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ABSTRACT OF THE DISSERTATION 
 

 
Insights into the molecular regulation of growth and carbon flux in marine diatoms 

 

by 

 

Raffaela Abbriano Burke 

 
Doctor of Philosophy in Marine Biology 

 

University of California, San Diego, 2017 
 

Mark Hildebrand, Chair 
 

 
 

Diatoms are a highly productive group of phytoplankton collectively responsible 

for up to 40% of the annual organic carbon production in the world’s oceans. 

Photosynthetic carbon fixation by diatoms sustains diverse marine ecosystems and 

contributes significantly to the global carbon cycle. The natural productivity of diatoms, 

coupled with high hydrocarbon yield, makes this group an attractive option for the 
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production of next-generation biofuels and other valuable bioproducts. The need for a 

renewable alternative to fossil fuels has recently become apparent due to the 

environmental and political costs of petroleum production, including the inevitability of 

peak oil, the costs of obtaining foreign fuel sources, and rising atmospheric CO2 levels 

that exacerbate climate change. However, an increased understanding of the molecular 

mechanisms that control intracellular carbon partitioning in diatom cells is critical to 

develop successful strategies to optimize future production strains.  

Our current understanding of the organization and regulation of carbon 

metabolism in diatoms relies heavily on genomic information from a few model species. 

However, recent advancements in ‘omics’ analyses are expanding our understanding the 

dynamics of diatom metabolism based on gene expression, protein abundance, and 

metabolite levels. Despite increasing accessibility to these strategies, much remains to be 

understood about the molecular mechanisms and their regulation that underlie diatom 

growth productivity. Therefore, the broad objective of my dissertation is to gain further 

insight into the controls of intracellular carbon assimilation, partitioning, and storage in 

diatoms. This will be accomplished using several different approaches: a bioinformatics 

refinement of gene models and analysis of splicing during diatom cell cycle arrest and 

progression (Chapter 1), an investigation into the organization of proteins involved in 

photorespiratory metabolism (Chapter 2), and an investigation of the influence of a 

regulatory protein (6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase) on 

intracellular carbon partitioning (Chapter 3). 



1 

INTRODUCTION 
 

I.1 Diatom productivity and global significance 

Marine diatoms are ubiquitous unicellular microalgae that constitute a dominant 

fraction of eukaryotic phytoplankton in the modern oceans. Diatoms are collectively 

responsible for up to 40% of the annual marine organic carbon production (Nelson et al. 

1995) and are major carriers of carbon to the deep ocean (Armbrust 2009). Diatoms tend 

to dominate phytoplankton communities in coastal regions, where they can bloom rapidly 

in response to nutrient influxes from upwelling events. In addition, diatoms are of 

significant ecological importance, as primary production from diatoms support a variety 

of diverse marine ecosystems.   

 

I.2 Diatoms as photosynthetic cell factories 

Microalgae offer a potential means to sustainably produce food, energy, and 

industrial feedstocks and are an attractive alternative to traditional plant, fungal or animal 

cell culture-based systems for production of valuable bioproducts such as vaccines, 

antibodies, specialty oils, and novel carotenoids (Spolaore et al. 2006; Hallmann 2007). 

Advantages of microalgal culture include rapid photosynthetic growth, inexpensive 

culture medium, and high biomass productivity, all of which can translate to a significant 

reduction in production costs at scale (Georgianna and Mayfield 2012).  

The rapid growth rates and high biomass productivity of some marine diatom 

species identified them as particularly suitable options for certain industrial and 

biotechnological applications. The value of diatoms for the production of economically 
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important compounds such as omega-3 fatty acids and carotenoids has long been 

recognized, and many species are also capable of producing valuable hydrocarbons that 

are suitable for fuel production (Fig. I-1; Nelson et al. 1995; Hildebrand et al. 2012). The 

suitability of several diatom strains for biofuel feedstock was outlined in the pioneering 

biofuel research conducted during the DOE funded Aquatic Species Program (Sheehan et 

al. 1998). However, large scale production of renewable biofuels from diatoms or other 

microalgae faces considerable challenges, and genetic engineering of strains will likely 

be an important component in the future development of microalgal agriculture 

(Hildebrand et al. 2012; Georgianna and Mayfield 2012). An increased understanding of 

the controls on intracellular carbon partitioning is critical to develop successful metabolic 

engineering strategies to increase bioproduct yields in diatoms. 

 

I.2 Diatom evolution and metabolism 

 The evolution of modern phytoplankton is punctuated by major endosymbiotic 

events that convey large-scale genetic changes to a host organism. The capability to 

perform oxygenic photosynthesis originated in cyanobacteria and was transferred to the 

eukaryotic lineage approximately 1.5 billion years ago (Armbrust 2009). In this process, 

the cyanobacterial cell was appropriated as new membrane-bound organelle within the 

host cell known as the plastid (Fig. I-2), and genes from the cyanobacterial symbiont 

were transferred to the host nucleus (Timmis et al. 2004). This primary endosymbiotic 

event gave rise to the photosynthetic algal lineages, including glaucophytes, red algae, 

and green algae, the latter of which eventually gave rise to vascular plants (Falkowski 

2004).  
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Diatoms belong to a taxonomic group known as the Stramenopiles, which arose 

through a secondary endosymbiotic event that occurred approximately 1 billion years ago 

(Fig. I-2) and involved the engulfment and retention of a red algal cell by a heterotrophic 

eukaryote (Armbrust 2009). Evidence for this secondary endosymbiotic event includes 

the presence of genes of red algal origin in the nuclear genome of diatoms (Bowler et al. 

2008) and a distinctive organization of the chloroplast membrane (McFadden 2001).  

The genetic merger that occurred following the secondary endosymbiotic event 

created a mosaic genome comprised of genes from various sources (Falkowski 2004; 

Bowler et al. 2008) and a distinctive organization of metabolism in diatoms relative to 

other photosynthetic eukaryotes (Armbrust et al. 2004; Kroth et al. 2008; Allen et al. 

2011; Smith et al. 2012). In addition, diatom genomes have been further shaped by 

horizontal gene transfer, gene replacement and retargeting, selective loss or expansion of 

gene families, and a rapid evolutionary rate (Bowler et al. 2008). These genetic 

modifications over time have altered the metabolic capabilities and routes for 

intracellular carbon flux in diatom cells (Figure I-2). Major organizational features that 

affect the routes of carbon flux in diatoms are detailed below.  

 

I.3.1 Increased compartmentation 

Diatom plastids are surrounded by four membranes (Fig. I-3); the inner two are 

the chloroplast inner and outer membranes typical of all photosynthetic eukaryotes, the 

third is the periplastid membrane (the relic plasma membrane of the red algal 

endosymbiont), and the outermost membrane, commonly called the ‘chloroplast ER’, is 

continuous with the endoplasmic reticulum (Bolte et al. 2009; Keeling 2009). The 
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periplastid and outer chloroplast membranes delineate the periplastid compartment 

(PPC), which adds additional structural complexity around diatom chloroplasts. The PPC 

has a distinct proteome (Moog et al. 2011) that includes carbonic anhydrases (Moog et al. 

2011; Tachibana et al. 2011), and therefore is thought to have a role in the acquisition of 

inorganic carbon (Edward Lee and Kugrens 1998).  

The multiple membranes around the diatom chloroplast necessitate the use of 

unique multipartite N-terminal signals consisting of both a signal and a transit peptide for 

complete transfer of proteins in to the chloroplast (Apt et al. 2002; Kilian and Kroth 

2005; Gruber et al. 2007; Bolte et al. 2009; Hempel et al. 2009). Metabolite exchange 

between the chloroplast stoma and the cytosol requires an additional set of transporters, 

which is an additional consideration when considering routes of carbon flux in diatoms as 

transport may be an important mode of regulating substrate availability (Smith et al. 

2012). 

 

I.3.2 Organization of central carbon metabolism 

The primary pathways that are involved in the partitioning of carbon (the 

distribution of photosynthetic products throughout the cell) are glycolysis and 

gluconeogenesis, which work in opposing directions to utilize or store carbon 

intermediates depending on the metabolic and energetic demands of the cell. Glycolysis 

catabolizes glucose to produce pyruvate and ATP, while gluconeogenesis converts 

pyruvate to glucose to supply carbohydrate biosynthesis pathways. While glycolysis and 

gluconeogenesis share many of the same enzymes that are regulated by mass action, 

carbon flux through glycolysis/gluconeogenesis is strictly regulated at metabolic 
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checkpoints that control the directionality of carbon flux through these pathways (Plaxton 

1996). In addition to their roles in carbohydrate metabolism, glycolytic enzymes are 

necessary to generate precursors for fatty acid, isoprenoid, amino acid, and nucleotide 

biosynthesis and are key enzymes in carbon fixation (Lunn 2006).  

The Embden-Meyerhof-Parnas (EMP) version of glycolysis (the canonical 

pathway widespread in eukaryotes) is typically considered to be a cytosolic pathway, 

however, photosynthetic eukaryotes contain at least a partial glycolytic pathway in the 

plastid (Ginger et al. 2010). In both chlorophytes and diatoms, EMP glycolysis typically 

not complete in either the plastid or the cytosol (Fig. I-3), necessitating the transport of 

glycolytic intermediates across plastid membranes (Ginger et al. 2010; Terashima et al. 

2011; Smith et al. 2012). Diatoms have additional EMP glycolysis capabilities in the 

mitochondria (Fig. I-3; Liaud et al. 2000; Kroth et al. 2008), an extremely unique 

arrangement that is known to occur only in diatoms and non-photosynthetic oomycetes 

(Ginger et al. 2010). One potential advantage of this metabolic arrangement may be the 

ability to produce the reducing equivalents needed to feed oxidative phosphorylation 

directly in the mitochondria, eliminating the need to import them from the cytosol (Smith 

et al. 2012). In addition, recent work had identified a Entner–Doudoroff (ED) glycolytic 

pathway, a prokaryotic variant of glycolysis, that may allow for the complete catabolism 

of C6 compounds to pyruvate in diatom mitochondria (Fabris et al. 2012). 

Another major organizational difference in diatom metabolism is the localization 

of the oxidative pentose phosphate pathway (OPP), which supplies ribose-5-phosphate 

for de novo nucleotide biosynthesis with the concomitant production of NADPH. In 

green algae and higher plants, this pathway is co-localized to the plastid with the 
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reductive pentose phosphate pathway (Calvin-Benson cycle enzymes), necessitating strict 

light-responsive regulation of enzyme activity to avoid futile cycling (Ruelland and 

Miginiac-Maslow 1999). In diatoms, OPP and nucleotide biosynthesis occur in the 

cytosol, potentially liberating OPP from strict temporal regulation (Fig I-2; Michels et al. 

2005; Kroth et al. 2008; Gruber et al. 2009). The cytosolic OPP may serve to provision 

the mitochondrial ED pathway, which utilizes the OPP intermediate 6-phosphogluconate. 

Reducing equivalents generated via cytosolic OPP in diatoms may be utilized in fatty 

acid biosynthesis, but would have to be imported into the plastid.   

The organization of carbohydrate storage and pathways related to carbohydrate 

biosynthesis are also unique in diatoms. Eukaryotic phytoplankton utilize a diversity of 

strategies pertaining to the storage of intracellular carbohydrate, which have important 

metabolic and energetic implications for the cell (Hildebrand et al. 2013). Diatoms store a 

soluble ß-(1,3)-linked glucan called chrysolaminarin in a cytoplasmic vacuole (Fig. I-3; 

Chiovitti et al. 2004), whereas green algae store carbohydrate as insoluble starch granules 

within the plastid (Deschamps et al. 2008). The localization of carbohydrate storage in 

the plastid puts restrictions on when carbohydrate breakdown can occur in order to avoid 

competition with carbon fixation (Deschamps et al. 2008) and may explain differences in 

temporal usage of carbohydrates to fuel growth and division (Hildebrand et al. 2017). 

I.4 Functional genomics and molecular engineering in diatoms 

The suite of genetic tools available for the engineering of microalgal strains is 

comparatively limited relative to other plant and microbial systems, which has previously 

impeded their use as industrial production strains. However, significant progress has been 
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made in the development of genetic tool for diatoms, including the adoption of the 

Gateway cloning system (Siaut et al. 2007), expansion of available selectable markers 

and reporter genes (Zaslavskaia et al. 2000; Poulsen et al. 2006; Shrestha et al. 2013), use 

of constitutive and inducible promoters (Dunahay et al. 1995; Kilian and Kroth 2005; 

Poulsen 2005; Sakaue et al. 2008; Hildebrand 2008; Russo et al. 2015), gene knockdown 

by antisense RNA and RNAi (De Riso et al. 2009), and genome editing/gene knockout 

using TALENs (Weyman et al. 2015) and CRISPR Cas9 (Nymark et al. 2016).  

The development of new tools has been expedited by the publication of several 

diatom genomes, including the centric diatom Thalassiosira pseudonana (Armbrust et al. 

