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EPIGRAPH

“This is a simple thing to say, but the profound feeling of it made a Jesus, a St.
Augustine, a St. Francis, a Roger Bacon, a Charles Darwin, and an Einstein. Each of
them in his own tempo and with his own voice discovered and reaffirmed with
astonishment the knowledge that all things are one thing and that one thing is all things -
plankton, a shimmering phosphorescence on the sea and the spinning planets and an
expanding universe, all bound together by the elastic string of time. It is advisable to look
from the tide pool to the stars and then back to the tide pool again.”

John Steinbeck
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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

XX1



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 CO, 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).
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INTRODUCTION

1.1 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.

1.2 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



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.

1.2 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).



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.

1.3.1 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



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).

1.3.2 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



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



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 B-(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).

1.4 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



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, CO,, 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



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.

.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 7. 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 7. 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,



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 7.
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 7. 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 7. 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
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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 (0Ct), 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 7. pseudonana.
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pentose phosphate; TCA = citric acid cycle. Metabolism: 3PG = 3-phosphoglycerate;
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bisphosphate carboxylase oxygenase; TAG = triacylglycerol. C3, 4, 6 refer to carbon
skeletons containing the specified number of carbon molecules.
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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 7. 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 7.
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 7. 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 7. 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 pmol m™ s™). For silicon starvation experiments, 20L
cultures were grown to a concentration of approximately 4x10° cells ml™". 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 uM 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 3-4¢® 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 7. 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 7. 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 1¢” 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 rIMATS. 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 tMATS 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 7. pseudonana were grown to exponential phase (1.4¢° cells
ml™") 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 uM to reinitiate cell cycle progression. RNA sampling was performed as

previously described on 200 ml aliquots of culture. RNA was extracted from 7.
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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 I1I 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 7. 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 7. 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 7. 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 7. 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 7. 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 7. 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 7. 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 = e’
?). 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 7. pseudonana. The unique AUGUTSUS set contained 661 T. pseudonana-
specific genes (35.2% of unique set). The prevalence of 7. 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 (gl1315, g1971, g2521,
22596, 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 7. 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 (Oh) 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 (Kroger 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, 29962,
g268, g13056, g6714, 26526, 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 7. 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
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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 RN Aseq 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 7. 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 7. 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, UPFI, 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 UPF?2 (g4659), the former of which
was found in the new AUGUSTUS gene model set. However, a homolog to UPF3 was
not found in 7. 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 UPFI 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 7.
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 7. 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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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.

Number of Mean gene Meanintron | Meanexon | Number of exons | Number of introns
models length (bp) length (bp) | length (bp) per gene per gene
JGlI 11,390 1,745 123 613 25 15
FGENESH 10,904 2,570 126 681 33 2.3
MAKER 6,433 2,638 210 672 4.5 35
AUGUSTUS 13,399 1,503 124 646 27 1.7
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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.
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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.
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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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proteins), B) the entire AUGUSTUS prediction (13,399 proteins), and C) previously
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protein sequence length.



47

o
w
~N
o
o p—
~N
—_ )
° o .
(1] wn o °
Q. -— > o @
-
g e
|
o
w
o
T T T
1e-01 1e+01 1e+03
B Mean of DESeq2 normalized counts
o
wn
m %
3
—
'.6\ N
(1]
Q
S—
e o
[e)) w
Q b
|
o
w

| | |
1e-01 1e+01 1e+03

Mean of DESeq2 normalized counts

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.



IPR only
6%

48

Figure 1-7. Functional annotations of the unique set of AUGUSTUS genes not found in
the filtered JGI (Thaps3 filtered models) dataset.
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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).



49

14 oh

[ e, timepoint timepoint
12h

=

I

© o

38

-8
|
a2 o

H

:

-
©
=
@
o
=

T
U=L=L-L--T-]
@ 0o
wo
a3
-N

NS A

X

LOTPOU NS G
X

NETd

@

N

200 ZI NS
NS

NS TG
TNSTd

NS TG

Lo 00 NS
L0804 NS

Lo ZI NS
LOTBLY NS

08U NS

Lo dxe NS g
204 dxe Ns 4
L0 P2y NS
00 pu NS

[ HE T TN BN BN BN BN BN B B eplicate oh
99959 2

"uksTdy
TudsTd)
“uksdy
udsTd)
“uksdy
"uksTdy
“uAsTdy
“uksTdy
uksTd)
“uksdy
“udsTd)
TudsTay
“uksTdy
uksTd)
“uksTdy
“udsTd)
“uksdy
“uksTdy
uAsTd)
"uksTdy

L0400y
20004
LOSLOU
Z0Lou
Lo 20U
ZoZod
LOSE0y
ZoU e
L0 FOM
200 pou
L0 G0
20508
L0904
2007904
LOS L0
04 Lod
LOS 80U
Z0 80U
L0 B0

Z0 604

Figure 1-9. Heatmaps filtered for top 35 most significantly changing genes as determined
by DESeq?2 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.
8000-
5000
4000 6000- Gene
—— g7761
- o962
3000 4265
N 4000- 913056
g6714
2000 96526
2000- jesta
1000

0 =

oh 1h 2h 3h 4h 5h 6h 7h 8h 9h

Normalized Count
Normalized Count

exp Oh 4h 8h 12h 18h 24h

Timepoint Timepoint

Figure 1-11. Gene expression patterns for putative cyclins found in the unique
AUGUTUS gene set (g7761, 29962, 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
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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
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Evidence suggests that diatom photorespiratory metabolism is distinct from other photosynthetic
eukaryotes in that there may be at least two routes for the metabolism of the photorespiratory metabolite
glycolate. One occurs primarily in the mitochondria and is similar to the C2 photorespiratory path-
way, and the other processes glycolate through the peroxisomal glyoxylate cycle. Genomic analysis
has identified the presence of key genes required for glycolate oxidation, the glyoxylate cycle, and
malate metabolism, however, predictions of intracellular localization can be ambiguous and require
verification. This knowledge gap leads to uncertainties surrounding how these individual pathways
operate, either together or independently, to process photorespiratory intermediates under different
environmental conditions. Here, we combine in silico sequence analysis, in vivo protein localization
techniques and gene expression patterns to investigate key enzymes potentially involved in photores-
piratory metabolism in the model diatom Thalassiosira pseudonana. We demonstrate the peroxisomal
localization of isocitrate lyase and the mitochondrial localization of malic enzyme and a glycolate oxi-
dase. Based on these analyses, we propose an updated model for photorespiratory metabolism in T.
pseudonana, as well as a mechanism by which C2 photorespiratory metabolism and its associated
pathways may operate during silicon starvation and growth arrest.
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Introduction

Diatoms are a ubiquitous and highly productive
group of eukaryotic phytoplankton that contribute
significantly to the global carbon cycle. Diatoms
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are estimated to fix 10 billion metric tons of inor-
ganic carbon annually, which is at least a quarter of
the carbon fixed each year in the ocean (Granum
et al. 2005). Photosynthetic carbon fixation by
diatoms sustains diverse marine ecosystems and
contributes significantly to total export produc-
tion (Sarthou et al. 2005). The high productivity
that drives these large-scale processes is ulti-
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mately connected to the efficiency of carbon fixation
and the metabolism of fixed carbon within diatom
cells. Photorespiration can represent the second
largest route for carbon flux in photosynthetic
organisms (Bauwe et al. 2010; Pick et al. 2013).
Photorespiration occurs when RubisCO catalyzes
a reaction with O, rather than CO,, resulting in
reduced photosynthetic carbon fixation (Eisenhut
et al. 2008). The metabolic by-product of pho-
torespiration, 2-phosphoglycolate, cannot be used
directly in biosynthetic pathways and additional
energy-requiring steps are necessary to recover
this carbon in a usable form. Although active
carbon concentrating mechanisms can maintain
a higher concentration of CO, within the prox-
imity of RubisCO (Reinfelder 2011; Reinfelder
et al. 2004), experimental evidence suggests that
diatoms must contend with photorespiratory by-
products under certain environmental conditions
(Schnitzler Parker et al. 2004). The existence
of photorespiration in diatoms is supported by
extracellular glycolate release and transcript-level
induction of key enzymes involved in glycolate
metabolism in response to high light exposure
(Parker and Armbrust 2005; Schnitzler Parker et al.
2004). Adaptation to high light led to less glycolate
production, indicating that either photorespiration
was reduced or that efficient recycling pathways
were in operation (Schnitzler Parker et al. 2004).
In plants, 2-phosphoglycolate recycling is accom-
plished through a series of reactions known as
the photorespiratory C2 cycle, which is distributed
among the chloroplasts, leaf peroxisomes and
mitochondria (Bauwe et al. 2012). However, the
specific pathways utilized by diatoms to metabo-
lize photorespiratory by-products are not yet fully
understood, and represent a significant knowledge
gap in terms of building accurate metabolic models
for carbon metabolism in these important primary
producers.

