID 

analysis of this list took only a few seconds to complete, and KEGG analysis took a 

few minutes. Blast2GO is the rate-limiting step, taking several hours to complete the 

BLAST and InterPro scan steps. The subsequent steps of Blast2GO (mapping and 

annotation steps) are much quicker, generally taking a few minutes to complete. 

 

                            
 

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 diagrams were created using 

http://bioinformatics.psb.ugent.be/webtools/Venn/. 
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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 kinases (He et al., 2011). Phosphosite motif analysis 

was conducted to determine if there were specific sequences that were 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 dataset (Figure 7). 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 phosphosite (Figure 

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 (Figure 7C). The significantly downregulated T phosphosites were enriched 

with lysine (K), A, and G, and also contained V and T (Figure 7D). The significantly 

upregulated S phosphosites contained M, G, leucine (L), glutamine (Q), R, and 

aspartic acid (D) (Figure 7E). There were not enough significantly upregulated T 

phosphosites to conduct sequence logo analysis (only 5 upregulated T phosphosites, a 

minimum of 10 sequences needed for analysis). 

The Motif -All algorithm (He et al., 2011) was used to extract phosphorylation 

motifs that were significantly overrepresented in phosphorylation sites that 
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significantly changed in the red stage samples compared with all the phosphorylation 

sites identified in this analysis. This analysis revealed no phosphorylation motifs in 

the significantly upregulated phosphoproteins and 59 phosphorylation motifs in the 

significantly downregulated phosphoproteins (selected motifs in Figure 7F). Many 

downregulated motifs were V, S, G, R, or K directed (Figure 7F).  

 

 

         
 

          
 

         
 
Figure 7: Phosphosite sequence 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 A0A699ZSB1 (Table 3) 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 (Figure 3). 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 name F-type 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. Figure 8A 

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 about this protein. 

Homology analysis was then conducted to confirm the identity of this protein. 

The sequence for this protein was blasted against a translated H. pluvialis 

transcriptome (Lee et al., 2018) and a translated H. pluvialis genome (Bian et al., 

2023) (See Methods section, Custom database creation from a publicly available H. 

pluvialis transcriptome and genome), which 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 non-redundant 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 descriptive 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 closely related green algae species 

(Figure 8B & C). Moreover, down-regulation of this ATPase subunit B in red 

Haematococcus cells is consistent with degradation of chloroplasts under high light 

stress (Shah et al., 2016). 
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Figure 8: Confirmation of a putative ATPase subunit B 

A) Significantly differentially expressed protein (A0A699ZSB1, EC 7.1.1.2) within the KEGG 

pathway photosynthesis. The putative ATPase subunit B protein is denoted by a red box with red text 

within the figure. B) Alignment of putative ATPase subunit B with known ATPase subunit B from 

closely related green algae species. Alignments were visualized with T-Coffee. 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 number A0A699ZJF1, which was 

significantly upregulated (1.53-fold) under high light stress and phosphorylated on an 

S. This phosphoprotein was identified as a PFK domain-containing 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 6-phosphate in glycolysis that is regulated allosterically by high levels of 

ATP (Wegener & Krause, 2002). Increasing levels of phosphorylation of PFK 

increases its sensitivity to ATP inhibition (Kitajima et al., 1983). In this dataset, 

phosphorylated PFK was significantly upregulated in red stage cells (Table 4), 
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suggesting that the PFK of Haematococcus cells grown under high light stress 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 pathway (Mor et al., 2011). Up-regulation of phosphorylated 

PFK corroborates with down-regulation of glycolysis in Haematococcus cells, as 

under high light stress they often store excess energy as starch and lipids (Y. Li et al., 

2011). 

 

Conclusions 

This proteomics and phosphoproteomics analysis identified 1394 proteins and 

569 phosphosites on 366 phosphoproteins, among which 370 proteins and 121 

phosphosites on 94 phosphoproteins were differentially expressed. Prior to the 

application of the combined DAVID, Blast2GO, and KEGG analysis pipeline, 115 

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 and total identified phosphoproteins 

increased from 59 to 70, which were 26.28% and 18.64%, respectively, higher than 

with the UniProt analysis alone. This is also the first demonstration of 

phosphoproteomics analysis in H. 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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Chapter 3: Exploring the heterotrophic metabolism of H. 

pluvialis via proteomic and phosphoproteomic investigation of a 

mutant strain with a higher cell division rate  
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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 a Haematococcus pluvialis (Chlorophyceae) mutant with a higher 

heterotrophic cell division rate reveals altered pathways involved in cell proliferation 

and nutrient partitioning. Journal of Phycology. https://doi.org/10.1111/jpy.13490.  

 

Abstract 

This work aims to address the slow growth rate of H. pluvialis by exploring its 

acetate metabolism. Chemical mutagenesis and screening identified H. pluvialis strain 

KREMS 23D-3 that achieved up to a 34.9% 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 in the wild type and mutant strains 

of H. pluvialis. Among them, 12 proteins were significantly upregulated and 22 

significantly downregulated in the mutant, while 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 downregulation of a putative cell cycle 

division 20 phosphoprotein in the mutant suggests rapid mitotic progression, 

coinciding with higher cell division rates. Upregulated coproporphyrinogen oxidase 

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 in Haematococcus. Taken together, this chapter reveals the 

regulation of interrelated heterotrophic metabolic pathways in H. pluvialis and 

provides protein targets that may guide future strain engineering work. 

 

Introduction 

Under heterotrophic conditions, the cellsô only source of carbon and energy is 

from the growth medium (Barclay et al., 2013; Shah et al., 2016). There are many 

possible fates for organic carbon once it is taken up into the cell, governed by the 

interrelated metabolic 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 ever-variable environmental conditions (Johnson & Alric, 

2013).  

In Chlamydomonas, acetate is believed to be taken into the cell via ATP-

dependent monocarboxylate symporters (Burlacot et al., 2019; Johnson & Alric, 

2012; Plancke et al., 2014; Smith & Gilmour, 2018). Several acetate permease genes 

have been identified in C. reinhardtii, all of which are members of the 

GPR1/FUN30/YaaH (pfam01184) gene family that has been suggested to mediate 

acetate uptake in S. cerevisiae (Casal et al., 2008; Goodenough et al., 2014).  

Once taken into the cell, acetate can be metabolized into acetyl-CoA either 

directly via a reaction catalyzed by acetyl-CoA synthase (ACS) or indirectly first to 
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acetate-phosphate by acetate kinase (ACK) then to acetyl-CoA by phosphate 

acetyltransferase (PAT) (Chapman et al., 2015; Spalding et al., 2009). All three genes 

are present in C. reinhardtii (Spalding et al., 2009), and the ACS enzyme has been 

observed in the cytosol, mitochondria, and plastids (Rengel et al., 2018). 

After acetate is converted into acetyl-CoA, central carbon metabolism 

determines where that carbon and energy are funneled, subsequently producing lipids, 

starches, carbon skeletons for other products, and reducing 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 CO2 releasing steps of the TCA cycle (Hu et al., 2018). 

While these cycles can produce reducing equivalents and drive ATP production, 

many other metabolic pathways also require these intermediates, as well as certain 

nutrient uptake or intracellular transport systems like the monocarboxylate 

transporters and ATP binding cassette (ABC) transporters (Rees et al., 2009). 

Therefore, the overall redox poise of the cell can govern various processes, from the 

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 unclear (Burlacot et al., 

2019). ABC-transporters have also been suggested to facilitate the transfer of acyl 

chains between cellular compartments to shunt carbon towards de novo fatty acid 

biosynthesis (Footitt et al., 2002; Kim et al., 2013). The presence and activity of these 

transporters demand a 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(P)H (Burlacot et al., 

2019; Mettler & Beevers, 1980; Scheibe, 2004). Several metabolic shuttles have been 

proposed, including ADP/ATP translocator, malate/oxaloacetate, malate/aspartate 

shuttle (Noguchi & Yoshida, 2008) for ATP and malate dehydrogenase (MDH) for 

NAD(P)H (Mettler & Beevers, 1980; Scheibe, 2004).  

Acetate consumption may also be related to cell-cycle control. Cell division is 

one of the most carbon- and energy-expensive processes that occurs in the cell. As 

mentioned previously, Haematococcus has been proposed to use a novel 

Haematococcus-type CnCC cell cycle, similar to the CnCC cell cycles of closely 

related Chlamydomonas and Scenedesmus (Reinecke et al., 2018). This increase in 

cell size and synthesis of large amounts of DNA may draw carbon flux away from 

other pathways. 

How cells partition nutrients and energy during heterotrophic growth can also 

influence their performance under high light conditions. Typically, prolonged 

heterotrophic growth leads to the dismantling of the photosynthetic machinery since it 

is not needed (Fan et al., 2012; Ogbonna et al., 1997). When transitioned directly 

from heterotrophy to high light, these cells experience acute stress since their ability 

to photosynthesize is dramatically reduced, increasing the likelihood of 

photooxidation or photoinhibition. Preserved photosynthetic machinery components 
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and chlorophylls of cells under the heterotrophic stage may better prepare them for 

exposure to high light, reducing the loss of biomass. 

This chapter aims to explore the heterotrophic metabolism of H. pluvialis. 

EMS-based chemical mutagenesis and screening were used to identify a mutant H. 

pluvialis strain, KREMS 23D-3 (mutant K), that demonstrates a higher heterotrophic 

cell division rate than the wild type H. pluvialis (NIES 144). To understand the 

molecular underpinning of this phenotype, a TMT-based quantitative approach was 

combined with titanium dioxide-based phosphopeptide enrichment to investigate 

changes in the mutant strain at both proteomics and phosphoproteomics levels. The 

proteomics results revealed that in mutant K the proteins involved in cell cycle and 

cell proliferation, nutrient partitioning, and metabolic regulation were differentially 

expressed, contributing to a higher cell division rate and a smaller cell size compared 

with the wild type. Additionally, phosphoproteomic changes in mutant K suggest that 

phosphorylation plays a key role in the regulation of H. pluvialis metabolism and cell 

cycle control.  

 

Materials and Methods 

 

Mutagenesis 

Haematococcus pluvialis NIES 144 was obtained from the National Institute 

for Environmental Studies Microbial Culture Collection (NIES), Japan. Mutagenesis 

was conducted as previously described (Ramarui, 2019). First, wild type NIES 144 
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cells were mutagenized by incubation with 30-40% EMS for 120 minutes. Post 

treatment, cells were spread onto acetate-containing (C medium) agar plates and 

grown heterotrophically (0 mmol photons m-2 s-1) until colonies were visible. The 

survival rate was maintained at about 10-20%, which was determined by the number 

of colonies that appeared on agar plates in the EMS-treated group compared with the 

untreated control. Larger-sized colonies that maintained a green color after growth on 

agar plates were selected for additional screening (Ramarui, 2019). 

 

Screening  

Screening was conducted as previously described (Ramarui, 2019). Briefly, 

under heterotrophic growth conditions, mutant candidates that achieved over 1.5 

times higher optical density at 750 nm (OD750) and cell density in later screening 

rounds on 50% of the days in the growth period were selected for further 

characterization. Mutant KREMS 23D-3 consistently achieved at least 1.5 times 

higher optical density and cell density than the wild type on 50% of the days in the 

growth period and was therefore selected for further analysis (Ramarui, 2019). 

 

Culture conditions 

For lab culture experiments, 1 L algal culture was maintained in 2 L 

Erlenmeyer flasks under heterotrophic conditions using an acetate-containing growth 

medium (C medium; full recipe described in Chapter 2). During the cultivation 
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period, cultures were manually swirled twice a day. All strains were set up in 

triplicate or quadruplicate biological replicates. 

 

Growth curve and biomass concentration  

Throughout the entire cultivation period, cell density (measured using a 

hemocytometer) and optical density at 750 nm (measured using a spectrophotometer, 

NanoDrop 2000c, Thermo Fisher Scientific, Danvers, MA) were measured daily to 

monitor the growth kinetics of each strain, as previously described (Li et al., 2008). 

Biomass concentration was measured every day after Day 3 with 10 mL samples 

filtered through a pre-weighed filter paper, drying them overnight in a 100 °C oven, 

then weighing the samples on a balance (Sartorius, Göttingen, Germany). 

 

Nutrient consumption analysis 

Acetate concentration in the growth medium was measured by high-

performance liquid chromatography (HPLC) (Chen & Johns, 1994). 1.5 mL culture 

aliquots were collected and centrifuged at 13,000 x g at 25 °C for 10 minutes. The 

supernatant was collected into a sterile Eppendorf tube and stored at -20 °C until 

measurement. Before HPLC analysis, the collected supernatant was filtered through a 

0.22 ɛm nylon membrane (Foxx Life Sciences, Salem, New Hampshire) into a 2 mL 

glass measurement vial. HPLC analysis was done using 25 mM sulfuric acid as the 

mobile phase through a Sepax Carbomix H-NP5 column (4.6 x 300 mm) (Sepax 
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Technologies, Inc., Newark, Delaware) at a flow rate of 0.25 mL min-1. The injection 

volume was 20 ɛL. UV spectrum at 210 nm was used to detect sodium acetate. A 

standard curve was drawn using samples ranging in concentration from 0.1 ï 2 g L-1 

sodium acetate. A 0.2 g L-1 sodium acetate standard 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 Analytical Services Laboratory at the Chesapeake 

Biological Laboratory. Samples were passed through a 0.22 ɛm pore size Minisart 

High Flow PES filter (Sartorius, Göttingen, Germany) and diluted into analytical 

range with deionized water. Total nitrogen was measured using an enzyme-catalyzed 

nitrate method, which is a reaction-based colorimetric assay. Total phosphorous was 

measured using potassium persulfate to oxidize organic and inorganic phosphorous to 

orthophosphate under heated acidic conditions, followed by a colorimetric assay.  

 

Sample preparation for mass spectrometry analysis 

After harvesting, triplicate samples of wild type and mutant H. pluvialis were 

washed with PBS three times and frozen at -80 °C. Frozen pellets were lysed in lysis 

buffer (5% SDS, 50 mM TEAB, pH 8.5) by sonication. After centrifugation at 17,000 

× g at 15 °C for 30 minutes, the protein lysates were collected, and the protein 

concentration was determined using a bicinchoninic acid (BCA) assay (Pierce, 

Waltham, MA). An equal amount of protein from each sample was subjected to 

trypsin digestion on an S-trap Midi column (Protifi, Farmingdale, NY). Briefly, the 
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protein was reduced with dithiothreitol, alkylated with iodoacetamide, and acidified 

with phosphoric acid, loaded onto an S-trap Midi column, washed with 90% MeOH 

and 100 mM TEAB, pH adjusted to 8.5 to remove SDS, digested with Lys-C/trypsin 

mixed protease (Promega, Madison, WI), and eluted with elution buffer (50 mM 

TEAB pH 8.5, 0.2% formic acid, 50% acetonitrile). The resulting peptides from each 

sample were labeled with a 6-plex tandem mass tag (TMT) labeling reagent, 

separately. After the TMT labeling efficiency was confirmed to be more than 95%, all 

the labeled peptides from each sample were equally mixed, dried completely in a 

vacuum concentrator, and kept at -80 ºC. The mixture of TMT-labeled peptides was 

fractionated using basic-pH reversed-phase liquid chromatography on a Waters 

Xbridge Peptide BEH 4.6 mm × 25 cm C18 column to 96 fractions and the 96 

fractions were concatenated to 12 fractions. 90% of each fraction of peptides was 

subjected to phosphopeptide enrichment using FeNTA resin on an Agilent Assaymap 

Bravo. The 12 fractions of the enriched phosphopeptides and the remaining 10% 

unenriched peptides were lyophilized and stored at -80 ºC prior to mass spectrometry 

analysis.   