2004) and pennate diatom Phaeodactylum tricornutum (Bowler et al. 2008). Subsequent 

transcriptome studies have been critical to the connection of diatom genome sequences 

with gene function, and have resulted in numerous insights about how diatoms respond to 

changes in environmental factors such as light, temperature, CO2, and nutrient status 

(Mock et al. 2008; Allen et al. 2008; Sapriel et al. 2009; Maheswari et al. 2010; Shrestha 

et al. 2012; Thamatrakoln et al. 2012; Ashworth et al. 2013; Bender et al. 2014; Smith et 

al. 2016b; Smith et al. 2016a).  

The insights garnered through increased accessibility of high-throughput, next 

generation data has informed several successful efforts to engineer diatom metabolism 

for biotechnological purposes, including increased production of biofuel-relevant lipids 

(Radakovits et al. 2011; Trentacoste and Shrestha 2013), nutritional oils (Hamilton et al. 

2014; Cook and Hildebrand 2016), and recombinant proteins (Hempel et al. 2011). 

Recent technological advances in diatom biotechnology, including the design of an extra-

chromosomal replicating vector that enables stable transgene expression in diatoms and 
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improved transformation efficiency via bacterial conjugation with E. coli (Karas et al. 

2015), will enable rapid advances in the functional characterization of diatom genes. The 

increasing availability of high-throughput data and the expansion of the molecular tool kit 

positions diatoms to become an important photosynthetic system for the heterologous 

expression of biochemical pathways.  

 

I.5 Dissertation contents 

The chapters in this dissertation investigate knowledge gaps in the molecular 

regulation of diatom growth and metabolism using three diverse approaches, 1) a global, 

bioinformatics analysis of gene models and alternative splicing, 2) detailed analysis of 

metabolic pathway organization using in silico and in vivo validation of gene targeting, 

and 3) functional characterization of a regulatory protein (6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase) by reverse genetics. Detailed summaries for each 

chapter are included below.  

Chapter 1 describes a collaborative project to leverage transcriptomic data 

collected during experimental variation in silicon availability to improve gene model 

annotation in T. pseudonana. High-throughput RNA sequencing was used to inform ab 

initio gene annotation programs, permitting prediction of novel or modified gene 

boundaries with high coverage at single base pair resolution. We report 13,399 predicted 

genes in the T. pseudonana genome, over half of which are modified from the current 

reference annotation (Thaps3 filtered models, Joint Genome Institute) including 1,883 

genes with unique loci. 37.5% of genes in the unique model set are differentially 

expressed in response to both silicon starvation and silicon readdition experiments, 
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representing a set of novel genes that include DNA-binding proteins, putative cell wall 

associated proteins, and cyclins that are likely related to silicon availability and cell cycle 

processes. In addition, Chapter 1 includes the first assessment of alternative splicing (AS) 

in the T. pseudonana transcriptome. We found AS is dominated by intron retention (IR), 

a mechanism related to the fine-tuning of gene expression rather than an increase in 

proteomic diversity. Approximately 3% of genes in the genome were significantly 

regulated by changes in IR in response to changes in environmental silicon availability. 

Gene model improvements, coupled with analysis of alternative splicing in T. 

pseudonana, aides in the interpretation of future transcriptomic datasets and contributes 

to the development of more accurate metabolic models in diatoms.  

 Chapter 2 is an in-depth investigation into enzymes related to photorespiratory 

and glyoxylate metabolism in T. pseudonana. Photorespiration represents a major route 

of carbon flux in photosynthetic cells, and the organization and extent of photorespiratory 

metabolism in diatoms is currently unresolved. In Chapter 2, we combined in silico 

sequence analysis, transcript expression, and in vivo localization of proteins putatively 

involved in these processes to update the model for the organization of C2 

photorespiratory metabolism in T. pseudonana and to propose a mechanism for their 

operation under silicon starvation-induced cell cycle arrest. Our analysis provides support 

for distinctive aspects of photorespiratory metabolism in diatoms. These features include 

the mitochondrial localization of the C2 photorespiratory pathway, including a unique 

glycolate-oxidizing enzyme (GOX2), as well as the absence of a glycerate kinase needed 

to return processed glycolate to the chloroplast. In addition, we propose upregulation of 

the glyoxylate cycle can operate in coordination with mitochondrial malic enzyme to 



10 

!
!

serve as an alternative source of pyruvate in the mitochondria under silicon starvation 

conditions.  

Chapter 3 focuses on the characterization of carbon flux regulation by 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphatases (PFK2/F2BP) in T. pseudonana. 

PFK2/F2BP is responsible for intracellular levels of the signaling molecule fructose-2,6-

bisphosphate, which is known to regulate glycolytic flux in other eukaryotes. In Chapter 

3, we provide evidence for a unique diatom PFK2/F2BP with a distinct functional role in 

the control of intracellular carbon partitioning. Overexpression resulted in higher levels 

of neutral lipids and proteins and less carbohydrate, showing that alteration of carbon 

partitioning between glycolysis and gluconeogenesis affects the metabolic fate of fixed 

carbon in diatoms, and that protein and lipid accumulation can be elicited in diatoms in 

the absence of environmental cues (such as nutrient limitation). Higher glycolytic activity 

also resulted in a reduced growth rate and extension of the G1 phase of the cell cycle, 

suggesting that redirection of central carbon flux in diatoms can feed back on cell cycle 

progression.  
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FIGURES 

 

Figure I-1. T. pseudonana cells stained with the fluorescent, lipophilic dye BODIPY 
over a six day timecoure of phosphate limitation. Artificial green color indicates staining 
of neutral lipids. 
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Figure I-2. The primary and secondary endosymbiotic events that gave rise to modern 
diatoms. The upper panel shows the evolutionary progression leading to the heterokonts. 
Organelles are colored to denote different origins and labeled as such (N = nucleus, M = 
mitochondria, Ct = chloroplast, Cy = cyanobacterium). The lower panel is a diagram of 
diatom intracellular compartmentation, with an emphasis on the chloroplast and associat- 
ed extra membranes relative to the progenitor plant cell. Colored bars represent proteins 
with different leader sequences targeting them to different intracellular locations. The 
inner chloroplast membrane (iCt), outer chloroplast membrane (oCt), periplastid mem- 
brane, periplastid compartment (PPC), and chloroplast ER (ct ER) are labeled.  
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Figure I-3. Overview of the organization of central carbon metabolism in T. pseudonana. 
Organelles: ER = endoplasmic reticulum; Nu = nucleus. Pathways: CB = Calvin–Benson; 
EMP = Emden–Meyerhoff–Parnas glycolysis; KP = Kennedy pathway; OPP = oxidative 
pentose phosphate; TCA = citric acid cycle. Metabolism: 3PG = 3-phosphoglycerate; 
DHAP = dihydroxyacetone phosphate; FA = fatty acid; GAP = glyceraldehyde-3-
phosphate; Gly3P = glycerol-3-phosphate; PYR = pyruvate; RuBisCO = ribulose-
bisphosphate carboxylase oxygenase; TAG = triacylglycerol. C3, 4, 6 refer to carbon 
skeletons containing the specified number of carbon molecules. 
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CHAPTER 1: 
 

RNA sequencing improves gene models and reveals alternative splicing in the 
marine diatom Thalassiosira pseudonana 
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1.1 ABSTRACT 

The publication of the Thalassiosira pseudonana genome as a model 

photosynthetic eukaryote greatly expanded our understanding of the genetic basis for the 

unique aspects of diatom biology. However, many of the gene model predictions are 

incorrect, obscuring important structural information. We combined existing models with 

evidence from high coverage RNAseq datasets to inform new gene model predictions 

using the AUGUSTUS algorithm. Over half of the 13,399 genes predicted are modified 

from the reference genome, including revised gene boundaries, novel splice sites, and 

unique loci containing 1,883 previously unannotated genes. In addition, we present the 

first assessment of alternative splicing (AS) in the T. pseudonana transcriptome. We find 

AS is dominated by intron retention (IR), and approximately 3% of genes are 

significantly regulated by changes in IR during rapid changes in silicon availability.  

 

1.2 INTRODUCTION 

Diatoms are ubiquitous eukaryotic microalgae that influence biogeochemical 

cycles on a global scale. Annual diatom primary productivity can account for 

approximately 20% of Earth’s total photosynthetic output, and contribute up to 40% of 

the organic carbon produced in the oceans (Nelson et al. 1995). A distinctive feature of 

most diatoms is a siliceous cell wall, or frustule, which imposes a requirement for silicon 

for growth and cell division (Brzezinski et al. 1990). The high productivity of diatoms 

makes them attractive candidates for biotechnology, as rapid growth and natural 

production of valuable compounds (such as proteins and lipids) are ideal characteristics 

for applications such as biofuel or therapeutic protein production (Hempel et al. 2011; 
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Hildebrand et al. 2012). In addition, diatom biosilica may have applications in the 

development of designer nanomaterials (Gordon et al. 2009), as vaccine adjuvants 

(Nazmi et al. 2016), and in targeted drug delivery (Delalat et al. 2015). 

Thalassiosira pseudonana is a coastal centric diatom with has historically served 

as an important model organism for studying diatom ecology and physiology. Due to its 

relatively small genome size (34 Mbp), it was chosen as the subject for the first diatom 

genome sequencing project (Armbrust et al. 2004). Gene model prediction and annotation 

is a computationally challenging aspect of a genome sequencing effort that is essential to 

link genome sequencing to the functional potential of predicted genes. The original T. 

pseudonana gene annotation relied heavily on homology-based approaches, with 

additional support of relatively limited EST evidence (Armbrust et al. 2004). Since the 

sequencing of the T. pseudonana genome in 2004, there have been additional efforts to 

optimize the gene model catalog using evidence from microarray expression (Mock et al. 

2008) as well as upstream/downstream model extension (Gruber et al. 2015). Eukaryotic 

gene prediction has continued to evolve to accommodate new data, such as high-

throughput RNA sequencing (RNAseq). In addition to providing information pertaining 

to gene expression, RNAseq is a relatively inexpensive approach that provides high-

coverage structural information about the transcriptome (Sultan et al. 2008; Trapnell et al. 

2010; Trapnell et al. 2012), such as evidence for better delimitation of exons, splice sites 

and alternatively spliced exons (Yandell and Ence 2012). For example, recent RNAseq 

studies have revealed additional transcriptome complexity and expanded previous 

estimates for alternative splicing in both metazoans and plants (Sultan et al. 2008; Pan et 

al. 2008; Filichkin et al. 2010; Trapnell et al. 2010; Marquez et al. 2012). RNAseq 
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evidence can be useful when paired with ab initio gene prediction programs to improve 

the annotations of protein-coding genes, especially for non-model or less studied 

genomes that may contain a higher proportion of non-homologous genes (Li et al. 2011; 

Zhao et al. 2013). Gene model improvement will be key for understanding the 

organization of metabolic pathways and for functional studies of diatom genes, as well as 

a foundation for studies into the complexity diatom transcriptome.  

The alternative splicing of introns contributes to transcriptome structure and 

complexity in eukaryotic organisms though the production of multiple mRNAs from a 

single gene. Alternative splicing can also produce protein isoforms with different 

functional characteristics, change the subcellular localization of the protein, or alter 

protein stability (Reddy 2007). Therefore, alternative splicing has the potential to be a 

major generator of proteome diversity in eukaryotes. In plants, functional studies have 

begun to reveal that alternative splicing can influence a variety of metabolic and 

developmental processes, including (but not limited to) photosynthetic carbon fixation, 

defense responses, flowering time, and grain quality (Reddy 2007).  

Several types of alternative splicing exist, including exon skipping, splicing of 

mutually exclusive exons, use of alternative donor/acceptor sites, intron retention, and 

trans-splicing. The extent of alternative splicing can vary greatly among organisms, and 

fundamental differences exist between metazoans and plants. For example, it is estimated 

that up to 95% of multiexon genes in humans undergo some form of alternative splicing 

(Pan et al. 2008), while estimates in the model plant Arabidopsis thaliana range from 

approximately 40 to 60% (Filichkin et al. 2010; Marquez et al. 2012). Furthermore, the 

dominant form of alternative splicing in humans is exon skipping (Sultan et al. 2008), 
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while the major form of alternative splicing in plants is intron retention (Ner-Gaon et al. 

