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In the last decade, advances in high throughput sequencing and computational analysis of 

DNA and RNA have revolutionized biological research from environmental science to 

biomedicine. Genome and transcriptome sequences from diverse eukaryotes are now relatively 

easy to obtain providing unprecedented opportunities for comparative and functional genomics 

studies. Despite the availability of several genomes of ecologically relevant microbial eukaryotes, 
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including the marine diatom Thalassiosira pseudonana, the application of sequence data to obtain 

a more complete understanding of the physiology, ecology, and evolution of eukaryotic marine 

microorganisms remains in its infancy. Practically, the relationship between sequence data and 

carbon and energy metabolism is of interest for biotechnological applications such as the 

engineering of algae for the development of renewable biofuels. The primary objective of this 

dissertation was to characterize aspects of the regulation of carbon and energy metabolism in T. 

pseudonana using both comparative and functional genomics approaches. In the first chapter, an 

analysis of the conservation of carbon partitioning enzymes was conducted by comparing three 

genomes of distantly related diatoms. In the second chapter, the effect of silicon starvation on the 

physiology and transcriptome of T. pseudonana was characterized to provide insight into the 

mechanisms by which metabolism is regulated at the transcript level. In the third chapter, the 

existence of a specific mode of transcriptional regulation (organization of genes into inverted 

gene pairs) was documented. Taken together, these chapters represent a significant advance in our 

understanding of mechanisms that regulate metabolism and cellular energetics in T. pseudonana 

with implications for both environmental studies and biotechnological applications.  
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Phytoplankton are responsible for nearly half of the inorganic carbon fixation on earth 

thus playing an integral role in fueling oceanic food webs and biogeochemical cycles (Field et al. 

1998). Diatoms alone are thought to be responsible for up to 40% of oceanic primary productivity 

making them one of the most productive classes of oceanic phytoplankton (Nelson et al. 1995). 

Despite their ecological importance, relatively little is known about how diatoms acquire, utilize, 

and store carbon at the biochemical and molecular levels. This is unfortunate since understanding 

carbon metabolism in diatoms is essential to both comprehend their ecological and 

biogeochemical significance and for applications in biotechnology. 

Genomics and advances in high throughput sequencing have revolutionized biological 

research in a variety of fields from environmental microbiology to biomedicine and 

biotechnology. The sequencing of the genome of Thalassiosira pseudonana, a small 

photosynthetic diatom, was a major milestone in molecular biological oceanography (Armbrust et 

al. 2004). Since then, genomes of several other diatoms have been sequenced including 

Phaeodactylum tricornutum, Fragilariopsis cylindrus, Pseudo-nitzschia multiseries and 

Thalassiosira oceanica with more organisms in the pipeline (Bowler et al. 2008, Lommer et al. 

2012). The analysis of these genomes both singly and in a comparative way provides information 

on the physiology, ecology, and evolution of phytoplankton and other marine microorganisms 

that is useful in understanding their role in marine ecosystems. Furthermore, genome data 

facilitate functional genomics studies in which more dynamic aspects of genomes (i.e. gene 

expression) can be investigated to better understand how genes are used to modify physiology 

and metabolism to adapt to changing environmental conditions. This understanding is important 

not only in the application of sequence data to investigating how organisms behave in complex 

ocean ecosystems but is useful for biotechnological applications.  

Diatoms have emerged as a useful class of organisms for many applied purposes ranging 

from nanotechnology to the development of renewable biofuels (Bozarth et al. 2009, Hildebrand 
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et al. 2012). Diatoms, and many algae in general, are excellent candidate organisms for renewable 

liquid fuels production for many reasons including their high productivity relative to terrestrial 

crops, lack of competition for agricultural land, and the potential to utilize wastewater as a 

nutrient source (Chisti 2007). Algal biofuels are currently not economically competitive with 

fossil fuels (Bozarth et al. 2009, Lundquist et al. 2010). While improvements to production 

systems may reduce the cost of algal biofuels, the greatest impact on the economics of microalgal 

fuels would be improvement of the productivity (biomass and oil or lipid yield) of existing strains 

through genetic modifications (Chisti 2007, Dunahay et al. 1996, Leon-Banares et al. 2004, 

Roessler 1990, Roessler 1994). Work conducted in the DOE Aquatic Species Program pioneered 

genetic transformation in diatoms as a means to optimize the lipid production of microalgae 

(Sheehan et al. 1998). A gene thought to be important in regulating lipid synthesis (acetyl-CoA 

carboxylase; ACCase) was introduced and overexpressed in a diatom, and while increased protein 

activity was demonstrated, there was no enhanced lipid accumulation phenotype suggesting that 

there are additional factors that regulate the flux of carbon into fatty acid biosynthesis (Dunahay 

et al. 1996). Labeling experiments in the diatom Cyclotella cryptica during a silicon starvation 

and lipid induction time course demonstrated that carbon is repartitioned from storage 

carbohydrate to lipid which highlights the importance of carbon flux regulation in the lipid 

accumulation process. Ultimately, this work highlights that in spite of the ability to genetically 

engineer diatoms, the approach is not necessarily fruitful unless it is applied within a framework 

of understanding native regulatory control of flux of carbon into lipid to be successful. 

In autotrophic microorganisms, growth and division are major outputs for cellular carbon fixed 

during photosynthesis. Nutrient-starvation induced growth arrest is often concomitant with 

enhanced lipid accumulation suggesting that intracellular carbon flux is being redirected from 

growth-related processes towards lipid accumulation. How this is regulated, and whether there is 

a transcriptional component to this redirection is not well understood. Broadly, this thesis seeks to 
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better elucidate the molecular mechanisms that underlie the regulation of carbon and energy 

metabolism in diatoms. This was done not only to better characterize fundamental aspects of 

diatom biology that have implications for how we study their ecology, physiology, and evolution, 

but to inform effective metabolic engineering approaches to enhance lipid productivity for the 

develoment of renewable fuels from algae, including diatoms. This was accomplished by both 

comparative and functional genomics approaches.  

In the first chapter, the organization and conservation of enzymes in carbon partitioning 

pathways (i.e. glycolysis and gluconeogenesis) was characterized. Carbon partitioning pathways 

regulate the flux of carbon intracellularly towards several fates, including storage carbohydrates 

(gluconeogenesis) or towards respiration or fatty acid biosynthesis (glycolysis). Despite the 

fundamental role of these pathways in partitioning carbon, relatively little was known about the 

localization and evolutionary conservation of these enzymes in diatoms. Evolutionarily, diatoms 

arose through a secondary endosymbiosis in which a free-living eukaryotic red alga was engulfed 

and enslaved as a chloroplast, followed by large-scale transfer of the endosymbiont genetic 

material to the host nuclear genome (Armbrust 2009). As a result of this evolutionary history, 

diatom intracellular compartmentation is distinct from that of terrestrial plants and primary 

endosymbionts (Archibald 2009, Keeling 2010). Furthermore, their nuclear genomes are a 

mixture of genetic material from a variety of evolutionarily distinct sources (Armbrust et al. 2004, 

Lopez et al. 2005). This understanding, combined with the knowledge that many protists are 

known to re-organize metabolism by modifying the targeting of enzymes to different 

compartments (Ginger et al. 2010) was the motivation to characterize the distribution of these 

pathways in diatoms.  

There are elements of carbon partitioning pathways that have been absolutely conserved 

throughout diatom diversification (cytosolic preparatory phase of glycolysis and mitochondrial 

payoff phase of glycolysis, Smith et al. 2012), there are aspects of these pathways that have been 
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modified in lineage-specific ways. For example, Phaeodactylum tricornutum has additional 

copies of an ATP-phosphofructokinase, one of which is found in the chloroplast indicating that 

only this diatom (of the three investigated) has the capacity to completely catabolize glucose in 

the chloroplast (Smith et al. 2012). In the future, the expansion of this analysis to include 

additional diatom genomes as they are sequenced will illuminate how alterations to carbon 

partitioning pathways may have accompanied or even driven diatom diversification. 

For the second chapter of this thesis, the transcriptomic response of Thalassiosira 

pseudonana on a time course of silicon starvation and lipid induction was investigated. 

Experimentally manipulated environmental stressors such as nitrogen or phosphorus limitation, 

low light, high light, or low temperature have been shown to increase lipid content in a variety of 

microalgal strains (Cohen et al. 1988, Harrison et al. 1990, Sicko-Goad 1988, Shifrin and 

Chisholm 1981, Tadros and Johansen 1988). Specifically, silicon starvation induces lipid 

accumulation in the diatoms T. pseudonana and Cyclotella cryptica (Roessler 1988, Traller et al. 

2013). Transcriptomic studies have examined the response of the T. pseudonana transcriptome to 

phosphorus stress (Dhyrman et al. 2012), silicon re-addition (Shrestha et al. 2012), iron starvation 

(Thamatrakoln et al. 2012), and diel cycles (Ashworth et al. 2013). Mock et al. (2008) showed 

that silicon limitation elicits a transcriptomic response in T. pseudonana though the conditions 

tested were likely not severe enough to induce lipid accumulation. For the first time, the 

transcriptomic response of T. pseudonana on a time course of silicon starvation was characterized 

and resulting transcript level changes were interpreted within the context of other documented 

physiological changes. 

During silicon starvation there are significant changes in the transcriptome of T. 

pseudonana. Generally, the up regulation of enzymes within metabolic pathways is consistent 

with observed physiological changes. Overall, genes involved in carbon and energy acquisition 

and storage, such as light harvesting, carbon fixation, and fatty acid biosynthesis are up regulated 
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during silicon starvation whereas genes associated with growth, such as ribosomal proteins, 

glycolysis enzymes, and complex lipid biosynthesis are down regulated. Furthermore, a highly 

coordinated response of large suites of genes was documented illustrating a high degree of 

connectivity within regulatory networks that act at the transcript level. Finally, many of these 

coordinated changes were correlated with cell cycle progression, supporting the idea that in wild-

type diatoms the regulation of cellular physiology and metabolism, and cellular carbon and 

energy inputs have been mechanistically integrated with growth. With this understanding, 

metabolic engineering approaches that seek to de-couple growth and aspects of metabolism such 

as lipid accumulation for the development of renewable biofuels can be more successful 

(Trentacoste et al. 2013).  