While many of the enzymes involved in the
classical C2 photorespiratory pathway have been
identified in diatom genomes (Kroth et al. 2008),
some discrepancies exist between past experimen-
tal data and genomic information. The first step
in processing photorespiratory glycolate is to con-
vert it to glyoxylate, which can be accomplished
by either glycolate dehydrogenases (GDH) or by
glycolate oxidases (GOX). Biochemical studies
suggest that diatoms utilize glycolate dehydroge-
nases (GDH) to oxidize glycolate (Suzuki et al.
1991; Winkler and Stabenau 1992), however only
putative glycolate oxidases (GOX) have been iden-
tified in diatom genomes (Kroth et al. 2008). It
is also unclear how similar diatom C2 pathways
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are to those most commonly described in other
organisms. For example, glycerate kinase, the
enzyme that catalyzes final step of the C2 cycle
in plants, was not originally identified in diatoms
(Kroth et al. 2008), although a candidate gene
has been proposed (Fabris et al. 2012). Beyond
this uncertainty, additional experimental evidence
suggests that diatom photorespiratory metabolism
may not be limited to the steps of the classical C2
cycle. For example, glycolate oxidation has been
detected in both diatom peroxisomes and mito-
chondria, providing support for at least two possible
fates for photorespiratory glycolate (Winkler and
Stabenau 1995). Furthermore, reducing CO, con-
centration and increasing available light did not
increase the activity of particular canonical C2
pathway enzymes in the diatom Nitzschia laevis
(Winkler and Stabenau 1995), again supporting the
possibility of a distinct photorespiratory mechanism
from that commonly described.

Metabolism via the peroxisomal glyoxylate cycle
has been proposed in the literature to be an
alternate route to recycle photorespiratory interme-
diates (Fig. 1), and enzymes in this pathway are
responsive to conditions that induce photorespira-
tion in diatoms (Winkler and Stabenau 1995). The
glyoxylate cycle enzymes isocitrate lyase (ICL) and
malate synthase (MS) serve as a metabolic bypass
to the TCA cycle, but MS can also combine pho-
torespiratory glyoxylate with acetyl-CoA to produce
malate, which then re-enters the TCA cycle in the
mitochondria (Igamberdiev and Lea 2002; Winkler
and Stabenau 1992) or is converted to pyruvate
by malic enzyme (ME) (Sweetlove et al. 2010).
This alternate fate for photorespiratory metabo-
lites implicates malate as a potentially important
compound linking the photorespiratory processes
in the peroxisome with mitochondrial metabolism
(lgamberdiev and Lea 2002). Another proposed
pathway for photorespiratory metabolism based on
research in the diatom Cylindrotheca fusiformis
suggested that glycolate may be metabolized via
enzymes derived from a bacterial glycerate path-
way using a glyoxylate carboligase and tartronate
semialdehyde reductase to produce glycerate (Paul
and Volcani 1976). However, genome annotation
efforts have not been able to identify key enzymes
involved in this pathway with confidence (Kroth et al.
2008).

Photorespiration serves an additional purpose
beyond carbon recovery, as the high energy
requirement of phosphoglycolate recycling also
makes this pathway an important means to dissi-
pate excess energy and prevent reaction center
damage (Wingler et al. 2000; Igamberdiev et al.
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Figure 1. Proposed metabolic map based onin silico analysis and select in vivovalidation. Map features glyoxy-
late cycle in blue and the C2 photorespiratory pathway in pink. Dashed lines indicate uncharacterized transport
processes. Circled letters indicate metabolic processes featured in the discussion: A) Glycolate oxidation in the
peroxisome and the mitochondria; B) Completion of the C2 pathway by a glycerate kinase; C) transamination of
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aminotransferase.

2001). At high light intensities, reducing power
generated by the light reactions of photosynthe-
sis exceeds the capacity of carbon assimilating
enzymes to regenerate NADP* (Wilhelm and Jakob
2011). Stress conditions that further inhibit carbon
fixation can exacerbate the imbalance, resulting
in overreduction of the photosynthetic electron
transport chain, photoinhibition, and the produc-
tion of reactive oxygen species (Wingler et al.
2000). Photorespiratory metabolism is one of sev-
eral alternative electron pathways (Wilhelm and
Jakob 2011) that serve to prevent overreduction

of photosynthetic electron transport components,
since photorespiratory intermediates transported
out of the chloroplast carry energy to be distributed
to other organelles. Strong evidence from inhibitor
studies in Phaeodactylum tricornutum support a
role for mitochondrial electron transport processes
in dissipating excess reducing power from diatom
chloroplasts (Bailleul et al. 2015), but the molecules
that facilitate this interaction remain to be iden-
tified. Additionally, photorespiratory intermediates
are substantially integrated with other aspects of
central carbon and nitrogen metabolism (Bauwe



et al. 2012), including the production of metabo-
lites that can further boost antioxidant production
(Wingler et al. 2000). The role of photorespiration
in alleviating photooxidative stress may be of par-
ticular importance in diatoms, as it has been shown
that an extreme light shift is sufficient to induce a
photorespiratory response (Allen 2005; Schnitzler
Parker et al. 2004).

We previously reported on physiological and
transcript level changes in response to silicon
starvation in T. pseudonana (Smith et al. 2016).
Silicon is a requirement for cell wall synthesis in
most diatom species, and therefore necessary for
cell division. During silicon starvation, cell division
halts and fatty acid and triglyceride (TAG) syn-
thesis are induced (Smith et al. 2016; Yu et al.
2009), signaling considerable changes in intracel-
lular carbon partitioning. We found that the first
8 hours following transfer into silicon-free medium
is characterized by initial photodamage to the PSlI
reaction centers, followed by a sustained decrease
in the maximal rate of carbon fixation (Smith et al.
2016). In addition, we observed a large increase
in the de-epoxidation state of the xanthophyll pool,
indicating increased xanthophyll-dependent non-
photochemical quenching (NPQ) to reduce electron
flow and protect PSII from photooxidative damage
(Smith et al. 2016). The increase in NPQ suggests
the need for alternative electron cycling pathways
such as photorespiration under these experimen-
tal conditions. Silicon starvation potentially offers
advantages over some other experimental condi-
tions used to induce photorespiratory responses
because most cellular metabolic processes are
minimally affected by the lack of silicon. In addition,
silicon-starvation induced photorespiration does
not involve an artificial shift in CO, levels. While
we recognize the limitations of using transcript data
as a proxy to interpret shifts in metabolic pro-
cesses, ample evidence exists in the literature to
demonstrate that when coordinated and consis-
tent changes in transcript levels occur at several
steps in a pathway, it is most likely indicative of a
metabolic shift (Fernie et al. 2002; Lancien et al.
1999; Smith et al. 2016; Sweetlove et al. 2010).
Given the lack of clarity regarding photorespiratory
carbon cycling in diatoms, investigation of the tran-
scriptional response under silicon limitation may
provide new insights into this process.

Using a combination of in silico analysis, tran-
script expression analysis, and in vivo localization
to assess metabolic potential, our goal in this study
was to clarify and update a model for the organiza-
tion and operation of photorespiratory metabolism
in diatoms by investigating the response during sil-
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icon starvation in T. pseudonana. Based on the
existing model, we chose to focus on the following
questions: 1) What are the potential routes for gly-
colate oxidation and transportin T. pseudonana? 2)
Does evidence support a complete C2 cycle with
carbon recycled back to the plastid? 3) What are
the respective roles of the mitochondria and the
peroxisome in terms of the metabolism of photores-
piratory intermediates? 4) Could malic enzyme play
an auxiliary role in photorespiratory metabolism?
By combining our data and analysis with data avail-
able inthe literature, we generate an updated model
(Fig. 1) that incorporates previous experimental and
analytical approaches into a self-consistent picture
of photorespiratory C2 metabolism in diatoms, and
identifies aspects in need of further clarification.