2004; Marquez et al. 2012). Global analyses of alternative splicing in unicellular 

photosynthetic eukaryotes are less prevalent, but information from a few representative 

species is beginning to emerge. In the unicellular green alga Chlamydomonas reinhardtii, 

the extent of alternative splicing was found to be low (~3%) and the dominant form of 

alternative splicing (as in plants) is intron retention (Labadorf et al. 2010). However, this 

pattern does not hold for all descendants of the green algal lineage. The 

chlorarachniophyte Bigelowiella natans, a secondary endosymbiont derived from the 

incorporation of a green-algal ancestor into a eukaryotic host cell, exhibits complex 

splicing throughout the transcriptome, including higher levels of exon skipping than 

observed in most metazoan tissues (Curtis et al. 2012). No comprehensive analysis has 

been done to investigate alternative splicing in diatoms, although there is evidence that it 

occurs in specific cases. For example, RT-PCR was used to show that the marine diatom 

Chaetoceros compressum transcribes two mRNAs from the heat stress-responsive gene 

HI-5 that are differently expressed at elevated temperatures (Kinoshita et al. 2001). In 

addition, cloning of the cDNAs derived from the DGAT1 gene in the pennate diatom 

Phaeodactylum tricornutum revealed two separate transcripts, the longer of which is 

likely a result of intron retention (Guihéneuf et al. 2011).  

In this study, we leverage an extensive RNAseq dataset from two complementary 

experiments related to silicon availability and cell division in T. pseudonana: 1) silicon 

starvation, which immediately halts cell cycle progression in siliceous diatom species 

(Martin-Jézéquel et al. 2000; Smith et al. 2016b), and 2) readdition of silicon following 

starvation, which reinitiates cell cycle progression in a synchronous fashion (Darley and 
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Volcani 1969; Hildebrand et al. 2007; Shrestha et al. 2012). This data was used to further 

refine existing gene model 3’ and 5’ boundaries and to identify previously unannotated 

gene models. In addition, we investigate splicing patterns over silicon-induced cell cycle 

changes, and demonstrate silicon-responsive changes in the extent of alternative splicing 

in T. pseudonana. 

 

1.3 METHODS 

1.3.1 Growth conditions 

Axenic cultures of Thalassiosira pseudonana CCMP1335 were grown in artificial 

seawater medium (NEPC, http://www3.botany.ubc.ca/cccm/NEPCC/esaw.html) at 18°C 

under continuous light (150 µmol m-2 s-1). For silicon starvation experiments, 20L 

cultures were grown to a concentration of approximately 4x105 cells ml-1. The culture 

was sampled in nutrient replete conditions prior to harvesting for silicon starvation. The 

remaining cells were harvested by filtration, rinsed 1X in silicate-free medium, and 

resuspended at the same cell density. Cultures were stirred and bubbled with air under 

constant continuous light. Sampling was conducted at 0, 4, 8, 12, 18, and 24-hour time 

points following inoculation into silicon-free NEPC medium. For synchrony experiments, 

axenic cultures of Thalassiosira pseudonana (CCMP1335) were synchronized as 

previously described (Hildebrand et al. 2007; Shrestha et al. 2012). Exponentially-grown 

cells were harvested by centrifugation, rinsed once and placed in silicon-free medium. 

After 24 hours of Si starvation, rhodamine 123 (R123) and 200 µM sodium silicate were 

added to the culture. Samples were collected prior to and then every hour after silicate 

addition. Aliquots of R123-labeled cells were visualized under a fluorescent microscope 
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to monitor synchronous cell cycle progression. Experiments for both silicon starvation 

and synchrony were conducted in biological duplicate.  

1.3.2 RNA processing and sequencing 

Previously frozen cell pellets containing 3-4e8 cells were used for RNA isolation 

with TRI Reagent as previously described (Hildebrand and Dahlin 2000). Quality control 

of RNA samples and library preparation was done as described in (Smith et al. 2016b) 

using the Illumina TruSeq mRNA Sample Prep kit (Illumina). Bar-coded libraries were 

then pooled (10 or 11 per pool), and sequenced on an Illumina HiSeq 2000 sequencer 

with 100 bp paired end reads. 

1.3.3 Read alignment, assembly, and differential expression analysis 

Reads from individual samples were demultiplexed based on a perfect barcode 

match using a custom perl script, and TopHat (v2.0.6) running Bowtie 2 (version 2.0.2) 

was used for strand-specific mapping of RNAseq reads to the T. pseudonana reference 

genome assembly obtained from the Joint Genome Institute (JGI): 

(http://genome.jgi.doe.gov/Thaps3/Thaps3.download.ftp.html). The genome assembly 

used consisted of repeat-masked finished chromosomes (Thaps3), “unmapped sequence” 

(Thaps3_bd) and organelle sequences. Mapping parameters were adjusted for diatom 

gene structure, with 40 bp and 2000 bp for minimum and maximum intron lengths, 

respectively. Cufflinks (v.2.2.1) was used to assemble transcripts, and the assembly was 

used for gene model prediction. Raw counts to AUGUSTUS generated gene models were 

generated using htseq-count (HTSeq 0.6.1p1). Normalized counted and differential 

expression analysis was done using the DESeq2_1.6.3 package. Adjusted p-values (padj) 
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were calculated using the likelihood ratio test (LRT) with deviance between biological 

replicates as the reduced model (dds = DESeq(dds, test = "LRT", reduced = ~replicate)). 

1.3.4 Bioinformatic gene model prediction 

Gene model predictions were generated from several pipelines as follows: (1) 

FGENESH using the built-in diatom training set; (2) web-based AUGUSTUS trained on 

the de novo RNA assembly; and (3) MAKER with FGENESH, AUGUSTUS, 

GeneMarkES analyses enabled. All prediction software was run using default settings 

except where noted. Several genes were selected where intron/exon boundaries were well 

characterized in T. pseudonana and used to test the accuracy of the gene model 

predictions. Cuffcompare v.2.2.1 (within the Cufflinks package) with default parameters 

was used to compare JGI and AUGUSTUS gene model predictions.   

 Functional annotation of unique AUGUTUS genes was performed with the 

BLAST2GO plug-in the Geneious software v.R8 (Kearse et al. 2012). Bioinformatic 

tools used to predict subcellular localization include web-based SignalP 3.0 (Nielsen and 

Krogh 1998; Bendtsen et al. 2004), ASAFAP (Gruber et al. 2007), and HECTAR 

(Gschloessl et al. 2008). The DarkHorse program version 1.5 was used to evaluate the 

phylogenetic distance between proteins from AUGUSTUS prediction to sequences in 

NCBI GenBank nr database (accessed October 16, 2015) at species and class level 

phylogenetic granularity. BLASTP alignments to GenBank nr sequences were required to 

cover at least 70% of total query length and have e-value scores of 1e-5
 

or lower for 

inclusion in this analysis. � 
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1.3.5 Splicing analysis 

2x100bp reads were hard-trimmed with Trimmomatic 2x82bp. Trimmed reads 

were aligned with STAR 2.4.1d using ENCODE parameters as per developer’s manual, 

with soft clipping disabled. Equal-length reads and soft-clipping-free mappings are a 

requirement of rMATS. Unmapped reads and alignments with MAPQ lower than 30 were 

removed using samtools. Expression levels were estimated using htseq-count. Genomic 

tracks were generated using the bam2wig script from the RSeQC package. 

Alignments were used as input to rMATS 3.0.9 to detect alternative splicing 

events. Because rMATS 3.0.9 did not support strand-specific data, samtools was used to 

split alignments between positive and negative strand before being processed by rMATS. 

Results from positive and negative strands were merged back into a single result table, 

and the global False Discovery Rate (FDR) was recomputed using R v3.1. To enable 

detection of all possible intron retention (RI) events, the Augustus-generated GTF file 

was pre-processed using a custom Python script provided by the rMATS developers. 

Analysis and visualization of results were performed using the R statistical language. 

1.3.6 RT-PCR confirmation of intron retention 

2L cultures of axenic T. pseudonana were grown to exponential phase (1.4e6 cells 

ml-1) for silicon starvation and synchrony experiments in biological duplicate. Cultures 

were harvested by centrifugation (4,000 xg), washed 1X with silicon-free medium, and 

resuspended in silicon-free ASW (Darley and Volcani 1969) at approximately the same 

cell density. After 24 hours, silicon was added back to the culture at a final concentration 

of 200 µM to reinitiate cell cycle progression. RNA sampling was performed as 

previously described on 200 ml aliquots of culture. RNA was extracted from T. 
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pseudonana pellets using TRI Reagent as described previously (Hildebrand and Dahlin 

2000). Contaminating DNA was removed with the TURBO DNA-free kit (Ambion) and 

first-strand cDNA synthesis was performed using Superscript III reverse transcriptase 

(Thermo Fisher Scientific) with oligo (dT) primers. RT-PCR targets were chosen by 

screening for genes with at least one intron with a significant intron retention event and 

one intron that is completely spliced (as a control for possible DNA contamination). 

Primers were designed to flank the individual introns (Supplemental File 1-1) and cDNA 

was amplified by PCR using GoTaq DNA polymerase (Promega) and the following 

parameters: initial denaturation (92°C, 2 min), denaturation (92°C, 30 sec), annealing 

(59°C, 30 sec), elongation (72°C, 50 sec), 36 cycles. Intron presence/absence was 

determined by fragment size in a 2% agarose gel. 

 

1.4 RESULTS AND DISCUSSION 

1.4.1 RNA sequencing of silicon starvation and synchrony 

Since silicon availability is integral to cell cycle processes in diatoms, we 

performed high-throughput RNA sequencing on timecourse experiments following 

silicon starvation and readdition in T. pseudonana cultures to obtain a comprehensive 

view of gene expression over the entire cell cycle. Cultures were sampled over a period 

of 26 hours for silicon starvation (7 samples) and 9 hours for readdition (10 samples) in 

biological duplicate, resulting in a total of 34 individual libraries prepared for 100+100 

paired-end sequencing. Longer, paired reads were chosen to increase the accuracy of the 

splice variant predictions. Sequencing resulted in an average of 10.8 million pairs of 

reads per timepoint (Fig. 1-1). On average, 79.4% of these initial reads mapped uniquely 
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to the T. pseudonana genome, which equates to ~58X coverage of the genome or ~150X 

coverage of the estimated transcriptome.  

1.4.2 RNAseq improves gene model annotation in T. pseudonana 

RNAseq read alignments were processed through the gene prediction programs 

AUGUSTUS (Stanke and Morgenstern 2005), Fgenesh (Salamov and Solovyev 2000), 

and MAKER (Cantarel et al. 2008), and basic gene structure parameters were compared 

to the current filtered annotation for T. pseudonana (Table 1-1) available through the 

Joint Genome Institute (Thaps3). FGENESH predicts a total of 10,904 gene models, 

which is short of, but closest to, the JGI prediction. MAKER also predicted fewer 

models, but by a much larger margin (43.5% decrease). AUGUSTUS predicts 13,399 

gene models (a 17.6% increase). However, it is within 55 genes of the prediction from 

13,344 genes in the optimized gene catalog generated by extension and filtering of all 

existing T. pseudonana gene model predictions (Gruber et al. 2015). The mean gene 

length, number of exons per gene, and number of introns per gene are substantially higher 

(>20%) in the Fgenesh and MAKER predictions (Fig. 1-2, Table 1-1). Manual evaluation 

of these models revealed that merging of neighboring, but independent, gene models was 

a common issue that artificially increased the average gene length and decreased the total 

number of predicted genes. Excessive merging of genes can be a persistent problem in 

high density genomes with shorter intergenic distances (Yandell and Ence 2012), such as 

is the case in T. pseudonana. In addition, manual comparisons of the predictions to our 

RNAseq read coverage suggested that the gene architecture for AUGUSTUS models was 

well supported by the transcript data, while both Fgenesh and MAKER models 

commonly miscalled gene and intron/exon boundaries.  
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Based on our initial assessment of gene model quality, we selected the 

AUGUSTUS prediction for further comparison to the existing JGI gene models. A 

common error in the current JGI models is the truncation of models at the 5’ end of the 

gene, eliminating important subcellular targeting information that is often encoded in the 

N-terminal portion of the protein. To test for gene model completeness, we searched for 

the presence of an ATG start codon at the 5’ end of predicted gene models. The 

percentage of models that begin with an ATG was substantially higher in the 

AUGUSTUS predictions (99.9%) compared to the JGI models (83.2%). In addition, we 

subjected the models to several gene targeting prediction programs appropriate for 

special protein targeting considerations in heterokont algae: ASAFfind using SignalP 3.0 

signal peptide predictions, and HECTAR. Diatoms possess secondary plastids, and a 

bipartite N-terminal sequence consisting of both a signal peptide and a transit peptide is 

required for protein import into the chloroplast (Gruber et al. 2015). The percentage of 

total proteins with signal peptides predicted by SignalP 3.0 was 22.2%, 21.9%, and 

18.2%, for AUGUSTUS, optimized models (Gruber et al. 2015), and JGI models, 

respectively. In addition, the AUGUSTUS proteome had a higher proportion of models 

with chloroplast targeting (12.4% of models with chloroplast prediction; 8.0% with high 

confidence) compared to the JGI proteins (9.4% of models with chloroplast prediction; 

5.6% with high confidence) based on ASAFind targeting predictions (Fig. 1-3A). 