The third chapter of this thesis sought to examine the functional significance of gene 

order in diatoms with respect to transcriptional regulation. In diatoms, it has been observed that 

genes that are found to be near one another are often functionally linked or co-expressed (Allen et 

al. 2008, Sapriel et al. 2009). Though gene order in eukaryotic genomes is generally assumed to 

be random due to shuffling throughout evolution, this is not always the case and genes that are 

found near to one another are often co-expressed through a variety of mechanisms (Hurst et al. 

2004). To date, there has not been any global analysis of the functional significance of gene order 

in unicellular photosynthetic eukaryotes. This is only recently possible as there are an increasing 

number of genomes and time course transcriptomes available. A major finding of the third 

chapter of this thesis was that in T. pseudonana the organization of genes into inverted gene pairs 

appears to be a specific mechanism by which the co-expression of genes at the transcript level can 

be regulated. From a survey of diverse eukaryotic genomes, it also appears that organization of 

genes into inverted gene pairs is more common in small genomes and in the genomes of 

eukaryotes with a red-algal derived plastid. Interestingly, in T. pseudonana, several genes that are 

organized into inverted gene pairs appear to have key roles in cell cycle progression, carbon 
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metabolism, and photosynthesis, suggesting that this mode of regulation may be important in 

cellular carbon and energy metabolism. In summary, the findings presented in chapter 3 

ultimately raise more questions than answers, and future work should expand on this analysis.  

In summary, the findings of this thesis provide insight into how diatoms regulate the flux 

of intracellular carbon both by compartmentalizing metabolism and by coordinating cellular 

carbon and energy sources and sinks at the transcript level. Furthermore, a mechanism by which 

specific genes are co-expressed (i.e. the organization of genes into inverted gene pairs) was 

documented for the first time. Overall, the research presented in this thesis represents a significant 

advance in our understanding of how carbon and energy metabolism are regulated in an 

ecologically important group of organisms (diatoms) that is evolutionarily distinct from most 

model eukaryotes. This understanding is not only fundamental to better appreciate the ecology, 

physiology, and evolution of diatoms but also to inform metabolic engineering strategies in a 

group of organisms that is increasingly being recognized for its value in biotechnology.  
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2.1 ABSTRACT 

Analysis of the transcriptional and physiological response of T. pseudonana on a silicon 

starvation time-course revealed a complex response of several carbon metabolic pathways. 

Generally, lipid metabolism genes are up regulated along with genes for carbon fixation, and 

carbohydrate storage. Genes involved in nitrogen metabolism and growth, such as ribosomal 

proteins and pathways that supply cellular respiration, are down regulated. A highly coordinated 

transcriptional response of large suites of genes was documented, indicating that the regulation of 

many different metabolic pathways and cellular processes are synchronized. This observation 

revealed the existence of a global mechanism that integrates multiple cellular functions. 

Transcriptional changes are correlated with documented changes in growth (i.e. chloroplast 

replication) indicating that cell cycle progression globally affects gene expression in T. 

pseudonana. These findings provide valuable insight into the significance of transcript level 

changes in marine microalgae, and have informed successful metabolic engineering of T. 

pseudonana to enhance lipid production.  

 

2.2 INTRODUCTION 

Diatoms are photosynthetic marine microbial eukaryotes that form the base of oceanic 

food webs and are important in biogeochemical cycling of many elements (C, N, Si, Fe). 

Additionally, many diatoms are highly lipid productive organisms, making them candidates for 

the development of renewable biofuels from microalgae (Hildebrand et al. 2012, Levitan et al. 

2014). They were the first group of marine phytoplankton with a representative to have a full 

genome sequence available (Armbrust et al. 2004) and subsequently, many additional diatom 

genomes have been sequenced (Bowler et al. 2008, Lommer et al. 2012, www.jgi.doe.gov). The 

availability of genome data and focused efforts to develop tools for genetic manipulation of 

diatoms, facilitate in-depth investigation of many aspects of the biology of this group of 
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organisms (Poulsen et al. 2005, Poulsen et al. 2006, Bozarth et al. 2009). However, while 

genomes provide valuable insight into the evolutionary history and metabolic potential of these 

important organisms, there is still little known about dynamic aspects of genomes such as gene 

expression and its regulation (transcription, translation, etc.). Functional genomics can be used to 

characterize how organisms use the information encoded in genomes to replicate and adapt to 

fluctuating environmental conditions. 

Transcriptomics generally aims to characterize how mRNA-level changes underlie a 

variety of physiological, metabolic, and developmental processes. Advances in high-throughput 

sequencing have facilitated culture-based transcriptomic studies in diatoms, which have provided 

insight into the adaptive response of these organisms to environmental change such as high light 

(Park et al. 2010), phosphorus stress (Dyhrman et al. 2012), nitrogen and silicon starvation 

(Hockin et al. 2012, Mock et al. 2008), and iron starvation (Allen et al. 2008). A more complete 

understanding of the significance of transcript data as related to cellular response is important to 

understand many aspects of the basic biology of diatoms and other microalgae and has 

implications for studies of environmental populations, and for biotechnology. For example, 

metabolic engineering to improve lipid productivity is widely considered to be an essential 

element of economic feasibility and commercialization of algae as a feedstock for renewable 

biofuels (Radakovits 2010, Davis et al. 2011). The appropriate selection of targets for effective 

genetic engineering is required to accomplish this. Targets not only include the genes to be 

manipulated, but the steps in gene expression that will have the largest overall impact on 

metabolic activity.  

Regulation of cellular function is multi-leveled and complex and as a result, 

transcriptomes alone are not necessarily predictive of the true physiological or metabolic 

response. At one level, metabolic flux is regulated by the activities of enzymes in an individual 

pathway, and there are many factors that affect enzyme activity such as mass action, allosteric 
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interactions, and post-translational modifications (Plaxton 1996). Transcript levels affect overall 

enzyme activity through regulating cellular potential to synthesize new proteins. In plants this 

level of regulation is considered coarse and generally occurs during development or under long-

term adaptation (Plaxton 1996). In other unicellular eukaryotes (i.e. yeast), a correlation between 

transcript level changes and metabolic responses has been demonstrated (Tu et al. 2005). The 

relationship between transcript changes and metabolic shifts has been examined only in a limited 

context in algae. Since most genetic engineering techniques involve artificially regulating mRNA 

levels through over-expression or knock-down techniques, a large contribution by transcript level 

over metabolic response would be advantageous.   

In diatoms, many genes are transcriptionally responsive to specific environmental 

conditions suggesting that changes in transcript levels correlate with metabolic shifts. For 

example, the expression of silicon transporters is up regulated during silicon starvation in diatoms 

(Hildebrand et al. 1998), and genes in the photorespiratory pathway are up regulated during 

increased glycolate production (Parker et al. 2004). Additionally, genes such as LHCX1 and 

AUREOCHROME 1-a in Phaeodactylum tricornutum are known to be light responsive (Bailleul 

et al. 2010, Costa et al. 2013). In the case of AUREOCHROME 1-a the specific mechanism by 

which light regulates cell division through the activity of dsCYC2 (a diatom-specific cyclin) has 

been elucidated (Huysman et al. 2013). Alternatively, recent functional genomics studies in 

diatoms have shown that transcription of large suites of genes is coordinated with growth-related 

processes such as chloroplast division, release from silicon starvation and cell wall synthesis, and 

circadian shifts, suggesting that many genes may be under the control of master regulators (i.e. 

redox state, transcription factors) which choreograph genome-wide transcription (Gillard et al. 

2008, Ashworth et al. 2013, and Shrestha et al. 2012). Consequently, transcript level changes can 

be interpreted as either a response to adapt to a specific environmental condition or as a part of a 
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coordinated regulatory program associated with growth. Since eukaryotic gene expression is 

complex, it is possible that both factors are involved.  

In many algae, including diatoms, starvation for essential nutrients (i.e. nitrogen, 

phosphorus) induces the formation of triacylglycerol-rich lipid droplets coincident with an arrest 

in growth (Yu et al. 2009, Hu et al. 2008). Silicon is required for cell wall synthesis and growth in 

most diatoms, and silicon-starvation also induces growth arrest and the formation of lipid droplets 

(Roessler 1988). In contrast to nitrogen starvation (Hockin et al. 2012, Gasch et al. 2000), silicon 

starvation causes little decrease in overall metabolic activities making it a unique system to 

distinguish between cell cycle arrest and secondary effects that arise during nutrient limitation 

(Darley and Volcani, 1969).  

We present a transcriptomic analysis of the response of T. pseudonana during silicon 

limitation. To relate transcript-level changes to cellular processes, we also evaluated growth data 

(cell concentration, cell cycle progression), cellular composition (lipid levels, pigment levels), 

and photophysiology (carbon fixation, physiological fluorescence). The data provide insight into 

a variety of cellular processes, and indicate that transcripts of many carbon and energy 

metabolism genes are de-coupled from shifts in metabolism and physiology, and that transcript 

levels of certain genes are more likely regulated by growth and division rather than in response to 

certain environmental stimuli. A high degree of coordinate regulation of transcript levels for 

genes involved in distinct photosynthetic and metabolic processes in different cellular 

compartments was documented. This indicates that many distinct carbon and energy sources and 

sinks are integrated at the transcript level, perhaps through the existence of a master regulator or 

regulators.  

 

2.3 METHODS 

2.3.1 Culture conditions 
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Axenic 8L cultures of Thalassiosira pseudonana (CCMP1335) were grown in artificial 

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

continuous light (150 µmol m-2 s-1) to a concentration of approximately 1x106 cells ml-1 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 5x105 cells ml-1. 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 to evaluate the 

parameters in Table 2. and described in the following. Experiments were conducted over the 

course of several years from 2009 – 2013.  