Results and Discussion

Photophysiology and Transcript Changes

Transfer of T. pseudonana to silicon-deplete
medium at half of its original culture density
induced light stress, as evidenced by photophys-
iology data (Smith et al. 2016). We analyzed the
whole genome microarray dataset from Smith et al.
(2016) and determined that transcripts for a sub-
set of genes potentially involved in photorespiratory
C2 metabolism were upregulated in accordance
with the timing of photostress (Fig. 2 . These
genes included previously identified markers for
high light induction of photorespiration in diatoms
such as GDC-T and PGP (Parker and Armbrust
2005; Schnitzler Parker et al. 2004). The photo-
physiology data combined with the transcript data
are consistent with induction of photorespiration
under these experimental conditions.

We also observed highly coordinated changes in
photorespiratory transcripts (Fig. 2), linking genes
under what are likely common regulatory pro-
cesses. Co-expression of many genes related to
photorespiratory metabolism due to transcript reg-
ulatory sequences called CO,-cAMP-Responsive
Elements (CCRESs) has been previously discussed
(Hennon et al. 2015; Ohno et al. 2012). How-
ever, not all putative photorespiratory genes share
the same expression pattern (Fig. 2), suggest-
ing that multiple regulatory factors may come into
play in the transcript-level response. Three dis-
tinct expression clusters containing multiple genes
were identified (Fig. 2A-C), and the genes in each
cluster fell into functional categories that will be
described in detail below. Transcripts for three other
genes did not cluster with the rest (Fig. 2D). All
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Table 1. In silico targeting predictions for proteins associated with C2 photorespiratory metabolism and the
glyoxylate cycle. Proteins are organized based on predicted or demonstrated localization to A) mitochondria,
B) peroxisome, and C) chloroplast. Protein models were extended when appropriate using RNAseq evidence
to obtain the most accurate targeting prediction. Predictions were made with programs available through the
ExPASYy Bioinformatics Resource Portal (http://www.expasy.org/tools/), with the exception of ASAFind, which
is hosted by the Rocap Lab (http://rocaplab.ocean.washington.edu/tools/asafind) and is specific for secondary

endosymbionts of the red algal lineage.

A) Mitochondria

Protein Thaps3_PID SignalP 3.0 ChloroP ASAFind Mitoprot PTS1
GOX2 3353 - N, 0.451 - 0.287 -
GDH 42965 - Y, 0.565 - 0.312 -
GDC-H 28521 - Y, 0.535 - 0.993 -
GDC-T 36208 - Y, 0.507 - 0.999 -
GDC-P 39799 SNA-LL N, 0.479 Yes, low 0.78 -
GDC-L 36716 - Y, 0.555 - 0.486 -
SHMT 269942 - Y, 0.520 - 0.955 -
ALAT/GGAT 412 - Y, 0.517 - 0.949 -
AGAT/SPT 22208 - Y, 0.583 - 0.997 -
2HADH 2846 - N, 0.469 - 0.969 -
MDH 20726 - Y, 0.575 - 0.9616 -
ME 34030 - Y, 0.506 - 0.996 -
B) Peroxisome
Protein Thaps3_PID SignalP 3.0 ChloroP ASAFind Mitoprot PTS1
GOX1 406 - N, 0.453 - 0.43 SKL
CAT 11615 - N, 0.447 - 0.026 SRL
MS 26293 - N, 0.434 - 0.036 SKL
ICL 35523 - N, 0.449 - 0.471 -
MDH 41425 - N, 0.442 - 0.762 SRI
C) Chloroplast
Protein Thaps3_PID SignalP 3.0 ChloroP ASAFind Mitoprot PTS1
PGP 25544 TTA-FS Y, 0.588 Yes, high 0.914 -
PLGG1 9352 SVA-LV Y, 0.563 Yes, low 0.828 -
14106 IVA-TT Y, 0.512 No 0.904 -
GK 261750 SSA-SS Y, 0.544 No 0.968 -

genes included in subsequent analysis are listed
in Table 1.

Multiple Routes for Glycolate Oxidation in
Diatoms

The pathway that determines the metabolic fate
of photorespiratory glycolate remains unresolved
in diatoms. Our analysis, coupled with previous
biochemical analyses, suggests the presence of a
single glycolate oxidizing activity in the peroxisome
(GOX1), and potentially two genes with glycolate
oxidizing activity (GOX2 and a previously unidenti-
fied GDH), with the possibility of a third (2-HADH
— see section on “Processing of photorespiratory

glyoxylate in the mitochondria” below) in the mito-
chondria (Fig. 1).

Glycolate oxidation can be catalyzed by either
glycolate oxidase (GOX) or glycolate dehydroge-
nase (GDH). Characterized GOX enzymes use O,
as an electron acceptor, generate H,O,, are insen-
sitive to cyanide and carry out a secondary reaction
with L-lactate (Frederick et al. 1973). In contrast,
GDHs utilize NAD*/NADP* as an electron acceptor,
are inhibited by cyanide and carry out a secondary
reaction with D-lactate (Frederick et al. 1973).
Biochemical studies in whole cell and organelle
fractions of diatoms have shown a lack of H,O;
production, consistent with diatoms using GDH to
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course. A) Expression of genes putatively involved in
the production of and oxidation of photorespiratory

66

generate glyoxylate in both the mitochondria and
the peroxisome (Paul et al. 1975; Suzuki et al.
1991; Winkler and Stabenau 1992). However, lack
of H2O, production could be explained by efficient
catalase activity, ascorbate peroxidase activity, or
use of alternate electron acceptors (Mittler 2002;
Paul et al. 1975; Paul and Volcani 1975; Suzuki
et al. 1991), and insensitivity to cyanide and a
preference by purified peroxisomes for oxidation of
L-lactate is consistent with GOX activity (Suzuki
et al. 1991; Winkler and Stabenau 1992). The
conflicting biochemical evidence prompted a bioin-
formatic analysis of putative GDH and GOX genes
from diatom genomes to attempt to clarify the enzy-
matic potential in each cellular compartment.

Two gene candidates for glycolate oxidation
(GOX1 and GOX2) have previously been identi-
fied from genomic sequence (Kroth et al. 2008). To
investigate the relationship of these sequences to
other GOXs, we generated a maximum likelihood
tree to place GOX1 and GOX2 among other char-
acterized lactate oxidase (LOX) and GOX proteins
(Fig. 3). The peroxisomal GOX1 protein, encoded
by Thaps3_406, has a PTS1 C-terminal tripeptide
targeting sequence (Kroth et al. 2008) (Table 1;
Fig. 1A) and groups with other LOX/GOX proteins
found in higher plants, green algae, and cyanobac-
teria (Fig. 3). This finding is similar to previous
reports (Kern et al. 2011), and is consistent with
the GOX-like biochemical characteristics observed
in diatom peroxisomes (i.e. cyanide insensitivity
and L-lactate preference). The GOX1 transcript
is not coordinately expressed with other genes
involved in metabolizing photorespiratory glycolate
in transcriptome datasets (Fig. 2; Hennon et al.
2015), however, a substantial induction of peroxiso-
mal glycolate oxidation activity was demonstrated
under more severe photorespiratory stimulating
conditions (Winkler and Stabenau 1995). We were
unable to identify any other candidate genes encod-
ing glycolate oxidation activity in the peroxisome,

glycolate; B) Expression of genes proposed to
participate in the metabolism of photorespiratory inter-
mediates and amino acid synthesis in diatoms; C)
Expression of genes proposed to participate in the
glyoxylate cycle in diatoms; D) Genes with expres-
sion patterns that are distinct from those involved in
photorespiratory processes and the glyoxylate cycle.
Clustering was done manually by normalizing tran-
script levels across each time point, then calculating
the standard deviation of the mean for each point. The
mean variation of the standard deviation in terms of
percent for each point ranged from 3.7-13%.
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Figure 3. Phylogenetic analysis of glycolate oxidizing proteins found in proteobacteria, photosynthetic eukary-
otes and cyanobacteria. 31 sequences were aligned using the MAFFT algorithm, and the MEGAG software was
used to estimate the maximum likelihood tree using 1000 bootstrap replicates. The distance scale (substitutions
per site) is shown in the bottom left-hand corner. Enzymes that are included in the SWISS-Prot database with
biochemical evidence to support their annotation are indicated with an asterisk. Diatom glycolate oxidase-like
proteins (GOXs) form two distinct clades. In T. pseudonana, GOX1 and GOX2 are localized in peroxisomes and

mitochondria, respectively.

suggesting that GOX1 is the gene responsible for
this activity.