 

Mass spectrometry analysis 

Each fraction of peptides and enriched phosphopeptide were analyzed by 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) using a Dionex 3000 

RSLC nano-scale liquid chromatograph in tandem with an Orbitrap Exploris 480 

mass spectrometer (Thermo Fisher Scientific, Danvers, MA). Briefly, each peptide 
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sample was reconstituted in acidic buffer and preconcentrated via autosampler on 

aEXP2 Stem Trap (0.33 µL, 2.7 µm HALO Peptide ES-C18, Optimize Technologies, 

Oregon City, OR), and separated on a 35 cm x 100 ɛm i.d. column packed in-house 

with Acclaim 2.2 ɛm C18 (ThermoFisher) heated to 40 ºC using a 150 minute 

gradient with 0.4 ɛL min-1 flow rate. The mass spectrometer was operated in a data-

dependent acquisition (DDA) mode. The parameters for analysis of unenriched 

peptides were a) Precursor scans (FTMS) from 400-2,000 m/z (Maximum Injection 

Time (ms) = 50, Normalized AGC Target (%) = 200) 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 (%): 38; FT first mass value: 110.00 (fixed); data type: 

centroid; Normalized AGC Target (%) = 300) at 30,000 resolution. The parameters 

for analysis of enriched phosphopeptides were a) Precursor scans (FTMS) from 350-

1,500 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 (%): 38; FT first mass 

value: 110.00 (fixed); data type: centroid; Normalized AGC Target (%) = 200) at 

45,000 resolution. 

 

Mass spectrometry data analysis 

The tandem mass spectra were searched using the Andromeda search 

algorithm against an H. pluvialis UniProt database (2022_03 Release) on the 

MaxQuant platform (version 2.1.3.0, (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 peptide N-terminus as a fixed modification and 

oxidation at methionine, acetylation at protein N-terminus, and phosphorylation at 

serine, threonine, and tyrosine 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 targetïdecoy 

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 set to 1. The TMT reporter ion intensities were 

log2 transformed and median normalized, then used to calculate the abundance 

changes of proteins and phosphoproteins in mutant K vs wild type strain. The p-value 

was calculated using a Studentôs t-test (two-tailed, two-sample equal variance). The 

fold changes of > 1.5 or < 0.67 with a p-value of < 0.05 were considered as 

significantly upregulated or downregulated in mutant K, respectively.  

 

Functional annotation, enrichment analysis, and 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 division but smaller cells 

Mutant K was generated by EMS-based chemical mutagenesis and identified 

by screening for mutants with an enhanced heterotrophic growth rate measured by 

optical density at 750 nm and cell concentration. Laboratory 1 L-scale cultivation 

experiments showed that the mutant strain was able to achieve higher cell and optical 

densities than the wild type when grown heterotrophically with acetate, with 

statistically significant differences on 4 days out of the 6-day experiment (Figure 9A 

& 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 and 6). Mutant K reached a 

maximum of 34.9% higher cell density than the wild type on Day 5 (Figure 9A). 

However, there was generally no statistically significant difference in biomass 

concentrations (g L-1) between mutant K and the wild type, except for Day 4 when the 

biomass concentration of mutant K was significantly higher than the wild type by 

16.9% (Figure 9C). Additionally, the biomass per cell data showed that mutant K has 

significantly lower biomass per cell than the wild type by 26.1% and 19.7% on Days 

3 and 6, respectively (Figure 9D). These results suggest that mutant K has a shorter 

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

growth conditions  

Mutant K (pink triangle dashed line or pink cross hatch fill) and the wild type (blue circle solid line or 

blue solid fill). A) Cell density (cells mL-1). B) Optical density (OD750). C) Biomass concentration (dry 

weight g L-1, w/w). D) Biomass per cell (ng cell-1). Quadruplicate Haematococcus cultures were 

maintained under heterotrophic conditions with acetate-containing C medium and samples were taken 

daily. The statistical significance of the differences between the wild type and mutant was calculated 

using a t-test to obtain the p-value. * represents a p-value less than 0.05 (statistically significant) and + 

represents a p-value less than 0.01 (highly statistically significant). 
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Proteomic and phosphoproteomic analysis of mutant K 

To understand the mechanisms that drive the phenotypic changes in mutant K, 

the proteomes and phosphoproteomes were quantified in the wild type and mutant K 

using a TMT-based quantitative approach. A cut-off of 1.5-fold change in mutant K 

vs. wild type with p-value < 0.05 (Studentôs t-test, two-tailed, two-sample equal-

variance, df = 4) was chosen as significantly upregulated or downregulated 

expression/phosphorylation in mutant K. The proteomics analysis revealed that out of 

4,955 quantitated proteins, 12 were significantly upregulated and 22 downregulated in 

mutant K (Figure 10A, Table 6 and Table 7). Figure 10C & E shows the numbers of 

the top annotations for identified proteins, categorized by annotation term based on 

the annotations by Blast2GO (Figure 10C) and DAVID (Figure 10E). The majority of 

these proteins are transmembrane proteins, but there are also proteins involved in 

photosynthesis and cell structure. The 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 significantly downregulated in mutant K (Figure 

10B, Table 8 and Table 9). Among these identified phosphorylation sites, 4,026 were 

phosphoserine sites, 1,032 phosphothreonine sites, and 41 phosphotyrosine sites. 

Figure 10D & F shows the numbers of the top annotations for phosphoproteins, 

categorized by annotation term based on the annotations by Blast2GO (Figure 10D) 

and DAVID (Figure 10F). The majority of these phosphoproteins are transmembrane 

proteins, chloroplast-related 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 binding, and chloroplast (Figure 10G).   
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Figure 10: Volcano plots and functional enrichment analysis of quantifiable proteins and 

phosphorylated proteins at 48 h under heterotrophy 

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

rightmost dashed line) or downregulated (blue, left of the leftmost dashed line), respectively in mutant 

K under 48 h of heterotrophy. Grey dots indicate proteins or phosphoproteins that did not pass the cut-

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

considered statistically significant (above the horizontal dashed line). The top 13 annotations that were 

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

proteins and (D) phosphoproteins. In the Blast2GO bar plots (C and D), the category each term belongs 

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

respectively. All annotations assigned to (E) proteins and the top 10 annotations that were assigned to 

the greatest number of (F) phosphoproteins 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 similarities 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 

Accession 

Protein Ratio    

(K / WT)  

p-

value 

HaLaN_17164;

HaLaN_02131 

A0A699ZE23;

A0A699YKC0 

Adenosylhomocysteinase (Fragment); 

Adenosylhomocysteinase (Fragment) 

2.20 0.02 

HaLaN_21171 A0A699ZNM8 Uncharacterized protein (Fragment) 1.85 0.00 

HaLaN_31896;

HaLaN_22630 

A0A6A0AJJ0;

A0A6A0A0A8 

Adenosylhomocysteinase (Fragment); 

Adenosylhomocysteinase (Fragment) 

1.82 0.05 

HaLaN_32161 A0A6A0AJE5 Chlorophyll a-b binding protein, 

chloroplastic (Fragment) 

1.75 0.01 

HaLaN_02046 A0A699YD11 Coproporphyrinogen oxidase 1.74 0.02 

HaLaN_09861 A0A699YUI9 Phosphorylase (Fragment) 1.59 0.05 

HaLaN_20394 A0A6A0A1I5 Importin N-terminal domain-containing 

protein (Fragment) 

1.58 0.01 

HaLaN_06176;

HaLaN_30926 

A0A699YNA5;

A0A6A0AGS4 

USP domain-containing protein;USP 

domain-containing protein (Fragment) 

1.57 0.04 

HaLaN_32233 A0A6A0ALV0 AMP-binding domain-containing 

protein (Fragment) 

1.55 0.03 

HaLaN_22668 A0A6A0A178 H15 domain-containing protein 1.54 0.00 

HaLaN_07866;

HaLaN_12182 

A0A699YSG9;

A0A699Z9R7 

Aminomethyltransferase, 

mitochondrial;Glycine cleavage system 

T protein 

1.53 0.00 

HaLaN_28030 A0A6A0AAH8 Dihydropyrimidine dehydrogenase 

(NADP(+)) (Fragment) 

1.52 0.04 

 

 

Table 7: Selected significantly downregulated proteins in mutant K 

Gene Symbol UniProt 

Accession 

Protein Ratio    

(K / WT)  

p-

value 

HaLaN_23827;

HaLaN_09997 

A0A699ZTV1;

A0A699Z527 

Apocarotenoid-15,15-oxygenase 

(Fragment);Apocarotenoid-15,15'-

oxygenase (Fragment) 

0.75 0.00 

HaLaN_08471;

HaLaN_05646 

A0A699Z187; 

A0A699YV57 

Chlorophyll a-b binding protein, 

chloroplastic;Chlorophyll a-b binding 

protein, chloroplastic 

0.75 0.02 

HaLaN_07376 A0A699YYH0 NUDIX hydrolase domain-like 

(Fragment) 

0.74 0.00 

HaLaN_14366 A0A699ZP63 Endoplasmic reticulum-Golgi 

intermediate compartment protein 3 

(Fragment) 

0.74 0.02 

HaLaN_24907 A0A699ZVK9 Protein STIP1 0.74 0.02 

HaLaN_12409 A0A699Z1Z8 Proteasome subunit beta (Fragment) 0.72 0.00 

HaLaN_04921;

HaLaN_16793 

A0A699YS42;

A0A699ZCE2 

DExH-box ATP-dependent RNA 

helicase DExH3 

(Fragment);Uncharacterized protein 

0.72 0.03 

HaLaN_07833 A0A699YSE7 EF-hand domain-containing protein 

(Fragment) 

0.71 0.00 
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HaLaN_23153;

HaLaN_06008 

A0A6A0A485;

A0A699YKA2 

Phosphoserine 

phosphatase;Phosphoserine 

phosphatase, chloroplastic 

0.71 0.01 

HaLaN_15423 A0A699Z7J1 Glutathione S-transferase (Fragment) 0.70 0.00 

HaLaN_09185 A0A699YUU9 ANK_REP_REGION domain-

containing protein (Fragment) 

0.69 0.01 

HaLaN_21966;

HaLaN_10659 

A0A6A0A069;

A0A699Z5L9 

Phosphodiesterase;3'5'-cyclic 

nucleotide phosphodiesterase 

0.69 0.04 

HaLaN_20578;

HaLaN_10595 

A0A699ZPF4;

A0A699YZ75 

Channelopsin 1 

(Fragment);Uncharacterized protein 

(Fragment) 

0.68 0.05 

HaLaN_14544 A0A699ZG05 Aldo-keto reductase family 4 member-

like (Fragment) 

0.66 0.00 

HaLaN_04765 A0A699YTB0 Uncharacterized protein 0.64 0.04 

HaLaN_25219 A0A699ZY83 Low CO2-induced aldose reductase 0.56 0.00 

 

 

Table 8: Selected phosphoproteins significantly upregulated in mutant K 

Gene Symbol UniProt 

Accession  

Protein Phosphosite 

(*ambiguous) 

Ratio       

(K / WT)  

p-

value 

HaLaN_23329 A0A699ZZT5 Uncharacterized protein S22 3.83 0.00 

HaLaN_09645; 

HaLaN_24175 

A0A699Z3T3; 

A0A6A0A318 

Magnesium chelatase 

subunit D (Fragment); 

Mg-protoporphyrin IX 

chelatase 

S29* 3.25 0.00 

HaLaN_13211 A0A699ZBT6 Malate dehydrogenase, 

chloroplastic 

(Fragment) 

S7 3.10 0.00 

HaLaN_17551; 

HaLaN_32072 

A0A699ZE66; 

A0A6A0AKF8 

Ribonucleoprotein, 

chloroplastic 

(Fragment); RRM 

domain-containing 

protein 

S202* 2.97 0.00 

HaLaN_32314 A0A6A0AKJ4 GDP-mannose 4,6-

dehydratase (Fragment) 

S39 2.88 0.04 

HaLaN_03262 A0A699YK44 Anaphase promoting 

complex (APC) subunit 

2 (Fragment) 

S336 2.84 0.03 

HaLaN_15672 A0A699Z9E9 Gag,protease,endonucle

ase, reverse 

transcriptase,RNaseH 

S255 2.65 0.00 

HaLaN_25348; 

HaLaN_17784 

A0A699ZYG4; 

A0A699ZDF4 

Alpha-type protein 

kinase domain-9 

containing protein; 

Alpha-protein kinase 

vwkA 

S87* 2.47 0.00 

HaLaN_03167; 

HaLaN_31732 

A0A699YMV4

; A0A6A0AJP0 

Rubisco activase 

(Fragment); 

S40* 2.36 0.00 
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Uncharacterized protein 

(Fragment) 

HaLaN_04656 A0A699YT31 Uncharacterized protein S91 2.22 0.04 

HaLaN_06878 A0A699YXV8 Uncharacterized protein 

(Fragment) 

S36 2.21 0.00 

HaLaN_30875 A0A6A0AIQ7 Acetyl-coenzyme A 

synthetase (Fragment) 

S30 2.21 0.02 

HaLaN_31840 A0A6A0AJD7 Uncharacterized protein 

(Fragment) 

T263 2.19 0.00 

HaLaN_04339 A0A699YJ12 Anaphase promoting 

complex (APC) subunit 

2 (Fragment) 

S508 2.16 0.01 

HaLaN_04339 A0A699YJ12 Anaphase promoting 

complex (APC) subunit 

2 (Fragment) 

S503 2.16 0.01 

HaLaN_04339 A0A699YJ12 Anaphase promoting 

complex (APC) subunit 

2 (Fragment) 

T501 2.16 0.01 

HaLaN_31840 A0A6A0AJD7 Uncharacterized protein 

(Fragment) 

T263 2.13 0.00 

HaLaN_31840 A0A6A0AJD7 Uncharacterized protein 

(Fragment) 

T265 2.13 0.00 

HaLaN_04619; 

HaLaN_04625; 

HaLaN_22020 

A0A699YJ11; 

A0A699YRC8; 

A0A699ZSW7 

Uncharacterized 

protein; Formate C-

acetyltransferase 

(Fragment); 

Uncharacterized protein 

(Fragment) 

S595* 2.12 0.00 

HaLaN_23329 A0A699ZZT5 Uncharacterized protein T155 2.08 0.00 

HaLaN_07863 A0A699Z9L5 Uncharacterized protein 

(Fragment) 

S435 2.08 0.01 

psbB A0A0S2IDK8 PsbB (Fragment) S302 2.06 0.00 

HaLaN_04619; 

HaLaN_04625; 

HaLaN_22020 

A0A699YJ11; 

A0A699YRC8; 

A0A699ZSW7 

Uncharacterized 

protein; Formate C-

acetyltransferase 

(Fragment); 

Uncharacterized protein 

(Fragment) 

S592* 2.05 0. 00 

HaLaN_32026; 

HaLaN_32178 

A0A6A0AKE7

; 

A0A6A0AM71 

CULLIN_2 domain-

containing protein 

(Fragment); CULLIN_2 

domain-containing 

protein (Fragment) 