 

2.3.2 Cell counts and cell cycle analysis 

Cell concentrations were determined by Neubauer hemocytometer with a minimum of 

200 cells counted per sample. For cell cycle stage determination, 12.5 ml of experimental culture 

was harvested by centrifugation (6 min at 4000 x g), extracted in 12ml of 100% ice-cold 

methanol, and kept at 4°C until analysis. Cells were pelleted, and washed 3X with TE (pH 8.0), 

and then re-suspended in 1ml TE to treat with RNase A (0.3 mg ml-1) at 37°C for 40 minutes. 

Cells were stained with SYBR® Green I (1X final concentration from a 100X SYBR® Green I 

stock made in DMSO, Life TechnologiesTM) for >10 minutes and kept on ice and in the dark until 

analysis within 4 hours. Cells were analyzed using the Becton Dickinson In-flux sorting 

cytometer (BD Biosciences, San Jose, CA). Data were analyzed using FlowJo cytometry software 

(Tree Star Inc. Ashland, OR).  

 

2.3.3 Monitoring lipid accumulation by Nile Red and BODIPY 

At each time point, triplicate samples (10 ml each) were sampled from experimental 

culture and pelleted by centrifugation (6 min at 3,200 x g). Pellets were kept frozen at -20°C until 
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analysis. For Nile Red analysis, each pellet was re-suspended in 1ml 2.3% NaCl solution and 

stained with 6.25 µl Nile Red working stock (12.5mg L-1 in acetone). Samples were incubated in 

the dark for 20-30 min before being read in triplicate on a microtiter plate reader (200 µl) at 

exc/em: 485/576nm. For BODIPY analysis, each pellet was re-suspended in 500 µl 2.3% NaCl 

and stained with a final concentration of 2.6 µg ml-1 of a 1 mg ml-1 BODIPY stock dissolved in 

DMSO (BODIPY 493/503, Life TechnologiesTM). Samples were stained on ice for a minimum of 

10 min and a maximum of 4 hr and kept on ice. BODIPY fluorescence was quantified using 

imaging flow cytometry (ImageStreamX, Amnis Corp., Seattle, WA) with a 488 nm laser with 

two neutral density filters (0.6 and 1.0). Post acquisition spectral compensation and data analysis 

were performed using IDEAS software (Amnis Corp.). Fluorescence intensity was determined for 

a minimum of 5,000 cells. 

 

2.3.4 FAME analysis 

For lipid analysis, approximately 800ml of culture was harvested by centrifugation and 

rinsed with 0.4M ammonium formate. Cells were placed in a glass tube under N2 gas and stored 

at -80°C until analysis. Before analysis, cells were lyophilized overnight and the amount of 

matter submitted to the extraction was accurately weighed (between 5-13 mg). Lipids were 

extracted following the Folch et al. (1957) method. First, lipid extracts were homogenized with a 

2:1 chloroform:methanol (v:v) with 0.01% of BHT (butylated hydroxytoluene) solvent mixture 

and ultrasonicated during 20 min in an ice bath. The mixture was then washed with a saline 

solution of 0.88% KCL.  

Fatty acids in the extracts were determined by transmethylation with 14% boron 

trifluoride/methanol at 70°C. The concentrations of the fatty acid methyl esters (FAME) were 

determined with a Hewlett Packard 5890 Series II gas chromatograph equipped with a flame 

ionization detector (GC/MS-FID; Dodds et al. 2005). Separation was achieved in a DB-Wax 
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column (30m, 0.25mm, and 0.25um) with a helium carrier gas at a flow of 1.4 ml min-1. The 

injector, FID, and MS sources temperatures were 220°, 300°, and 230°C, respectively. Samples 

(1 µl) were injected with a split ratio of 50:1. FAMEs were identified by comparison of retention 

times to authentic lipid standards (68A and 68D, Nu-Check Prep, USA). Quantification of C14 to 

C18 and C20 to C24 fatty acids was performed relative to known concentrations and Flame 

Ionization Detection (FID) peak areas of C13 and C19 FAME internal standards, respectively. 

The response factor for each standard compound (in GLC 68A and 68D) of interest was applied 

to the respective sample peak areas to calculate the final concentration of each peak of interest. 

The fatty acid methylation reaction (i.e., transesterification) efficiency was determined from the 

C15 FA internal standard added to each lyophilized algal pellet. Each sample was analyzed in 

duplicate.  

 

2.3.5 Pigment analysis 

Samples (10mL) were collected and immediately filtered through GFF Whatman filters 

(25mm) and stored at -80°C until their analysis by HPLC. Filters were extracted in 90% HPCL- 

grade acetone and ultrasonicated in an ice bath for 10 min, stored at -20°C for 24 hr and pre-

filtered through a 0.45 um Whatman nylon Puradisk filter before injection. Afterwards, pigments 

were separated using a reverse phase C-8 column following the method of Zapata et al. (2000). 

External pigment standards were used for system calibration (DHI, Denmark). Samples were 

analyzed on a Waters 600 HPLC system, equipped with a Thermo Separation Products AS3000 

sampler, a TSP Spectra 100 variable wavelength (fixed at 440 nm), a Waters 996 diode array 

(scanning 330-800 nm) and a Waters 470 scanning fluorescence detector. Data were collected 

using the Waters Millennium 32 software package.  

 

2.3.6 Transcriptomics 
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2.3.6.1 RNA isolation 

For experiments Si- #3 and Si- #9, 750ml of culture was removed, treated with 

cycloheximide (20 µg ml-1) and harvested by filtration. Cells were pelleted and stored at -80°C 

prior to total RNA isolation (Hildebrand and Dahlin 2000). RNA from experiment Si- #3 was 

processed for hybridization to an Affymetrix GeneChip whole genome tiling array while RNA 

from experiment Si- #9 was processed for Illumina-based RNA-Seq. 

 

2.3.6.2 Microarray hybridization and processing 

The Affymetrix microarray was designed and analyzed at the gene and exon level with a 

total of 524,909 sense strand probes (average of 16 probes per gene), based on gene model 

predicted transcripts for T. pseudonana, version 3.0 (http://genome.jgi-

psf.org/Thaps3/Thaps3.home.html). Included on the array were 33,886 antigenomic probes to 

account for nonspecific hybridization. For each hybridization, double stranded cDNA was 

synthesized from 7 µg of total RNA with no amplification using the GeneChip® WT Amplified 

Double-Stranded cDNA Synthesis Kit (Affymetrix). Cleanup of double-stranded cDNA was done 

with the GeneChip® Sample Cleanup Module (Affymetrix). Fragmentation and end-labeling was 

performed using the GeneChip® WT Double-stranded DNA Terminal Labeling Kit (Affymetrix). 

Hybridization of labeled targets on the arrays was carried out using the GeneChip® 

Hybridization, Wash, and Stain Kit (Affymetrix). The arrays were then scanned with the 

GeneChip® Scanner, to generate the probe cell intensity data files. Initial data analysis was 

performed as described in (Shrestha et al. 2012). 

 

2.3.6.3 RNA-Seq sequencing and processing 

Prior to library preparation, each RNA sample was subjected to quality control evaluation 

as follows. The concentration and purity of the RNA samples were assayed by a NanoDrop 
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spectrophotometer (Thermo Scientific). Each sample was required to have an A260/A280 ratio 

between 2.0 and 2.2, and an A260/A230 ratio above 2.0. The RNA samples failed to pass the 

A260/A230 ratio test, and were subjected to an additional precipitation to remove contaminants. 

Using standard laboratory procedures, the samples were precipitated by the addition of 0.1 

volumes of sodium acetate (pH = 7.5) and 2.5 volumes of 100% ethanol.  After a 30 min 

incubation at -20°C, the RNA was pelleted by centrifugation for 30 min at 4°C at maximum 

speed in a refrigerated microfuge, and the supernatant was decanted.  The RNA pellet was 

washed with 70% ethanol, decanted, air dried for 15 min at room temperature, and finally 

dissolved in 50 µL dH2O.  Following this precipitation, all samples had A260/A230 ratios above 2.0. 

RNA quality was evaluated by BioAnalyzer (Agilent Technologies) on an Agilent RNA 6000 

Nano chip following the manufacturer's instructions. RNA integrity was quantified by Agilent 

2100 Expert software.  

Next, cDNA libraries were prepared from 4 µg of total RNA for each sample using the 

Illumina TruSeq Stranded mRNA Sample Prep kit (Illumina) according to manufacturer's 

protocols (Rev. D). The resulting libraries were evaluated for size on an Agilent DNA High 

Sensitivity chip following the manufacturer's instructions, and quantified by Q-PCR according to 

Illumina's protocols. Each library was diluted to 2 nM with 10 mM Tris-Cl, 0.1% Tween 20. Bar 

coded libraries were then pooled (10 or 11 per pool), and sequenced on a Illumina HiSeq 2000 

with 50 nt single end reads.  

Raw reads were demultiplexed and quality trimmed and all reads mapped to the Tp3 

exons (Thaps3 genome downloaded from JGI) using the CLC Assembly Cell 

(CLCbio, http://www.clc-bio.com).  Quality trimming was done to a minimum score of 33 and a 

minimum length of 20bp. Genes were further annotated using PhyloDB, a comprehensive in-

house database of proteins at JCVI.  RPKMs were calculated for each library using the sum of 
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lengths of exons for each gene and the coverage of reads mapped to each exon, using a Perl 

script. 

 

2.3.6.4 Comparison of microarray and RNA-Seq data 

To quantify the replication of the response in both experiments, the Pearson’s correlation 

coefficient (PCC) between the response of a given gene from the microarray and RNA-Seq data 

was determined. The distribution of PCCs shows a generally good agreement, indicating an 

overall correlation between experiments (Supplemental Figure 1). Microarray data are plotted 

throughout as fold-change (log base 2) relative to the 0 time point, and cases where microarray 

and RNA-Seq expression patterns are not replicated (PCC <0.5) are noted. 