Diatom GOX2 sequences were highly divergent
from diatom GOX1 (Fig. 3). GOX2 sequences,
along with other GOX-like sequences from vari-
ous eukaryotic algae, are more similar to GOX-like
proteins in proteobacteria. None of the proteins
within this group have been biochemically charac-
terized, so it is possible that they may be distinct
from other GOXs studied to date. The in silico tar-
geting of GOX2 (Thaps3_3353) is ambiguous in T.
pseudonana (Table 1), despite a clear mitochon-
drial targeting signal in the homolog of this gene

in P, tricornutum (Kroth et al. 2008) (Fig. 1A). We
clarified the localization of this proteinin T. pseudo-
nana by generating and expressing a C-terminal
GFP fusion. GFP fluorescence confirmed that the
GOX2 protein was localized to the mitochondria
(see Supplementary Material Fig. S1 in the online
version at DOI: 10.1016/j.protis.2016.10.005) as
verified through co-localization with the mitochon-
drial citrate synthase (Fig. 4). Supporting a role
in metabolizing phosphoglycolate, GOX2 transcript
levels were co-induced with other known photores-
piratory genes (Fig. 2; Hennon et al. 2015).
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Figure 4. Colocalization of glycolate oxidase 2 (GOX2) with mitochondrial citrate synthase (CS). Represen-
tative T. pseudonana cells. False color images represent GFP in green, TagRFP in pink and chlorophyll
autofluorescence in red. White demonstrates co-localization of the fluorescent proteins. Expression of GOX2
from the plasmid pTp FCP/Tp3353_gfp and CS from from pTp rpL41/Tp11411-TagRFP demonstrates that
GOX2 is co-localized with mitochondrial CS. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Glycolate oxidizing enzymatic activity in isolated
diatom mitochondria suggested a preference for a
secondary reaction with D-lactate, consistent with
the presence of a GDH (Winkler and Stabenau
1992), which prompted us to search the T. pseudo-
nana genome for candidates responsible for this
activity. A putative GDH gene (Thaps3.42965) con-
taining a GlcD domain with sequence similarity
to FAD-linked oxidases and D-lactate dehydro-
genases (BLAST e-value 1e~'°") that has not
previously been suggested as a candidate for gly-
colate oxidation was found. Homologs for this gene
were also identified in P, tricornutum and Phytoph-
thora sojae. The gene product of Thaps3_42965
had a weak Mitoprot score (0.312), but was pre-
dicted to be targeted to mitochondria by TargetP
(Emanuelsson et al. 2007), and the P. tricornutum
homolog had high predicted mitochondrial target-
ing by both programs. Thus, the gene product
is a candidate for the mitochondrial GDH activ-
ity previously characterized biochemically (Winkler
and Stabenau 1992). Although induced in our
conditions, the GDH-like protein was not tightly
coexpressed with other photorespiratory genes as

was GOX2 (Fig. 2). It also did not cluster with other
photorespiratory genes in other transcriptomics
data (Hennon et al. 2015). Ultimately, we are unable
to definitively assign a lone glycolate-oxidizing can-
didate to the mitochondria of T. pseudonana based
on the sequence content, gene expression, or local-
ization information. However, evidence supports at
least two candidates for this reaction (Thaps3_3353
and Thaps3.42965), and it is possible that either
may operate in diatom mitochondria depending on
the specific set of conditions.

Recycling of Photorespiratory
Intermediates into the Chloroplast

Whether or not diatoms recycle photorespiratory
intermediates completely back to the chloroplasts
has been debated (Fabris et al. 2012; Igamberdiev
and Lea 2002; Kern et al. 2011; Kroth et al. 2008;
Winkler and Stabenau 1995) due to an apparent
lack of a plastidial glycerate kinase (GLYK) (Kern
et al. 2011; Kroth et al. 2008) (Fig. 1B). How-
ever, a more recent study using an orthology-based
approach identified a GLYK candidate in P, tricor-
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Figure 5. Heatmap representing calculated percent identity among 27 glycerate kinase (GLYK, 3-PGA forming,
blue bar) and glycerate-2-kinase (GK, 2-PGA forming, gray bar) protein sequences. Biochemically characterized
enzymes are noted with an asterisk. Diatom GK sequences are distinct from known GLYKSs found in cyanobacte-
ria, algae, and higher plants. Diatom GK sequences are most similar to archaeal GKs, such as the characterized
sequence from Thermoproteus tenax, suggesting a unique origin for these enzymes. In addition, the lack of a
GLYK sequence in diatom genomes supports the idea that the canonical C2 photorespiratory pathway is incom-
plete in diatoms. Hierarchical clustering of percent identity scores was done in R (http://www.R-project.org/)
using the heatmap.2 function within the gplots package (http://CRAN.R-project.org/package=gplots). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

nutum (Fabris et al. 2012). We found that although
the homolog of this putative GLYK in T. pseudo-
nana (Thaps3.261750) is similar to other GLYK
sequences, it has substantially higher sequence
similarity to glycerate-2-kinases (GKs) that produce
glycerate 2-phosphate (2PGA) rather than 3PGA
(Bartsch et al. 2008), including a biochemically
characterized GK from the archaea Thermopro-

teus tenax (Kehrer et al. 2007) (Fig. 5). The
Thaps3.261750 protein has predicted periplastid
targeting (Gould et al. 2006) (Table 1), and our
analysis suggests the same for the P. tricornutum
(Phatr2_54867) homolog. In addition, the transcript
for the putative GK is substantially downregulated,
which is inconsistent with the other genes in the C2
pathway (Fig. 2), implying a reduction of glycerate



processing by this enzyme under our experimental
conditions. Taken together, the data does not sup-
port the idea that a GLYK returns photorespiratory
carbon to diatom plastids.

Another route for reintroducing 3PGA back into
the Calvin-Benson cycle is possible, which is con-
sistent with the predicted location of enzymes. If
a GK converts glycerate to 2PGA in the periplas-
tid compartment, 2PGA could be transported
into the chloroplast by an unidentified transporter
(2PGA transporters have been characterized in
bacteria) (Saier et al. 1975), then converted to
3PGA by a chloroplast-localized phosphoglycerate
mutase (PGAM; (Thaps3.263397). Alternatively,
a periplastid-localized PGAM (Thaps3.260919)
could generate 3PGA which could be transported
into the plastid. Arguing against these processes
occurring under our experimental conditions is the
fact that the GK transcript is highly downregulated.

Transport is another consideration in the com-
pletion of a C2 cycle. In higher plants, glycerate is
transported into the plastid before it is converted
into 3PGA by a GLYK. This import is mediated by
a glycolate/glycerate transporter (PLGG1) in plas-
tid membranes (Pick et al. 2013; Reumann and
Weber 2006). We identified two genes with homol-
ogy to plant PLGG1 (Thaps3.9352, Thaps3.14106)
in T. pseudonana with predicted chloroplast
and periplastid membrane targeting, respectively
(Table 1). Although the PLGG1 transporter is com-
monly depicted as a glycolate/glycerate exchanger,
it actually functions via a unidirectional proton sym-
port mechanism and can recognize either substrate
(as well as lactate and glyoxylate) and transport
them in either direction (Young and McCarty 1993).
Thus there is no a priori reason to correlate the
presence of PLGG1 with a requirement for glycer-
ate uptake into the chloroplast since the transporter
may simply function as a glycolate exporter. The
lack of predicted chloroplast targeted enzymes to
process glycerate in the chloroplast is consistent
with this possibility.

The lack of an identifiable GLYK candidate and
downregulation of GK are consistent with diatoms
using a distinct mechanism for recovering photores-
piratory C2 rather than recycling it directly back into
the Calvin-Benson cycle. This led us to investigate
other possible routes for reprocessing carbon in
photorespiratory metabolism in T. pseudonana.