S71* 2.01 0.00 

HaLaN_01984 A0A699YJZ6 Uncharacterized protein S234 1.70 0.00 

HaLaN_31310 A0A6A0AIN6 Glutamate-1-

semialdehyde 

aminotransferase 

(Fragment) 

S59* 1.60 0.00 

HaLaN_13211 A0A699ZBT6 Malate dehydrogenase, 

chloroplastic 

(Fragment) 

S30 1.54 0.00 
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Table 9: Selected phosphoproteins significantly downregulated in mutant K 

Gene Symbol UniProt 

Accession  

Protein Phosphosite 

(*ambiguous) 

Ratio       

(K / WT)  

p-

value 

HaLaN_20534;

HaLaN_22387 

A0A699ZPB8;

A0A6A0A0V9 

WD_REPEATS_RE

GION domain-

containing protein; 

WD_REPEATS_RE

GION domain-

containing protein 

(Fragment) 

S1183* 0.68 0.01 

HaLaN_20534;

HaLaN_22387 

A0A699ZPB8;

A0A6A0A0V9 

WD_REPEATS_RE

GION domain-

containing protein; 

WD_REPEATS_RE

GION domain-

containing protein 

(Fragment) 

T1184* 0.68 0.01 

HaLaN_25395 

 

A0A699ZW26 Glutamine synthetase T319 0.62 0.01 

HaLaN_14731 A0A699ZGR5 Methionine synthase T492 0.49 0.03 

ycf1b;  

SG3EUKT9745

60.1 

A0A0S2IE43; 

A0A2K9YRQ9 

Hypothetical 

chloroplast RF1; 

Hypothetical 

chloroplast RF1 

T2122* 0.49 0.01 

HaLaN_05616 A0A699YLW7 Importin subunit 

alpha 

T45 0.49 0.03 

HaLaN_10814 A0A699YWS1 Uncharacterized 

protein 

T49 0.48 0.02 

HaLaN_25002 A0A6A0A4Y4 Uncharacterized 

protein (Fragment) 

S32 0.47 0.01 

HaLaN_00932 A0A699YT99 UBX domain-

containing protein 

T66 0.46 0.02 

HaLaN_03003;  

HaLaN_06384 

A0A699YYD9; 

A0A699YLS6 

U1-type domain-

containing protein 

(Fragment); U1-type 

domain-containing 

protein 

S19* 0.46 0.01 

HaLaN_22708;  

HaLaN_30728 

A0A6A0A3Z5; 

A0A6A0AIC9 

Uncharacterized 

protein; 

Uncharacterized 

protein 

T224* 0.45 0.02 

HaLaN_01469;  

HaLaN_12899 

A0A699Y9B0; 

A0A699ZC46 

Uncharacterized 

protein (Fragment); 

Uncharacterized 

protein (Fragment) 

T49* 0.45 0.01 

HaLaN_06003 A0A699Z5D8 Uncharacterized 

protein (Fragment) 

S223 0.42 0.00 

HaLaN_04631 A0A699YT12 Chlorophyll a-b 

binding protein, 

chloroplastic 

T33 0.42 0.02 

HaLaN_23439;  

HaLaN_32161 

A0A699ZRP0; 

A0A6A0AJE5 

Chlorophyll a-b 

binding protein, 

T8* 0.41 0.01 
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chloroplastic; 

Chlorophyll a-b 

binding protein, 

chloroplastic 

(Fragment) 

HaLaN_09564 A0A699Z2Y6 Protein kinase 

domain-containing 

protein (Fragment) 

S142 0.39 0.00 

HaLaN_10920 A0A699ZGS8 Chlorophyll a-b 

binding protein, 

chloroplastic 

(Fragment) 

S29 0.38 0.01 

HaLaN_25972 A0A699ZXE9 Ribosomal_L2_C 

domain-containing 

protein 

S275 0.38 0.00 

HaLaN_18671 A0A699ZSP8 EF-hand domain-

containing protein 

S31 0.37 0.00 

HaLaN_18671 A0A699ZSP8 EF-hand domain-

containing protein 

T33 0.37 0.00 

HaLaN_03208 A0A699YE07 Protein kinase 

domain-containing 

protein (Fragment) 

S756 0.36 0.01 

;  ;  ;  

HaLaN_12318;  

;  

HaLaN_12325 

A0A3G4R8H8; 

A0A3G4R8H7; 

Q2KN32; 

A0A699Z9R9; 

D0UDM8; 

A0A699Z341 

Tubulin alpha chain; 

Tubulin alpha chain; 

Tubulin alpha chain 

(Fragment); Tubulin 

alpha chain 

(Fragment); Tubulin 

alpha chain 

(Fragment); Alpha 

tubulin (Fragment) 

T349* 0.36 0.00 

HaLaN_27840 A0A6A0A906 Uncharacterized 

protein 

T17 0.35 0.01 

HaLaN_19327 A0A699ZUG1 DNA-directed RNA 

polymerase 

S91 0.29 0.00 

HaLaN_19327 A0A699ZUG1 DNA-directed RNA 

polymerase 

S96 0.29 0.00 

HaLaN_24805 A0A6A0A3S7 Protein kinase 

domain-containing 

protein 

S414 0.28 0.01 

HaLaN_20495 A0A699ZWA1 CRAL-TRIO 

domain-containing 

protein 

S90 0.19 0.00 

 

 

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

were analyzed. Of all identified phosphorylation sites, the sequence logos showed 
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that proline (P) was dominant on the +1 location and alanine (A) was dominant on 

both sides of phosphoserine (Figure 11A) and phosphothreonine (Figure 11B). No 

amino acid was significantly enriched on either side of phosphotyrosine (Figure 11C). 

Interestingly, both sequence logos of phosphoserine significantly upregulated (Figure 

11D) and downregulated (Figure 11E) in mutant K also showed proline (P) dominant 

on +1 location and alanine (A) rich on both sides, similar to Figure 11A. The Motif-

All algorithm (He et al. 2011) was used to extract phosphorylation motifs that were 

significantly overrepresented in phosphorylation sites that were significantly 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 phosphoproteins (Figure 11F) and 10 phosphorylation motifs in the 

significantly downregulated phosphoproteins (Figure 11G), 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 stage phosphosite sequence logo and motif analyses 

A) All S phosphosites, B) All T phosphosites, C) All Tyrosine (Y) phosphosites, D) Significantly 

upregulated S phosphosites, E) Significantly downregulated S phosphosites, F) Upregulated 

phosphosite motifs, G) 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 (Figure 9), DAVID, Blast2GO, and KEGG were used to examine the 

potential roles of differentially expressed proteins/phosphoproteins in regulating cell 

cycle and/or proliferation. The most upregulated protein in mutant K was 

adenosylhomocysteinase (A0A699ZE23; A0A699YKC0), which showed a 2.2-fold 

higher expression level than the wild type (Table 6, p-value = 0.02). Several other 
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adenosylhomocysteinases were also significantly upregulated (Table 6). 

Adenosylhomocysteinase is responsible for the reversible break of S-

adenosylhomocysteine (SAH) into L-homocysteine and adenosine (Vizan 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 transcription (Vizan et al., 2021). DNA can be 

passively demethylated as daughter strands are synthesized, requiring methylation of 

the daughter strand to maintain methylation patterns (Bartels et al., 2018). 

Upregulation of adenosylhomocysteinases may allow for increased methyltransferase 

activities to support the need for DNA replication during cell proliferation (Bisova & 

Zachleder, 2014). 

Two proteins may be involved in de novo purine biosynthesis, which may 

support the increased need for nucleotides during DNA replication. The first is 

ribose-phosphate pyrophosphokinase 1 (A0A699YJZ6), a significantly upregulated 

phosphoprotein (Table 8, 1.70-fold). Ribose-phosphate pyrophosphokinase 1 

catalyzes the conversion of ribose 5-phosphate into phosphoribosyl pyrophosphate 

(PRPP), which feeds into the purine nucleotide biosynthesis pathway (Li et al., 2007). 

Additionally, this protein is activated by phosphorylation (Eriksen et al., 2000). 

Upregulation of phosphorylated ribose-phosphate pyrophosphokinase 1 suggests 

increased synthesis of purines which may support increased DNA replication. 

Another significantly upregulated protein related to purine biosynthesis was 

phosphorylase (A0A699YUI9, Table 6, 1.59-fold upregulated, p-value = 0.05). This 
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phosphorylase was blasted against putative nucleoside phosphorylases in closely 

related species, and only purine nucleoside phosphorylase yielded hits (Figure 12A). 

Purine nucleoside phosphorylase is responsible for converting purine nucleosides into 

purines, the nitrogenous base building blocks for guanine and adenine (Moffatt & 

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 upregulated (p-value < 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 its co-activator protein cell cycle division 

protein 20 (Cdc20) (Shevah-Sitry et al., 2022). In this study, several APC subunit 2 

proteins and one CULLIN_2 domain-containing protein (part of the APC subunit 2) 

were phosphorylated and significantly upregulated in mutant K (Table 8), suggesting 

APC has a higher affinity for Cdc20. Additionally, it has been suggested that 

phosphorylation of Cdc20 inhibits its association with APC (Shevah-Sitry et al., 

2022), i.e., down-regulation of phosphorylated Cdc20 promotes APC activity. In this 

study, one putative Cdc20 protein containing a WD_REPEATS_REGION domain 

(A0A699ZPB8) was identified as phosphorylated on two sites (S1183 and T1184) 

and downregulated by 0.68-fold in mutant K (p-value = 0.01). Cdc20 proteins contain 

WD40 repeat regions (Zhang & Zhang, 2015). To confirm if this protein is a putative 

Cdc20 protein, it was blasted against Cdc20 sequences from Haematococcus and 
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other closely related species, with the best match to Haematococcus Cdc20 protein 

with 28% query cover, 33.80% identity, and an e-value of 1e-08 (Figure 12B). 

Downregulation of putative phosphorylated Cdc20 proteins indicates there are more 

unphosphorylated Cdc20 proteins that can associate 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 cells. These results also suggest mutant K has altered cell 

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

A) Alignment of putative nucleoside phosphorylase with known purine nucleoside phosphorylase, B) 

Alignment of putative Cdc20 protein with Cdc20 from closely related species, C) Putative pdNAD-

MDH against known pdNADH-MDH in closely related species. Alignments were visualized with T-

Coffee. Blue/green, yellow, and red highlighting indicates 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 cell division, mutant K consumed acetate from the 

growth medium more quickly than the wild type, starting on Day 3 (Figure 13A). 

Mutant K completely depleted acetate from the growth medium by Day 5, while the 

wild type still had 0.03 g L-1 at Day 6 (Figure 13A). Acetate is believed to be 

imported into the cell by monocarboxylate transporters and acetate permeases that 

belong to the GPR1/FUN30/YaaH or GFY (pfam01184) gene family (Durante et al., 

2019). The proteomic datasets were queried, however, no good matches for homologs 

were found for H. pluvialis.  

Once taken in by the cell, acetate can be metabolized into acetyl-CoA either 

directly via a reaction catalyzed by acetyl-CoA synthase (ACS) or indirectly first to 

acetate-phosphate by acetate kinase (ACK) then to acetyl-CoA by phosphate 

acetyltransferase (PAT) (Spalding et al., 2009). The data showed that ACK and PAT 

were not differentially expressed between the mutant and wild type. However, a 

phosphorylated ACS (A0A6A0AIQ7) was significantly upregulated (Table 8, 2.21-

fold, p-value = 0.02). Studies in Salmonella have found that ACS can be deactivated 
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by acetylation (Starai et al., 2002). There is limited information on how 

phosphorylation of ACS influences its activity, but phosphorylation may influence 

the ability of ACS to be acetylated and may impact the catabolism of acetate through 

this pathway.  

Pyruvate formate lyase (PFL; A0A699YJ11) converts pyruvate into formate 

and acetyl-CoA under anaerobic conditions (Crain & Broderick, 2014). Two PFL 

phosphoproteins were upregulated in mutant K (Table 8, S595, 2.12-fold; S592, 2.05-

fold). In E. coli, faster growth on acetate and formate has been attributed to PFL 

(Zelcbuch et al., 2016), and upregulation of PFL in mutant K may also be correlated 

with its higher cell division rate with acetate as the sole carbon source. PFL is 

activated and deactivated by PFL-activase and PFL-deactivase respectively, and PFL-

activase is reliant on protein-protein interactions that result in conformational changes 

(Crain & Broderick, 2014). Phosphorylation of PFL may influence the binding 

affinities of these regulatory 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 line, Chl a pink cross hatch fill, Chl b pink outline no fill) and the wild 

type (blue circle solid line, Chl a blue solid fill, Chl b dotted blue fill). A) Acetate concentration in the 

growth medium (g L-1). B) Phosphorous concentration in the growth medium (mg L-1). C) Nitrogen 

concentration in the growth medium (mg L-1). D) Chlorophyll a and Chlorophyll b content (% w/w). 

Culture conditions were the same as described in Fig. 9. The statistical significance of the differences 

between the wild type and mutant was calculated using a t-test to obtain the p-value. + represents a p-

value less than 0.01 (highly statistically significant).  
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Mutant K nitrogen metabolism maintains chlorophyll biosynthesis 

Mutant K consistently had a significantly (p-value < 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 Day 6 (Figure 13C). Under prolonged 

heterotrophy, chlorophyll degradation is expected since no photosynthesis is 

occurring (Ogbonna et al., 1997). Unexpectedly, chlorophyll a and b levels in both 

mutant K and the wild type did not decrease under heterotrophy (Figure 13D). 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 

transporters (Huang et al., 2019). Two putative nitrate/nitrite transporter sequences 

(A0A699ZVV1 and A0A699YRK4) were obtained in these datasets. 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 (A0A699ZBF8; A0A6A0AEM1) and NiR 

(A0A482KHT8;A0A699ZKM5) were found in both the proteomics and 

phosphoproteomics data, but they were not differentially expressed. These 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 (Gln) via glutamine synthetase (GS), then to glutamate (Glu) by glutamate 

synthetase (GOGAT) (Coruzzi, 2003). It has been proposed that phosphorylation of 

GS increases its activity (Y. Li et al., 2023). In this study, phosphorylated GS 

(A0A699ZW26) was downregulated (Table 9, 0.62-fold, p-value = 0.01), indicating 

downregulation of activated GS. These data suggest nitrogen flux is channeled 

towards Glu biosynthesis (Figure 14). Glu can then be converted into 5-

aminolevulinic acid (ALA), which is the precursor of all tetrapyrroles (Czarnecki & 

Grimm, 2012), via glutamate-1-semialdehyde 2,1-aminomutase (GSAM, 

A0A6A0AIN6) (Gamini Kannangara & Gough, 1978). Phosphorylated GSAM was 

significantly upregulated (Table 8, 1.60-fold, p-value = 4.99e-4). Upregulation of this 

protein supports the idea of increased nitrogen flux towards maintaining chlorophyll 

biosynthesis (Figure 14). 

Several patterns of differentially expressed proteins in mutant K suggest that 

chlorophyll biosynthesis is active under heterotrophy, including upregulation of 

chlorophyll biosynthesis-related proteins coproporphyrinogen oxidase (CPOX), 

magnesium chelatase, and light-independent protochlorophyllide reductase subunit B 

(DPOR ChlB). CPOX (A0A699YD11, Figure 14, 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 phosphorylated magnesium 

chelatase (A0A699Z3T3, Figure 14, 2.58-fold) 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 post-translational modifications by GUN4 through protein-protein 

interactions (Masuda & Fujita, 2008). Many photosynthetic organisms, including 

green algae, have a light-dependent and a light-independent chlorophyll biosynthesis 

pathway (Armstrong, 1998). DPOR is part of the light-independent pathway that 

catalyzes the reduction of protochlorophyllide to chlorophyllide a, the penultimate 

step of chlorophyll a biosynthesis (Armstrong, 1998). In this study, DPOR ChlB was 

phosphorylated (S591*) and significantly upregulated (A0A2K9YRP7, Figure 14, 

1.61-fold), suggesting enhanced activity of the light-independent chlorophyll 

biosynthesis pathway in mutant K.  