 

2.3.6.5 Expression clustering and functional enrichment analysis  

K-means clustering was repeated using Genesis (1.7.6) using 4, 9, 16, 25, 36, 49, 64, and 

81 clusters with 100 iterations. Accurate clustering is reflected by a low mean within cluster 

variance, which decreases with an increased number of clusters. The minimum number of clusters 

with an acceptable mean within cluster variance was chosen to (n = 36, 0.18). The numbers of 

genes annotated with KOG Classes were tabulated for each cluster. Since both clusters and KOG 

Classes have different numbers of genes attributed to them a functional enrichment index (FEI) 

was calculated to determine if clusters were disproportionately enriched in any functional 

categories: 

 

FEI = (Gclusterclass/(Gcluster * Gclass))*1000 
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Where Gclustercategory is the number of genes assigned to both a given expression cluster and 

KOG class, Gcluster is the total number of genes represented in that cluster, and Gclass is the number 

of genes in a given KOG Class.  

 

2.3.7 Photosynthesis vs. irradiance experiments 

Photosynthetic characteristics were obtained from photosynthesis–irradiance (P–I) 

measurements using a modified 14C-bicarbonate incorporation technique (Lewis and Smith 1983; 

Arrigo et al. 1999). P-I incubations were carried out in a photosynthetron incubator at 24 

irradiances ranging from 0 to 830 µmol photons m-2 s-1. Illumination was provided by two 150W 

tungsten-halogen lamps and adjusted within each vial chamber by neutral density filters. Total 

photosynthetically available radiation (PAR, 400–700 nm) within each illumination chamber was 

measured using a Biospherical Instrument QSL 101 sensor. P-I experiments were carried out at 

18°C.   

For each P–I curve, a 60 ml sample of culture was spiked with 0.06 mCi NaH14CO3 to 

obtain a final activity of 0.001 mCi mL-1. The spiked sample was distributed in 2 ml aliquots to 7 

mL glass scintillation vials. 24 of these vials were placed in the individually illuminated 

chambers within the incubator and incubated for 1 hr. Two vials (time-zero samples) were 

acidified immediately with 200 µL of 20% HCl and placed under the hood during the 24 hr 

experiment. Total activity in the samples was determined by adding 100 µL of sample at t=0 into 

two scintillation vials containing 100 µL of 1M NaOH. 5 mL of liquid scintillation cocktail 

(ECOLUMETM) was then added.  

After incubation, the samples were acidified with 200 µL of 20% HCl and placed under 

the hood for 24 hr to drive off unincorporated inorganic radioisotope. After 24 hr ventilation, all 

samples received 5 mL of ECOLUMETM liquid scintillation cocktail and were vigorously shaken.  
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Carbon uptake, normalized by Chl a and/or cell concentration, was calculated from 

radioisotope incorporation. The photosynthetic response was modeled by curve fitting as 

suggested by Platt et al (1975): 

 

PB=Pm
B  tanh (α*E/Pm

B) 

 

Where PB is Photosynthesis per unit biomass (Chl a or cell concentration) in units mgC 

mgChla-1 h-1, Pm
B  is maximum rate of photosynthesis per unit of biomass, α is the initial slope in 

units of [mgC mgChla-1 h-1 (µmol photons m-2 s-1 )-1] and E is irradiance in units of µmol photons 

m-2 s-1 . 

 

2.3.8 Imaging flow cytometry for chloroplast replication analysis 

At each time point, samples (10 ml each) were sampled from experimental culture and 

pelleted by centrifugation (6 min at 3,200 x g). Pellets were kept frozen at -20°C until analysis. 

Pellets were re-suspended in 500 µl 2.3% NaCl solution and analyzed using imaging flow 

cytometry as described above. Post acquisition data analysis was performed using IDEAS 

software using a minimum of 2000 cells (Amnis Corp.). Chloroplasts were quantified by creating 

a custom spot count feature in IDEAS.  

 

2.4 RESULTS 

2.4.1 Silicon-starvation induced lipid accumulation 

Following transfer of Thalassiosira pseudonana to silicon-free medium, cell 

concentration (cells ml-1) did not increase significantly, however there was a detectible shift in the 

proportion of the population in the G1 and G2+M phases of cell cycle between 0-4 hr indicating 

that while cell division in the majority of the population arrests immediately, progression through 

41



the cell cycle does not (Figure 9A, 9B). RNA isolated from 6 time points (0, 4, 8, 12, 18, and 

24h) from experiments Si- #3 and Si- #9 was processed for hybridization to Affymetrix whole 

genome tiling arrays designed for the T. pseudonana genome, and for Illumina-based RNA-Seq 

respectively. Both types of data were analyzed as described in Methods. All data plotted 

throughout are microarray results supported by RNA-Seq replication. Instances in which the 

transcript changes did not replicate the pattern seen in microarray data are noted. Transcripts 

encoding silicon transporters (SIT1 and SIT2) were up regulated significantly at 4hr and 

remained high throughout the time course confirming at the transcript level that the culture was 

experiencing silicon limitation (Figure 9C, Hildebrand et al. 1998).  

Cellular lipid levels were reproducibly induced between 8-12 hr of silicon starvation in 

all experiments (Figure10). This induction corresponded to a nearly 3-fold increase in cellular 

fatty acid methyl ester (FAME) levels by 24 hr accompanied by a shift in the FAME composition 

(Figure 10B). The dominant fatty acid methyl ester (FAME) produced initially was palmitic acid 

(C16:0), but after 12 hr of silicon starvation the FAME composition was dominated by 

palmitoleic acid (C16:1) (Figure 10B). Palmitoleic acid is a major constituent of diatom 

triacylglycerol (Yu et al. 2009), and this shift in FAME coincided with the onset of lipid droplet 

formation as seen by BODIPY staining (Figure 10B). 

Several genes involved in lipid production, including genes for fatty acid biosynthesis, 

modification, and glycerolipid biosynthesis, were differentially expressed during the 24-hour 

silicon starvation period (Figure 11). De novo biosynthesis of fatty acids occurs in the chloroplast 

of diatoms via a type II fatty acid synthase (FAS-II, Armbrust et al. 2004). The first committed 

step of fatty acid synthesis is catalyzed by acetyl-coA carboxylase (ACCase). There are two 

copies of ACCase in the T. pseudonana genome, one of which is predicted to be localized to the 

chloroplast (Thaps3_6770) and the other to the cytosol (Thaps3_12234), which are both up-

regulated during the 24-hour silicon starvation period (Figure 11). Transcripts for nearly all of the 
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Figure 9. Effect of silicon starvation on A) growth, B) cell cycle stage, and C) transcript 
levels of  silicon transporters in T. pseudonana incubated in continuous light. A) Data 
from silicon starvation experiments are shown with a silicon replete control (Si+). B) 
Representative cell cycle histograms (from experiment Si- #5) are shown. In each histogram, 
the left peak are cells in the G1 phase of the cell cycle, and the right peak G2+M.  C) 
Microarray fold change gene expression (relative to t=0) is plotted. Pearson’s Correlation 
Coefficients with RNA-Seq data are Thaps3_268895 (0.62), Thaps3_41392 (0.76), 
Thaps3_35133 (0.73). 
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Figure 10. Lipid accumulation profiles of silicon-starved T. pseudonana. (A) Lipid 
accumulation determined fluorometrically using lipophilic fluorescent dyes Nile Red (solid 
lines) and BODIPY (dashed lines). (B) Representative fatty acid methyl ester (FAME) profile 
(from experiment Si- #7). Inset micrographs show chlorophyll (red) and BODIPY-stained lipid 
droplets (green) in a cell representing the average of the population at each experimental time 
point, showing the induction in lipid droplet formation at 12 hr.  
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Figure 11. Transcript level changes of genes involved in de novo fatty acid synthesis, 
modification of fatty acids, and complex lipid biosynthesis during silicon starvation in T. 
pseudonana. Heatmap shows microarray data as log_2 fold-change in transcript level relative 
to t=0. White dots indicate the time of maximum or minimum transcript-level change for each 
gene. Asterisks following the gene name indicate the pattern was replicated in RNA-Seq data. 
(Pearson’s Correlation Coefficient >0.5).  
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enzymes catalyzing subsequent steps of the fatty acyl synthase pathway were also significantly up 

regulated (Figure 11). Several desaturases responsible for the synthesis of unsaturated fatty acids 

through the introduction of double bonds were identified in the T. pseudonana genome. Most 

notably, a delta-9 fatty acid desaturase (FAD, Thaps3_1192_bd) was the most up-regulated and 

highly expressed (>300 RPKM) desaturase during silicon-starvation. This FAD 

(Thaps3_1192_bd) is predicted to be located in the chloroplast and is co-expressed with the 

chloroplast acetyl-CoA carboxylase (ACCase, Thaps3_6770) implicating it as the enzyme 

responsible for the detected shift from palmitic acid (C16:0) to palmitoleic acid (C16:1).  

Cellular polyunsaturated fatty acid (PUFA) levels increased during silicon starvation 

though most genes predicted to be involved in the synthesis of PUFA were down regulated 

(Figure 10B, Figure 11). Two omega-3 fatty acid desaturases (Thaps3_41014, Thaps3_3143), and 

one omega-6 (Thaps3_23798) fatty acid desaturase were down regulated (Figure 11). Of the three 

fatty acid elongases from the GNS1/SUR4 family (IPR002076) in the T. pseudonana genome, 

two were down regulated (Thaps3_3741, Thaps3_93). Comparison with PUFA levels (Figure 

10B) suggests that if the transcriptional regulation of PUFA synthesis enzymes acts to regulate 

the synthesis of PUFA, it occurs on longer time-scales than those observed in this short-term 

silicon starvation and that PUFA synthesis is more likely to be regulated by other factors 

regulating the flux of metabolite precursors into the pathway.  

Finally, several components of complex lipid biosynthesis machinery were up regulated 

including enzymes putatively involved in TAG biosynthesis and in the synthesis of polar 

thylakoid lipids (Figure 11). Changes in the transcript levels of TAG biosynthesis enzymes were 

generally not well replicated between experiments with the exception of two putative 

LPLAT/AGPATs (Thaps3_263660, Thaps3_4704), a LPLAT/MGAT (Thaps3_37867). 