HECTAR also predicted a higher percentage of signal peptides (13.7% vs. 12.0%), 

chloroplast targeting (7.0% vs. 4.8%) and mitochondrial targeting (3.8% vs. 2.7%) in 

AUGUSTUS models relative to the JGI models (Fig. 1-3B). Thus, our RNAseq-guided 
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gene model extension revealed additional 5’ targeting information missed in previous 

annotation efforts, which should improve our knowledge of the organellar proteomes.  

A major limitation of the AUGUSTUS results for T. pseudonana was a lack of 

UTR regions, which could not be reliably predicted due to relatively low sequence 

coverage at both ends of sequenced transcripts. Both the RNAseq alignment files and the 

Cufflinks transcriptome assemblies are useful resources help estimate UTR boundaries 

when viewed alongside gene model predictions. The RNAseq alignment files, Cufflinks 

transcriptome assemblies, and AUGUSTUS gene models are available for download or 

web browsing through Greenhouse, an omics database for algal feedstocks hosted by Los 

Alamos National Lab (https://greenhouse.lanl.gov/greenhouse/organisms/).  

1.4.3 Computational prediction of previously unannotated gene models 

The program Cuffcompare was used to compare the loci of our AUGUSTUS 

dataset to existing JGI models (Trapnell et al. 2012). The results indicate that 48% of 

AUGUSTUS models are identical to Thaps3, while 38% are modified (overlapping loci 

with different gene boundaries). An additional 14% (1,883 genes) are predicted to be 

unique to the AUGUSTUS set. The majority of the unique gene set have no overlap with 

existing gene models (strict set; 1,300 genes), while the remainder are predicted to fall 

entirely within Thaps3 intronic regions or occur on the strand opposite the reference gene 

(inclusive set; 583 genes) (Fig. 1-4, Supplemental Files 1-2, 1-3).  

Previous work leveraging microarray, EST, and proteomic data under multiple 

environmental conditions has provided support for as many as 3,470 transcriptional units 

that likely correspond to genes not included in the JGI Thaps3 dataset (Mock et al. 2008). 

Using this approach, it was estimated that the total number of genes in T. pseudonana 
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could be as high as 14,860, which is higher than our estimate by 1,461 genes. Potential 

reasons for the higher prediction in the Mock set may be transcript data from other 

conditions (e.g. nitrogen starvation), as well as the inclusion of non-coding TUs or other 

regions that did not meet the AUGUSTUS gene prediction criteria. The average gene 

length in the unique AUGUSTUS set (1,089 bp) is approximately twice the average TU 

length (564 bp), suggesting that the RNAseq-informed gene predictions likely provided 

support for the extension of the TUs. However, the average gene length in the unique set 

is shorter on average than the entire JGI or the AUGUSTUS gene model sets (27% and 

36% shorter, respectively), which may indicate that previous prediction methods may 

have been biased against the prediction of shorter models (Fig. 1-5). Analysis of base 

mean gene expression (averaged over all experimental conditions) does not suggest a bias 

due to expression level, as genes from the unique set represent a wide range of expression 

(Fig. 1-6).  

Functional annotation of the unique gene set revealed that 74% of the unique 

AUGUSTUS sequences hit other sequences in the NBCI database (E-value cut-off = 1e-

3). In addition, 1141 genes (61%) could be assigned an Interpro ID and/or a GO 

annotation (Fig. 1-7), supporting a biological role for these genes. The majority of genes 

with GO annotations belong to functional categories related to cellular metabolism, 

including biosynthetic processes and other pathways related to the metabolic processing 

of organic carbon and nitrogen-containing compounds (Fig. 1-S1), suggesting that some 

of the newly predicted genes will be useful in completing metabolic maps and allow for 

more comprehensive metabolic modeling efforts.   
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The DarkHorse program was used to identify genes without significant similarity 

to sequences in the NCBI Genbank nr database (Podell 2007), and are therefore likely to 

be specific to T. pseudonana. The unique AUGUTSUS set contained 661 T. pseudonana-

specific genes (35.2% of unique set). The prevalence of T. pseudonana-specific genes in 

the entire AUGUSTUS prediction is 14%, suggesting that the unique set is enriched for 

genes that are not shared in other diatom genomes, and likely escaped detection by past 

homology-based annotation efforts. In addition, DarkHorse analysis identifies genes of 

potentially derived from horizontal gene transfer. We found that there is no enrichment of 

genes with putative bacterial origin in the unique gene set (0.8% genes in the unique set 

versus 1.7% overall). We identified a total of 16 genes of potential viral or bacterial 

origin in the unique gene set (Supplemental file 1-4), including genes with similarity to 

bacterial cell wall-anchored and PKD-domain containing proteins (g1315, g1971, g2521, 

g2596, g9508), which play a role in adhesion and/or cell surface interactions (Jing et al. 

2002). Some of these proteins also have integrin domains (g8366, 8367), which are cell 

surface receptors that recruit intracellular protein complexes that interact with the actin 

cytoskeleton and activate internal signal transduction pathways (van der Flier and 

Sonnenberg 2001). In addition, a putative tryptophan-rich sensory protein (g962), which 

plays a role in transmembrane signaling, was identified. Taken together, we identify a 

complement of newly annotated genes of putative bacterial origin that suggest significant 

prokaryotic influence on cell-surface processes in T. pseudonana. 

1.4.4 Cell cycle-related expression of previously unannotated genes 

The global physiological and transcriptional responses to early-stage silicon 

starvation and synchronous cell division for JGI Thaps3 genes have previously been 
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described in detail (Shrestha et al. 2012; Smith et al. 2016b). Analysis of sample-to-

sample distance in silicon starvation experiments show major transcriptional changes in 

response to the transition from silicon-replete (exp) to silicon-free (0h) medium, followed 

by another shift from 0-4 hours (Fig. 1-8A). For synchrony experiments, sample 

distances reflected progression through the cell cycle, with a return to initial conditions 

by the end of the timecourse (Fig. 1-8B). Gene-specific expression data is included in 

Supplemental Files 1-2 and 1-3.  

A high proportion of genes in the unique gene set were differentially expressed 

(DESeq2 Likelihood ratio test, adjusted p-value ≤ 0.05) through silicon starvation and 

cell cycle progression (878 genes and 1,129 genes in starvation and synchrony, 

respectively). Of these, most (707 genes) are significantly differentially expressed during 

both silicon starvation and cell cycle progression, and likely represent previously 

unannotated genes related to silicon availability and cell cycle processes. Several genes 

from the unique set are among the 35 most significantly differentially expressed genes in 

both datasets (Fig. 1-9). These include several proteins that contain the SMC_prok_B 

multi-domain (g10431, g3719, g6888, g558). Structural maintenance of chromosome 

(SMC) proteins are DNA-binding proteins found in both bacteria and eukaryotes, and are 

involved in processes related to cell division such as chromatid cohesion and 

chromosome segregation (Hirano 2006). In addition, a frustulin-like protein (g432) 

similar to other diatom cell surface proteins (Kröger et al. 1996) containing a Ricin-like 

beta-trefoil multi-domain (carbohydrate binding) was significantly differentially 

expressed in both datasets. The expression patterns of the SMC proteins and g432 during 

silicon starvation are strikingly similar, with a sharp decrease in transcript abundance 
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following the transition from silicon-replete to silicon-free medium (Fig. 1-10), 

suggesting reduced importance during stress induced cell cycle arrest. For the synchrony 

experiments, transcripts for SMC proteins all peak at 4h following silicon addition, 

coinciding with the timing of early mitotic processes such as chromosome cohesion and 

condensation. Expression of the SMC proteins dramatically decreases as the cell 

progresses towards the metaphase-anaphase transition in preparation for chromosome 

segregation (Hirano 2000). Expression for g432 peaks an hour later, during late mitosis 

(Fig. 1-10).  

The unique gene set also included seven putative cyclin sequences (g7761, g9962, 

g268, g13056, g6714, g6526, g2512). Cyclins are proteins that form complexes with 

cyclin-dependent kinases to regulate aspects of cell cycle progression (Inzé and De 

Veylder 2006). Some cyclins are known to participate in alternate roles, such as 

transcriptional activation or splicing (Coqueret 2002; Kitsios et al. 2008). Cyclins have 

been expanded in diatom genomes (Bowler et al. 2008), and up to 48 other putative 

cyclin genes have been previously identified in T. pseudonana (Montsant et al. 2007), 

many of which are diatom-specific cyclins (dsCYC). It has been proposed that some 

dsCYCs may act as integrators of environmental signals, and some have been 

demonstrated to be transcriptionally responsive to different environmental cues, such as 

light, phosphate, iron, or silicon levels (Sapriel et al. 2009; Huysman et al. 2010; 

Valenzuela et al. 2012; Smith et al. 2016a). Notably, g7761 is highly expressed in our 

datasets and its expression is responsive to silicon availability (Fig. 1-11). The transcript 

was significantly upregulated during the silicon starvation timecourse, and is 

downregulated within 1 hr of silicon readdition (Fig. 1-11). Transcription also peaked at 



 

 

38 

5h during the cell cycle timecourse, coinciding with valve formation and late mitosis 

(Fig. 1-11). The increase in g7761 may also be tied to silicon availability in this case, as 

the biological requirement for silicon increases during valve formation. 

1.4.4 Extent of alternative splicing in the T. pseudonana transcriptome  

We used the rMATS program to detect significant instances of alternative splicing 

from the alignment of RNAseq reads. Significant alternative splicing events (FDR <= 

0.05) were determined from pairwise sample comparisons. Our results show that intron 

retention (IR) (i.e. presence of unspliced introns, Fig. 1-12), is the major form of AS that 

occurs in the T. pseudonana transcriptome (99.4% of all AS events). IR is also the most 

prevalent form of splicing that occurs in plants (Ner-Gaon et al. 2004; Marquez et al. 

2012), green algae (Labadorf et al. 2010) and yeast (Inzé and De Veylder 2006; Brogna 

and Wen 2009). The dominance of IR is not universal in all photosynthetic eukaryotes; 

the chlorarachniophyte Bigelowiella natans transcriptome is characterized by complex 

splicing, including high levels of exon skipping (Curtis et al. 2012). A total of 821 

significant intron retention events were found in 397 different genes (Supplemental File 

1-5), which represents 3.5% of genes in the genome. This percentage is similar to the 

extent of splicing (3%) detected in C. reinhardtii (Labadorf et al. 2010). This should be 

considered a conservative estimate of the AS that occurs in T. pseudonana, as it only 

includes significant changes in splicing in our silicon and synchrony timecourses. Also, 

rMATS would not consider an IR event to be significant if the calculated ratio between 

retained and spliced introns remained the same between two timepoints. Therefore, it is 

likely that other significant IR events would be detected given different experimental 

conditions.  
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The majority of detected splicing events occur once and are specific to a 

particular timepoint (Fig. 1-13), suggesting intron retention is a dynamic phenomenon 

and that the extent of intron retention for a particular intron can change on relatively 

rapid timescales (hours or less). The distribution of intron retention suggests that the 

extent of IR is condition-dependent, with a notable trend towards more significant IR 

events as the silicon starvation timecourse progresses (Fig. 1-14A). Stress is known to 

alter splicing patterns in plant genes (Palusa et al. 2007; Tanabe et al. 2007), which may 

suggest that some IR may not be a controlled by specific regulation by rather by a general 

reduction of spliceosome efficiency under unfavorable conditions. However, we also 

observe sample-specific peaks in IR during the synchrony timecourse that do not 

correlate with environmental stress, suggesting a more regulated mechanism (Fig. 1-

14B). In addition, we observed condition-dependent changes in the extent of IR 

coordinated with changes in gene expression. For example, the chitinase (g8889) has a 

distinctive peak at 3 hours during the synchrony timecourse (Fig. 1-12). The pattern and 

extent of IR in this gene corresponds to expression, with an observed release of IR as the 

expression of the gene increases, suggesting a regulated process in some cases.  

We also examined the relationship between gene expression and significant intron 

retention events to examine whether IR detection could be an artifact of high expression 

or large changes in expression (rapid increases in transcription allows less time for 

complete splicing). However, we found no correlation between transcript abundance and 

intron retention (Fig. 1-S2) or between fold change expression and intron retention (Fig. 

1-15). We further validated intron retention in select genes by RT-PCR (Fig. 1-16). 

Criterion for gene selection included genes with 2 or more exons, at least one of which 
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was detected to have significant IR, and one of which did not (as a control for possible 

genomic DNA contamination in cDNA library). In both examples, we observed the 

presence and abundance of the IR transcript corresponded to the rMATs prediction (Fig. 

1-16).   