Malate dehydrogenase catalyzes the interconversion of malate and 

oxaloacetate, also yielding reducing equivalents like NADH or NAD (Selinski & 

Scheibe, 2019). In this study, a putative plastidial NAD-dependent malate 

dehydrogenase (pdNAD-MDH) was identified as two phosphoproteins with two 

phosphosites (A0A699ZBT6, S7 and S30) that were both significantly upregulated 

(Table 8, 3.10-fold and 1.54-fold, respectively). This protein was confirmed to be a 

pdNAD-MDH by blasting sequences of pdNAD-MDH from Arabidopsis thaliana 

and C. reinhardtii against the sequence of A0A699ZBT6 (Figure 12C). Studies have 

proposed that pdNAD-MDH functions to maintain plastidial redox homeostasis in 

dark conditions or heterotrophic tissues and is essential for proper chloroplast 

development (Schreier et al., 2018). Upregulation of putative pdNAD-MDH 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 suggests in 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 dark-grown cells to synthesize chlorophyll in 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 photosynthesis (Armstrong, 1998). 

For industrial H. pluvialis cultivation, higher levels of chlorophyll in green vegetative 

cells after stage one may be advantageous. Current two-stage cultivation setups use 

high light and nutrient deprivation in stage two to induce astaxanthin accumulation in 

H. pluvialis (Han et al., 2013a, 2013b; Li et al., 2020), however, stress conditions 

often lead to a reduction in cell density and biomass production (Wan et al., 2015). A 

recent study found that Haematococcus cells with higher chlorophyll contents tend to 

produce more astaxanthin at a higher rate under light induction (Fang 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 

biosynthesis (Fan et al., 2015; Fang et al., 2019). Manipulation of chlorophyll 

biosynthesis in Haematococcus cells under heterotrophy for maximum astaxanthin 

production through physiological or molecular tools warrants future study. 
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Figure 14: Preference for glutamate biosynthesis and upregulation of certain tetrapyrrole 

biosynthetic enzymes channels nitrogen towards 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 phosphoproteins. A blue 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, Gln = glutamine, 

GOGAT = glutamate synthetase, Glu = glutamate, GSAM = glutamate-1-semialdehyde 2,1-

aminomutase, ALA = 5-aminolevulinic acid, CPOX = coproporphyrinogen oxidase, DPOR = light-

independent protochlorophyllide reductase. 



 

 

 

 

97 

 

Conclusions 

This work characterized a Haematococcus mutant K with a higher cell 

division rate 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 other phosphoproteomic 

and phenotypic analyses (Chen et al., 2015; Gao et al., 2016) suggest that post-

translational modifications, particularly phosphorylation, are key for protein 

expression and function regulation in H. pluvialis. 

This work provides information that could later be used to improve algal 

strains via strain engineering. For example, manipulation of proteins and 

phosphoproteins involved in cell cycle control (such as adenosylhomocysteinase, 

Table 6, and the APC, Table 8), nitrate metabolism (such as GS and GOGAT, Figure 

14), and chlorophyll biosynthesis (such as CPOX and DPOR,  Figure 14) may 

increase cell division while redirecting carbon flux to or from chlorophyll 

biosynthesis towards cell growth, enabling improved biomass and astaxanthin 

production from H. pluvialis and perhaps other algal strains for industrial 

applications. 
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Chapter 4: Exploring the high light stress response of H. 

pluvialis via proteomic and phosphoproteomic analysis of a 

mutant strain with a higher lipid and astaxanthin content 
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Abstract 

This chapter aims to understand astaxanthin biosynthesis in H. pluvialis by 

exploring its stress response during the transition from heterotrophy to high light 

conditions. Chemical and physical radiation (heavy-ion beam) mutagenesis 

approaches were applied to generate and screen H. pluvialis mutants with a higher 

cell division rate. Two strains KREMS 23D-3 and JWHIB 27-38 that achieved a 20% 

and 25% faster doubling time, respectively, than the wild type under heterotrophic 

conditions were identified. Mutant JWHIB 27-38 also achieved a 69.61% higher lipid 

content per cell and 86.17% higher astaxanthin per cell than the wild type under high 

light stress conditions. A proteomics and phosphoproteomics analysis was conducted 

with JWHIB 27-38 and the wild type at 0, 48, and 72 h of high light stress to 

elucidate the mechanisms underlying these phenotypes. Proteomics analysis revealed 

68 significantly upregulated and 50 significantly downregulated proteins at 0 h, 142 

upregulated and 85 downregulated proteins at 48 h, and 93 significantly upregulated 

and 37 significantly downregulated proteins at 72 h in mutant JWHIB 27-38. 

Phosphoproteomics analysis revealed 170 phosphosites on 133 phosphoproteins 

significantly upregulated and 206 phosphosites on 152 phosphoproteins significantly 

downregulated at 0 h, 171 phosphosites on 128 phosphoproteins significantly 

upregulated and 346 phosphosites on 277 phosphoproteins significantly 

downregulated at 48 h, and 68 phosphosites on 59 phosphoproteins significantly 

upregulated and 91 phosphosites on 86 phosphoproteins significantly downregulated 

at 72 h in mutant JWHIB 27-38. Differentially expressed proteins and 



 

 

 

 

100 

 

phosphoproteins in mutant JWHIB 27-38 related to chlorophyll biosynthesis, carbon 

partitioning, and astaxanthin biosynthesis and trafficking may underlie the phenotype 

of mutant JWHIB 27-38 and provide promising targets for future strain engineering 

work to improve astaxanthin productivity. 

 

Introduction 

As Haematococcus pluvialis cells are exposed to environmental stressors such 

as high light and nutrient deprivation, cells will initiate various stress responses, 

including accumulating carbon and energy storage molecules like starch and lipids 

and photoprotective molecules like astaxanthin and other carotenoids (Shah et al., 

2016). Additionally, chlorophyll levels will decline (Kobayashi, Kurimura, & Tsuji, 

1997), causing the cultures to transition from a green color to a deep red color. As 

stress persists, cell division ceases, and instead individual cells increase in volume 

and accumulate astaxanthin in lipid bodies, necessitating a two-stage cultivation setup 

(Ogbonna & Tanaka, 2000; Shah et al., 2016).  

However, the cultivation conditions of heterotrophic stage 1 can influence the 

stage 2 astaxanthin accumulation potential. For example, the acetate provided in the 

heterotrophic stage may feed into certain metabolic pathways that can poise the cell 

for a certain level of astaxanthin accumulation potential. The central carbon metabolic 

pathways govern where carbon and energy are diverted, such as towards increased 

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 conditions (Zhekisheva et al., 2002) and that de novo fatty 

acid biosynthesis is required for astaxanthin accumulation in H. pluvialis (Zhekisheva 

et al., 2005). About 95% of Haematococcus astaxanthin is mono- or diesterified with 

fatty acids, presumably to increase the solubility of the molecule in the lipid bodies 

(Lorenz & Cysewski, 2000). Inhibition of the de novo fatty acid biosynthesis pathway 

leads to a build-up of non-esterified astaxanthin, which in turn causes feedback 

inhibition of astaxanthin biosynthesis (Chen et al., 2015). Enhanced lipid biosynthesis 

may thus increase cellsô capacity to accumulate more astaxanthin. Additionally, the 

composition of accumulated lipids may affect astaxanthin accumulation, with oleic 

acid-rich lipid bodies suggested to possess a greater capacity for astaxanthin storage 

(Zhekisheva et al., 2002).  

Chapter 3 discussed the EMS-generated mutant KREMS 23D-3 (mutant K), 

which consistently achieved higher cell densities than the wild type under stage 1 

heterotrophic conditions (Figure 9). Mutant JWHIB 27-38 (mutant J) was generated 

using heavy-ion beams mutagenesis and showed similar growth characteristics to 

mutant K under heterotrophic conditions. However, the two mutant strains demonstrate 

different phenotypes after the transition to high light stress. Specifically, mutant J had 

significantly lower cell density than the wild type, but larger cell size, higher biomass 

per cell, cell complexity, chlorophyll, lipid, DNA, and astaxanthin per cell. Meanwhile, 

mutant K has similar cell size, complexity, biomass, and astaxanthin per cell compared 

to the wild type, lower chlorophyll than the wild type, and slightly higher lipids and 

DNA. 



 

 

 

 

102 

 

This chapter aims to explore the dynamic metabolic changes demonstrated by 

the two mutant strains in comparison with the wild type upon transition into high light 

conditions, focusing on mutant J. Flow cytometry was used to investigate cell size 

and complexity, chlorophyll, lipid, and dsDNA content on a per-cell basis. 

Phenotypic analyses were synthesized with the results of proteomics and 

phosphoproteomics analyses in mutant J conducted at 0, 48, and 72 h of high light 

stress to explore how changes in proteins/phosphoprotein expression during the 

transition from heterotrophy to high light may result in the observed phenotypes. 

Studying these two mutants, and the proteome/phosphoproteome of mutant J, in 

comparison with the wild type provides insight into how the metabolic state of the 

cells after the heterotrophic stage influences central carbon metabolism and lipid 

biosynthesis as cultivation conditions change. This may also reveal mechanisms 

regulating astaxanthin biosynthesis in H. pluvialis after the transition from the 

heterotrophic stage to the high light stage. 

 

Materials and Methods 

 

Mutagenesis 

Wild type Haematococcus pluvialis NIES 144 was obtained from the National 

Institute for Environmental Studies Microbial Culture Collection (NIES, Japan). 

Mutant KREMS 23D-3 (mutant K) was generated by mutagenizing wild type H. 

pluvialis NIES 144 using ethyl methanesulfonate mutagenesis (Described in Chapter 
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3) (Ramarui, 2019). Mutant JWHIB 27-38 (mutant J) was generated by mutagenizing 

wild type H. pluvialis NIES 144 using heavy-ion beams (HIB) irradiation. Briefly, 

wild type H. pluvialis cells were grown in C medium under low light conditions (5-10 

µmol photons m-2 s-1) for 6-8 days. The cell culture was then transferred into sterile 

30 cm petri dishes, with each dish containing 1 mL of culture for mutagenesis. The 

samples were exposed to carbon-ion beams (12C6+) in triplicate dose groups (0, 60, 

90, 120, 150, 200, 300, 400 Gy). The carbon-ion beams were produced by the Heavy-

ion Research Facility in Lanzhou (HIRFL) at the Institute of Modern Physics, 

Chinese Academy of Sciences. The initial energy of the carbon-ion beams was 80 

MeV/ɛ, with an average linear energy transfer (LET) of 33keV ɛ m-1. After 

irradiation, each dose group was diluted to 500-1000 cells mL-1, and 100 ɛL of each 

was spread onto C media agar plates in triplicate. The plates were incubated at 25 1 

°C in the dark to form colonies for further screening. After several weeks, colonies 

derived from the irradiated cells were selected based on size compared to the wild 

type strain. A mutant candidate library consisting of 1,546 strains was established 

following the HIB mutagenesis.  

 

Screening  

In the first round of screening, all mutant candidate seeds from stock plates 

were inoculated into 96-well microplates in triplicate, with each well containing 100 

ɛL of C media. The cultures were incubated under low light (5-10 µmol photons m-2 

s-1) for 6-8 days. The mutant strains were then transferred to fresh C media in 96-well 
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microplates using a sterile replicate tool (as described in (Ramarui, 2019), and grown 

under heterotrophic conditions. Starting on day 3, optical density at 750 nm (OD750) 

was measured daily. The mutant candidates with a growth rate 1.5 times higher than 

the wild type strain passed the first round of screening. In the second round of 

screening, 119 mutant candidate seeds were inoculated in 24-well plates in triplicate 

with 2 mL of C media and incubated under low light (5-10 µmol photons m-2 s-1). 

Once the seeds demonstrated a bright green color, all strains were adjusted to an 

OD750 of 0.1 in fresh C media to initiate the second round of screening. For 7 days of 

heterotrophic growth, the average growth rates of the mutant strains were compared 

to the wild type strain. 22 strains demonstrated significantly higher OD750 than the 

wild type strain. In the third round of screening, the mutant candidates and the wild 

type strain seeds were scaled up and cultured in 125 mL flasks with 20 mL of C 

media under low light (5-10 µmol photons m-2 s-1). To set up the experiment, the 

initial cell density was adjusted to 5.0 x 104 cells mL-1 in 250 mL flasks containing 

100 mL of C media, and the cultures were grown for 7 days under heterotrophic 

conditions. Cell density and OD750 were measured daily, while biomass was 

measured every other day. The two mutant strains exhibited significantly higher cell 

densities than the wild type strain. To confirm astaxanthin accumulation in the final 

two mutants, both the wild type strain and the two mutant seeds were scaled up and 

cultured in 500 mL of C media in 1 L flasks in triplicate. To set up the experiment, 

the initial cell density was adjusted to  5.0 x 104 cells mL-1 in 1 L 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 production. Cell density and 

OD750 of the three strains were measured daily, and biomass was measured every 

other day, with astaxanthin content monitored every day after high light induction. 

After all rounds of screening, strain JWHIB 27-38 was confirmed to grow faster than 

the wild type strain under heterotrophic conditions. The phenotype of strain JWHIB 

27-38 was further characterized and will be described later in this chapter. 

 

Culture conditions 

A small-scale two-stage cultivation method is used to grow the wild type and 

mutant strains, each with four biological replicates. Stage one entailed a 6-day 

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 acetate (C medium; full recipe described in Chapter 2). On Day 6, 

when cultures reached their maximum cell densities (cells mL-1), they were transferred 

to glass carboys and provided with 1.5% CO2. When 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 the first 24 h after 

transfer, the cultures were exposed to ñmediumò light intensity (ca. 100 ɛmol m-2 s-1). 

This intermediate level of light intensity acts as a light acclimation stage. After 24 h of 

light acclimation, the cultures were exposed to high light stress (ca. 400 ɛmol m-2 s-1) 

for 6 days. Throughout the entire two-stage cultivation 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 pre-weighed 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 (HPLC) as described in Chapter 3 (Chen & 

Johns, 1994). Total nitrogen and phosphorous concentration in the growth medium 

was measured by the Nutrient Analytical Services Laboratory at the Chesapeake 

Biological Laboratory as described in Chapter 3. 

 

Flow cytometry 

In addition to monitoring cell density, a BD Accuri C6+ flow cytometer was 

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 content) against forward light scatter (proportional to cell 

size) in a two-variate cytogram identified the cell population. BODIPY lipid dye was 

applied to stain cellular neutral lipids (0.1% final concentration) so they could be 

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

dividing H. pluvialis cells. 