Therefore, these enzymes are the most likely to be transcriptionally regulated in the TAG 

biosynthesis pathway under silicon starvation.  
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Monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) are 

neutral galactolipids found in thylakoid membranes. In algae, thylakoid membranes can comprise 

a majority of total cellular lipid (Janero and Barrnett 1982). Several enzymes responsible for the 

synthesis of these compounds were identified and their transcripts were up regulated under 

silicon-starvation, suggesting that the synthesis of thylakoid membranes is also up regulated 

(Figure 11). Sulfoquinovosyl diacylglycerol (SQDG) acts as a strong repressor of the 

diadinoxanthin de-epoxidation reaction, thereby inhibiting the dissipation of excess light energy 

through non-photochemical quench (NPQ, Lepetit et al. 2012).  A single gene codes for SQDG 

synthase in T. pseudonana, and is strongly down regulated within 12 hr of silicon starvation 

(Figure 11). Though thylakoid lipid composition was not quantified, the simultaneous down-

regulation of SQDG synthase with the up-regulation of MGDG and DGDG synthases suggests 

that silicon-starved T. pseudonana are adapting to the experimental conditions by modifying the 

lipid composition of the thylakoids.  

 

2.4.2 Effect of silicon-starvation on light-harvesting complex, photosystem function, and 

carbon fixation 

During autotrophic growth, the energy used to drive biosynthesis of lipids and other 

macromolecules is acquired from photons absorbed by the light-harvesting complex. Therefore, 

changes to the size or efficiency of the light-harvesting complex should directly affect carbon 

fixation rates and the flux of this fixed carbon into lipids. In response to silicon starvation, 

transcripts for nearly all components of the peripheral light-harvesting complex were strongly and 

coordinately up regulated for the entire experiment, and many components of the photosynthetic 

reaction centers were also up regulated (Figure 12A). Pigment biosynthesis genes (chlorophyll 

and carotenoids) were also significantly up regulated with a peak in transcript levels detected for 

most enzymes at 4 hr (Figure 12A). Total cellular pigment levels increased by 2.4-2.7 fold after 
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Figure 12. Effect of silicon starvation on A) transcript levels of light harvesting complex 
and pigment biosynthesis genes, and B) cellular pigment levels in T. pseudonana. Heatmap 
shows microarray data as log_2 fold-change in transcript level relative to t=0. Light harvesting 
pigments are defined as chlorophyll a, chlorophyll c, and fucoxanthin. Photoprotective 
pigments are diatoxanthin and diadinoxanthin. Error bars on pigment data show standard 
deviation of two technical replicates.  
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24 hr of silicon starvation (Figure 12B). Typically, an increase in cellular pigment levels is a 

photoadaptive response to low light as a means to increase light absorption (Falkowski and Raven 

2007). Initially, the data seem to suggest that under these conditions, T. pseudonana is increasing 

capacity for light absorption through an increase in the light-harvesting antenna. However, a 

disproportionate increase in photoprotective xanthophyll pigments (diatoxanthin and 

diadinoxanthin, 3.3-5.1-fold per cell) relative to light-harvesting pigments (chlorophyll a, 

chlorophyll c, and fucoxanthin, 2.1-2.4-fold per cell), along with a large increase in the de-

epoxidation state (DES) of the xanthophyll pool (Figure 13) is consistent with absorbed light 

energy being dissipated through NPQ. Somewhat paradoxically, silicon-starved T. pseudonana 

increases the size of the light-harvesting complex (increasing light absorption) while 

simultaneously dissipating at least some of this newly acquired light energy through increased 

NPQ.  

Light energy collected with the light-harvesting complex is transferred to photosystems I 

and II (PSI and PSII). The quantum yield (measured as Fv/Fm) is an important indicator of what 

proportion of the light absorbed by PSII is then transferred to the photosynthetic electron 

transport chain where it is used to generate the NADPH and ATP that drives carbon fixation. 

There was a significant decrease in Fv/Fm at 8 hr (Figure 14A), which signifies either damage to 

the reaction center core or saturation of linear electron transport. This damage could be caused or 

worsened by the observed increase of the light-harvesting complex. After 8 hr, Fv/Fm recovers to 

approximately 80% of initial levels for the remainder of the experiment. This recovery is likely 

facilitated by the increase in NPQ as evidenced by the DES of the xanthophyll pool, which 

reduces the magnitude of the flow of damaging photons to PSII. Additionally, several proteins 

found at the reaction center core that are encoded on the plastid genome (D1, D2, CP43, CP47, 

cytochrome b559alpha, cytochrome b559beta) were up-regulated between 4-12 hr, perhaps to 

repair any damage sustained at the reaction center core (Figure 14B). 
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Figure 13. Xanthophyll de-epoxidation state (DES) during silicon starvation in T. 
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Figure 14. Shifts in photosynthetic parameters and transcripts of reaction center core 
proteins of T. pseudonana during silicon starvation. A) Plot of Fv/Fm showing a decrease 
in the photochemical quantum yield of photosystem II at 8 hr. B) Plot of Pmax, showing a 
decrease at 8 hr while the rate of carbon fixation at the experimental light intensity remains 
high. For A and B, data represent the average of two technical replicates from Si- #7. C) 
Microarray data showing that transcripts of genes encoding proteins in the reaction center core 
of PSII are up regulated maximally between 8-12 hr. D) Microarray data showing that 
transcripts of photorespiratory genes are up regulated maximally at 12 hr. 
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It is clear that there are several changes to the light-harvesting capacity of T. pseudonana 

during silicon-starvation induced lipid accumulation. To quantify any associated changes to 

carbon fixation during the time-course of silicon starvation, P-I curves were generated. Overall, 

carbon fixation rates were high at the experimental light intensity, however there was a dramatic 

and persistent decrease in Pmax at 8 hr indicating an impaired ability to fix carbon at higher light 

intensities (Figure 14B). There are several factors that can affect Pmax such as the magnitude of 

the supply of NADPH and ATP through photosynthetic electron transport. The observed decrease 

in Pmax coincided with a decrease in Fv/Fm, indicating that any damage sustained at the PSII 

reaction center core may be at least partially affecting carbon fixation at high light intensities. 

Another factor that can affect Pmax is photorespiration, or the fixation of O2 instead of CO2 by 

RuBisCO under high oxygen conditions. It was found that several key photorespiration genes are 

up-regulated maximally between 8-12 hr consistent with an increase in O2 fixation is at least 

partially being responsible for the decrease in Pmax (Figure 14D, Parker et al. 2004). 

 

2.4.3 Cell cycle progression coordinates genome-wide transcript-level changes 

To put the expression patterns for photosynthetic and lipid metabolism genes in context 

of the genome-wide response of T. pseudonana, a global transcriptomic analysis was conducted. 

In the microarray experiment, nearly half (45%, 5347/11856) of the genes in the T. pseudonana 

genome were differentially expressed at some point during the 24 hr time course, and at any 

given time point at least 20% of the transcripts in the genome were up or down regulated relative 

to exponential conditions. The magnitude of the expression response was maximal at the 4hr time 

point (Figure 15), when 64% of the genes that were significantly expressed were at their 

maximum or minimum level. This dramatic, rapid, and coordinated transcriptional response of 

large suites of genes to silicon-starvation conditions occurred after cell growth arrested but 

preceded the onset of complete cell cycle arrest and lipid accumulation (Figure 9, Figure 10). 
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Figure 15. The number of differentially expressed genes in the T. pseudonana genome 
relative to t=0 during silicon starvation. Data labels show number of genes maximally 
expressed as a percentage of the total genes that are differentially expressed at any given 
experimental time point.  
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The function of genes with coordinated expression was investigated by grouping their 

expression patterns of genes (using k-means clustering, see Methods) into 36 clusters  

(Supplemental Figure 2) and by investigating which KOG classes were enriched in certain 

expression categories (Figure 15). Several clusters with a transcript minimum or maximum 

response at 4hr were identified. Clusters that were transiently up regulated at 4hr were 

disproportionately enriched in cell division related processes such as cell signaling, cell cycle, 

chromatin structure and dynamics (histones), cytoskeleton, nuclear structure, and transcription 

(Figure 16Bi). In contrast, down regulated clusters were enriched in genes associated with 

nucleotide transport and metabolism, RNA processing and metabolism, and translation, ribosomal 

structure, and biogenesis (Figure 16Bii). Overall, this shows evidence for transcript-level control 

of sustaining cell cycle progression in the short-term, while other growth processes such as the 

synthesis of nucleotides and new proteins are being shut down.  

Several expression clusters contain genes that had a maximum at 4 hr but stayed up 

regulated in response to silicon starvation indicative of a prolonged response in addition to cell 

cycle related phenomena (Figure 16Biii). Generally, these clusters are functionally enriched in 

genes associated with energy production and conversion, as well as in metabolic pathways 

including coenzyme transport and metabolism and carbohydrate transport and metabolism. 

However, genes associated with certain metabolic pathways (i.e. glycolysis, lipid metabolism) 

were found in both up and down regulated clusters indicating that within given pathways the 

transcript-level responses were diverse (Figure 16iv).  

The degree to which the transcript response of several genes is coordinated points to the 

existence of a global regulatory mechanism that integrates several cellular processes, many of 

which are related to coordinating the progression of cell cycle and growth. In addition to cell 

cycle progression related genes, many genes associated with chloroplast function showed a 

distinct expression response (generally up regulated) at 4 hr following silicon starvation. This 
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A B 

Figure  16. Function (KOG class) of genes clustered by expression pattern in T. 
pseudonana during silicon starvation. A) Heatmap shows microarray data for expression 
clusters (C1 – C36) and represents the average log_2 fold-change in transcript level relative to 
t=0 at 5 experimental time points (hours at top). The number of genes in each cluster is shown 
in the column to the right of part B. Dots indicate the time of maximum or minimum 
transcript-level change for each cluster. The functional roles of genes found within expression 
clusters are shown in B) where the number of genes with a given KOG class assignment is 
labeled for each category and expression cluster. The intensity of red in B) shows the 
functional enrichment index (see methods for equation) which demonstrates how enriched a 
given expression cluster is for a given KOG class by normalizing the genes found in that 
category and cluster by the total number of genes in that category (bottom row) and cluster 
(right hand column). Bi-iv) show regions of the heatmap referred to in the text.  
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includes genes from the plastid type II fatty acid synthase (FAS-II) as well as several genes from 

the Calvin-Benson cycle (Figure 17A, 17B). Imaging flow cytometric analysis of chloroplasts 

showed that during the 0-8 hr time period of silicon starvation, a significant proportion of cells in 

the T. pseudonana population replicate their chloroplasts (Figure 17C). Since both the FAS-II and 

Calvin-Benson cycle enzymes are chloroplast-localized, it seems likely that the peak in 

expression observed at 4 hr can be explained by the requirement to produce new chloroplasts 

rather than strictly by the up regulation of fatty acid biosynthesis or carbon fixation pathways. 