Intron retention can regulate gene expression by determining the amount of 

functional transcript available for translation. Most intron retention events likely 

introduce premature stop codons, making these unproductive transcripts targets for 

mRNA quality control pathways such as nonsense mediated decay (NMD). NMD is a 

translation-coupled RNA surveillance mechanism that degrades transcripts containing 

premature stop codons, thereby eliminating the production of potentially problematic 

truncated proteins (Brogna and Wen 2009). The core NMD machinery consists of three 

evolutionarily conserved proteins, UPF1, UPF2, and UPF3, which are thought to occur 

universally in all eukaryotes (Brogna and Wen 2009). A survey of the T. pseudonana 

genome revealed homologs for UPF1 (g191) and UPF2 (g4659), the former of which 

was found in the new AUGUSTUS gene model set. However, a homolog to UPF3 was 

not found in T. pseudonana or in any other Bacillariophyceae sequence in the NCBI 

database, casting doubt that canonical NMD may occur in diatoms. However, there is 

some experimental support for UPF3-independent mechanisms for NMD in other 

organisms (Chan et al. 2007).  

Alternatively, the presence of IR in diatoms may be a means to fine-tune gene 

expression, independent of a translation-based mechanism such as NMD. For example, 

the deletion of UPF1 was shown to not affect the prevalence of IR in the majority of 

transcripts in the yeast Cryptococcus neoformans, suggesting that the majority (99%) of 
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IR events were not regulated by NMD (Gonzalez-Hilarion et al. 2016). Rather, the 

authors propose a mechanism by which environmental factors regulate splicing 

efficiency, with unproductive transcripts retained and degraded inside of the nucleus.  

 

1.5 CONCLUSIONS 

Advances in sequencing technology have enabled the continual improvement of 

early genome sequencing projects. We used alignments of high-throughput RNA 

sequencing data to inform a gene reannotation effort for the model diatom T. 

pseudonana. The newly predicted gene set contains 13,399 genes, including 38% with 

modified gene structure and 14% previously unpredicted genes with no structural overlap 

with current models. Within the previously unpredicted genes, we find gene annotations 

from a diversity of metabolic and cell processes, including several cell wall-associated 

genes of putative prokaryotic origin. In addition, a high proportion of newly predicted 

genes are transcriptionally responsive to silicon availability and cell cycle progression, 

including SMC and cyclin proteins, that may provide further insight into cell cycle 

regulation and related processes in diatoms. Additionally, we present the first survey of 

alternatively splicing in T. pseudonana, and identify intron retention as the dominant 

alternative splicing phenomenon. This result is contrast to the extensive exon skipping 

observed in another algal secondary endosymbiont, B. natans, perhaps reflecting 

regulatory differences related to the secondary host organism. Significant changes in 

intron retention during our experimental conditions are relatively rare (~3% of 

transcripts) and occur over relatively rapid timescales (within hours), suggesting a 

dynamic regulation of splicing. Interestingly, a major component of NMD (a widespread 
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and conserved RNA surveillance mechanism in eukaryotes) is missing in diatom 

genomes, suggesting a modified or alternative mechanism for the regulation of functional 

transcript availability.  
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TABLES 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Number of)
models

Mean)gene
length) (bp)

Mean intron
length) (bp)

Mean)exon)
length) (bp)

Number)of)exons
per)gene

Number)of)introns)
per)gene

JGI 11,390 1,745 123 613 2.5 1.5

FGENESH 10,904 2,570 126 681 3.3 2.3

MAKER 6,433 2,638 210 672 4.5 3.5

AUGUSTUS 13,399 1,503 124 646 2.7 1.7

Table?1@1.?Gene?model?statistics?comparing?Thaps3?filtered?models?(JGI),?FGENESH,?MAKER?and?AUGUSTUS?gene?
model?predictions.?Values?that?deviate?from?JGI?by?more?than?20%?are?highlighted?in?red.
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FIGURES 

 

 

 
Figure 1-1. Total number of paired reads per sample from A) silicon starvation (cell cycle 
arrest) and B) synchronous cell cycle progression experiments. Stacked bar graph 
represents combined RNAseq read pairs from two individual biological replicates.  
 
 

 
 

Figure 1-2. Gene length distributions for JGI, FGENESH, MAKER and AUGUSTUS 
gene model predictions.  
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Figure 1-3. Intracellular targeting analysis for JGI (Thaps3 filtered models), optimized 
model set from Gruber et al. 2015, and AUGUSTUS gene models. A) Analysis of 
secondary plastid targeting signals by ASAFind using SignalP 3.0 output (Gruber et al. 
2015). B) Analysis of intracellular targeting signals by HECTAR.  
 
 
 

 
 
Figure 1-4. Comparison of JGI and AUGUTSUS gene model structure by Cuffcompare. 
The modified set includes gene model extensions and modifications of intron/exon 
boundaries. The unique set includes models with no overlap with existing models (strict) 
as well as models that fall within JGI intronic regions or overlap on the opposite strand 
(inclusive).  
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Figure 1-5. Protein length distributions for A) JGI (Thaps3 filtered models) (11,390 
proteins), B) the entire AUGUSTUS prediction (13,399 proteins), and C) previously 
unannotated gene model predictions (unique models; 1,883 proteins). Red dashed lines 
represent the median protein sequence length; black dashed lines represent the mean 
protein sequence length.  
 
 
 

A""

B"""""""""

C



47 

 

 

 
 

Figure 1-6. Distribution of baseMean counts (average gene expression) of all genes in A) 
starvation experiment, and B) synchrony experiment. Red color indicates genes 
belonging to the unique AUGUSTUS set. Blue line indicates significance cutoff based on 
adjusted p-value of 0.01.  
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Figure 1-7. Functional annotations of the unique set of AUGUSTUS genes not found in 
the filtered JGI (Thaps3 filtered models) dataset.  
 
 

 
 
Figure 1-8.  PCA plots of sample distances among RNAseq timepoints from A) silicon 
starvation experiments and B) synchrony experiments. Samples of the same color 
represent biological replicates (n=2).  
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Figure 1-9. Heatmaps filtered for top 35 most significantly changing genes as determined 
by DESeq2 analysis in A) silicon starvation and B) synchrony datasets. (*) indicates 
genes belonging to the unique AUGUSTUS gene set with functional annotations as 
structural maintenance of chromosomes (SMC) proteins (g10431, g3719, g6888, g558) or 
frustulin-like proteins (g432).  
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Figure 1-10. Gene expression patterns for SMC proteins (g10431, g3719, g6888, g558) 
and frustulin-like protein (g432) during A) silicon starvation and B) synchrony 
experiments.  
 
 

 
Figure 1-11. Gene expression patterns for putative cyclins found in the unique 
AUGUTUS gene set (g7761, g9962, g268, g13056, g6714, g6526, g2512) during A) 
silicon starvation and B) synchrony experiments.  
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Figure 1-12. Pattern of transcript expression and intron retention during the synchrony 
timecourse for a putative chitinase (g8889) depicting a release of intron retention as 
transcript expression increases from 0-3 hours. RNAseq read coverage (grey) is 
autoscaled to track height. 

 

 
 

Figure 1-13. Occurrence of A) significant intron retention events and B) genes with 
significant intron retention in all experimental timepoints. The majority of significant 
events are detected once in the experimental conditions tested.  
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Figure 1-14. Frequency of significant intron retention events throughout the A) silicon 
starvation and B) synchrony timecourses. 
 
 

 
 
Figure 1-15. Relationship between gene expression (log2 fold change) and intron 
retention (delta RI) in representative timepoints from A) silicon starvation and B) 
synchrony experiments. Events with statistically significant changes in intron retentions 
are represented as red points.  
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Figure 1-16. Validation of intron retention in two representative genes: A) g11301 
and B) g11451. The top panel is a genome browser view with RNAseq read coverage 
from two timepoints where intron retention is predicted to be statistically significant. The 
gene model is depicted in blue, with black arrows indicating approximate location of the 
primers used in the RT-PCR. The bottom panel includes gel images demonstrating intron 
retention (L=ladder, G= genomic DNA, SI = spliced intron/control, RI= retained intron). 
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Chapter 2, in full, is a reprint of the material as it appears in Protist in 2016. 

Davis, A.; Abbriano, R.; Smith, S.R.; Hildebrand, M. The dissertation author was the co-

primary investigator and author of this material. 
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CHAPTER 3: 
 

Regulation of growth and carbon partitioning by phosphofructo-2-kinase in the 
marine diatom Thalassiosira pseudonana 
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3.1 ABSTRACT 

A unique variant of 6-phosphofructo-2-kinase/fructose 2,6 bisphosphatase 

(PF2K/F2BP), a regulator of glycolytic flux previously uncharacterized in single-cell 

photosynthetic eukaryotes, was identified in diatom genomes and overexpressed in T. 

pseudonana. Overexpression affected carbon partitioning, resulting in higher levels of 

neutral lipids and proteins and less carbohydrate, showing that alteration of carbon 

partitioning between glycolysis and gluconeogenesis affects the metabolic fate of fixed 

carbon in diatoms. Higher glycolytic activity correlated with reduced growth rate and an 

extension of the cell cycle G1 phase. These effects differ from other unicellular 

eukaryotes and suggest a unique role for PFK2/F2BP in diatoms. We also show that 

redirection of metabolic resources can elicit lipid and protein accumulation in the absence 

of an environmental trigger, such as nutrient limitation. 

 

3.2 SIGNIFICANCE STATEMENT 

The regulation of carbon partitioning in microalgae is key to understand 

mechanisms involved in their high productivity, and regulatory mechanisms controlling 

carbon flux towards different metabolic fates are currently not well understood. We 

present the first in vivo analysis of PFK2/F2BP enzymes, key regulators of eukaryotic 

carbon metabolism, in a single-celled photosynthetic eukaryote. The characterization of a 

unique PFK2/F2BP protein indicates a prominent role in controlling carbon partitioning 

and affecting cell cycle progression in diatoms. 
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3.3 INTRODUCTION 

A primary decision point in central carbon metabolism is the second bypass of 

glycolysis, where carbon is unidirectionally shunted towards either glycolysis or 

gluconeogenesis (Fig. 3-1). Enzymes that regulate this metabolic checkpoint are 

allosterically controlled by fructose-2,6-bisphosphate (F2,6P), which plays a key role in 

the control of carbohydrate metabolism in eukaryotes (Okar and Lange 1999) by 

affecting phosphofructokinase (PFK) and fructose-1,6-bisphosphatase (FBP) (Fig. 3-1). 

The reciprocal regulation of these pathways prevents futile cycling of glycolytic 

intermediates and exerts control over carbon storage, cellular energetics and cell cycle 

progression (Okar et al. 2001; Moncada et al. 2012; Ros and Schulze 2013). This 

allosteric regulator is phosphorylated and dephosphorylated by a bifunctional enzyme, 

phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFK2/F2BP) (Rider et al. 2004). 

The N-terminal kinase domain of the PFK2/F2BP protein phosphorylates fructose 6-

phosphate (F6P) to produce F2,6P, while the C-terminal phosphatase domain performs 

the reverse reaction.  

The modulation of carbon flux at the second bypass can affect carbon partitioning 

into biosynthetic pathways (including carbohydrate, protein, and lipid synthesis), with 

larger consequences for growth and productivity. Manipulation of F2,6P levels in model 

eukaryotic systems affects carbon partitioning and cell proliferation. In mammals, 

overexpression of PFK2 increased glycolytic flux into lipids (Wu et al. 2001; Duran et al. 

2008), and elevated F2,6P levels may maintain high glycolytic rates characteristic of 

cancer cells (Atsumi et al. 2002; Yalcin et al. 2009; Ros and Schulze 2013). In plants, 

PFK2/F2BP coordinates the rate of sucrose synthesis in the cytosol with carbon fixation 
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and plastidic starch production (Draborg et al. 2001; Cseke et al. 2003; Nielsen et al. 

2004). Overall the role of PFK2/F2BP in multicellular organisms relates to controlling 

the rate of glycolysis to support cell proliferation. The situation is more complicated in 

heterotrophic unicellular eukaryotes such as yeast, where changes in F2,6P had little 

phenotypic effect or resulted defective cell division (Bolesm et al. 1996; Fernández de 

Mattos et al. 2008).  

Among the most highly productive organisms for converting fixed carbon to 

biomass are unicellular algae. Marine diatoms contribute ~40% of the total primary 

productivity in the modern oceans (Nelson et al. 1995), and thus are major players in the 

global carbon cycle. Diatoms are attractive candidates for use in biotechnology because 

they produce valuable carbon-based biopolymers such as lipid suitable for fuel 

production or other commercial applications (Hildebrand et al. 2012). In contrast to green 

algae, diatoms have a distinct evolutionary history involving a secondary endosymbiosis 

with a red alga (Falkowski 2004) and a distinctive organization of carbon metabolism 

(Kroth et al. 2008). This includes unique compartmentation of 

glycolysis/gluconeogenesis, pyruvate metabolism, and carbohydrate biosynthesis (Kroth 

et al. 2008; Smith et al. 2012). Diatoms store carbohydrates as chrysolaminarin (a soluble 

β-1,3-linked glucan) in a cytoplasmic vacuole (Fig. 3-1), instead of storing starch in the 

plastid. Diatom mitochondria contain the lower half of glycolysis for the production of 

energy and pyruvate (Kroth et al. 2008; Smith et al. 2012; Kim et al. 2015), an 

evolutionarily unique but conserved metabolic feature in diatoms (Fig. 3-1).  