Processing of Photorespiratory
Glyoxylate in the Mitochondria

The metabolism of glyoxylate by C2 cycle enzymes
is predicted to occur primarily in the mitochondria
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of diatoms (Kroth et al. 2008) (Table 1, Fig. 1).
It has been proposed (Kroth et al. 2008) that
mitochondrial glyoxylate is converted to glycine by
a serine-pyruvate/alanine-glyoxylate aminotrans-
ferase (SPT/AGAT), followed by conversion to
serine by stepwise reactions of glycine decarboxy-
lase (GDC) and serine hydroxymethyltransferase
(SHMT). Exhibiting substrate flexibility, the same
SPT/AGAT is proposed to use serine to generate
hydroxypyruvate (Fig. 1, gray box), which is fur-
ther converted to glycerate by a hydroxypyruvate
reductase (HPR). In this scheme, SPT/AGAT would
compete with itself by both generating and utiliz-
ing serine, which may be inefficient. In addition,
careful biochemical analysis failed to identify HPR
activity in diatom mitochondria, even under condi-
tions when other photorespiratory enzymes were
detected (Winkler and Stabenau 1995). These
issues, plus the possible lack of importance of
glycerate in recycling photorespiratory carbon (dis-
cussion above), prompted us to consider alternative
means of processing of glyoxylate in diatom mito-
chondria.

We identified an additional transaminase similar
to alanine amintotransferase/glutamate glyoxylate
amintotransferase (ALAT/GGAT, Thaps3-412) that
exhibited similar transcript changes as other mito-
chondrial C2 pathway genes (Fig. 2B). The Thaps
v.3 gene model is prematurely truncated, but N-
terminal extension using RNAseq data revealed a
mitochondrial signal peptide (Table 1). A similar
ALAT with GGAT activity catalyzes the transamina-
tion of glyoxylate in the photorespiratory pathway
of Arabidopsis (Liepman and Olsen 2003), and the
presence of this enzyme is consistent with previous
detection of GGAT activity in diatom mitochondria
(Winkler and Stabenau 1995).

SPT/AGAT and ALAT/GGAT are both capable of
carrying out multiple reactions with different sub-
strates. The lack of HPR activity (Winkler and
Stabenau 1995) suggests no need for the reaction
by SPT/AGAT that converts glyoxylate and serine
to hydroxypyruvate and glycine, therefore, we pro-
pose that this enzyme (Thaps3_22208) carries out
its alternative reaction by converting glyoxylate and
alanine to pyruvate and glycine (Fig. 1C). Induction
of transcripts (Fig. 2B) for GDC-T (Thaps3.36208)
and SHMT (Thaps3.269942) suggest that glycine
is further converted to serine (Fig. 1). We pro-
pose that the ALAT/GGAT (Thaps3-412) catalyzes
the conversion of pyruvate and glutamate to a-
ketoglutarate and alanine. The transcript pattern
for the ALAT/GGAT, GDC-T, SHMT, and SPT/AGAT
are similar, with SPT/AGAT having a more pro-
longed upregulation than the others (Fig. 2B).



The end results of this proposed scheme are that
glycine and serine would be the primary amino
acids synthesized from photorespiratory C2, and
that a-ketoglutarate levels would also be increased
under photorespiratory conditions. Diatom label-
ing studies documented specific labeling of serine
and glycine as a result of photorespiratory pro-
cesses, and a substantial increase in labeling
of a-ketoglutarate relative to non-photorespiratory
conditions (Huang et al. 2015). Thus, the model
is entirely consistent with labeling studies (Huang
et al. 2015; Zheng et al. 2013).

This model and biochemical evidence (Winkler
and Stabenau 1995) predict that hydroxypyruvate
is not formed in the mitochondria via photorespi-
ratory processes. A mitochondrially-targeted HPR
was previously proposed (Kroth et al. 2008), but
our analysis indicated that it was the previously
discussed GK (Fig. 5). We identified another
T. pseudonana gene, Thaps3.2846, with weak
similarity to plant and human HPRs, but high
similarity to bacterial 2-hydroxyacid dehydroge-
nases (2-HADHs). 2-HADHSs can perform diverse
functions in many aspects of metabolism, and pre-
vious phylogenetic analyses have demonstrated
that members of the HADH family clade well
according to substrate specificity (Fauvart et al.
2007). In an effort to better annotate the 2-HADH
proteins in the T. pseudonana genome, we gener-
ated a sequence alignment that includes 2-HADH
proteins that have experimentally verified sub-
strate specificity. We observed that the diatom
2-HADH sequences, including Thaps_ 2846, fall
within a large and diverse group containing glyoxy-
late/hydroxypyruvate reductases, 2-ketogluconate
reductases, and phenylpyruvate reductases (see
Supplementary Material Fig. S2 in the online ver-
sion at DOI: 10.1016/j.protis.2016.10.005), thus its
substrate specificity still remains unclear. However,
comparison of conserved amino acids known to be
functionally important based on the human HPR
3D structure indicate that two critical residues (W-
141 and S-296) are missing in the diatom 2-HADHs
(data not shown), arguing against HPR activity.
The transcript pattern for Thaps3.2846 clusters
tightly with PGP and GOX2 (Fig. 2), suggesting
that the enzyme may instead play a role in glyoxy-
late reduction. In addition, these 2-HADHSs have a
preference for D-stereoisomers, which is consistent
with the D-lactate preference in the mitochondria
(Winkler and Stabenau 1992). Confirmation of the
exact activities and role of Thaps3_2846 will require
experimental validation.
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Peroxisomal Processing of Glycolate
Through the Glyoxylate Cycle

The glyoxylate cycle offers an alternate route
to convert glycolate into useful biosynthetic
precursors (Kunze et al. 2006). Glyoxylate is
produced in the peroxisome by isocitrate lyase
(ICL, Thaps3.35523) during B-oxidation, and can
be produced from photorespiratory glycolate by
GOX1, (Thaps3.406). Glyoxylate combined with
acetyl-CoA forms malate by the activity of malate
synthase (MS, Thaps3.26293) (Fig. 1D). Biochem-
ical studies showed that MS and ICL enzyme
activities are induced under conditions of high irra-
diance and low CO. availability, suggesting that
the glyoxylate cycle is involved in processing gly-
colate in the peroxisome (Winkler and Stabenau
1995). Our transcript data show coordinate upregu-
lation of MS, ICL and malate dehydrogenase (MDH,
Thaps3_41425), but not GOX1, suggesting that the
glyoxylate cycle is responsive to our conditions, but
that the formation of glyoxylate via photorespira-
tory glycolate may not be a prominent contributor
to glyoxylate formation. Alternatively, GOX1 may be
constitutively expressed and not regulated at the
transcript level. The GOX1 transcript response also
does not cluster with the photorespiratory response
in other datasets (Hennon et al. 2015). To substan-
tiate the possible role of the glyoxylate cycle, we
analyzed and experimentally verified the location of
enzymes involved in it. MS sequences from both T.
pseudonana and P, tricornutum were analyzed and
found to contain canonical C-terminal PTS1 signals
recognized by a Pex5 receptor protein that facil-
itates transport into the peroxisome (Rucktaschel
et al. 2011). In isolated peroxisomes of the diatom
Fragilaria '*C-labeled malate is produced from '4C-
labeled glycolate, supporting the localization of this
reaction (Winkler and Stabenau 1992). For these
reasons, we used MS as a peroxisomal marker.
T. pseudonana cells transformed with GFP-tagged
MS produced labeling in two closely-associated
spots per cell (Fig. 6) that were similar in size
(<1 um) as peroxisomes described in other organ-
isms (van den Bosch et al., 1992).

While significant efforts have advanced our
understanding of the signals that direct proteins
into secondarily-derived plastids of diatoms (Apt
et al. 2002; Gruber et al. 2007, 2015), signals
that dictate targeting to other cellular compart-
ments, such as the peroxisome, are just beginning
to emerge (Gonzalez et al. 2011). In plants, ICL
is targeted to the peroxisome through PTS1, but
ICL is known to be cytosolic in some fungi (Kunze
et al. 2006). T. pseudonana ICL (Thaps3.35523)
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Figure 6. Localization of malate synthase and isocitrate lyase in T. pseudonana. Representative cells of T.
pseudonana in different orientations. False color images represent GFP in green and chlorophyll autofluo-
rescence in red. A) Expression of MS from plasmid pTp-native/Tp26293-bfloal_gfp and ICL from plasmid
pTp-FCP/Tp35523-gfp demonstrate peroxisomal localization that typically appeared as two distinct, but closely
associated spots per cell that are less than or equal to 1 um. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

lacks the PTS1 sequence (Table 1), yet expres-
sion of GFP-fused ICL resulted in similar labeling
as that observed for MS, supporting peroxisomal
localization that was expected based on previous
biochemical studies (Fig. 6) (Winkler and Stabenau
1995). Diatoms appear to lack alternate peroxiso-
mal import systems that have been described in
other organisms (i.e. PTS2 targeting) (Gonzalez
et al. 2011). Therefore, the mechanism targeting
ICL to diatom peroxisomes remains unclear and
points to the possibility of the presence of an
uncharacterized peroxisomal import signal within
the ICL sequence. In support of this possibility,
so-called non-PTS proteins have been described,
including MS and ICL from Candida albicans
(Piekarska et al. 2008) and ICL from castor bean
(Parkes et al. 2003), that are imported to peroxi-
somes in a PTS1-independent but Pex5-dependent
manner (Rucktaschel et al. 2011; van der Klei and
Veenhuis 2006). The in vivo localization of ICL

demonstrates the presence of key glyoxylate cycle
enzymes in peroxisomes of T. pseudonana.