 

Lipid analysis 

Total lipid extraction and quantification were conducted following the method 

outlined in Yoon et al., 2012 (Yoon et al., 2012). 30 mg of freeze-dried algae biomass 

was ground three times with liquid nitrogen in a mortar and pestle. The mortar and 

pestles were rinsed with chloroform and methanol (2:1, v/v) and the liquid was 

collected into a glass vial. 0.75% potassium chloride was then added to the solvent at 

a ratio of 8:4:3. The organic phase was collected and then dried under a nitrogen 

stream into a pre-weighed Eppendorf tube. Lipid-containing tubes were dried again 

under a nitrogen stream, then weighed. The final weight was used to determine the 

percent lipid content of the original biomass. The lipids were then re-dissolved with 

chloroform, transferred to new glass vials, dried under a nitrogen stream, then 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 Sigma, Darmstadt, 

Germany) with a solvent system of hexane:t-butyl methyl ether:acetic acid (80:20:2, 
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v/v/v) for approximately 15 minutes. To visualize TAG, the developed TLC plates 

were sprayed with 8% (w/v) H3PO4 solution containing 10% (w/v) copper (II) sulfate 

pentahydrate, then charred at 180 °C for 3 minutes. 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 standard. Astaxanthin mono- and diesters were 

also resolved by TLC (silica gel 60, 16 x 10 cm plates, 0.25 mm thickness, Millipore 

Sigma, Darmstadt, Germany) with a solvent system of hexane:acetone (75:25, v/v) 

for approximately 45 minutes. Astaxanthin mono- and diesters were localized by 

comparison with the Rf of standards. Fatty acid analysis was done by gas 

chromatography-mass spectrometry (GC-MS) as previously described (Y. T. Li et al., 

2010; Y. Wang et al., 2017). Briefly, the total lipid, TAG, astaxanthin monoester, and 

astaxanthin diester fractions were transesterified with 1% H2SO4 in methanol at 85 °C 

for 1.5 hours to convert fatty acids (FA) to fatty acid methyl esters (FAME). FAMEs 

were then profiled using TSQ 8000 Triple GC-MS System (Thermo Scientific). 

Heptadecanoic acid (C17:0) was used as an internal standard (Sigma). FAMEs were 

identified by comparison of their retention time and MS chromatograms with those of 

the authentic external standards (Sigma) and were quantified by comparing their peak 

areas with that of the internal standard. 

 

Astaxanthin analysis 

Astaxanthin content was measured with previously established methods (Yuan 

& Chen, 2000) as both % content by dry weight and on a per-cell basis (pg cell-1). 10 
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mg of freeze-dried biomass was weighed and transferred to a mortar and pestle along 

with approximately 1 mL of extraction solvent (dichloromethane/methanol, 25:75 

v/v). Cells were ground vigorously at least three times with liquid nitrogen. The 

mortar and pestle were rinsed with more extraction solvent and all liquid was 

collected into a 12 mL glass vial. This was repeated until the cell pellet was colorless. 

Samples were centrifuged at 2000 x g for 10 minutes to pellet the cell debris, then the 

supernatant was collected into a new 12 mL glass tube and dried under a nitrogen 

stream. Once completely dried, 1 mL extraction solvent was added back to each 

sample to re-dissolve the pigment. Pigment solutions were filtered through an organic 

solvent 0.20 ɛm Hydrophobic Fluoropore membrane (Merck KGaA, Darmstadt, 

Germany) into a 2 mL amber measurement vial. Two solvents were used 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 A in the mobile phase was 100% between 0 and 8 

minutes. Between 8 and 14 minutes, solvent A transitioned from 100% to 0% while 

solvent B transitioned from 0% to 100%. Finally, the proportion of solvent B was 

100% between 14 minutes and 60 minutes. All samples were separated using a 

HiChrom Ultrasphere 5 ɛ ODS column (4.6 x 250 mm) (HiChrom limited, Berkshire, 

UK) at a flow rate of 1 mL min-1. The three-dimensional chromatogram was 

monitored from 250 to 750 nm. Astaxanthin, lutein, and ɓ-carotene were measured at 

480 nm, and chlorophyll a and b were measured at 450 nm according to Yuan & 
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Chen, 2000. Peaks were identified by matching the retention time of samples and 

standards, as well as checking the maximum absorbance of each peak. A standard 

curve was drawn using samples ranging in concentrations from 0.01 ï 0.2 g L-1 un-

esterified astaxanthin. Experimental samples were compared against a standard 

sample of 0.05 g L-1 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 variables, the average and standard deviation were calculated for all 

biological replicates of each strain. Two-tailed, two-sample equal variance Studentôs 

t-tests were used to compare the wild 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 significant. P-value < 0.01 is 

marked as highly statistically significant. To investigate the combined effects of 

dependent variables, one-way MANOVA was calculated at each time point using R 

to determine if there were statistically significant differences between 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 samples of wild type and mutant H. pluvialis at 0, 

48, and 72 h were washed with PBS three times and frozen at -80 °C. Frozen cells 

were subjected to in-solution trypsin digestion followed by TMT labeling and 

phosphopeptide enrichment as described previously (Chapter 3, (Ramarui et al., 

2024)). Briefly, after cell lysis and protein extraction, protein was reduced, alkylated, 

and digested by trypsin on an S-trap Midi column (Protifi, Farmingdale, NY). The 

resulting peptides from each sample were labeled with TMTpro 18-plex reagents, 

separately and mixed before fractionation on basic-pH reversed-phase liquid 

chromatography (bRP-HPLC). The 96 fractions from bRP-HPLC were concatenated 

to 12 fractions. 90% of each fraction of peptides was subjected to phosphopeptide 

enrichment using FeNTA resin on an Agilent Assaymap Bravo. The 12 fractions of 

the enriched phosphopeptides and the remaining 10% unenriched peptides were 

lyophilized and stored at -80 ºC prior to mass spectrometry analysis. 

 

Mass spectrometry analysis 

Each fraction of peptides and enriched phosphopeptide was analyzed by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) using a Vanquish Neo 

UHPLC system in tandem with an Orbitrap Eclipse Tribrid mass spectrometer 

(Thermo Fisher Scientific, Danvers, MA). Briefly, each peptide sample was 

reconstituted in acidic buffer and preconcentrated via autosampler on aEXP2 Stem 
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Trap (0.33 µL, 2.7 µm HALO Peptide ES-C18, Optimize Technologies, Oregon City, 

OR), and separated on a PepSep column (40 cm × 100 ɛm × 1.5 ɛm, Bruker, 

Billerica, MA) heated to 50 ºC using a 150 minute gradient with 0.4 ɛL min-1 flow 

rate. The mass spectrometer was operated in a data-dependent acquisition (DDA) 

mode with the parameters set as follows: a) Precursor scans (FTMS) from 350-1,200 

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 (%): 34; FT first mass 

value: 110.00 (fixed); data type: centroid; Normalized AGC Target (%) = 200) at 

50,000 resolution.  

 

Mass spectrometry data analysis 

The tandem mass spectra were searched using the Andromeda search 

algorithm against an H. pluvialis UniProt database (2024_02 Release) on the 

MaxQuant platform (version 2.2.0.0, (Cox & Mann, 2008)). The search parameters 

were set as follows: a maximum of two missed cleavages, carbamidomethylation at 

cysteine and TMT at lysine and peptide N-terminus as a fixed modification and 

oxidation at methionine, acetylation at protein N-terminus, and phosphorylation at 

serine, threonine, and tyrosine 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 targetïdecoy 

analysis was chosen. False discovery rates (FDR) for both peptide and protein level 
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were set to 0.01. The minimum peptide length was set to 7. The minimum number of 

peptides for protein identification was set to 8. The TMT reporter ion intensities were 

log2 transformed and median normalized, then used to calculate the abundance 

changes of proteins and phosphoproteins in mutant J vs wild type strain at each time 

point. The p-value was calculated using a Studentôs t-test (two-tailed, two-sample 

equal variance). The fold changes of > 1.5 or < 0.67 with a p-value of < 0.05 were 

considered as significantly upregulated or downregulated in mutant J, respectively.  

 

Functional annotation, enrichment analysis, and 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. 

 

Results 

 

Mutant J has a larger cell size, higher complexity, and higher biomass 

concentration per cell  

Mutant J was generated by heavy ion beam-based mutagenesis and identified 

by screening for an enhanced heterotrophic growth rate measured by optical density 

at 750 nm and cell density in the same manner than mutant K was generated. Flow-

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 4 (Figure 15A, 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 

were consistent with previous experiments (Chapter 3). Mutant J had not been tested 

previously but appeared to have similar growth characteristics to mutant K. Mutant K 

acetate consumption phenotype was similar to the wild type (Figure 15B), which is 

different from the previous, smaller-scale experiment where the mutant acetate 

consumption rate was significantly higher than the wild type (Figure 13A). Mutant J 

culture showed significantly lower acetate concentrations than the wild type on Days 

4, 6, and 7 (Figure 15B). All strains demonstrated a relatively similar nitrogen 

consumption pattern until Days 6 and 7 when mutant J had a lower nitrogen 

concentration in the growth medium than the wild type and mutant K (Figure 15C). 

Both mutants consumed phosphate from the growth medium more quickly than the 

wild type from Day 3 to Day 7 (Figure 15D). Under high light conditions, mutant K 

and the wild type demonstrated similar growth characteristics. Mutant J, however, 

had much lower cell densities than the other two strains (Figure 15A).  

All three strains had similar biomass concentrations throughout the entirety of 

the growth period (Figure 15E). Later during the high light stage, however, mutant J 

demonstrated much higher biomass per cell than the wild type strain (Figure 15F), as 

the cell density of mutant J was much lower than the wild type. The dry weight 

biomass per cell data is supported by the flow cytometry data (Figure 15G). During 
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the heterotrophic stage, both mutant strains had significantly 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 Day 9. Mutant 

J also exhibited significantly greater cell complexity than the wild type during the 

first two days of heterotrophy and during the high light stage (Figure 15H). On the 

other hand, mutant K had similar cell size and complexity to the wild type.  
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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 density (cells mL-1). B) Acetate concentration in the growth medium (g L-1). C) 

Nitrogen concentration in the growth medium (mg L-1). D) Phosphorous concentration in the growth 

medium (mg L-1). E) Biomass concentration (dry weight g L-1, w/w). F) Biomass per cell (ng cell-1). G) 

Average forward scatter fluorescence (FSC), i.e., average cell size. H) Average side scatter 

fluorescence (SSC), i.e., average cell complexity. Quadruplicate Haematococcus cultures were 

maintained under heterotrophic conditions with acetate-containing C medium for stage 1 and high light 

stress conditions for stage 2. Samples were taken daily. The statistical significance of the differences 

between the wild type and mutant was calculated using a t-test to obtain the p-value. * represents a p-

value less than 0.05 (statistically significant) and + represents a p-value less than 0.01 (highly 

statistically significant). 

 

 

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

per cell 

Once cells were exposed to medium light acclimation stage (from Day 6 to 

Day 7) and continuing through the early high light stage (until Day 8), all strains 

showed an increase in chlorophyll content. However, after Day 9, the chlorophyll 

content of all strains decreased as stress continued to Day 13. Interestingly, mutant J 

chlorophyll content continued to increase until Day 9 (Figure 16A). Additionally, 

mutant J had a significantly higher chlorophyll content than that of the wild type on 

Days 10, 11, and 13 (Figure 16A).   

All strains showed similar dsDNA content per cell, that increased at a similar 

rate from Days 7 through 10, then dramatically dropped on Day 11. On Day 10, the 

wild type, mutant K, and mutant J cells had an average of ca. 60,000, 83,000, and 

64,000 relative units, respectively. On Day 11, these values dropped to ca. 12,000, 

16,000, and 13,000 relative units, respectively, approximately 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 strains had significantly higher DNA per cell than 

the wild type on Days 11, 12, and 13 (Figure 16B). Between Days 7 and 10, before 

the drop in dsDNA content per cell in all strains, mutant K had the fastest doubling 

time (2.58 Days) and a 32.15% higher dsDNA content per cell on Day 10 (though this 

difference is not significant). While the wild type and mutant J had similar dsDNA 

contents per cell, interestingly, the wild type had a similar doubling time to mutant K 

(2.77 Days) while mutant J had a dramatically slower doubling time (10.58 Days) 

from Day 7 to 10. From Day 11 to Day 13, the cell density in all three strains 

declined, but the DNA content per cell increased, with the differences between the 

two mutant strains and the wild type becoming more pronounced. 

In the early high light stage (Day 7 ï Day 10), both mutants had a 

significantly lower lipid content per cell in comparison with the wild type. However, 

by the end of the high light stage, mutant J had a higher lipid content than the wild 

type (Figure 16C). Total lipid extraction confirmed that mutant J had a 69.61% higher 

lipid content per cell (ng cell-1) than the wild type on Day 13 (Figure 16D). Fatty acid 

analysis revealed that in the total lipid fraction, the main fatty acid species were 

C16:0 (palmitic acid, ca. 27%), C18:2 (linoleic acid, ca. 27%), C18:1æ9 (oleic acid, 

ca. 16%), and C18:3æ9,12,15 (linolenic acid, ca. 14%) (Figure 16E). Compared with 

the wild type mutant J had significantly higher C18:3æ9,12,15 (linolenic acid) and 

significantly lower C16:1æ11 (11-hexadecenoic acid) and C18:3æ6,9,12 (ɔ-linoleic 

acid) content (Figure 16E). Like the total lipid fraction, the TAG fraction was 

predominantly made up of C16:0 (palmitic acid, ca. 43%), C18:1æ9 (oleic acid, ca. 
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27%), and C18:2 (linoleic acid, ca. 18%) (Figure 16F). Compared to the wild type, 

mutant J had significantly lower C14:0 (myristic acid) and C16:1æ11 (11-

hexadecenoic acid) content (Figure 16F). In the astaxanthin monoesters fraction, the 

predominant fatty acid species were C16:0 (palmitic acid, ca. 48%), C18:0 (stearic 

acid, ca. 25%), and C18:2 (linoleic acid, ca. 25%) (Figure 16G). Mutant J had a 

significantly lower C14:0 (myristic acid) content than the wild type in the astaxanthin 

monoesters fraction (Figure 16G). Finally, in the astaxanthin diester fraction, the 

predominant fatty acid species were C16:0 (palmitic acid, ca. 50%) and C18:2 

(linoleic acid, ca. 35%) (Figure 16H).  

Mutant J exhibited a higher astaxanthin content per cell, especially toward the 

end of the high light stage (Figure 16I and J). Previous studies have found that fatty 

acid and astaxanthin biosynthesis pathways are positively correlated under stressful 

growth conditions (Zhekisheva et al., 2005), likely because astaxanthin is a lipid-

soluble molecule deposited into cytosolic lipid bodies and mostly mono- or 

diesterified with free fatty acids to increase its lipid solubility. While 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 cell. This suggests that mutant Jôs ability to 

accumulate more astaxanthin per cell may be due to 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 bar), mutant 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 Day 13 (ng cell-1). E) 

Fatty acid profile of the total lipid fraction. F) Fatty acid profile of the TAG fraction. G) Fatty acid 

profile of the monoesterified astaxanthin fraction. H) Fatty acid profile of the diesterified astaxanthin 

fraction. I) Astaxanthin per cell (ng cell-1). J) Astaxanthin per cell (ng cell-1); 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. 15. The statistical significance of the differences between the wild type and 

mutant was calculated using a t-test to obtain the p-value. + represents a p-value less 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 significance on all days, except for Day 

10 when the MANOVA negative log10 p-value was ca. 1.2 (Figure 17A). 

Additionally, eta-squared (effect size) calculations showed that the effect size of the 

different strains on the measured variables was large (ɖ2 Ó 0.14), further supporting 

that the three strains were significantly different from each other (Figure 17A). 