Nutrient limitation is commonly used to study carbon partitioning in diatoms, 

during which growth slows and biomolecules accumulate as trade-offs between 
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carbohydrate, lipid, and amino acid metabolism occur (Roessler 1988; Granum and 

Myklestad 2001; Hockin et al. 2012; Valenzuela et al. 2013; Yang et al. 2013; Ge et al. 

2014; Levitan et al. 2015; Smith et al. 2016b; Longworth et al. 2016). In Skeletonema 

costatum, short-term nitrogen limitation mobilizes storage carbohydrate to produce amino 

acids in the dark (Granum and Myklestad 2001). In Phaeodactylum tricornutum, more 

severe nitrogen limitation triggers triacylglycerol (TAG) accumulation (Yu et al. 2009; 

Yang et al. 2013), derived in part from carbon repurposed from amino acids (Ge et al. 

2014; Levitan et al. 2015). Silicon starvation stimulates TAG accumulation in most 

diatom species (Roessler 1988; Yu et al. 2009; Traller and Hildebrand 2013; Smith et al. 

2016b). In Cyclotella cryptica, silicon starvation-induced lipid accumulation is due to 

both de novo lipid synthesis and redistribution of carbon from non-lipid compounds, such 

as carbohydrate, into lipids (Roessler 1988). Although the effects of nutrient limitation on 

growth and carbon metabolism are well documented, the mechanisms involved have not 

been elucidated. A potentially fruitful approach would be to genetically manipulate 

carbon flux independent of nutrient limitation, which would enable an independent 

evaluation of the effect of carbon flux on growth. 

Despite the demonstrated importance of PFK2/F2BP in controlling carbon 

partitioning and productivity in other systems, microalgal PFK2/F2BP has not yet been 

characterized. Previous analysis suggested that diatoms possess two functionally distinct 

forms of PFK2/F2BP, with one form containing a critical amino acid substitution (Fig. 3-

2) that suggests it functions solely as a kinase to produce fructose-2,6-bisphosphate and 

promote glycolysis (Smith et al. 2012). Using the marine diatom Thalassiosira 

pseudonana, we demonstrate for the first time in a microalgal system the effect of PFK2 
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controls the rate of glycolysis, with consequences for growth and productivity in terms of 

carbohydrate, protein, and lipid storage. 

 

3.4 METHODS 

3.4.1 Sequence analysis  

T. pseudonana PFK2/F2BP sequences were obtained from the JGI genome 

browser (http://genome.jgi.-pdf.org/cgi-bin/searchGM?db=Thaps3) and gene models 

were manually adjusted based on RNAseq coverage (Fig. 3-S1). The models were used to 

search the NCBI database and a custom database containing diatom transcriptomes from 

the Marine Microbial Eukaryote Transcriptome Sequencing Project for PFK2/F2BP 

sequences. Truncated sequences containing only one of two conserved domains were 

excluded. Fifty-one amino acid sequences were manually curated and aligned using 

MAFFT with default parameters (Katoh et al. 2002) using Geneious (Kearse et al. 2012). 

MEGA5 was used to determine the best-fit substitution model (WAG+G) and to estimate 

the maximum likelihood tree using 1000 bootstrap replicates. FigTree software was used 

to generate the final graphical representation. Accession numbers sequences analyzed are 

included in Table S1. 

3.4.2 Vector construction and diatom transformation 

Destination and expression vectors were constructed using MultiSite Gateway 

Technology (Life Technologies) as described previously (Shrestha and Hildebrand 2015). 

The PFK2-2 overexpression construct was generated by cloning the manually adjusted 

Thaps3_109629 open reading frame upstream of egfp in a modified version of the 

constitutive expression vector pTpfcpGFP (Fig. 3-S2) (Poulsen et al. 2006). Expression 
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vectors were cotransformed with pMHL_9, a vector expressing the nat1 gene under the 

control of the acetyl coenzyme A carboxylase promoter. Antisense constructs were 

designed by amplifying 500 bp regions in antisense orientation to the Thaps3_14563 and 

Thaps3_109629 transcript sequences, and were assembled into individual Gateway 

destination vectors under the control of the native T. pseudonana fcp promoter and 

terminator sequences (Fig. S2A and B). Vectors were introduced into T. pseudonana cells 

using the Biolistic DS-1000/He particle delivery system as described (Davis et al. 2016). 

3.4.3 Cultivation and sampling 

Axenic cultures of T. pseudonana (CCMP 1335) were grown in ASW media 

(http://www3.botany.ubc.ca/cccm/NEPCC/esaw.html) at 20-22oC under constant 

illumination at 150 ! mol m2 sec-1. Initial screening of 50 mL cultures was done in 125 

mL flasks grown on a rotary shaker. Larger scale experiments for biochemical 

characterization were done in 2L volume with magnetic stirring and aeration with sterile 

air. For synchrony experiments, exponential phase cultures were harvested by 

centrifugation (4,000xg for 7 minutes), rinsed once in silicon-free ASW medium, and 

resuspended in silicon-free medium at a density of approximately 1e6 cells ml-1. Cell 

counts were performed using a Muse® Cell Analyzer (Millipore Corp., Billerica MA, 

USA). 

3.4.4 Fluorescence microscopy 

Diatom transformants expressing GFP were imaged with a Zeiss Axio Observer 

Z1 inverted microscope equipped with an ApoTome and a Zeiss AxioCam MRm camera 

(Carl Zeiss Microimaging, Inc., Thornwood, NY, USA) as described in (Davis et al. 

2017). 
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PFK activity assay: PFK activity was quantified using the Phosphofructokinase Activity 

Colorimetric Assay Kit (Sigma-Aldrich, MAK093). Protein extracts from 2e6 T. 

pseudonana cells were diluted 2X in PFK Assay buffer and added to 50 µL Reaction Mix 

in a 96 well plate. All samples were run in technical duplicates alongside sample blanks 

to account for a NADH background signal. Known concentrations of NADH (0 (blank), 

2, 4, 6, 8, and 10 nmole/well) were used as a standard curve. Measurements at 450 nm 

were taken using a SPECTRAmax M2 microplate reader (Molecular Devices, Sunnyvale, 

CA) and used to calculate PFK activity per manufacturer’s instructions. 

3.4.5 Carbohydrate assay and aniline blue staining 

Quantification of total "-1,3-glucan in diatoms (Granum and Myklestad 2002) 

was performed on frozen pellets containing a total of 2-5e8 T. pseudonana cells. Sample 

absorbance was measured at 485 nm and compared to a series of glucose standards. For 

aniline blue staining, cell pellets were resuspended in 0.1 M potassium phosphate buffer 

(pH 7.4). Cells were stained for 10 minutes in the dark with 1 mg • ml-1 aniline blue 

(Waterkeyn and Bienfait 2011). Stained samples were run on an ImageStream X 

(Millipore Corp. Billerica MA, USA) imaging flow cytometer using the 405 nm laser at 

30 mW and a chlorophyll blocking filter. 10,000 cells per sample were analyzed using 

Amnis IDEASTM software. 

3.4.6 Protein assay 

Protein concentrations were measured using the Biorad DCTM Protein Assay, 

based on the Lowry method for protein quantification. 5-10 mL of T. pseudonana culture 

(1-3e7 cells) were harvested and stored at -20°C until analysis. Proteins were extracted 

and measured per manufacturer’s instructions and measured in duplicate on a 96 well 
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plate reader at 750 nm. A series of BSA dilutions were used to generate a standard curve 

and calculate sample protein concentrations. 

3.4.7 Neutral lipid and FAME 

Neutral lipids were measured using the lipophilic fluorescent dyes BODIPY 

(493/503, Molecular Probes) and  Nile Red (Cooksey et al. 1987). Nile Red was used 

instead of BODIPY in overexpression lines to avoid overlap with GFP fluorescence. 

Frozen cell pellets were resuspended in 0.5 mL 0.45 M NaCl and stained with either 1.3 

µL of 1 mg/ml BODIPY stock or 3.1 µL of 250 mg/L Nile Red stock for 30 minutes in 

the dark. Stained samples were run on an ImageStream X (Millipore Corp. Billerica MA, 

USA) imaging flow cytometer excited at 488 nm using 0.6 and 1.0 neutral density filters 

and a chlorophyll blocking filter. 10,000 cells per sample were analyzed using Amnis 

IDEASTM software. FAME samples were collected and analyzed as described in (Cook 

and Hildebrand 2016). 

3.4.8 Chlorophyll 

Unstained cell samples were run on an ImageStreamX imaging flow cytometer 

excited at 488 nm at 50mW and using 0.6 and 1.0 neutral density filters. 10,000 

individual cells per sample were analyzed using the Amnis IDEASTM software. For total 

extracted chlorophyll, 5-10 mL of T. pseudonana culture was filtered onto duplicate 25 

mm glass fiber filters and immediately frozen at -80oC. Filters were extracted in 100% 

methanol for 24 hours in the dark and extracted chlorophyll was measured at 420 nm 

excitation/670 nm emission in a Turner 10-AU fluorometer. 

3.4.9 Photosynthetic parameters 
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Fv/Fm was measured on a WALZ WATER-PAM fluorometer. Samples were 

normalized to 5e5 cells ml-1 to limit shading within the cuvette, and allowed to dark 

acclimate for 10 minutes prior to measurement. The fluorometer was calibrated using 

ASW media as a blank.  

Photosynthetic activity was calculated by oxygen evolution rates measured on an 

ALGInstruments environmental control chamber fitted with a YSI Clark-type electrode. 

Lighting in the chamber was calibrate with a 4-pi submersible spherical micro quantum 

sensor (WALZ). The chamber temperature was set to 20˚C and the electrode was 

calibrated in ASW media, a high baseline was recorded with unconditioned media while 

a zero baseline was recorded during bubbling with pure nitrogen gas. Cell samples were 

normalized to 5e5 cells/ml and dark acclimated for at least 10 minutes prior to 

measurement. Oxygen evolution was recorded under a light intensity of 1000 µmol 

photons m-2 sec-1. Maximum oxygen evolution rates were calculated as the sum of the 

oxygen evolution rate during illumination and the respiration rate following illumination, 

and were normalized per cell. 

3.4.10 Cell cycle 

Cultures were grown to 1x106 cells ml-1, harvested at 4,000xg, rinsed once in 

silicon-free ASW medium, and resuspended at the same cell density in 50 ml of silicon-

free ASW. After 24 hours, silicon was added back to the medium (200 uM final 

concentration). Samples (1 ml) were pelleted, resuspended in 1 ml 100% ice cold 

methanol, and stored at 20oC. Samples were prepared by pelleting to remove methanol 

and rinsing 3X in TE buffer. Pellets were resuspended in 1 ml of TE and treated with 

RNase A (0.3 mg ml-1) at 37oC for 40 minutes. RNase treated cells were stained with 
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SYBR Green (10 ul of 100X SYBR Green in DMSO per 1 ml sample) for at least ten 

minutes on ice in the dark. Samples were run on a BD Influx flow cytometer with 488 nm 

excitation and SYBR Green fluorescence was monitored at 530 nm. SYBR Green 

fluorescence was used to estimate DNA content using FCS Express software. 

 

3.5 RESULTS 

3.5.1 Sequence analysis 

Multiple PFK2/F2BP homologs are present in organisms descended from the red 

algal secondary endosymbiosis and all members of the stramenopile lineage have at least 

two homologs (Fig. 3-3). Other photosynthetic eukaryotes in Rhodophyta, Chlorophyta, 

and Viridiplantae possess only one PFK2/F2BP. PFK2/F2BP sequences belong to one of 

two major clades: one representing most major eukaryotic groups (Group 1; PFK2-1), 

and another smaller clade exclusive to organisms descended from a red algal 

endosymbiotic event (Group 2; PFK2-2). Group 1 and 2 sequences were highly 

divergent; the Group 1 T. pseudonana sequence (Thaps3_14563) is more similar to 

human PFK2/F2BP (36% identity, calculated by ClustalW2) than to the Group 2 T. 

pseudonana PFK2/F2BP (Thaps3_109629; 29% identity). The extant red algal species 

did not possess a Group 2 PFK2/F2BP, suggesting these genes may have originated in the 

eukaryotic host involved in the secondary endosymbiosis.  

3.5.2 Antisense knockdown of PFK2/F2BPs 

To evaluate the influence of PFK2-1 and PFK2-2 on carbon storage and growth, 

we applied an antisense knockdown approach. Six clonal transformant lines for each 

knockdown indicated no differences compared with wild-type in growth rate or 
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maximum cell density (Fig. 3-4A and C). Knockdown generated minimal differences in 

exponential phase neutral lipid content (< 25%) with no consistent trends in all 

transformant lines (Fig. 3-4B and D). Aniline blue fluorescence, as a proxy for "-1,3-

glucan content (Waterkeyn and Bienfait 2011), was consistently higher (1.5X) in PFK2-2 

knockdown lines than wild-type (Fig. 3-4D), suggesting a relationship between PFK2-2 

transcript levels and intracellular carbohydrate content. We thus focused on further 

characterization on PFK2-2.  