In higher plants, the glyoxylate cycle utilizes
acetyl-CoA generated by the B-oxidation of lipids,
for example, during mobilization of storage lipids
during seed germination or during senescence
due to periods of prolonged dark exposure when
endomembrane systems are degraded (Kunze
et al. 2006). Therefore, the glyoxylate cycle may
be an important mechanism for the repackaging
of acetyl-CoA from oxidized lipids. The breakdown
and repackaging of membrane lipids is a docu-
mented response in diatoms during nutrient-limited
growth arrest and neutral lipid accumulation (Yang
et al. 2013).

The Anapleurotic Role of Malic Enzyme

Malate or OAA generated by the glyoxylate cycle
may be transported into the mitochondria and enter
the TCA cycle directly (Igamberdiev and Lea 2002),



or be converted into pyruvate via the action of
malic enzyme (Fig. 1E) (Plaxton and Podesta 2007;
Sweetlove et al. 2010). Malic enzyme is a C4
decarboxylase with diverse functional roles in pho-
tosynthetic eukaryotes. Malic enzyme isozymes
use either NAD* or NADP* as a cofactor and can
be targeted to the cytosol, chloroplast, and/or the
mitochondria. While a chloroplast-localized NADP-
dependent ME would be more consistent with
roles associated with C4 photosynthesis and/or
fatty acid biosynthesis, a cytosolic or mitochon-
drial NAD-dependent ME is less likely to be
involved in these pathways. Previous analyses of
ME amino acid sequence suggests that NAD may
be the preferred cofactor for diatom MEs (Kroth
et al. 2008). To confirm this analysis, we com-
pared NAD(P) binding sites from diatom MEs (see
Supplementary Material Table S1 in the online
version at DOI: 10.1016/j.protis.2016.10.005) and
from several manually curated and biochemically
validated MEs from the Uniprot database (see
Supplementary Material Fig. S3 in the online ver-
sion at DOI: 10.1016/.protis.2016.10.005). Our
analysis demonstrates that the T. pseudonana
ME (Thaps3-34030) nucleotide binding sequence
groups with other known NAD-specific binding
sites, as do most of the other diatom sequences.
A notable exception is a second P tricor-
nutum isoform (Pt.51970), which groups with
NADP-dependent ME sequences found in plants,
highlighting the possibility that this ME may serve
a different functional role in P. tricornutum (Smith
et al. 2012).

Conflicting information concerning the intracellu-
lar localization of diatom ME exists in the literature.
Although the Thaps_34030 homolog found in P.
tricornutum also has a mitochondrial targeting
sequence (Kroth et al. 2008), experimental local-
ization in T. pseudonana suggested this protein
was cytosolic (Tanaka et al. 2014). With additional
RNAseq support, we extended the N-terminus
of the protein model based on RNAseq cov-
erage to uncover a mitochondrial signal (see
Supplementary Material Fig. S4 in the online ver-
sion at DOI: 10.1016/j.protis.2016.10.005). We
also generated a GFP fusion construct using
native promoter/terminator regions for ME and
observed colocalization to the mitochondria with
the TCA cycle enzyme citrate synthase (CS;
Thaps3-11411) (Fig. 7; see Supplementary Mate-
rial Fig. S1 in the online version at DOI:
10.1016/j.protis.2016.10.005).

Both the similarity to NAD-dependent enzymes
and the mitochondrial localization of ME suggests
an anapleurotic role through the provision of pyru-
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vate for the synthesis of TCA cycle intermediates.
This is consistent with previous transcriptomic, pro-
teomic, and enzyme activity data that suggest ME
is not directly involved in a biochemical carbon con-
centration mechanism (Kustka et al. 2014; Clement
et al. 2015). In addition, coordinate expression
of ME with photorespiratory (Hennon et al. 2015)
and glyoxylate cycle genes (Fig. 2C) suggest this
enzyme may have an important supporting role in
mitochondrial metabolism.

In plants, the activity of mitochondrial ME main-
tains TCA cycle function during conditions of
low glycolytic flux and reduced pyruvate avail-
ability (Kromer 1995). Under such scenarios, ME
generates an alternative source of pyruvate for
acetyl-CoA formation and utilization in the TCA
cycle (Sweetlove et al. 2010). This arrangement
conveys some metabolic flexibility, as it allows for
malate to serve as the sole substrate for the TCA
cycle if necessary (Sweetlove et al. 2010). While
the contribution of ME-derived pyruvate is typically
small, flux through this pathway is significant under
certain conditions, including during fatty acid accu-
mulation in oilseed embryos (Plaxton and Podesta
2007; Schwender et al. 2004, 2006; Sweetlove et al.
2010). In our conditions, malate produced by the
glyoxylate cycle may be routed to mitochondria
where it can serve a similar role in supplementing
the TCA cycle. Furthermore, the observed increase
in glyoxylate cycle and ME transcripts during sil-
icon starvation supports the idea that ME serves
as a connection between peroxisomal metabolism
and the repurposing of carbon for biosynthetic pre-
cursors. Increases in TAG and chlorophyll content
are hallmarks of silicon starvation in T. pseudonana
(Smith et al. 2016), and these carbon-intensive
processes may reduce pyruvate availability for mito-
chondrial respiration and increase the flux of carbon
skeletons (in the form of TCA cycle intermediates)
out of this organelle. Malate, coupled with the activ-
ity of ME, can serve as an alternative source of
organic carbon with the ability to support biosyn-
thetic and respiratory processes of mitochondrial
metabolism during silicon starvation in diatoms.

Implications of the Model

Physiological data (Smith et al. 2016), coupled with
an induction of photorespiratory transcripts, sug-
gests that photorespiration may be induced as a
mechanism to manage an imbalance in cellular
reducing potential in our experimental conditions.
Recent evidence suggests that diatoms maintain
favorable ATP/NADPH ratios in the chloroplast
through the transfer of reducing equivalents to mito-



Chlorophyll
+

Citrate Synthase Malic Enzyme

Cell 1

Cell 2

Cell 3

Malic Enzyme

74

Chlorophyll

+
Chlorophyll  Citrate Synthase Citrate Synthase
+ + +

Malic Enzyme DIC

Figure 7. Colocalization of malic enzyme (ME) with mitochondrial citrate synthase (CS). Representative T.
pseudonanacells. False colorimages represent GFP in green, TagRFP in pink and chlorophyll autofluorescence
in red. White demonstrates co-localization of the fluorescent proteins. Expression of ME from the plasmid
pTp Native/Tp5100-gfp and CS from pTp rpL41/Tp11411-tag-rfp demonstrate that ME is co-localized with
mitochondrial CS. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

chondria, where reductive potential can be used
to drive ATP production or be dissipated in the
electron transport chain via transfer to O, (Allen
et al. 2006, 2008; Bailleul et al. 2015; Hockin et al.
2011; Kim et al. 2015; Prihoda et al. 2012). The
latter process involves the activity of alternative oxi-
dase (AOX), which transfers electrons directly to
molecular oxygen without contributing to ATP syn-
thesis (Bailleul et al. 2015; Vanlerberghe 2013).
In plants, AOX is subject to many layers of reg-
ulation including redox regulation and activation
by pyruvate and photorespiratory intermediates
(Vanlerberghe 2013), suggesting the possibility that
the buildup of these metabolites in diatom mito-
chondria may also signal AOX that the cellular
reducing status needs to be adjusted. The details
of a mechanism for transferring reducing poten-
tial between the chloroplast and the mitochondria
remain unclear (Bailleul et al. 2015), although
dihydroxyacetone phosphate (DHAP) was recently
put forth as a possible candidate carrier molecule

(Kim et al. 2015). Given our identification of three
possible candidates for glycolate oxidation in the
mitochondria of T. pseudonana (Thaps3_3353,
Thaps3_42965, Thaps3_2846), including confirma-
tion of mitochondrial localization for GOX2 (Fig. 4,
see Supplementary Material Fig. S1A in the online
version at DOI: 10.1016/].protis.2016.10.005), we
suggest glycolate may also participate in the trans-
port of reducing potential and carbon skeletons
from the chloroplast to the mitochondria under
certain conditions (Fig. 1A), and may also sup-
port active energy dissipating mechanisms (such
as AOX) within the mitochondria. Consistent with
this was the transcript-level induction (1.5-fold) of a
mitochondrial AOX (Thaps3.42992) in our experi-
mental conditions.