Canonical discriminant analysis (CDA) was also conducted on each day to visualize 

the MANOVA results (Figure 17B-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 differentiated mutant K from the wild type the most (Figure 17B). 

Day 9 had very similar results however mutant J was more differentiated from the 

wild type than mutant K (Figure 17C). 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 content (Figure 17D). 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 extent, it was differentiated from mutant K by DNA and from 

the wild type by biomass (Figure 17E). On Days 12 and 13, the wild type and mutant 
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K were very similar to each other, while mutant J was most differentiated from both 

of them by chlorophyll, astaxanthin, complexity, lipid, and DNA (Figure 17F and G).   
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Figure 17: Canonical discriminant analysis (CDA) of MANOVA results by Day 

A) Significance and effect size of strain on the difference in dependent variables. B-G) 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), so 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 changes by 

proteomic and phosphoproteomic analysis of the wild type and mutant J at 0, 48, and 

72 h of high light stress. A cut-off of 1.5-fold change in mutant J vs. the wild type 

with a p-value of < 0.05 was chosen as significantly upregulated or downregulated 

expression/phosphorylation in mutant J. The proteomics analysis at 0 h revealed that 

out of the 5132 quantifiable proteins, 68 were significantly upregulated and 50 were 

significantly downregulated in mutant J (Figure 18A, Table 10). DAVID analysis 

revealed 4 clusters in the significantly upregulated proteins; photosynthesis, 

F G 
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superoxide dismutase, thioredoxin, and transmembrane, and the top annotations were 

chloroplast and plastid (Figure 19C & E). The significantly downregulated proteins at 

0 h also had 4 clusters; membrane-bound lipid metabolism, isocitrate metabolism, 

ATP binding, and transmembrane, and the top annotation was membrane (Figure 19D 

& F). The top Blast2GO annotations for the significantly up- and downregulated 

proteins at 0 h were photosystem I and membrane, respectively, which corroborates 

the DAVID analysis results (Figure 19A & B).  

At 48 h of high light stress, the proteomics analysis revealed that out of 5132 

quantifiable proteins, 142 were significantly upregulated and 85 were significantly 

downregulated (Figure 18C, Table 11). DAVID analysis revealed 6 clusters in the 

significantly upregulated proteins including cell adhesion, transmembrane, and 

kinase, and the top annotation was membrane (Figure 19I & K). DAVID analysis of 

the significantly downregulated proteins at 48 h revealed 10 clusters which included 

metabolism of cell wall components, transporters, and ATP binding, and the top 

annotation was membrane (Figure 19J & L). Blast2GO analysis corroborates this, 

with the top annotations for the significantly up- and downregulated proteins being 

membrane and cytoplasm, respectively (Figure 19G & H).  

Proteomics analysis at 72 h revealed that out of the 5128 quantitated proteins, 

93 proteins were significantly upregulated and 37 were significantly downregulated 

(Figure 18E, Table 12). DAVID analysis of the upregulated proteins revealed 4 

clusters; cell adhesion, metal binding, transmembrane, and phosphorylation, and the 

top annotation was membrane (Figure 19O & Q). DAVID analysis of the 
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downregulated proteins revealed 6 clusters, including light-damaged DNA repair, 

isocitrate metabolism, and phosphorylation, and the top annotation was membrane 

(Figure 19P & R). Blast2GO results agreed with DAVID analysis, with the top 

annotations for the up- and downregulated proteins being membrane and plasma 

membrane, respectively (Figure 19M & N). 
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Figure 18: Volcano plots of quantifiable proteins and phosphoproteins at 0, 48, and 72 h of high 

light stress 

All quantifiable proteins at (A) 0 h, (C) 48 h, and (E) 72 h of high light stress. All quantifiable 

phosphoproteins at (B) 0 h, (D) 48 h, and (F) 72 h 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/phosphoproteins in mutant 

J. Grey dots indicate proteins or phosphoproteins that did not pass the cut-off (1.5-fold change) or were 

not significantly changed (p-value > 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 0 h of high light 

stress 

Gene Name UniProt 

Accession 

Protein Ratio 

(J/WT) 

p-value 

HaLaN_01817 A0A699YA46 Coproporphyrinogen III 

oxidase isoform CPX2 

2.095742925 0.00064946 

HaLaN_10037 A0A699YWT9 Chlorophyll a-b binding 

protein, chloroplastic 

1.924220496 0.000156163 

HaLaN_15736 A0A699ZIG6; 

A0A699YQ69 

Photosystem I reaction center 

subunit psaK, chloroplastic 

1.804236434 6.22944E-05 

HaLaN_03355 A0A699YZ58 Chlorophyll a-b binding 

protein, chloroplastic 

1.707769348 0.003906583 

HaLaN_03767 A0A699YRA4 Chlorophyll a-b binding 

protein, chloroplastic 

1.639221597 0.000351368 

HaLaN_26659 A0A6A0A7A3 superoxide dismutase (EC 

1.15.1.1) 

1.611940911 7.49812E-05 

HaLaN_21532 A0A699ZPI4 Chlorophyll a-b binding 

protein, chloroplastic 

1.594169131 0.000839514 

HaLaN_04175 A0A699YG90 Magnesium-chelatase subunit 

ChlH, chloroplastic 

1.579017317 0.000474205 
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HaLaN_13902 A0A699ZDN5; 

A0A699ZAA7 

Chlorophyll a-b binding 

protein, chloroplastic 

1.569480418 0.000359312 

HaLaN_04131 A0A699YS07 Biotin carboxyl carrier 

protein of acetyl-CoA 

carboxylase 

1.545644046 0.004458488 

HaLaN_16692 A0A699ZEL4; 

A0A699YTZ5 

Thioredoxin domain-

containing protein 

1.582271556 0.000494598 

HaLaN_26619 A0A6A0A6L7; 

A0A6A0A063; 

A0A699ZXI0 

Isocitrate dehydrogenase 

[NADP] 

0.53598479 0.00074637 

 

 

Table 11: Selected significantly differentially expressed proteins in mutant J at 48 h of high light 

stress 

Gene Name UniProt 

Accession 

Protein Ratio 

(J/WT) 

p-value 

HaLaN_09744 A0A699Z4F2; 

A0A699ZF78 

FAS1 domain-containing 

protein 

2.26115025 0.002101681 

HaLaN_24119 A0A6A0A4P2; 

A0A699Z6W0 

3-ketoacyl-CoA synthase 2.06355685 0.000137652 

HaLaN_14407 A0A699Z504 FAS1 domain-containing 

protein 

2.037372839 0.005363452 

HaLaN_01817 A0A699YA46 Coproporphyrinogen III 

oxidase isoform CPX2 

1.985035428 0.000178819 

HaLaN_16692 A0A699ZEL4; 

A0A699YTZ5 

Thioredoxin domain-

containing protein 

1.881220851 8.56226E-05 

HaLaN_15221 A0A699ZIA4 Photosystem II polypeptide, 

chloroplastic 

1.667214001 0.020770577 

HaLaN_05721 A0A699YUE4 Malonyl-acyl carrier 

transacylase 

1.542128234 0.000330453 

 

 

Table 12: Selected significantly differentially expressed proteins in mutant J at 72 h of high light 

stress 

Gene Name UniProt 

Accession 

Protein Ratio 

(J/WT) 

p-value 

HaLaN_01817 A0A699YA46 Coproporphyrinogen III 

oxidase isoform CPX2 

2.523071997 0.000154184 

HaLaN_09744 A0A699Z4F2; 

A0A699ZF78 

FAS1 domain-containing 

protein 

1.768789609 0.004270794 

HaLaN_26619 A0A6A0A6L7; 

A0A6A0A063; 

A0A699ZXI0 

Isocitrate dehydrogenase 

[NADP] 

0.645937743 0.007927882 
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Figure 19: Functional enrichment analysis of significantly upregulated proteins and 

downregulated proteins at 0, 48, and 72 h of high light stress 

Top 10 Blast2GO annotations for the significantly (A) upregulated proteins at 0 h, (B) downregulated 

proteins at 0 h, (G) upregulated proteins at 48 h, (H) downregulated proteins at 48 h, (M) upregulated 

proteins at 72 h, and (N) downregulated proteins at 72 h. 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:, respectively. Top 10 DAVID annotations for the 

significantly (C) upregulated proteins at 0 h, (D) downregulated proteins at 0 h, (I) upregulated 

proteins at 48 h, (J) downregulated proteins at 48 h, (O) upregulated proteins at 72 h, and (P) 

downregulated proteins at 72 h. The number of genes associated with each DAVID cluster for the 

significantly (E) upregulated proteins at 0 h, (F) downregulated proteins at 0 h, (K) upregulated 

proteins at 48 h, (L) downregulated proteins at 48 h, (Q) upregulated proteins at 72 h, and (R) 

downregulated proteins at 72 h. 

 

 

Phosphoproteomics analysis at 0 h revealed that out of 4582 quantifiable 

phosphosites on 2256 quantifiable phosphoproteins, 170 phosphosites on 133 

phosphoproteins were significantly upregulated and 206 phosphosites on 152 

phosphoproteins were significantly downregulated (Figure 18B, Table 13). DAVID 

analysis revealed 10 clusters in the significantly upregulated phosphoproteins, 

including vacuolar transport, photosynthesis, and iron-sulfur binding, with the top 

annotation being membrane (Figure 20C & 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 (Figure 20D & F). Blast2GO identified the top annotation for the up- and 

downregulated phosphoproteins at 0 h to be membrane and ATP binding, respectively 

(Figure 20A & 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 downregulated (Figure 18D, Table 14). The 

significantly upregulated phosphoproteins at 48 h were separated into 7 clusters, 

including ATP synthase, lactate/malate dehydrogenase, and photosynthesis, and the 

top term was membrane (Figure 20I & K). The significantly downregulated 

phosphoproteins had 20 clusters, including nucleotide binding, cytoskeletal 

organization, and RNA recognition motif, and the top term was ATP binding (Figure 

20J & L). Blast2GO analysis corroborates these results, with the top annotations for 

the up- and downregulated phosphoproteins as membrane and ATP binding (Figure 

20G & H).  

Finally, the phosphoproteomics analysis at 72 h of 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 downregulated (Figure 18F, Table 15). DAVID 

analysis revealed 3 clusters in the significantly upregulated phosphoproteins: 

response to oxidative stress, helicase, and transmembrane, and the top annotation was 

ATP binding (Figure 20Q & 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 (Figure 20P & R). Blast2GO analysis corroborates these results, with 

the top annotations for both the up- and downregulated phosphoproteins being ATP 

binding (Figure 20M & N).  
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Table 13: Selected significantly differentially expressed phosphoproteins in mutant J at 0 h of 

high light stress 

Gene Name UniProt 

Accession 

Protein Ratio (J/WT) p-value 

HaLaN_23439 A0A699ZRP0 Chlorophyll a-b binding 

protein, chloroplastic 

4.3888237943 0.00068611 

HaLaN_04631 A0A699YT12 Chlorophyll a-b binding 

protein, chloroplastic 

4.2858797088 0.01887872 

HaLaN_16692 A0A699ZEL4 Thioredoxin domain-

containing protein 

2.7940706834 0.00761730 

HaLaN_31310 A0A6A0AIN6 Glutamate-1-semialdehyde 

aminotransferase 

2.6805794257 0.05000189 

HaLaN_20404 A0A699ZT76 Malate dehydrogenase (EC 

1.1.1.37) 

2.3116369741 0.00788824 

HaLaN_27846 A0A6A0AAX5 Aconitate hydratase, 

mitochondrial 

2.2165288353 0.00283374 

HaLaN_17690 A0A699ZLS5 Chlorophyll a-b binding 

protein, chloroplastic 

2.0663583782 0.00067415 

HaLaN_16930 A0A699ZCR1 Photosystem I reaction center 

subunit VI, chloroplastic 

2.0121507143 0.02070474 

HaLaN_07341 A0A699YRB5 FA_desaturase domain-

containing protein 

1.9558020618 0.00477936 

HaLaN_04339 A0A699YJ12 Anaphase promoting complex 

(APC) subunit 2 

1.9133019574 0.00151608 

HaLaN_06812 A0A699YMT9 Rieske domain-containing 

protein 

1.6304087545 0.00515428 

HaLaN_26074 A0A6A0A5D9 Fe-S hydro-lyase tartrate 

dehydratase beta-type catalytic 

domain-containing protein 

1.5867636956 0.00040488 

HaLaN_06051 A0A699Z5I6 Magnesium-protoporphyrin IX 

methyltransferase C-terminal 

domain-containing protein 

0.6701229591 0.00023133 

HaLaN_20534 A0A699ZPB8 WD_REPEATS_REGION 

domain-containing protein 

0.6677659910 0.00194216 

HaLaN_08667 A0A699ZBQ4 phosphoglucomutase (Ŭ-D-

glucose-1,6-bisphosphate-

dependent) (EC 5.4.2.2) 

(Glucose phosphomutase) 

0.5213490453 0.00642646 
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Table 14: Selected significantly differentially expressed phosphoproteins in mutant J at 48 h of 

high light stress 

Gene Name UniProt 

Accession 

Protein Ratio 

(J/WT) 

p-value 

HaLaN_31310 A0A6A0AIN6 Glutamate-1-semialdehyde 

aminotransferase 

2.859669707 0.005642625 

HaLaN_00470 A0A699Y9B5 Malate dehydrogenase (EC 

1.1.1.37) 

1.94757435 0.008565826 

HaLaN_16692 A0A699ZEL4 Thioredoxin domain-

containing protein 

1.716967627 0.002026895 

HaLaN_29098 A0A6A0AEI3 succinate dehydrogenase (EC 

1.3.5.1) 

1.588369516 0.001541963 

HaLaN_04339 A0A699YJ12 Anaphase promoting 

complex (APC) subunit 2 

1.556854346 0.009920599 

HaLaN_23439 A0A699ZRP0 Chlorophyll a-b binding 

protein, chloroplastic 

1.510610069 0.020200213 

HaLaN_14968 A0A699ZHF1 GUN4 domain-containing 

protein 

0.607712043 0.001819621 

HaLaN_13544 A0A699Z4J8 Cell division cycle 5-like 

protein 

0.600676262 0.010842598 

HaLaN_27598 A0A6A0AA80 Starch synthase, 

chloroplastic/amyloplastic 

(EC 2.4.1.-) 

0.59590558 0.003175966 

HaLaN_03689 A0A699YL38 Chloroplast glycerolipid 

omega-3-fatty acid 

desaturase 

0.594066586 0.005287815 

HaLaN_23439 A0A699ZRP0 Chlorophyll a-b binding 

protein, chloroplastic 

0.430180529 0.007946602 

HaLaN_17690 A0A699ZLS5 Chlorophyll a-b binding 

protein, chloroplastic 

0.403387292 0.035500428 

 

 

Table 15: Selected significantly differentially expressed phosphoproteins in mutant J at 72 h of 

high light stress 

Gene Name UniProt 

Accession 

Protein Ratio 

(J/WT) 

p-value 

HaLaN_09722 A0A699Z3D4 thioredoxin-dependent 

peroxiredoxin (EC 1.11.1.24) 

1.58868097 0.03025485 

HaLaN_13544 A0A699Z4J8 Cell division cycle 5-like 

protein 

0.656419579 0.005751684 

HaLaN_16930 A0A699ZCR1 Photosystem I reaction center 

subunit VI, chloroplastic 

0.512612629 0.011940351 
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Figure 20: Functional enrichment analysis of significant phosphoproteins at 0, 48, and 72 h of 

high light stress 

Top 10 Blast2GO annotations for the significantly (A) upregulated phosphoproteins at 0 h, (B) 

downregulated phosphoproteins at 0 h, (G) upregulated phosphoproteins at 48 h, (H) downregulated 

phosphoproteins at 48 h, (M) upregulated phosphoproteins at 72 h, and (N) downregulated 

phosphoproteins at 72 h. 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:, respectively. Top 10 DAVID annotations for the significantly (C) upregulated phosphoproteins 

at 0 h, (D) downregulated phosphoproteins at 0 h, (I) upregulated phosphoproteins at 48 h, (J) 

downregulated phosphoproteins at 48 h, (O) upregulated phosphoproteins at 72 h, and (P) 

downregulated phosphoproteins at 72 h. The number of genes associated with each DAVID cluster for 

the significantly (E) upregulated phosphoproteins at 0 h, (F) downregulated phosphoproteins at 0 h, 

(K) upregulated phosphoproteins at 48 h, (L) downregulated phosphoproteins at 48 h, (Q) upregulated 

phosphoproteins at 72 h, and (R) downregulated phosphoproteins at 72 h. 
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 Selected proteins and phosphoproteins were further confirmed as putative 

proteins with homology analysis (Figure 21A-C). Alignment of putative FAD7 

(A0A699YL38) with known FAD7 from closely related species resulted in a 

sequence score of 98, confirming the identity of Haematococcus FAD7 (Figure 21A). 