Several other genes encoding chloroplast proteins also peak in expression at 4 hr (Figure 11A). It 

is clear from this genome-wide analysis that many genes are up-regulated at 4 hr, and these genes 

are often involved in cell cycle and growth-related processes including the replication of 

chloroplasts in at least part of the T. pseudonana population. Furthermore, transcript-level 

changes in genes associated with carbon metabolism (lipid metabolism and carbon fixation) 

appear to be regulated by cell cycle progression in this experiment.  

 

2.4.4 The coordinate regulation of carbon and energy metabolism 

In addition to coordinate regulation of genes involved in cell cycle progression it was 

observed that the expression patterns of genes involved in distinct cellular processes and 

metabolic pathways clustered together, indicative of coordinate regulation. The up regulated, 

chloroplast localized ACCase (Thaps3_6770) is strikingly correlated with transcript-level 

changes of several other genes (Figure 18A). ACCase is co-expressed with both of the plastid-

encoded subunits of RuBisCO (rbcS, rbcL). RuBisCO and ACCase are carboxylases requiring 

inorganic carbon (CO2 or bicarbonate) as a substrate, and it is possible that they are co-expressed 

in this experiment in response to a shift in intracellular inorganic carbon conditions. The 

expression pattern of these enzymes is correlated with an un-annotated cadmium β-carbonic 

anhydrase (Thaps3_233), and with two genes (Thaps3_4819, Thaps3_4820) that possess a 
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Figure  17. Correlation of transcripts of A) fatty acid biosynthesis enzymes and B) 
Calvin-Benson cycle enzymes with C) chloroplast replication in T. pseudonana during 
silicon starvation. Asterisks following the gene name indicate the pattern was replicated in 
RNA-Seq data (Pearson Correlation Coefficient >0.5).  
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Figure 18. Correlation of transcript level changes of genes previously not considered 
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ranging from photosynthesis and thylakoid lipid biosynthesis to cellular respiration and 
aromatic amino acid biosynthesis.  
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bestrophin (pfam01062) domain. In humans, bestrophins are believed to be calcium-activated ion 

channels with a role in intracellular calcium signaling and have been shown to be permeable to a 

variety of substrates including bicarbonate, glutamate, and GABA.  In diatoms, these proteins are 

clearly targeted to the chloroplast, though their specific role remains unclear. If diatom 

bestrophins function as either bicarbonate transporters to supply RuBisCO or ACCase, or as 

glutamate or amino acid transporters to supply carbon skeletons or amino groups to or from the 

chloroplast, they may be important mediators of intracellular carbon flux. 

Two clusters that are similarly down regulated (C19, C30) include several key enzymes 

involved in a variety of cellular processes including growth, carbon metabolism, and 

photosynthesis (Figure 16). Both clusters contain a high proportion of genes in the translation, 

ribosomal structure, and biogenesis KOG class. Similarly, many enzymes involved in nitrogen 

and amino acid metabolism are down regulated such as key enzymes in the shikimate pathway for 

aromatic amino acid biosynthesis, EPSP synthase and chorismate mutase (Thaps3_33008, 

Thaps3_27564 respectively) as well as glutamine synthetase (Thaps3_26051, Figure 16). 

The observed down regulation of transcripts for enzymes involved in protein synthesis 

and nitrogen metabolism likely reflects the arrest in growth that results from silicon starvation. 

Interestingly, transcript levels of several key enzymes from carbon metabolism pathways are 

correlated with these changes (Figure 18B). For example, down regulated expression clusters C19 

and C30 contain the mitochondrial isoforms of glyceraldehyde 3-P dehydrogenase (GAPDH, 

Thaps3_28241) and a triosephosphate isomerase-GAPDH fusion protein (TPI-GAPDH, 

Thaps3_28239). Due to their mitochondrial localization, these isoforms of key glycolysis 

enzymes are thought to be disproportionately important in the supply of carbon to the TCA cycle 

for cellular respiration thereby providing both energy and molecular precursors necessary for 

growth and division (Smith et al. 2012). Several genes with key roles in the synthesis of complex 

lipids were also found in C19 and C30 including an omega-3 fatty acid desaturase 
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(Thaps3_3143), an omega-6 fatty acid desaturase (Thaps3_23798), and a fatty acid elongase 

(Thaps3_3741) previously presented (See 2.4.1, Figure 11). Proportionately, complex lipids are 

less abundant during growth arrest (Figure 10B). Considering the biological roles of all of these 

key enzymes, it seems likely that regulation of these genes occurs at the transcript level to 

coordinately integrate several processes known to be involved in cellular proliferation.  

Finally, while most enzymes involved in photosynthesis and related processes (light 

harvesting complex, Calvin-Benson cycle, thylakoid lipid biosynthesis) are up-regulated with a 

characteristic spike at 4 hr correlating with chloroplast replication (Figures 12, 17), there are a 

few enzymes that are in contrast, down regulated (Figure 18B). The plastid-encoded 

transcriptional regulator of the RuBisCO operon (rbcR) is also down regulated. Additionally, 

SQDG synthase (Thaps3_269393) along with the nuclear and plastid copies of psbW 

(Thaps3_34554, plastid_psbW), a protein thought to be involved in the contact and stability 

between the outer antenna complex and photosystem II (García-Cerdán et al. 2011) are down 

regulated. It is tempting to speculate that the coordinate regulation of both isoforms of psbW with 

SQDG synthase, which manufactures a lipid known to repress NPQ, alludes to a role of this gene 

in photosynthesis under balanced light and growth conditions.  

 

2.5 DISCUSSION 

2.5.1 Environmental control vs. cell cycle progression 

Transcript-level changes drive a variety of cellular processes including growth, division, 

and adaptation to environmental change. Consequently, it is often challenging to interpret the 

biological significance of transcript level changes. For example, during the experimental 

conditions, T. pseudonana was starved for silicon, growth and cell cycle progression was 

arrested, and cells began to experience high light stress despite no manipulation to light 
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intensities. During this time-course, the transcriptome could represent a dynamic response to any 

or all of these conditions.  

The strong and transient expression maxima/minima observed at the 4 hr time point 

during silicon starvation was a dramatic feature in the global response of T. pseudonana to the 

experimental conditions. At the 4 hr time point, a portion of the T. pseudonana population is still 

progressing through the cell cycle, and chloroplast replication is occurring (Figure 17). This, 

along with the finding that genes with this expression pattern were functionally enriched for DNA 

replication, cytoskeletal processes, and cell cycle control, is strong evidence that other genes with 

a similar pattern are being regulated in a cell cycle-dependent manner. At the pathway level, 

transcripts of genes for Calvin-Benson cycle, fatty acid biosynthesis, and chlorophyll biosynthesis 

enzymes exhibit a 4 hr peak followed by a return to the levels of transcript seen at t=0. These 

changes are de-coupled from carbon fixation rates, fatty acid levels, and pigment levels, which is 

further support for transcript level regulation by cell cycle control (specifically plastid 

replication). Though the increased transcript levels may influence rates of carbon fixation, fatty 

acid biosynthesis, and pigment biosynthesis ultimately, this is likely an artifact of arrested cell 

division rather than a specific adaptive response to silicon starvation conditions.  

In contrast to genes in which the transcript level changes are under cell cycle control, 

there are genes that appear to be responsive to other environmental signals, such as high light 

stress. During the silicon starvation time course, T. pseudonana experiences high light stress, as 

indicated by the disproportionate increase in photoprotective pigments relative to total pigments 

and the increase in the xanthophyll DES. When photosynthetic cells experience high light 

conditions, they photo adapt by decreasing the size of the antenna complex so as to minimize the 

flux of damaging photons to PSII (Falkowski and Raven 2007). Surprisingly, T. pseudonana 

increases the size of the outer antenna complex while simultaneously increasing the dissipation of 

light energy through NPQ. We propose that this represents a novel photoprotective strategy by 
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which thylakoid membranes are remodeled such that cells become self-shaded (perhaps to protect 

DNA from photo damage) and that light energy captured by this larger antenna is funneled to 

regions of enhanced xanthophyll pigment pools (Nymark et al. 2009). The up regulated outer 

light harvesting antenna proteins (fucoxanthin chlorophyll binding proteins) therefore represent a 

class of genes in which the transcript levels are responsive to environmental signals in this 

experiment rather than being explicitly under cell cycle control. As cells are known to adapt to 

light conditions within minutes, it would make sense for these genes to be de-coupled from cell 

cycle progression which is likely to occur on longer time scales. 

 

2.5.2 The significance of highly coordinated gene expression clusters 

Several clusters of genes with correlated changes in transcript level were identified in the 

experimental transcriptomes. With the increasing availability of time course resolved 

transcriptomes, it is becoming more apparent that many diverse cell types follow highly 

choreographed transcriptional programs by which large suites of genes are coordinated, often on a 

circadian cycle (i.e. Zinser et al. 2009, Singh et al. 2010, Dhyrman et al. 2012, Kanesaki et al. 

2012, Ashworth et al. 2012). This is advantageous for the cell since whole suites of genes 

participating in similar or complementary metabolic pathways can be coordinated, presumably by 

transcription factors to maintain a balance between energetic and carbon inputs as well as outputs 

in order to sustain growth and survival. 