Our analysis does not support the presence of
a GLYK or a convincing HPR in diatom genomes
(Fig. 5), and is in agreement with previous asser-
tions that the C2 cycle is incomplete (Igamberdiev
and Lea 2002; Kroth et al. 2008). The implica-



tion of this finding is that photorespiratory carbon
is repurposed initially into other metabolic pro-
cesses, rather than being returned directly to the
Calvin-Benson cycle. Instead, we propose that
the transaminases SPT/AGAT (Thaps3_22208) and
ALAT/GGAT (Thaps3_412) work in conjunction to
produce precursors for amino acid biosynthesis
(Fig. 1C). This alternative approach simultane-
ously allows for the dissipation of energy and the
repurposing of carbon skeletons within the same
organelle and may be especially advantageous
under extreme conditions when the rate of carbon
fixation (and therefore the requirement for 3PGA in
the plastid) is low.

Additionally, we suggest that peroxisomal pro-
cesses may be interconnected with photores-
piratory metabolism in diatoms, and this multi-
compartmentation may afford some flexibility in
responding to different environmental conditions.
For example, mitochondrial photorespiratory pro-
cesses permitted cells to satisfy carbon backbone
demand for reassimilation of nitrogen released from
intracellular stores (Huang et al. 2015). Consistent
with this was down-regulation of enzymes involved
in the glyoxylate cycle during nitrogen limitation
(Yang et al. 2013). Alternatively, when diatoms
were cultivated in low CO, conditions, biochemi-
cal studies found that glycolate oxidation activity
was substantially increased in the peroxisome
as were glyoxylate cycle enzymes (Winkler and
Stabenau 1995). This suggests carbon-limited cells
salvage photorespiratory glycolate and convert it
into malate, which can be metabolized through
other pathways, minimizing carbon and energy
losses associated with the C2 cycle (Winkler
and Stabenau 1992). The differential biochemical
response in the mitochondria and peroxisome to
moderate versus severe photorespiration (Winkler
and Stabenau 1995) coupled with transcriptome
analysis (Hennon et al. 2015) (Fig. 2) suggest
that primary processing of photorespiratory carbon
occurs in the mitochondrion, and that peroxiso-
mal processing can contribute as an “overflow
valve” when conditions are more severe. Collec-
tively these findings provide a framework through
which we can interpret the response of diatoms
during silicon starvation-induced growth arrest.

In our conditions, we observe induction of tran-
scripts likely involved in mitochondrial glycolate
oxidation (Fig. 2A), including a mitochondrial GOX2
(Fig. 4), concomitant with a high light shift and
the onset of cell cycle arrest. The transport and
subsequent oxidation of glycolate in the mitochon-
dria may be one strategy to mitigate damage from
overreduction of the chloroplast. Additionally, we
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observe an increase in the transcripts of genes
that likely participate in the conversion of glyoxy-
late to glycine, serine, and TCA cycle intermediates
(Fig. 2B). Due to a lack of cell division, cellular
energy demands are reduced, facilitating a non-
cyclic mode for the TCA cycle that feeds isocitrate
into the glyoxylate cycle. The induction of per-
oxisomal glyoxylate cycle enzymes (Figs 2C, 6;
see Supplementary Material Fig. S1B in the online
version at DOI: 10.1016/].protis.2016.10.005) may
participate in salvaging carbon produced during 3-
oxidation and membrane remodeling that occurs
during lipid accumulation in diatoms (Yang et al.
2013). This situation also permits decarboxylat-
ing and NADH producing steps of the TCA cycle
to be bypassed, thereby limiting carbon loss and
excess energy production. The entry of carbon into
the mitochondria as malate permits cells to uti-
lize carbon from non-glycolytic sources to provision
the TCA cycle. This is accomplished through the
action of a mitochondrial ME (Fig. 7; see Supple-
mentary Material Fig. S1A in the online version at
DOI: 10.1016/j.protis.2016.10.005), which supplies
the pyruvate needed to replenish carbon skele-
tons via the partial TCA cycle (Hanning and Heldt
1993; Sweetlove et al. 2010; Turpin et al. 1988). In
this way, our model for silicon starvation suggests
that both mitochondrial photorespiratory processes
and the peroxisomal glyoxylate cycle contribute car-
bon for biosynthetic purposes, unlike the recycling
of photorespiratory carbon back into the Calvin-
Benson cycle that has been described in plants.

The model presented in Figure 1 places our
results in the context of earlier research and
clarifies areas of ambiguity from previous mod-
els. Taken together, our data supports the idea
that photorespiratory intermediates processed in
the mitochondria are routed into amino acid
metabolism rather than back into the chloroplast. In
addition, we suggest that malate derived from the
peroxisomal glyoxylate cycle may support the oper-
ation of the TCA cycle in certain conditions through
the action of malic enzyme. This organizational
scheme is a step towards understanding these
unique carbon processing pathways in diatoms and
serves to provide a framework for future investiga-
tion.

Methods

Cultivation: Cultivation for expression analysis was
performed as previously described (Smith et al. 2016).
Briefly, axenic 8L cultures of Thalassiosira pseudonana
(CCMP1335) were grown in artificial seawater medium



(ESAW, http://www3.botany.ubc.ca/cccm/NEPCC/esaw.html)
at 18°C under continuous light (150 umolm=2s') to a
concentration of approximately 1 x 10° cellsml~' and then
harvested by centrifugation for 12 min at 3100 x g and placed
in 8L of silicic acid free medium in a polycarbonate bottle at
a concentration of approximately 5 x 10° cellsml ~'. Cultures
were stirred and bubbled with air under constant continuous
light. Cultures were sampled at 0, 4, 8, 12, 18, and 24-hour
time points following inoculation into silicic acid free medium.

Transcriptomics: RNA for transcriptomic analysis was
extracted from T. pseudonana cells during a 24-hour time
course of silicon limitation. Details of the experimental design,
RNA sequencing, and processing are described in Smith et al.
(2016). Briefly, cells were treated with cycloheximide (final con-
centration, 20 wgml~'), harvested by filtration, pelleted and
stored at —80 °C prior to total RNA isolation (Hildebrand and
Dahlin 2000). RNA was processed either for hybridization to an
Affymetrix GeneChip whole genome tiling array or processed
for lllumina-based RNA-Seq.

Bioinformatic analyses: The
genome of Thalassiosira pseudonana
(http://genome.jgi-psf.org/Thaps3/Thaps3.home.html) was
searched for genes involved in photorespiratory metabolism
and carbon concentration based on BLAST similarity with
previously annotated sequences available from the Uniprot
database. RNAseq reads generated during duplicate silicon
starvation experiments (described in Smith et al. 2016) were
mapped against the T. pseudonana genome version 3 using
TopHat2 (Kim et al. 2013). Alignment files of uniquely mapped
reads in BAM format were used to create index files using
the Bam to Bai function available through the Galaxy platform
(Blankenberg et al. 2010; Giardine et al. 2005; Goecks et al.
2010). The T. pseudonana genome, existing version 3 gene
models, and the mapped reads were visualized together
on the Integrated Genomics Viewer (Robinson et al. 2011;
Thorvaldsdéttir et al. 2012) to assess the reliability of each
gene model. A FASTA file of evaluated protein sequences
used in this study is available in the supplemental material
(see Supplementary Material Fig. S5 in the online version
at DOI: 10.1016/j.protis.2016.10.005). When necessary, the
N-terminus of the gene was extended to the first in-frame
methionine to recover any excluded targeting information.
Several bioinformatic tools were used to predict subcellular
localization, including SignalP (Bendtsen et al. 2004; Nielsen
and Krogh 1998), ChloroP (Emanuelsson et al. 1999), ASAFind
(Gruber et al. 2015), MitoProt (Claros and Vincens 1996), and
PTS1 Predictor (Neuberger et al. 2003a,b). In diatoms, nuclear
encoded proteins targeted to the chloroplast have a bipartite
targeting signal necessary for import across several membrane
systems (Apt et al. 2002). Proteins predicted to have a signal
peptide (SignalP) and a chloroplast transit-peptide (ChloroP),
but not meeting the sequence requirements for stromal import
(ASAFind) were predicted to have periplastid localization.
An assessment of the conservation of targeting predictions
from available diatom sequences was attempted, and in many
cases supported our observations from P tricornutum and
T. pseudonana. However, the variability in accurate gene
model predictions, especially at the gene model boundaries,
precludes confidence in drawing rigorous conclusions.