The identity of two putative PSY proteins (A0A699ZEL4 and A0A699YTZ5) was 

also confirmed by alignment with known PSY from H. pluvialis which resulted in 

sequence scores of 72 and 75, respectively (Figure 21B). Finally, alignment of three 

putative AstaP proteins (A0A699Z4F2, A0A699ZF78, and A0A699Z504) with 

astaxanthin-binding pink protein of the fasciclin family from Scenedesmus sp. Oki-

4N (A0A7G1GET6 and A0A7G1GF05) resulted in sequence scores of 72, 72, and 

73, respectively, confirming the identity of Haematococcus AstaP (Figure 21C). 
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Figure 21: Red stage homology 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 PSY from H. pluvialis. C) Alignment of 

putative AstaP protein with known AstaP from closely 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 time points were analyzed. Of all identified phosphorylation sites, the 

sequence logos showed that glycine (G) was dominant on +1 and +3, aspartic acid 

(D) was dominant on the +2 location, and alanine (A) was dominant on both sides of 

phosphoserine in all three time points (Figure 22A, C, & E). For phosphothreonine at 

all three time points, arginine (R) was dominant at the -3 location, G was dominant at 

the -1 location, proline (P) was dominant at the +1 location, D was dominant at the +2 

location, and A was enriched on both sides of the phosphosite (Figure 22B, D, & F). 

For phosphotyrosine at all three time points, D was dominant prior to the phosphosite 

(Figure 22Q, R, & S). While significantly upregulated phosphoserine maintained 
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dominance of A on both sides of the phosphosite at 0 h (Figure 22G), there was less 

dominance of A in the significantly upregulated phosphoserine at 48 and 72 h (Figure 

6I & K). At all three time points, the significantly downregulated phosphoserines 

were A and G rich on both sides of the phosphosite (Figure 22H, J, & L). At 0 h, 

significantly upregulated phosphothreonine was rich in G prior to the phosphosite 

(Figure 22M). At 48 h, Phenylalanine (F) was dominant at the +1 location (Figure 

22O). At 0 and 48 h, significantly downregulated phosphothreonine had no amino 

acid significantly enriched on either side (Figure 22N & P). 

The Motif-All algorithm (He et al., 2011) was used to extract phosphorylation 

motifs that were significantly overrepresented in phosphorylation sites that were 

significantly changed in mutant J, compared with all phosphorylation sites identified 

in the analysis. At 0 h, the Motif-All 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 P directed (Figure 22T & 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) directed (Figure 22V & W). Finally, at 72 h, the Motif-All 

algorithm identified 21 upregulated motifs, many of which were G and E directed, 

and 30 downregulated motifs, many of which were G and Q directed (Figure 22X & 

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

All S phosphosites at (A) 0 h, (C) 48 h, and (E) 72 h of high light stress. All T phosphosites at (B) 0 h, 

(D) 48 h, and (F) 72 h of high light stress. All significantly upregulated S phosphosites at (G) 0 h, (I) 

48 h, and (K) 72 h of high light stress. All significantly downregulated S phosphosites at (H) 0 h, (J) 48 

h, and (L) 72 h of high light stress. All significantly upregulated T phosphosites at (M) 0 h and (O) 48 

h of high light stress. All significantly downregulated T phosphosites at (N) 0 h and (P) 48 h of high 

light stress. All Y phosphosites at (Q) 0 h, (R) 48 h, and (S) 72 h of high light stress. Significantly 
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upregulated motifs at (T) 0 h, (V) 48 h, and (X) 72 h of high light stress. Significantly downregulated 

motifs at (U) 0 h, (W) 48 h, and (Y) 72 h of high light stress. 
 

 

Discussion 

 

Upregulation of chlorophyll biosynthesis and photosynthesis-related 
proteins in mutant J during high light stress may enable higher 

chlorophyll content than the wild type 

As suggested in Chapter 3, a higher chlorophyll content under prolonged 

heterotrophy may support astaxanthin accumulation under high light. Prolonged 

heterotrophy results in degradation of chlorophylls within cells, rendering them more 

susceptible to photoinhibition or even death upon exposure to high light (Wan et al., 

2015). Higher chlorophyll contents in mutant J during heterotrophy may enable cells 

to continue photosynthesis under high light conditions to provide carbon skeleton and 

energy that fuels astaxanthin biosynthesis (Fan 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 to 5-aminolevulinic acid (ALA), which is 

then converted to protoporphyrin IX by CPOX. Phosphorylated GSAM 

(A0A6A0AIN6) is significantly upregulated in mutant J at 0 and 48 h (Table 13, 

2.68-fold, p-value = 0.05 and Table 14, 2.86-fold, p-value = 0.0056, respectively), 

and CPOX (A0A699YA46) was significantly upregulated in mutant J at 0, 48, and 72 

h of high light (Table 10, 2.06-fold, p-value = 0.0007, Table 11, 1.99-fold, p-value = 
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0.0002, and Table 12, 2.52-fold, p-value = 0.00015, respectively). This suggests that 

the chlorophyll biosynthesis pathway is upregulated in mutant J compared with the 

wild type even as stress persists to 72 h. Upregulation of magnesium chelatase 

(A0A699YG90, Table 10, 1.58-fold, p-value = 0.0005) at 0 h in mutant J further 

suggests upregulation of the chlorophyll biosynthesis pathway, and not just the 

tetrapyrrole biosynthesis pathway. Phosphorylated GUN4 (A0A699ZHF1) was 

downregulated at 48 h (Table 14, 0.61-fold, p-value = 0.0018). As mentioned in 

Chapter 3, previous work suggests that GUN4 positively regulates magnesium 

chelatase through post-translational modifications (Masuda & Fujita, 2008). 

Phosphorylation of GUN4 may interfere with its ability to regulate magnesium 

chelatase, so downregulation of phospho-GUN4 may indicate reduced inhibition of 

GUN4, and thus activation of magnesium chelatase. Phosphorylated magnesium-

protoporphyrin O-methyltransferase (chlM, A0A699Z5I6), which catalyzes the 

conversion of Mg-protoporphyrin IX to Mg-Protoporphyrin IX methylester (Z. Wang 

et al., 2017), was significantly downregulated in mutant J at 0 h (Table 13, 0.67-fold, 

p-value = 0.0002). It is unclear how phosphorylation influences the activity of this 

protein, which warrants further study. Finally, phosphorylated chlorophyllide a 

oxygenase (CAO, A0A699YMT9) was also upregulated in mutant J at 0 h (Table 13, 

1.63-fold, p-value = 0.0052). CAO converts Chlorophyll a to Chlorophyll b (Dey et 

al., 2023). How phosphorylation of CAO influences its activity remains to be 

investigated. 
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 In addition, expression patterns of photosynthesis and antenna proteins in 

mutant J suggest dynamic adaptation to prolonged stressful light illumination. During 

photosynthesis, light harvesting complexes II and I (LHC II and LHC I) capture and 

transfer light energy to photosystems II and I (PSII and PSI), respectively, to drive 

ATP synthesis. While LHCI proteins are strictly associated with PSI, reversible 

phosphorylation of LHCII proteins can dictate whether they associate with PSI or 

PSII (Longoni et al., 2015). A state 2 transition occurs when LCHII proteins are 

phosphorylated and begin associating with PSI (Longoni et al., 2015). Blue light 

activates PSII more than PSI, so a state 2 transition may occur under blue light 

illumination to balance activation of PSII and PSI (Longoni et al., 2015). Before 0 h 

of high light treatment, cultures were transitioned from heterotrophy to medium light 

conditions (100 ɛmol m-2 s-1) for 24 h as an intermediate adaptation process. This 

may have induced a state transition. The high light conditions used in following the 

acclimation stage may also induce a similar response. 

At 0 h, light harvesting complex I (LHC I) protein 1 (A0A699YWT9), protein 

2 (A0A699YZ58), protein 3 (A0A699ZDN5;A0A699ZAA7), protein 4 

(A0A699YRA4), protein 5 (A0A699ZPI4) were significantly upregulated in mutant J 

compared with the wild type (Table 10, 1.92-fold and p-value = 0.0002, 1.71-fold and 

p-value = 0.0039, 1.57-fold and p-value = 0.0004, 1.64-fold and p-value = 0.0004, 

and 1.59-fold and p-value = 0.0008, respectively). Also at 0 h, phosphorylated LHCII 

protein 2 (A0A699ZLS5), protein 4 (A0A699YT12), and protein 5 (A0A699ZRP0) 

were significantly upregulated (Table 13, 2.07-fold and p-value = 0.0007, 4.29-fold 
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and p-value = 0.0189, and 4.39-fold and p-value = 0.00069, respectively). Other 

upregulated proteins and phosphoproteins at 0 h include photosystem I subunit K 

(psaK, A0A699ZIG6) (Table 10, 1.80-fold, p-value = 6.23e-5) and phosphorylated 

photosystem subunit VI (psaH, A0A699ZCR1) (Table 13, 2.01-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 PSI-LHCI complex in state 2 (Younas et al., 2023), and 

upregulation of phosphorylated psaH in mutant J suggests PSI is favored under 

medium light 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, there was a shift in expression patterns of the photosynthetic and 

antenna proteins and phosphoproteins in mutant J. Notably, photosystem II 10 kDa 

protein (psbR, A0A699ZIA4) was significantly upregulated (Table 11, 1.67-fold, p-

value = 0.021). A study in C. reinhardtii suggests that psbR is an essential stabilizer 

of the light-harvesting complex stress-related protein3 (LHCSR3)-PSII-LHCII 

supercomplex under continuous light (Xue et al., 2015), indicating that upregulation 

of this protein in mutant J contributes to its stress response under high light stress. 

While one phosphorylated LHCII protein 5 (A0A699ZRP0) was upregulated at 48 h 

(Table 14, 1.51-fold, p-value = 0.02), another phosphorylated LHCII protein 5 

(A0A699ZRP0) along with a phosphorylated LHCII protein 2 (A0A699ZLS5) were 

downregulated at 48 h (Table 14, 0.43-fold, p-value = 0.008 and 0.40-fold, p-value = 
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0.036, respectively), possibly indicating state transition back to PSI from PSII. 

Despite upregulation of phospho-psaH (A0A699ZCR1) at 0 h, by 72 h this 

phosphoprotein was significantly downregulated (Table 15, 0.51-fold, p-value = 

0.012). Downregulation of this phosphoprotein indicates a reorganization of the 

photosystem as stress persists to 72 h, and cells may need to decrease photosynthesis 

to avoid high light stress. 

Dynamic expression patterns of chlorophyll biosynthesis and photosynthesis 

proteins and phosphoproteins in mutant J during the transition to the high light stage 

provide more insight into the acclimation process of H. pluvialis under prolonged 

stress. It also may be why mutant J can maintain a higher chlorophyll content per cell 

than the wild type throughout highlight stress while having a higher astaxanthin 

content. 

 

Mutant J has a higher DNA content per cell than the wild type during 

the high light stage  

During the early high light stage (Day 7 ï Day 10), mutant J had comparable 

amounts of DNA as the wild type. However, during the late high light stage (Day 12 

and Day 13), mutant J had a higher DNA content than the wild type, with statistical 

significance on the last day (Day 13). Interestingly, on Day 13 mutant J had the 

lowest cell density, despite simultaneously demonstrating the highest DNA per cell, 

indicating 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 may be the reason for the higher DNA content in mutant J cells, despite 

cell density continuing to decline as high light stress persists. Similarly to what was 

observed in mutant K under heterotrophic conditions (Chapter 3), mutant J 

demonstrated upregulation of phosphorylated APC subunit 2 (A0A699YJ12) at 0 and 

48 h of high light stress (Table 13, 1.91-fold, p-value = 0.0015 and Table 14, 1.56-

fold, p-value = 0.0099, respectively). Putative phospho-Cdc20 (A0A699ZPB8) that 

was identified via homology analysis in Chapter 3 (Figure 12B) was also significantly 

downregulated at 0 h of high light stress (Table 13, 0.67-fold, p-value = 0.0019). As 

explained in Chapter 3, this combination of up- and downregulated phosphoproteins 

suggests enhanced activity of the APC. Perhaps the increase in DNA content per cell 

early in the high light stage is related to increased promotion of mitosis. However, the 

lack of increased cell division suggests an aberrant cell cycle progression.   

The lack of normal cell cycle progression in mutant J was supported by 

downregulation of phosphorylated cell division cycle 5-like protein (CDCL5) 

(A0A699Z4J8) at 48 and 72 h of high light stress (Table 14, 0.60-fold, p-value = 

0.0108 and Table 6, 0.66-fold, p-value = 0.0058, respectively). A recent study in C. 

reinhardtii found that mutant strains deficient in CDC5L demonstrated a higher 

starch and oil content along with prolonged S and M phase, resulting in abnormal cell 

division (Torres-Romero et al., 2020). Similarly, downregulation of phospho-CDC5L 

in mutant J coincided with both a decreased cell division rate and an increased lipid 

content per cell. However, how phosphorylation contributes to regulation of CDC5L 
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in Haematococcus is not clear, and future studies are needed to fully understand this 

regulatory mechanism. Cell cycle progression may also be controlled by cyclin-

dependent kinase (CDK), which has been shown to drive cell cycle progression in 

green algae when upregulated (Jones & Dewitte, 2019). The delay in cell cycle 

progression in mutant J was further supported by the downregulation of CDK at 72 h 

(A0A699YSS0, Table 12, 0.43-fold, p-value = 0.0146).  

The differential expression of key cell cycle regulatory proteins in mutant J 

suggests that cells may be promoted to continue through mitosis up to a certain point, 

perhaps S or M phase. Up to or after this point, cell division is delayed or inhibited, 

resulting in an overall increase in DNA content coinciding with a decrease in cell 

division rate. 