3.5.3 Effect of PFK2-2 overexpression 

To further evaluate the effect of manipulation, we overexpressed PFK2-2 

(Thaps3_109629) fused to GFP controlled by the fcp promoter (Fig. 3-5; Fig. 3-S2C). 

Eight lines incorporated the overexpression construct, but only two (109fcp1 and 

109fcp2) resulted in visible GFP fluorescence, suggesting a suppression of 

overexpression in the other lines (Fig. 3-6A). Lines 109fcp1 and 109fcp2 had lower 

growth rates than wild-type or the lines with little or no GFP expression (Fig. 3-6A). To 

test whether the reduction in growth rate was due solely to overexpression of GFP, we 

generated overexpression lines containing only eGFP driven by the fcp promoter (Fig. 3-

S2D), which were visually positive for GFP (Fig. 3-S3) but had similar growth rates to 

wild-type (Fig. 3-6B). Doubling times in 2L cultures for wild-type, 109fcp1, and 109fcp2 

were 7.0 hours, 10.8 hours, and 9.7 hours, respectfully. Overexpression lines eventually 

reached a maximum cell density comparable to wild-type (4-6e6 cells mL-1) transitioning 

into stationary phase (Fig. 3-7A-C).  

We monitored exponential phase phosphofructokinase (PFK) activity to test the 

ability of PFK2-2 overexpression to stimulate glycolysis. PFK catalyzes a rate-limiting 
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step of glycolysis, is a known target of F2,6P, and its activity relates to glycolytic flux 

(TeSlaa and Teitell 2014). The overexpression lines had 2.0-3.9 times higher PFK 

activity than wild-type (Fig. 3-8) and growth rate and PFK activity was significantly 

inversely correlated (p-value = 9e-6).  

We characterized the effect of overexpression of PFK2-2 on biochemical 

composition during exponential phase (1e6 cells mL-1) and stationary phase (4-5e6 cells 

mL-1). In both exponential and stationary phase, total carbohydrate per cell was 1.5 to 

1.7-fold lower in the overexpression lines relative to wild-type (Fig. 3-9A). Higher total 

protein was present in both overexpression lines (Fig. 3-9B), which was more 

pronounced during exponential phase (1.6-fold higher) than stationary phase (1.2-fold 

higher). Average neutral lipid content in all cultures increased 1.5-fold in the transition 

from exponential to stationary phase, but transformant lines had 2.5-fold more during 

exponential phase and 2-fold higher more in stationary phase than wild-type (Fig. 3-9C). 

FAME content (which includes FAMEs derived from membrane lipids) was 1.3-fold 

higher in overexpression lines relative to wild-type in both exponential and stationary 

phase (Fig. 3-9D, Supplemental File 3-1). 

In some microalgae, carbohydrate biosynthesis functions as an energetic sink for 

ATP and NADPH generated through photosynthesis (Deschamps et al. 2008), 

therefore, we evaluated whether overexpression of PFK2-2 affected photosynthetic 

efficiency. No significant differences in extracted or in vivo chlorophyll fluorescence 

were found between wild-type and overexpression lines (Fig. 3-9E, Table 3-1). Quantum 

efficiency (Fv/Fm) and oxygen evolution were not significantly different among wild type 
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and transformant cultures (Table 3-1), suggesting minimal effects of PFK2-2 

overexpression on photosynthetic processes in our growth conditions. 

We evaluated the effect of PFK2-2 overexpression on cell cycle dynamics using 

silicon-starvation synchronized cultures (Hildebrand et al. 2007). DNA content was 

monitored following silicon readdition as the cells progressed through the cell cycle. As 

previously documented (Hildebrand et al. 2007), the majority of the wild-type culture 

arrested in G1 phase, and upon silicon replenishment, S phase occurred at 2-3 hours and 

G2+M phase at 3-5 hours (Fig. 3-10A). The bulk of the population re-entered G1 by 6 

hours and remained in G1 for 5 more hours before transitioning back to S phase (Fig 3-

10A). For 109fcp1, a lower proportion of the population arrested in G1 and a more rapid 

transition into S and G2+M occurred (Fig. 3-10B), suggesting arrest at the G1/S phase 

boundary. A small proportion of the population transitioned into S phase by 10 hours, but 

the majority of cells remained in G1 throughout the experiment (Fig. 3-10B). The 

109fcp2 line poorly synchronized, and most cells remained in G1 throughout the 

experiment with minor S phase peaks at 5 and 10 hours (Fig. 3-10C), suggesting multiple 

arrest points resulting in sub-populations of cells progressing through the cell cycle at 

different times. Both sets of results suggest that PFK2-2 overexpression delayed cell 

cycle progression via a prolonged G1 phase.  

 

3.6 DISCUSSION 

3.6.1 Diatom PFK2/F2BP proteins are functionally distinct 

The low level of amino acid conservation among the diatom PFK2/F2BPs (Fig. 3-

3), a critical substitution in the PFK2-2 phosphatase domain (Fig. 3-2), and phenotypic 



 

 

95 

differences in knockdown experiments (Fig. 3-4) all support distinct functional roles for 

diatom PFK2/F2BPs. For PFK2-1, knockdown experiments do not support a role for this 

enzyme in the control of growth, glycolytic flux, or carbon partitioning. These results are 

similar to functional studies in Saccharomyces cerevisiae that demonstrated that yeast 

PFK2/F2BPs did not play an important role in carbon flux regulation, but may be 

involved in maintaining metabolic homeostasis (Müller et al. 1997). In contrast, our 

results indicate that PFK2-2 plays an important role in the regulation of carbon flux in 

diatoms.  

3.6.2 PFK2-2 regulates carbon partitioning in T. pseudonana 

Carbohydrate content was uniformly higher in six PFK2-2 knockdown lines 

relative to wild-type (Fig. 3-4), suggesting that PFK2-2 knockdown increased the 

availability of carbon precursors for chrysolaminarin biosynthesis. Overexpression lines 

displayed 3-fold higher PFK activity relative to wild-type, which was accompanied by 

reduced carbohydrate content, higher neutral lipid content, and higher protein content in 

both exponential and stationary phase (Fig. 3-9). Thus, manipulation of this upstream 

step of carbon partitioning can affect both carbohydrate storage and the downstream 

accumulation of protein and lipid storage pools.  

The metabolic trade-offs between carbohydrates and lipids under nutrient 

limitation has been previously investigated in diatoms (Roessler 1988). We demonstrate 

that partitioning carbon flux away from carbohydrate biosynthesis enables increased 

neutral lipid and protein accumulation, even during growth. Experiments in Skeletonema 

costatum show that carbohydrates serve as a source for amino acid and protein 

biosynthesis during the dark or under carbon limitation conditions (Granum and 
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Myklestad 2001). Our data further show that this redistribution occurs during nutrient 

replete, illuminated conditions if flux into storage carbohydrates is restricted. 

3.6.3 Physiological and metabolic implications of cytosolic carbohydrate biosynthesis 

A major difference in central carbon metabolism in diatoms and green algae is the 

compartmentation of carbohydrate biosynthesis (Hildebrand et al. 2013). In model green 

algae, starch is produced and degraded in the chloroplast, requiring a high degree of 

temporal regulation to prevent competing glycolytic and gluconeogenic processes 

(Deschamps et al. 2008). As a consequence, starch biosynthesis is tied to photosynthetic 

processes and serves as a sink for photosynthetically-generated ATP and NADPH 

(Deschamps et al. 2008). In Chlamydomonas reinhardtii, the starchless sta6 mutant  has 

reduced growth and photosynthetic activity (Li et al. 2010; Work et al. 2010; Krishnan et 

al. 2015) due to allosteric down-regulation of carbon fixation, reduced NADPH re-

oxidation, and consequently, a slowing of photosynthetic electron transport (Krishnan et 

al. 2015). Diatoms export carbon from the plastid to synthesize carbohydrates, which 

may avoid major metabolic feedbacks on photosynthesis. In contrast to starchless 

mutants, reduced carbohydrate content in PFK2-2 overexpression lines did not negatively 

impact quantum efficiency (Fv/Fm) or photosynthetic oxygen evolution, suggesting that 

any potential imbalance in NADP+/NADPH ratio was contained in the cytosolic 

compartment. Build-up of precursor molecules, rather than increases in sugar/starch, 

lipid, and protein was observed in the sta6 mutant, while we observed increased 

partitioning of carbon into both proteins and lipids in the diatom.  

3.6.4 Metabolic control of growth and cell cycle progression 

Cell cycle progression is controlled by complex regulatory networks that 
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coordinately regulate growth and metabolism in response to environmental cues. In 

diatoms, both light and external nutrient supply are important factors (Huysman et al. 

2010). In particular, the G1 phase has checkpoints sensitive to light, nitrogen, and silicon 

availability (Olson and Chisholm 1983; Olson et al. 1986; Vaulot et al. 1987; Brzezinski 

et al. 1990; Hildebrand et al. 2007). The reduced growth rate in PFK2-2 overexpression 

lines demonstrated for the first time that intracellular carbon partitioning can influence 

cell cycle progression in T. pseudonana, even in the absence of environmental forcing. 

This implies that changes in carbon flux through cytosolic glycolysis can serve as a signal 

to affect cell cycle processes in diatoms.  

The negative relationship between PFK activity and growth rate (Fig. 3-8) was 

unexpected, as high rates of glycolytic flux are associated with cell proliferation in plants 

and mammals (Vander Heiden et al. 2009), and increased F2,6P activates glycolysis 

(Atsumi et al. 2002; Cordero-Espinoza and Hagen 2013), while lower F2,6P delays cell 

cycle progression (Perez et al. 2000). The relationship between glycolytic flux and 

growth in yeast is less consistent; in Saccharomyces cerevisiae, changes in F2,6P have 

modest effects on growth and cellular metabolism (Bolesm et al. 1996; Müller et al. 

1997), but  PFK2 overexpression in S. pombe caused cell cycle delay related due to 

impaired cytokinesis (Fernández de Mattos et al. 2008). Our cell cycle data (Fig. 3-10) 

suggest that a consequence of increased glycolytic flux is the elongation of G1. In other 

unicellular eukaryotes, biosynthetic reactions necessary for cell duplication occur during 

the G1 phase, and adequate accumulation of metabolites is intimately linked to G1/S 

transition (Moncada et al. 2012). Also, in yeast the G1/S transition is coordinated tightly 

with carbon status (Ewald et al. 2016; Zhao et al. 2016).  
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One explanation for the inverse relationship between growth and glycolysis in 

diatoms (Fig. 3-8) may be their unique arrangement of central carbon metabolism. 

Energetic crosstalk occurs between diatom plastids and mitochondria (Bailleul et al. 

2015) and mitochondrial glycolysis is likely the major pathway used for energy 

production and to provision anabolic processes during growth and division in the light 

phase (Smith et al. 2016a). This differs from green algae, where starch stored in the 

plastid is broken down and used to fuel cell division (Vitova et al. 2015). The prominence 

of mitochondrial glycolysis in diatoms implies that the cytosolic pathway serves other 

functions, such as supplying carbon for carbohydrate synthesis and the oxidative pentose 

phosphate pathway (OPP) and repurposing carbon skeletons from carbohydrate 

breakdown. The reduced growth rate in response to PFK2-2 overexpression could result 

from a limit on the amount of glucose-6-phosphate precursors available for entry into the 

OPP, which produces precursors for nucleotide biosynthesis (Fig. 3-11). Both the OPP 

and nucleotide biosynthesis occur in the cytosol in diatoms (Kroth et al. 2008; Ast et al. 

2009). Impaired nucleotide biosynthesis would have a negative impact on transcriptional 

waves accompany that accompany cell cycle transitions in eukaryotes (Bertoli et al. 

2013), extending the time necessary to progress through the G1/S boundary. 

Our results demonstrate a fundamental relationship between growth and carbon 

metabolism in diatoms and supports a critical role for PFK2-2 in these processes. 

Nutrient limitation inhibits growth and causes significant shifts in carbon partitioning 

(Roessler 1988; Granum and Myklestad 2001; Yu et al. 2009; Hockin et al. 2012; Traller 

and Hildebrand 2013; Valenzuela et al. 2013; Yang et al. 2013; Ge et al. 2014; Levitan et 

al. 2015; Smith et al. 2016b; Longworth et al. 2016), but it was not known that changes in 
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carbon partitioning could feedback to affect growth. Elucidating the mechanisms by 

which this occurs in diatoms will clarify whether it will be possible to engineer carbon 

flux to enrich for specific biomolecules without negatively impacting biomass 

productivity.  