Phylogenetic  analyses: Homologous sequences
were selected by BLAST search of the NCBI nr protein
database (http://www.ncbi.nim.nih.gov). Sequences from
model organisms that had been manually annotated and
reviewed (submitted to the UniprotKB/Swiss-Prot database)
were included as points of reference. Diatom protein
sequences were obtained from the JGI genome browser and
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(http://genome.jgi-psf.org/cgi-bin/searchGM?db=Thaps3).
Sequences were aligned using MAFFT with default
parameters (Katoh et al. 2002) and manually trimmed to
conserved functional domains in Geneious version 8.1.2
(http://www.geneious.com) (Kearse et al. 2012). Maximum
likelihood trees were constructed from the alignment in the
MEGA 6 software (Tamura et al. 2013) using the best fit model
(LG+G) with complete gap deletion and 1,000 bootstrap
replicates. For the ME tree, sequences were trimmed to
the previously characterized nicotinamide-binding region
(Scrutton et al. 1990) and a maximum likelihood tree was
constructed using PHYML (Guindon et al. 2010) with 1000
bootstrap replicates. We were not able to produce a meaningful
alignment between the GK and GLYK proteins, and therefore
decided it was not appropriate to include them in the same
phylogenetic tree. In order to represent the idea that GK and
GLYK sequences are nonhomologous proteins, we generated
a hierarchically clustered heatmap from the percent identity
matrix using the gplots package (Warnes 2015) in R (R Core
Team 2015).

Vector construction for protein localization: Destina-
tion and expression vectors were constructed as described in
Shrestha and Hildebrand (2015) using MultiSite Gateway Tech-
nology (Life Technologies). Briefly, the constitutive expression
vector pTpfcpGFP (Poulsen et al. 2006) was modified by cloning
a Gateway frame B cassette upstream of egfp creating a des-
tination vector. In cases where higher expression levels were
required for in vivo localization, another destination vector was
created utilizing the regulatory elements that drive constitutive
expression of the ribosomal protein L41 (Shrestha et al. 2013)
instead of FCP. Native expression constructs were created by
incorporating 1000 bp of the 5’ flanking region and 500 bp of
the 3’ flanking region of a gene of interest into the pMHL_71
vector to provide the native regulatory elements as described
in Shrestha and Hildebrand (2015). Primers used to amplify
genes and regulatory elements for construct synthesis are listed
in Supplementary Material Table S2 in the online version at
DOI: 10.1016/j.protis.2016.10.005. Each expression vector was
co-transformed with pMHL_9 expressing the nat1 gene under
the control of the acetyl coenzyme A carboxylase promoter,
which confers resistance to the antibiotic nourseothricin.

Diatom transformation: The protocol for diatom trans-
formation was adapted from Poulsen et al. (2006). Axenic
exponential-phase wild type T. pseudonana cells (1 x 108 cells
total) were pelleted (3,000 x gfor 10 minutes) and plated on arti-
ficial seawater medium (ASW) 1.2% agar plates. M-17 tungsten
particles were coated with 5 ug of plasmid DNA for each con-
struct with the CaCl,-spermidine method as per manufacturer’s
instructions (BIORAD, 165-2267). Each plate was bombarded
twice with 2-5mg of coated tungsten beads using the Biolis-
tic DS-1000/He particle delivery system with a 1350 psi rupture
disk. Following bombardment, cells were immediately resus-
pended in 10ml of ASW medium and incubated for 24 hours
under constant illumination (150 uE m~2s~1). The following day,
the cell density was determined and a range of concentrations
(1 x 108-5 x 10° cells) were plated on ASW agar plates con-
taining the antibiotic nourseothricin at a final concentration of
100ugml~'. The plates were incubated at 18°C in continuous
light for approximately 2 weeks. Individual colonies from the
plates were isolated and screened by PCR and imaging flow
cytometry to confirm nuclear insertion of the plasmid and for
GFP expression, respectively.

Fluorescence microscopy: Diatom transformants 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). Non-



fluorescent images were taken using differential interference
contrast (DIC). The filter sets used for fluorescentimaging were
as follows: chlorophyll (Zeiss #16: Excitation BP 485/20 nm,
Dichromatic mirror FT 510nm, Emission LP 515nm), GFP
(Zeiss #38HE Excitation BP 470/40 nm, Dichromatic mirror FT
495 nm, Emission BP 525/50 nm), and RFP (Zeiss #43HE Exci-
tation BP 550/25 nm, Dichromatic mirror FT 570 nm, Emission
BP 605/70 nm). Images were acquired with 63x/1.4 objective
oil immersion Plan-Apochromat objective and processed using
Axiovision 4.7.2 software.
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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 7.
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; Fernandez 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
B-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).
MEGAS 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 nat/ 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 7. pseudonana fcp promoter and
terminator sequences (Fig. S2A and B). Vectors were introduced into 7. 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 20-22°C under constant
illumination at 150 u mol m” sec™". 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 1e° cells ml™. 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 2¢° T.
pseudonana cells were diluted 2X in PFK Assay buffer and added to 50 pL 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 5-1,3-glucan in diatoms (Granum and Myklestad 2002)
was performed on frozen pellets containing a total of 2-5¢® 7. 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™" 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 IDEAS™ software.
3.4.6 Protein assay

Protein concentrations were measured using the Biorad DC™ Protein Assay,
based on the Lowry method for protein quantification. 5-10 mL of 7. pseudonana culture
(1-3¢’ 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
pL of 1 mg/ml BODIPY stock or 3.1 uL 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
IDEAS™ 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

S™ software. For total

individual cells per sample were analyzed using the Amnis IDEA
extracted chlorophyll, 5-10 mL of 7. pseudonana culture was filtered onto duplicate 25
mm glass fiber filters and immediately frozen at -80°C. 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 5¢’ cells ml™ 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
ALGlInstruments 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 5¢’ cells/ml and dark acclimated for at least 10 minutes prior to
measurement. Oxygen evolution was recorded under a light intensity of 1000 pmol
photons m™ sec”’. 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 1x10° cells ml™, 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 20°C. 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™) at 37°C 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 7. 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 5-1,3-
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 (109fcpl and
109fcp2) resulted in visible GFP fluorescence, suggesting a suppression of
overexpression in the other lines (Fig. 3-6A). Lines 109fcpl 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 (4-6¢° cells mL™") 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 = 9¢°).

We characterized the effect of overexpression of PFK2-2 on biochemical
composition during exponential phase (1e° cells mL™") and stationary phase (4-5¢° cells
mL™). 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 (F./Fn) 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 109fcpl, 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
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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 (Miiller 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 (F,/Fn) 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 G; 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 7. 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; Miiller et al.
1997), but PFK2 overexpression in S. pombe caused cell cycle delay related due to
impaired cytokinesis (Fernandez 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 G,/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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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)

0O, evolution
(pmol/cell/hour)

WT

6.36e* +/- 1.78e*

0.695 +/- 0.022

0.415+/- 0.049

109fcp1

6.31e* +/- 1.13e*

0.686 +/- 0.050

0.457 +/- 0.093

109fcp2

6.18e*+/- 6.22¢*

0.674 +/- 0.030

0.358 +/- 0.115
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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; FOP = fructose 6-phosphate; FBP =
fructose-1,6-bisphosphatase; PFK = phosphofructokinase; GlulP = 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 3-4. 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 B-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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Z stack

Figure 3-5. Z-stack micrographs of 7. 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.
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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 109fcpl 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.
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type and two PFK2-2 overexpression lines. Measurements were taken from three
independent biological replicates (n=3).
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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).



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 7. 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 7. 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 7. 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 7. 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 7. 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 7. 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 7. 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 7. 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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