During balanced growth conditions (i.e. t=0 in these experiments), the energy and carbon 

inputs from light harvesting and carbon fixation are partitioned to a variety of outputs including 

division, respiration, and to carbohydrates and lipids. Experimentally removing silicon from the 

growth medium eliminates division as a carbon or energy output, thereby forcing T. pseudonana 

to reorganize the distribution of carbon (and energy in the form of reduced carbon molecules). 

Physiologically, this is evident as an increase in cellular lipid levels. Along with growth arrest 
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and lipid induction, there are coordinated changes in transcript abundance of several enzymes that 

are key steps in a variety of different cellular energy and carbon acquisition and partitioning 

processes. This indicates that there is a transcriptional component to this reorganization.  

 

2.5.3 Metabolic engineering to improve algal lipid productivity for biofuels 

Metabolic engineering to improve lipid productivity is considered to be an important part 

of reducing the cost and improving feasibility of production of renewable biofuels from algae. 

Early attempts to engineer lipid metabolism in algae such as the overexpression of ACCase were 

unsuccessful in improving lipid yields, likely since metabolite flux into the pathway was the 

bottleneck and not enzyme activity (Dunahay et al. 1996). Selecting single targets to engineer 

metabolism is difficult without a priori knowledge of which steps may limit metabolic flux 

through that pathway (Broun 2004). However, there has been success in engineering algae to 

produce enhanced lipid without compromising growth rates at the single gene level (Trentacoste 

et al. 2013) 

The findings presented here illustrate how transcript levels of several enzymes that 

integrate photosynthesis, fatty acid biosynthesis, respiration, and growth in silicon-starved T. 

pseudonana are correlated, suggesting that these genes may be under the control of the same or 

similar transcription factors. In terrestrial plants, manipulating transcription factors can be more 

successful as an approach to engineer metabolism as transcription factors can target multiple 

suites of genes in a given pathway (Broun 2004). Clustering of expression patterns of genes in 

different pathways and cellular processes in T. pseudonana suggests that coordinated global 

metabolic changes could result from manipulation of the appropriate regulatory factors.  
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Supplemental Figure 1. Agreement of the transcriptomic response in Si- #3 and Si- #9. 
Data represent the distribution of Pearson Correlation Coefficients between the microarray 
data and RNA-Seq data and show the number of genes that were represented in both data sets 
and were significantly differentially expressed in the microarray experiment.. For PCC 
generation, the core signal fluorescence intensities from the microarray were correlated with 
RPKMs from the RNA-Seq analysis.  
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Supplemental Figure 2. Line plots of 36 expression clusters. Data represent microarray 
fold-change relative to t=0. Y-axis range is from (-7 to 7, fold change log_2).  
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Chapter 3 

 

Towards characterizing the functional and evolutionary significance of inverted gene pairs in 
marine microbial eukaryotes 
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3.1 ABSTRACT 

The distribution of genes in genomes of eukaryotic organisms can have profound 

implications for transcriptional regulation. Relatively recently, a new class of genes that are 

arranged in a “head to head” fashion on chromosomes were found to be co-expressed through the 

control of a bidirectional promoter in several model eukaryotes. This bidirectional arrangement is 

a unique mechanism by which a significant number of genes can be co-expressed, however the 

extent to which this mechanism is found across diverse eukaryotic phyla is unknown. With 

advances in high-throughput sequencing, analysis of the functional significance of gene order, 

and specifically bidirectional arrangements, can be done. For the first time, this work shows that 

bidirectional gene pairs (inverted gene pairs) are prevalent and are co-expressed in a diatom 

Thalassiosira pseudonana. Additionally, the relationship between genome size and prevalence of 

inverted gene pairs in diverse eukaryotes was characterized. Findings suggest that organisms with 

a small genome, and photosynthetic microbial eukaryotes with a red algal derived plastid may 

utilize this unique regulatory mechanism more than non photosynthetic microbial eukaryotes. 

 

3.2 INTRODUCTION 

Full genome sequencing has made studies of gene order or gene organization (the 

distribution of genes within chromosomes) possible. Though gene order in eukaryotes has 

generally been assumed to be random due to genome shuffling during evolution, whole-genome 

wide studies of gene order and gene expression have shifted this paradigm by showing that genes 

with coordinated patterns of expression are often clustered at a variety of scales (reviewed in 

Hurst et al. 2004, Michalak 2008). In the human genome, a major group of genes is organized in 

pairs with an inverted orientation (Figure 19) with transcription start sites separated by less than 

1kb, compared with the average intergenic distance of 100kb (Adachi & Lieber 2002, Trinklein et 
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Figure 19. Schematic of gene arrangements on a stretch of genomic DNA. Genes are either 
coded on the sense (+) or antisense (-) strand. Divergently transcribed inverted gene pairs are 
putatively co-regulated through a bidirectional regulatory element in the intergenic region.  
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al. 2004). These divergently transcribed inverted gene pairs (referred to throughout as inverted 

gene pairs) comprise more than 10% of the human genome, and in many cases are coordinately 

regulated through the existence of bidirectional regulatory elements (promoter) located in the 

intergenic region (Trinklein et al. 2004). Similar inverted gene pairs have been documented in the 

Arabidopsis thaliana genome indicating that this bidirectional arrangement may be a common 

mechanism for coordinating regulation of a significant number of genes in eukaryotes (Wang et 

al. 2009).  

The frequency and coordinate regulation of inverted gene pairs in genomes from a broad 

range of eukaryotic diversity have not been well investigated. Eukaryotic diversity is vast, and 

genomes in different taxa can vary greatly in gene content (number of genes) and size. For 

example, genome sizes are known to range over several orders of magnitude from 3 Mbp 

(parasitic Encephalitozoon cuniculi) to over 3000 Mbp in the case of dinoflagellates (Hou & Lin 

2009). It is likely that these organisms employ a variety of different strategies to regulate 

expression of their extremely different genomes. One strategy for regulating expression from 

genomes (genome regulation) is to arrange genes in a manner that affects transcription. Arranging 

two genes under the control of a shared regulatory element may enable organisms with small 

genomes to streamline genome regulation. Understanding common features of genome 

organization that are important to regulate gene expression in eukaryotes versus those that are 

uniquely present in specific taxa will provide insight into factors that contribute to the 

specialization and evolution of genomes. 

Initial observations of inverted gene pair frequency in diverse eukaryotes have shown that 

photosynthetic heterokonts such as the diatoms Thalassiosira pseudonana and Phaeodactylum 

tricornutum, and the oleaginous microalga Nannochloropsis gaditana (Eustigmatophyceae) are 

disproportionately enriched in inverted gene pairs relative to non-photosynthetic eukaryotes and 
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photosynthetic eukaryotes from the green lineage (Jinkerson et al. 2013). This suggests that this 

arrangement could be particularly important in the genome regulation of heterokonts that possess 

red-algal derived plastids. However, these organisms all have relatively small genomes with high 

gene densities, and to determine if there is any kind of genome size or taxonomic bias in the 

frequency of inverted gene pairs, diverse genomes with a broader size range should be 

considered. If certain organisms rely more heavily on genome regulation through inverted gene 

pairs it would be of substantial evolutionary significance.  

Currently, there is essentially nothing known regarding the functional or evolutionary 

significance of the abundance of inverted gene pairs in the genomes of marine microbial 

eukaryotes. There has been no work to demonstrate if inverted gene pairs in photosynthetic 

eukaryotes are co-expressed as they are in other eukaryotes. Furthermore, it is not known if the 

initial observation that the genomes of certain taxa (photosynthetic heterokonts) are 

disproportionately enriched with inverted gene pairs will be supported by incorporating additional 

genomes from a broader range of diversity and genome size. A fundamental understanding of 

specific mechanisms that underlie how diverse eukaryotes streamline transcriptional regulation 

would be useful both in understanding factors that have contributed to eukaryotic microbial 

diversification and practically for the interpretation of transcriptomic and metatranscriptomic data 

sets.  

In this analysis, the functional and evolutionary significance of inverted gene pairs in 

microbial eukaryote genomes was investigated using a variety of approaches. First, the extent of 

co-expression of inverted gene pairs in the diatom T. pseudonana was determined with three 

different time course resolved transcriptomic data sets. Second, the functional roles of co-

expressed inverted gene pairs in T. pseudonana were analyzed to gain insight into the biological 

significance of this mode of regulation. Finally, the frequency of inverted gene pairs from a 
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variety of diverse eukaryotic genomes was analyzed to determine if this gene arrangement is 

generally enriched in photosynthetic heterokonts or photosynthetic eukaryotes.  

 

3.3 METHODS 

3.3.1 Co-expression and functional roles of inverted gene pairs in T. pseudonana 

 All neighboring gene pairs (inverted gene pairs, convergently transcribed inverted gene 

pairs, and sequential gene pairs on both sense and antisense strands, Figure 19.) were identified 

by screening the T. pseudonana gene models v3.0 (genome.jgi-

psf.org/Thaps3/Thaps3.home.html, Armbrust et al. 2004). Experimental transcriptomes, 

comprised of two different time course resolved silicon starvations (Si- #3, Si- #9, Smith, Ch. 2 

this dissertation) along with a silicon re-addition experiment (Shrestha et al. 2012), were used to 

determine co-expression. The strength of correlation between each pair was determined by 

calculating the Pearson correlation coefficient (PCC) within each experiment and then the 

averaging these values across the experiments. Co-expressed genes are those that are defined by a 

PCC >0.5. The functional roles of genes that are co-expressed were analyzed and described. The 

density of inverted gene pairs in T. pseudonana was calculated by determining the percentage of 

gene pairs that are inverted out of 50 pairs in frames across a chromosome.  

 

3.3.2 Frequency of inverted gene pairs in diverse eukaryotic genomes 

 Genomes of diverse eukaryotic microorganisms were computationally screened for 

frequency of inverted gene pairs, with a restricted intergenic distance of <1500 nucleotides. Most 

genomes were downloaded from the DOE JGI Genome Portal (genome.jgi.doe.gov). The genome 

of Cyclotella cryptica, a centric diatom, was obtained collaboratively (J. C. Traller, Scripps 
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Institution of Oceanography). The frequency of inverted gene pairs was plotted as a function of 

genome size.  