Chapter 3, in part, is included in Algal Research in 2012. Smith, S., Abbriano, R., 

and Hildebrand, M. The dissertation author is the primary investigator of the data 

reported in Chapter 3; Sarah Smith is the primary investigator of the published 

manuscript. Chapter 3, in part, has been submitted for publication of the material as it 

may appear in Proceedings of the National Academy of Sciences of the United States of 

America in 2017. Abbriano, R.; Vardar, N.; Yee, D.; Hildebrand, M. The dissertation 

author was the primary investigator and author of this material. 
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TABLES 

 

Table 3-1. Measurements of photosynthetic parameters in wild-type and Group 2 
overexpression lines.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cell line
Chlorophyll fluorescence/

at/488/nm/(RFU)
Quantum/efficiency/

(Fv/Fm)
O2 evolution/
(pmol/cell/hour)

WT 6.36e4 +/* 1.78e4 0.6951+/* 0.022 0.4151+/* 0.049

109fcp1 6.31e4 +/* 1.13e4 0.6861+/* 0.050 0.4571+/* 0.093

109fcp2 6.18e41+/* 6.22e3 0.6741+/* 0.030 0.3581+/* 0.115

Table/1./Measurements1of1photosynthetic1parameters1in1wild*type1and1Group121overexpression1
lines.1
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FIGURES 

 

 
 

Figure 3-1. Model for the regulatory influence of phosphofructo-2-kinase/fructose-2,6-
bisphosphatase (PFK2/F2BP) on carbon flux in diatoms. Key: F1,6P = fructose 1,6-
bisphosphate; F2,6P = fructose 2,6-bisphosphate; F6P = fructose 6-phosphate; FBP = 
fructose-1,6-bisphosphatase; PFK = phosphofructokinase; Glu1P = glucose-1-phosphate. 
PFK2 activity produces more F2,6P, which allosterically activates PFK (promoting 
glycolysis) and inhibits FBP (reducing gluconeogenesis). 
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Figure 3-2. Multiple sequence alignment of conserved domains in six diatom 
PFK2/F2BP isozymes. The grey box indicates a substitution of a critical histidine residue 
in the F2BP domain that is required for phosphatase activity. The conserved substitution 
for the histidine in the RHG motif suggests that Group 2 enzymes function 
unidirectionally to promote carbon flux in the glycolytic direction.  
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Figure 3-3. Phylogenetic relationships among 51 PFK2/F2BP sequences. Node labels 
(colored circles) are scaled to reflect bootstrap support. Group 1 PFK2/F2BP sequences 
(PFK2-1) are highlighted in grey; Group 2 PFK2/F2BPs sequences (PFK2-2) in blue.  
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Figure 3-4. Screening of Group 1 (Thaps3_14563) and Group 2 (Thaps3_109629) 
antisense knockdown lines. A and C) Growth curves for Group 1 and 2 knockdown lines, 
respectively. B and D) Neutral lipid and β-1,3 glucan content in Group 1 and 2 
knockdown lines relative to wild-type as measured by BODIPY and aniline blue 
fluorescence.  
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Figure 3-5. Z-stack micrographs of T. pseudonana cells in A) valve orientation and B) 
girdle orientation expressing the PFK2-2/GFP fusion protein in the cytosol. The top row 
of each panel contains false color fluorescent images where GFP is represented by green 
and chlorophyll autofluorescence is represented by red. The bottom row of each panel 
contains the corresponding DIC images.  
 

 
 
Figure 3-6. Growth curves for PFK2-2 overexpression lines and eGFP controls at 50 ml 
scale. Black = wild type, Gray = transgenic ines with no visual GFP fluorescence; Green 
= transgenic lines with visible GFP fluorescence. A) Comparison of PFK2-2 
overexpression lines with wild type; only 109fcp1 and 109fcp2 are expressing eGFP and 
have reduced growth characteristics. B) Control transgenic lines expressing eGFP under 
the fcp promoter/terminator pair have comparable growth to wild type. 
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Figure 3-7. Growth curves for three independent biological replicates (A, B, and C) for 
wild-type, 109fcp1, and 109fcp2 lines.  

 

 
Figure 3-8. Relationship between growth rate and PFK activity in T. pseudonana wild-
type and two PFK2-2 overexpression lines. Measurements were taken from three 
independent biological replicates (n=3).  
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Figure 3-9. Biochemical composition of wild-type and Group 2 overexpression lines in 
exponential and stationary phase. A) total carbohydrate content; B) protein content; C) 
neutral lipid content quantified by Nile Red fluorescence; D) FAME content; E) 
chlorophyll content. Each point represents an independent biological replicate; error bars 
represent standard deviation of technical replicates. 
 
 

 
 

Figure 3-10. Progression of A) Wild-type, B) 109fcp1, and C) 109fcp2 T. pseudonana 
cultures through the cell cycle post-synchronization via silicon deprivation and 
readdition. 
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Figure 3-11. Schematic representation of the role of PFK2-2 in T. pseudonana. Increased 
PFK2-2 increases PFK activity and glycolytic flux at the second bypass, increasing 
carbon precursor (C3) availability for amino acid (AAB) and fatty acid biosynthesis 
(FAB). Concurrent reduction in gluconeogenic flux deprives chrysolaminarin and 
nucleotide biosynthesis (NTB).  
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CONCLUSIONS 

 

Diatoms are a high-productivity photosynthetic system to produce valuable 

compounds such as lipids, proteins, vitamins, pigments, and antioxidants (Bozarth et al. 

2009). Increasing the yield of these valuable bioproducts through metabolic engineering 

has become an active area of research in algal biology, and advances in the understanding 

of the organization and regulation of metabolism in diatom cells is critical to enable more 

strategic pathway engineering to produce a myriad of useful and interesting metabolites. 

The goal of this dissertation was to address specific knowledge gaps related to carbon 

metabolism and to gain insight into the relationship between carbon metabolism and 

growth in marine diatoms.  

Work in Chapter 1 expanded the set of useful gene annotations in the model 

marine diatom T. pseudonana. As the first sequenced diatom genome (Armbrust et al. 

2004), T. pseudonana has been considered a model marine diatom species. This 

improved gene set is a reference that can be used by other diatom researchers interested 

in understanding gene structure, gene regulation, and the organization of diatom 

metabolism. In addition, RNAseq reads provides information at single base pair 

resolution, opening the potential for future evaluation of allelic differences in the 

genome. While the analysis of the resulting models suggests a marked improvement in 

gene model quality, this effort would benefit from further manual refinement. In 

particular, UTR predictions could not be accurately predicted by AUGUSTUS. In 

addition, an initial manual assessment of 50 randomly chosen gene IDs suggests that 

approximately 24% of AUGUSTUS genes could be further refined manually. This would 
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be a relatively large effort beyond the scope of an individual lab. Manual annotation 

could be accomplished via a concerted effort on behalf of the diatom community using 

tools such as WebApollo (Lee et al. 2013), which is designed for collaborative genome 

annotation.  

Extension of existing models revealed additional protein targeting information, 

improving the ability to predict the subcellular localization of proteins in silico and 

further refine metabolic models. An additional set of genes was identified (1,883 genes), 

many of which are differentially expressed and therefore may be important to cell cycle 

or silicon bioprocesses. These genes included several SMC_prok_B domain-containing 

proteins that are highly expressed during early mitosis. These are distinct from 

eukaryotic-type SMC proteins, which are also found in T. pseudonana (Patil et al. 2015). 

This raises questions related to whether these sets of SMC proteins work together or 

independently to facilitate chromosome condensation and cohesion in diatoms prior to 

cell division. In addition, SMC proteins can also participate in other cellular functions, 

such as recombination, DNA repair, and regulation of gene expression (Harvey et al. 

2002). Proteins with these functions are of biotechnological interest because they may 

influence the efficiency of homologous recombination, which has recently been shown to 

occur in P. tricorntum (Daboussi et al. 2014), but has not been reported in centric 

diatoms. I also identified additional dsCYC proteins in T. pseudonana, including one that 

is highly responsive to silicon availability. While some components of cell cycle 

regulation have been elucidated in P. tricornutum (Huysman et al. 2013b), several 

questions remain unresolved. In particular, only one dsCYC has been functionally 

characterized (Huysman et al. 2013a). However, transcriptomic studies suggest that 
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dsCYCs may serve as signal integrators that relay information to CDKs (Huysman et al. 

2013b). Additional functional characterization of these proteins, either through targeted 

reverse genetic approaches or through forward genetic screens, will be necessary to 

demonstrate the effect of SMC and dsCYC proteins on the regulation of the cell cycle.  

Chapter 1 also includes the first genome-wide assessment of alternative splicing 

in diatoms, and demonstrated that alternative splicing events in T. pseudonana are 

dominated by intron retention. Approximately 3% of genes to were differentially 

alternatively spliced by rMATS analysis. However, this finding is specific to this dataset, 

and it is possible that additional splicing could be identified in other experimental 

conditions or with deeper sequencing. The biological significance of intron retention is 

debated in the literature (Ner-Gaon et al. 2004; Keren et al. 2010; Braunschweig et al. 

2014), and it remains to be determined if and how this process may contribute to gene 

expression regulation in diatoms. In other organisms, splicing is controlled by splice sites 

and specific splicing regulatory elements (De Conti et al. 2013). A global assessment of 

intronic sequences in T. pseudonana would likely provide additional insights into the 

evolution of introns and mechanisms that affect splicing in diatoms.  

Chapter 2 combines in silico sequence analysis (including extended gene models 

generated in Chapter 1), gene expression data, and in vivo protein localization to refine a 

metabolic model for C2 photorespiratory metabolism in T. pseudonana. Photorespiration 

can be a major route for carbon flux in photosynthetic cells, and may also be an important 

mechanism by which reductant is transferred between diatom chloroplasts and 

mitochondria in order to fine-tune photosynthetic carbon fixation under various 

irradiances (Bailleul et al. 2015). The analysis confirms the localization of a glycolate 
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oxidase enzyme (GOX2) to the mitochondria, where it may participate in the direct 

delivery of reductant from the plastid to the mitochondrial electron transport chain as 

proposed by Winkler and Stabenau (1995). A subsequent study demonstrated that the 

homolog of the T. pseudonana GOX2 enzyme in P. tricornutum can use alternate 

electron acceptors (Schmitz et al. 2017), further supporting this hypothesis. Further 

testing of this theory could be tested in the future by measuring the effect of GOX2 

knockdown on glycolate accumulation, AOX activity, and photosynthesis.  

Chapter 2 analysis did not support that significant glycolate oxidation occurred in 

the peroxisome. Rather, it supports the idea that transcriptional upregulation of the 

peroxisomal glyoxylate cycle works in conjunction with mitochondrial malic enzyme to 

provision the TCA cycle and/or photorespiratory metabolism with pyruvate. The analysis 

also did not support the presence of a complete C2 photorespiratory pathway that returns 

carbon to the plastid due to the absence of a glycerate kinase sequence. The apparent 

absence of glycerate kinase could be further confirmed by testing for glycerate kinase 

activity. Further validation of the entire photorespiratory model could be accomplished 

by genome-scale metabolic modeling, as has been done for P. tricornutum (Kim et al. 

2015). 

Chapter 3 demonstrated the importance of PFK2-2 on the regulation of glycolytic 

flux and cell cycle progression in T. pseudonana. The results showed that, especially 

during early growth stages, increased glycolytic flux enhanced both protein and lipid 

accumulation and reduced carbohydrate content. A decrease in growth rate was also 

observed in response to this shift in metabolic flux. While this manipulation provides 

insights into the balance between biosynthesis and growth in diatom cells, it is not a 
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particularly useful constitutive manipulation since PFK2 overexpression limits biomass 

production. However, one could potentially take advantage of this regulatory point in 

conjunction with other modifications by temporarily inducing higher glycolytic flux to 

conditionally increase substrate availability to other pathways. 

The work related to the regulation of cytosolic glycolysis has also provided 

insight into the organization of diatom central metabolism and into how multiple 

glycolytic pathways in separate compartments might work together to contribute to 

diatom productivity. For example, Chapter 3 demonstrates that cytosolic glycolysis plays 

a large role in carbon partitioning and biomolecule accumulation, but there is no evidence 

that it is directly involved in energy generation. Expression data and other metabolic 

modeling (Kim et al. 2015; Smith et al. 2016b; Smith et al. 2016a) suggest that 

mitochondrial glycolysis appears to be main pathway involved in cellular energetics to 

fuel growth. Localization of carbohydrate biosynthesis to the cytosol decouples that 

process from both the plastid and the mitochondria, allowing for simultaneous 

accumulation of carbohydrates in the cytosol and the production of energy through 

glycolysis in the mitochondria. Due to this unique arrangement, diatoms may have some 

energetic advantages relative to other organisms that do not similarly compartmentalize 

their metabolism. 
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