 

Downregulation 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 0 h 

of high light stress, they shift away from glucose and starch production in favor of 

glycolysis as high light stress persists to 48 and 72 h. Phosphorylated 

phosphoglucomutase (A0A699ZBQ4) was significantly downregulated at 0 h (Table 

13, 0.52-fold, p-value = 0.006). It has been proposed that phosphoglucomutase in the 

cyanobacterium Synechocystis is inhibited by phosphorylation (Doello et al., 2022), 

and downregulation of phosphorylated phosphoglucomutase suggests a higher 
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activity of phosphoglucomutase. At 0 h of high light stress, Haematococcus cells 

have been exposed to 24 h of medium light acclimation following prolonged 

heterotrophy, so acclimated cells are likely channeling photosynthetically fixed 

carbon through the gluconeogenesis pathway. 

However, phosphorylated starch synthase (A0A6A0AA80) was 

downregulated at 48 h (Table 14, 0.60-fold, 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., 2021). Not much is currently known about how starch synthesis 

enzymes are regulated in H. pluvialis. Perhaps downregulation of this phosphoprotein 

at 48 h indicates a redirection of carbon flux away from starch synthesis and towards 

lipid accumulation.  

Overall, differential expression of several phosphoproteins suggests a shift 

away from gluconeogenesis and starch biosynthesis and perhaps towards fatty acid 

biosynthesis as stress persists beyond 72 h. 

 

Carbon partitioning towards fatty acid biosynthesis supports a higher 

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) 

biosynthesis (Johnson & Alric, 2013). As high light stress persists, mutant J cells 
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demonstrate a higher lipid content per cell, and proteomics and phosphoproteomics 

analyses were used to investigate this phenotype. 

Several proteins and phosphoproteins in the TCA cycle were found to be 

differentially expressed in mutant J, which indicates a shift in carbon flux away from 

cell proliferation toward lipid accumulation. At 0 and 72 h of high light stress, 

isocitrate dehydrogenase (A0A6A0A6L7;A0A6A0A063;A0A699ZXI0) was 

significantly downregulated, suggesting disruption of this step of the TCA cycle 

(Table 10, 0.54-fold, p-value = 0.00075 and Table 12, 0.65-fold, p-value = 0.0079, 

respectively). At 0 h of high light, phosphorylated aconitase (A0A6A0AAX5), 

fumarase (A0A6A0A5D9), and malate dehydrogenase (A0A699ZT76) were 

significantly upregulated in mutant J (Table 13, 2.22-fold, p-value = 0.0028, 1.59-

fold, p-value = 0.0004, and 2.31-fold, p-value = 0.0079, respectively). Different 

studies into eukaryotic aconitase (Lin et al., 2009), fumarase (Wang et al., 2020), and 

malate dehydrogenase (Minard & McAlister-Henn, 1994) found that phosphorylation 

of these proteins altered their normal function or inactivated them. Upregulation of 

these proteins and phosphoproteins in mutant J suggests alteration of the normal TCA 

cycle. Phosphorylated malate dehydrogenase (A0A699Y9B5) was also upregulated at 

48 h (Table 14, 1.95-fold, p-value = 0.0086), along with upregulated phospho-

succinate dehydrogenase (A0A6A0AEI3, Table 14, 1.59-fold, p-value = 0.0015). 

Similarly to other proteins mentioned, phosphorylation of succinate dehydrogenase 

attenuates its activity in mammals (Rutter et al., 2010). The arrested cell division and 
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enhanced lipid content may be due to a preference for the fatty acid biosynthesis 

pathway and the aberrant TCA cycle.    

As mentioned earlier, mutant J had a higher lipid content per cell than the wild 

type with statistical significance on Day 13 (Figure 16C and D). In agreement with 

this phenotype, at 0 h of high light, upregulation of biotin carboxyl carrier protein was 

observed (BCCP, A0A699YS07, Table 10, 1.55-fold, p-value = 0.0045). BCCP is a 

component of acetyl-CoA carboxylase (ACCase) (Megha et al., 2022), which is the 

first committed and rate-limiting step of fatty acid biosynthesis (Hu et al., 2008). Two 

following steps in the initial fatty acid biosynthesis pathway, acyl-carrier protein S-

malonyltransferase (MCAT, A0A699YUE4) and 3-ketoacyl-CoA synthase (KCS, 

A0A6A0A4P2), were also upregulated at 48 h (Table 11, 1.54-fold, p-value = 

0.00033 and 2.06-fold, p-value = 0.00014), suggesting that flux of carbon is directed 

towards fatty acid biosynthesis as stress persists.  

Upregulation of phosphorylated stearoyl acyl carrier protein desaturase (SAD, 

A0A699YRB5, Table 13, 1.96-fold, p-value = 0.0048) was observed at 0 h. A study 

in olives found that SAD is regulated transcriptionally (Hernández et al., 2019). 

However, it is unclear how phosphorylation influences the activity of this protein in 

Haematococcus. Another protein in the fatty acid elongation/desaturation pathway, 

phosphorylated omega-3 fatty acid desaturase (FAD7, A0A699YL38), was 

significantly downregulated in mutant J at 48 h of high light stress (Table 14, 0.59-

fold, p-value = 0.0053). A study in C. reinhardtii found that phosphorylation of 

Thr286 in crFAD7 was essential for normal desaturation function of the protein (Lim 
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et al., 2015). The FAD7 phosphoprotein identified in this study was also 

phosphorylated on a Thr (Figure 21A). Compared with the wild type, mutant J had a 

significantly lower C18:3æ6,9,12 content in the total lipid fraction (ɔ-linoleic acid, 

Figure 16E). Downregulation of this phosphoprotein agrees with decreased 

desaturation of C18:2 to C18:3 in mutant J. 

Downregulation of gluconeogenesis, starch, and TCA cycle 

proteins/phosphoproteins, along with upregulation of them in the fatty acid 

biosynthesis pathway suggest that carbon flux is being directed away from starch 

accumulation or cell proliferation towards lipid accumulation early under high light 

stress in mutant J. 

 

Upregulation of PSY along with a higher lipid content may enable 

enhanced astaxanthin accumulation in mutant J 

In the astaxanthin biosynthesis pathway, a putative phytoene synthase (PSY) 

protein and phosphoprotein (A0A699ZEL4;A0A699YTZ5) were upregulated in 

mutant J at 0 and 48 h of highlight stress (Figure 21B, Table 10, 1.58-fold, p-value = 

0.0005, Table 11, 1.88-fold, p-value = 8.56e-5, Table 13, 2.79-fold, p-value = 0.0076, 

and Table 14, 1.72-fold, p-value = 0.002, respectively). PSY is a key enzyme in 

astaxanthin biosynthesis, considered to be a rate-limiting enzyme that can ultimately 

control the amount of carotenoids produced (Zhou et al., 2022). Upregulation of this 

protein early into high light stress indicates that mutant J has a rapid stress response, 

which correlates with its ability to accumulate more astaxanthin. However, it is not 
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clear how this enzyme is regulated (Zhou et al., 2022), suggesting the need for more 

phosphoproteomic studies of the astaxanthin biosynthesis pathway.   

Several other relevant stress response proteins were differentially expressed 

during high light stress. At 0 h, superoxide dismutase (SOD, A0A6A0A7A3) was 

significantly upregulated in mutant J (Table 10, 1.61-fold, p-value = 7.498e-5). SOD 

is an antioxidant enzyme that is active during initial stress response in 

Haematococcus (Kobayashi, Kakizono, et al., 1997; Wang et al., 2004). Another 

antioxidant enzyme that was upregulated at 72 h was phospho-peroxiredoxin 

(A0A699Z3D4, Table 15, 1.59-fold, p-value = 0.03). Peroxiredoxins are antioxidant 

enzymes that are also involved in cellular signaling (Shimasaki et al., 2021), but how 

phosphorylation influences their activity is yet to be explored.  

Finally, there were several Fasciclin (FAS1) domain-containing proteins that 

were upregulated at 48 h (A0A699Z4F2;A0A699ZF78 and A0A699Z504, Table 11, 

2.26-fold, p-value = 0.0021 and 2.04-fold, p-value = 0.0054, respectively) and 72 h 

(A0A699Z4F2;A0A699ZF78, Table 12, 1.77-fold, 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 surface (Kornilov et al., 2023). A stress-

inducible, astaxanthin-binding, FAS1 domain-containing protein called astaxanthin 

binding fasciclin family protein (AstaP) was identified in green algae (Kawasaki et 

al., 2013). Homology analysis confirmed the FAS1 domain-containing proteins 

identified in this study as putative AstaP proteins (Figure 21C). It has been proposed 

that astaxanthin can protect H. pluvialis cells from high light stress by forming a 
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physical barrier in the cell periphery (Li et al., 2008). However, how astaxanthin is 

targeted and trafficked to the cell periphery is not well understood. It is known that 

hydrophobic carotenoids outside a hydrophobic lipid droplet have an aqueous carrier 

protein (Kawasaki et al., 2013). Aqueous carotenoid-binding proteins have been 

identified in cyanobacteria (Kay Holt & Krogmann, 1981), however, little is known 

about them in eukaryotes (Kawasaki et al., 2013). Upregulation of these putative 

AstaP proteins at 48 and 72 h of high light stress indicates that mutant J might have 

an enhanced ability to traffic astaxanthin to the cell periphery as part of the cellôs 

stress response.  

 

Conclusions 

Higher chlorophyll content in mutant J may be due to upregulation of key 

chlorophyll biosynthesis proteins such as CPOX and magnesium chelatase. Mutant J 

also demonstrates a higher DNA content per cell while simultaneously a decreased 

cell division rate as high light stress persists. This conundrum may be due to 

promotion of anaphase by upregulation of phospho-APC and downregulation of 

phospho-Cdc20, as well as a delay in the later stage of mitosis by downregulation of 

phospho-CDC5L. Moreover, Mutant J shifted carbon partitioning away from 

gluconeogenesis, starch accumulation, and the TCA cycle under high light stress, 

evidenced by varied expression of proteins/phosphoproteins in these pathways. 

Instead, upregulation of fatty acid biosynthetic proteins such as BCCP, MCAT, and 

KCS indicates the preference for this pathway, in corroboration with an increased 
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lipid content. This increased lipid content, along with upregulation of PSY may 

enable the higher astaxanthin content in mutant J. Overall, proteomics and 

phosphoproteomics analysis of mutant J during its acclimation to high light stress 

revealed several interesting protein/phosphoprotein expression patterns, providing 

promising targets for future strain engineering efforts.    
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Chapter 5:  Conclusions and Future Directions 
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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 challenge to interpret these data in a streamlined and reproducible way. This is 

even more challenging with non-model species that often do not have whole genome 

sequence and annotation data available. This research first aimed to develop a 

bioinformatics analysis pipeline that would enable biological interpretation of 

proteomics and phosphoproteomics data from H. pluvialis when a fully sequenced 

genome was not yet available. This was the first phosphoproteomics analysis in H. 

pluvialis and suggests that phosphorylation plays a key role in the regulation of 

protein activity. Now with an updated H. pluvialis genome published (Bian et al., 

2023), it will be incorporated into this analysis pipeline to further improve it.   

 Chapters 3 and 4 identified various differentially expressed proteins and 

phosphoproteins that provide insight into the molecular mechanisms of acetate 

metabolism, and lipid and carotenoid biosynthesis. There were several interesting 

patterns of differential expression in mutant K under heterotrophic conditions, 

including the proteins adenosylhomocysteinase and CPOX and the phosphoproteins 

ACS, APC subunit 2, PFL, GSAM, magnesium chelatase, and DPOR. These proteins 

may be promising future engineering targets to channel heterotrophically metabolized 

carbon toward cell proliferation and/or growth and chlorophyll biosynthesis. 

Differentially expressed proteins and phosphoproteins in mutant J during the 

transition from heterotrophy to high light provide insight into the stress response of 

H. pluvialis. Analysis of key astaxanthin biosynthetic proteins demonstrated dynamic 
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expression patterns of these proteins, suggesting PSY as a target to promote 

astaxanthin production. Additionally, proteins and phosphoproteins involved in cell 

cycle control, carbon partitioning, and chlorophyll biosynthesis that were 

differentially expressed in mutant J may also be exploited in future strain engineering 

efforts to channel carbon toward lipid and astaxanthin biosynthesis. In the future, 

Western blot analyses shall be conducted to quantify the relative expression of these 

key proteins and phosphoproteins between the wild type and mutants to verify the 

omics results. 

While these two strains possess certain phenotypes that are beneficial for 

astaxanthin production, there is still room for improvement. Mutant J had a higher 

lipid and astaxanthin content per cell, but it had the lowest cell density and 

comparable biomass concentration to the wild type. Mutant K showed a higher cell 

division rate but similar astaxanthin productivity to the wild type. To further improve 

these strains, adaptive laboratory evolution (ALE) is proposed as a non-GMO 

engineering strategy for strain improvement, where candidate strains are gradually 

adapted to certain selective pressures, such as high light stress, through serial 

transfers in batch or continuous cultures. This is continued repeatedly to accumulate 

beneficial mutations that achieve the desired strain improvement goals (Bloom & 

Arnold, 2009; Hirasawa & Maeda, 2022). Mutants K and J have been identified and 

characterized, and they are ready to be used in the next step to adapt to selective 

pressure to further improve these strains. For example, all three strains showed a 

noticeable drop in cell density (wild type 16%, mutant K 36%, and mutant J 49%, 
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Figure 15A) during the medium light acclimation stage of the two-stage cultivation 

experiment. While mutant K recovered and exceeded the cell density achieved at the 

end of heterotrophy, mutant J did not. Improving the acclimation of mutant J to the 

medium light acclimation stage may prevent this loss of biomass under medium to 

high light conditions. Together with mutant Jôs higher astaxanthin content per cell, 

this may improve the overall astaxanthin productivity of this strain. Alternatively, 

rational engineering strategies are proposed to target astaxanthin biosynthetic genes 

such as PSY or genes involved in cell cycle control such as APC and CDCL5. 

Two additional omics analysis approaches are proposed as future directions to 

study heterotrophically or photosynthetically assimilated carbon metabolism and 

astaxanthin biosynthesis in Haematococcus. One is proteogenomics, which combines 

proteomics, transcriptomics, and genomics data to identify peptides, find novel 

peptides, and contribute to the annotation of genomes (Nesvizhskii, 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 mapped to genomes or from de novo transcriptome assemblies. 

Chapter 2 described the creation of custom databases generated from a publicly 

available H. pluvialis transcriptome and genome. Future analysis could map proteins 

identified by the green and red stage proteomics datasets to these custom databases 

and contribute to the annotation of the genome. 
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The other is metabolomics, a global study of all metabolites. This type of 

analysis is usually accomplished by LC-MS methods, where signals detected from the 

sample are compared to the signals of a known metabolite for identification (Chakdar 

et al., 2021). Metabolomics can supplement other omics studies. If differentially 

expressed proteins, and/or phosphoproteins indicate certain pathways are active, the 

expected metabolites should be present at the expected concentrations. Metabolomic 

studies can also reveal metabolite-based feedback regulation of certain pathways. For 

example, a build-up of excess un-esterified astaxanthin leads to feedback inhibition of 

astaxanthin biosynthesis that can be alleviated by the addition of free fatty acids 

(Chen et al., 2015). This may be why certain pathways are inactive even though the 

enzymes are present. Finally, this can lead to the discovery of new metabolites. 

However, there are several challenges to this approach, such as the high levels of 

individual variability and the difficulty in determining in which pathways certain 

metabolites are involved since many pathways use and/or produce the same 

metabolites. Isotope studies could be used to address this issue and in metabolite flux 

studies.  
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