 

3.4 RESULTS 

3.4.1 Frequency and identity of co-expressed inverted gene pairs in T. pseudonana 

Without restricting intergenic distance, the frequency of all neighboring gene pair types 

(inverted gene pairs, convergently transcribed inverted gene pairs, and sequential gene pairs, 

Figure 19) was quantified in T. pseudonana. Inverted gene pairs and convergently transcribed 

inverted gene pairs each comprise 33% of the genome whereas sequential gene pairs combined 

comprise 32%. This represents enrichment in inverted gene pairs in the T. pseudonana genome 

since the null expectation for neighboring gene pairs is 25% for both types of inverted pairs and 

50% sequential gene pairs. When the intergenic distance of inverted gene pairs is restricted to 

1.5kb, the frequency of inverted gene pairs decreases slightly to 26%. Since gene density is high 

in the small and compact T. pseudonana genome (Armbrust et al. 2004), the high proportion of 

inverted gene pairs alone does not indicate that inverted gene pairs are an important mode of 

regulation.  

  The Pearson Correlation Coefficient distributions show that there is a slight increase in 

the likelihood of co-expression for any neighboring gene pair (Figure 20). However, there is 

clearly an increase in the likelihood of co-expression for divergently transcribed inverted gene 

pairs relative to any other gene pair class (Figure 20A). There were 1560 genes (780 gene pairs) 

with a PCC > 0.5, which is 13.7% of the T. pseudonana genome. Most of the co-expressed genes 

found in this arrangement are hypothetical proteins, but several (n = 10) are annotated as core 

histones, which are co-expressed in humans via bidirectional promoters (Trinklein et al. 2004). 

Among the histones and hypothetical proteins, several co-expressed inverted genes in T. 
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Figure 20. Distribution of average Pearson Correlation Coefficients for each type of 
neighboring gene pair. The curve on each plot show a normal distribution, arrows indicate 
the mean PCC for each distribution, and histogram data show distributions for A) divergently 
transcribed inverted gene pairs, B) sequential gene pairs on the antisense strand, C) sequential 
gene pairs on the sense strand, and D) convergently transcribed inverted gene pairs. Data 
represent the average PCC for each gene pair across three expression datasets. 
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pseudonana are important genes involved in light harvesting (fucoxanthin-chlorophyll a-c 

binding proteins), and carbon metabolism (glycolysis, fatty acid biosynthesis). In many cases the 

co-expression of inverted gene pairs is remarkably robust (Figure 21). Whether genes with these 

functional roles are also found as inverted gene pairs in other diatoms or photosynthetic 

eukaryotes remains unclear. One specific example in which microsynteny has been conserved for 

an inverted pair within diatoms is the arrangement of a mitochondrial glyceraldehyde phosphate 

dehydrogenase (GAPDH) and a triosephosphate isomerase-GAPDH fusion protein (TPI-

GAPDH). This arrangement is conserved in all diatom genomes investigated to date, but not in 

the genome of the closely related photosynthetic heterokont Aureococcus anophagefferens, 

indicating this arrangement is diatom-specific (Smith et al. 2012).  

 

3.4.2 The frequency of inverted gene pairs in diverse microbial eukaryotes 

Eukaryotic genomes spanning a range of sizes were screened for the frequency of 

divergently transcribed inverted gene pairs (Table 3). Overall, there is a clear relationship 

between genome size and the frequency of inverted gene pairs in that small genomes are much 

more likely to have inverted gene pairs than small genomes (Figure 22). In addition, genomes of 

photosynthetic eukaryotes do seem to have more inverted gene pairs overall when compared to 

non-photosynthetic eukaryotes, however a limited number of non-photosynthetic heterokont 

genomes were included for comparison.  

 

3.5 DISCUSSION 

Arranging genes as divergently transcribed inverted gene pairs under the control of a 

bidirectional promoter is a well-recognized strategy to regulate co-expression in model organisms 

80



-2 

0 

2 

4 

0 

2 

4 

6 

-2 

0 

2 

4 

0 

2 

4 

6 

0 

2 

4 

6 

0 

1 

2 

Fo
ld

-c
ha

ng
e 

G
en

e 
E

xp
re

ss
io

n 
(lo

g_
2)

 

A 
Silicon Starvation  

B 
Synchrony  

Hypothetical Proteins 

Histones H2A and H2B 

Bestrophin superfamily 

-2 

-1 

0 

1 

-2 

-1 

0 

1 

Time (hours) 

Enolase + PGAM 

Figure 21. Robust co-expression of inverted gene pairs during a silicon starvation time 
course (24 hr) and a synchronized growth time course (9 hr). Data show transcript level 
changes (log_2) normalized to the initial time point (t=0).  
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Figure 22. The relationship between genome size (Mbp) and frequency of inverted gene 
pairs for several chromalveolates (n = 8) and heterotrophic eukaryotes (n = 5). Overall 
large genomes have fewer inverted gene pairs than small genomes (dashed line shows power 
fit). Chromalveolates have a higher proportion of inverted gene pairs than heterotrophic 
eukaryotes . 
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like humans, mice, and Arabidopsis, however little work has been done to demonstrate if this 

arrangement is common in diverse eukaryotes. Using a comparative genomics approach in 64 

species representing a wide range of eukaryotic phyla, Dávila López et al. (2010) identified 

several deeply evolutionarily conserved inverted gene pairs (microsynteny), which strongly 

suggests there is a functional significance of gene order for these pairs that arose early in 

eukaryotic evolution. However, no work has been done to demonstrate co-expression of inverted 

gene pairs in diverse eukaryotes.  

For the first time, we have characterized the significance of gene order for co-expression 

of neighboring gene pairs at the genome scale, and have demonstrated that there is a significant 

increase in the likelihood of co-expression when neighboring genes are arranged as inverted gene 

pairs relative to any other neighboring pair type in the diatom T. pseudonana. Generally, genes 

that are nearby one another are more likely to be co-expressed due to a variety of factors that can 

be independent of sharing a promoter. For example, gene pairs may be co-localized in a region of 

a chromosome subject to similar DNA methylation, or histone modifications (Hurst et al. 2004). 

This is seen in co-expression data in T. pseudonana for all neighboring gene pairs. Convergently 

transcribed gene pairs are the least likely pair of genes to be co-expressed. However, both 

sequential gene pairs on the sense and antisense strand are slightly more likely to be co-

expressed. It is possible that these genes are polycistronic (two genes are contained within the 

same mRNA) which is generally assumed to be important only in prokaryotes, yet is known to 

occur in some “lower” eukaryotes such as Caenorhabditis elegans and may be more important in 

microbial eukaryotes than previously assumed (Huang et al. 2001). Alternatively, there are 

several examples of genes in the T. pseudonana genome in which a single gene model is 

erroneously predicted as two sequential open reading frames (personal observation). This could 

also explain an increase in the likelihood of co-expression of sequential gene pairs. This should 
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be investigated by more careful examination of the accuracy of gene models for co-expressed 

sequential pairs. 

Functionally, several different types of genes were found as inverted gene pairs and co-

expressed in T. pseudonana. In addition to the types of genes conserved in non-photosynthetic 

eukaryotes (histones, ribosomal proteins, etc., Dávila López et al. 2010), several genes involved 

in photosynthetic processes and carbon partitioning (i.e. glycolysis) were arranged as inverted 

gene pairs. The extent to which this microsynteny is conserved in other diatoms or other 

chromalveolates is currently unknown. The diatom-specific conservation of mitochondrial 

GAPDH and TPI-GAPDH fusion proteins suggests that certain pairs of inverted genes confer 

adaptive advantage to certain groups but not others. Valuable insight into factors that affect 

microbial eukaryotic evolution would be gained by characterizing conserved vs. novel inverted 

gene pairs across eukaryotic diversity.  

The relationship between genome size and frequency of inverted gene pairs is quite 

striking (Figure 22). There is not a linear relationship between predicted protein content and 

genome size; larger genomes contain proportionately more non-coding DNA (Hou & Lin 2009). 

It is possible that the decrease in inverted gene pairs seen in larger genomes may simply be a 

factor of distributing fewer genes across larger stretches of the chromosome. However, it is 

known that there can be variability in average gene content, average gene size, and gene 

distribution in different organisms and these factors should be accounted for when determining 

the relationship between genome size and frequency of inverted gene pairs. It is possible that 

regulation through inverted gene pairs may be a particular strategy for the efficient regulation of 

small genomes. Genome size varies over several orders of magnitude in diverse eukaryotes. 

Increasingly, it is becoming appreciated that non-coding regions of large genomes are not “junk 

DNA”, rather that they serve a variety of biological functions, many with regulatory 
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consequences (Gregory 2005). Though inverted gene pairs are important in large genomes, they 

may be particularly important in small genomes as a way to minimize the need for other 

regulatory strategies that require more non-coding DNA. Evolutionarily this could allow for 

genome size reduction at some potential cost of reducing regulatory network complexity. 

Additional genomes that cover a broader range in size and eukaryotic diversity should be 

incorporated to better address the evolutionary questions that these preliminary findings raise.  

In humans, the bidirectional promoters that regulate co-expression of inverted gene pairs 

lack TATA boxes and are rather enriched in CpG islands (Trinklein et al. 2004). Though there is 

now convincing evidence that many inverted gene pairs are co-expressed in T. pseudonana, there 

has been no work to characterize the putative bidirectional regulatory elements. This will be 

important to conclusively show that inverted gene pair organization is functionally significant in 

T. pseudonana. Molecular characterization of the intergenic regions of co-expressed inverted 

gene pairs should be done to isolate the sequences thought to regulate transcription 

bidirectionally. These intergenic regions can also be characterized bioinformatically by searching 

for conserved motifs or palindromic sequences (i.e. through MEME, Bailey et al. 2009).    

 Our understanding of the frequency, function, biological role, and evolutionary 

significance of inverted gene pairs in diverse eukaryotes remains limited. However, there are 

many exciting research opportunities as high-throughput sequencing of genomes and 

transcriptomes combined with bioinformatics based analysis continue to improve. These 

questions are of fundamental interest in the studies of eukaryotic cellular function and evolution.  
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