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Jessica C. Traller 
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Mark Hildebrand, Chair 

 

 The realization of the environmental and economic impact that occurs from the 

release of carbon dioxide derived from fossil fuel has spurred technologies focused on 

renewable alternative energy production. The production of liquid based biofuel from 

microalgae has been one of the proposed solutions due to microalgae’s high 

productivity per acre of land, its ability to accumulate large amounts of the precursor to 

biofuel, triacylglycerol, and its dependence on carbon dioxide, allowing for 
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sequestration of anthropogenic CO2 from the atmosphere. The promise of microalgae as 

a feedstock for the large-scale commercial production of biofuel is impressive, 

however, there are significant advances in productivity still needed in order to make the 

solution economically and industrially feasible. For instance, the mechanisms that 

control triacylglycerol accumulation and cellular division in microalgae are still largely 

unknown. Moreover, most studies on these processes have been focused on model 

organisms for basic research, not on species that are industrially relevant. The immense 

diversity of algae as well as their complex evolutionary history indicates that molecular 

mechanisms controlling primary metabolism are not necessarily ubiquitous. Therefore, 

elucidation of carbon metabolism in a candidate species for commercial production is 

key for the biological comprehension within algal biofuel production. The main 

objective of this dissertation was to characterize primary carbon metabolism in the 

diatom Cyclotella cryptica, a species of microalgae with promise for large-scale 

industrial production. Chapter 1 investigated the neutral lipid accumulation response of 

C. cryptica through the comparison of two macronutrient starvation using imaging flow 

cytometry. Chapters 2 and 3 applied high-throughput sequencing technologies to 

identify the molecular and metabolic controls of triacylglycerol accumulation. The data 

presented in this dissertation will hopefully move this species and others closer to the 

economic feasibility of commercial scale algal biofuel by characterizing key areas of 

metabolism pertinent to triacylglycerol formation, providing genomic datasets 

necessary for the development of genetic engineering tools, and establishing a model 

for primary carbon metabolism in an industrially relevant species.  



 1 

INTRODUCTION  
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 The release of carbon dioxide and other greenhouse gases into the atmosphere by 

fossil fuel consumption has undoubtedly caused shifts in our global climate (Ramanathan 

and Carmichael 2008; Solomon et al. 2010; Change 2014). There is little argument within 

the scientific community that if left ignored, anthropogenic climate change will have 

adverse socioeconomic and environmental consequences in our future. There have been 

several proposed solutions to combat climate change that involve easing our dependence 

on fossil fuels and transitioning into sustainable energy practices. Biofuel production is 

one these proposed solutions, a technology that converts biomass and oil derived from 

organic material such as plants, animal waste, and microalgae into liquid fuel.  

 Microalgae are unicellular, mostly photosynthetic organisms that hold a lot of 

promise as a sustainable feedstock for biofuel production. They have the ability to be 

grown on non-arable land, utilize non-potable water, and through chemical conversion, 

microalgae can be directly fed into existing liquid diesel-based infrastructure, in contrast 

to bioethanol or biohydrogen (Sheehan et al. 1998; Georgianna and Mayfield 2012). 

Microalgae are also intriguing as a feedstock for biofuel because of their ability to 

accumulate substantial amounts of the neutral lipid triacylglycerol (TAG); which is often 

induced at the onset of an environmental stress, such as nutrient starvation. The stress 

impairs the cell’s ability to divide and as a result the carbon and energy that would have 

been used for cellular growth is instead collected into large lipid droplets, which can 

account for up to 20-50% of the dry weight (Hu et al. 2008). The main fatty acids found 

in algae-derived triacylglycerol are chemically similar to the hydrocarbons of fossil fuel; 

in fact, fossil fuel itself is partly derived from ancient algal blooms (Falkowski et al. 

2004). Consequently, TAG can be extracted out of the cell and transesterified into biofuel 
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using existing technologies. In order for the renewable algal biofuel industry to be 

economically viable and competitive with the current energy market there needs to be 

major advances in improvement of productivity. This productivity could be improved in 

two different ways: by increasing the biomass- the cellular density per acre, or by 

increasing the amount of product, in this case triacylglycerol, within the algal cell. 

In addition to TAG utilization, microalgae have also been proposed for high 

protein animal feed. Like algal biofuels, switching food-producing animals such as cattle 

from a corn to microalgae dietary source could also lower carbon emissions, due to the 

algae’s high yield per acre of land (Georgianna and Mayfield 2012). The nutritional 

characteristics of microalgae with regard to protein, carbohydrate, and lipid are 

comparable to conventional feed, and contain a relatively balanced distribution of amino 

acids (Lum et al. 2013; Yaakob et al. 2014). Current models have proposed microalgae to 

be harvested for both animal-feed and biofuel production, with the lipid allotted for 

biofuel and the protein ‘waste’ processed for animal feed. This model could aid in 

making the overall process economically viable by producing two distinct products. In 

addition to animal-feed, there are particular algal species that naturally produce a number 

of high value nutraceutical products, such as such as astaxanthin and lutein, further 

highlighting the economic potential of these organisms (Kobayashi et al. 1991; Cordero 

et al. 2011).   

From an environmental context, microalgae are among the most important 

organisms on the planet; responsible for nearly half of the planetary oxygen generated, 

forming the basis of the oceanic food web, and participating as key players in global 

biogeochemical cycles. The importance of microalgae in the environment, as well as their 
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potential as an alternative energy and food source, demonstrates the need to understand 

the underlying basis of productivity of these organisms in a biological and molecular 

context.  

The oil crises of the early and mid 1970’s in the United States led to the creation 

of the Department of Energy and the Aquatic Species Program (ASP), which provided 

foundational and groundbreaking research in algae. The ASP spanned from 1978-1996 

and carried out extensive research pertaining to applied algal biology, algal production 

systems, and natural resource availability for large-scale cultivation. Over its existence, 

the ASP conducted extensive screening across the algal tree of life through collection and 

evaluation of over 3,000 strains of algae. Species were screened based on their abilities 

to: i) accumulate abundant triacylglycerol ii) grow under variable environmental 

conditions (pH, salinity, temperature), and iii) grow at a rate that is productive and 

sustainable in outdoor pond cultivation. Of the various algae tested, a few genera stood 

out from the rest, including Chlorophytes, Chrysophytes, and diatoms. The latter, diatoms 

(Bacillariophyta), are a class of microalgae within the superphylum Heterokonta, known 

for their siliceous cell walls, and require silicon as a macronutrient. They are also known 

for their ecological success in the global oceans, responsible for an estimated 40% of the 

oceanic primary productivity (Field et al. 1998). Because of their high productivity, 

diatoms accounted for ~60% of the species in the top fifty candidates of biofuel-

production organisms isolated during the ASP (Sheehan et al. 1998; Hildebrand et al. 

2012).  

One of those species featured in the ASP was the marine diatom Cyclotella 

cryptica. C. cryptica, along with another diatom were the first chlorophyll-c containing 
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algae to undergo stable nuclear transformation, a major milestone in genetic engineering 

of algae (Dunahay, Jarvis, & Roessler, 1995). In addition to the molecular work, C. 

cryptica also was shown to successfully grow in outdoor pond systems, with productivity 

levels averaging to 29.7 g AFDW/m2
 

day in a 48m2
 

outdoor pond (Laws et al. 1988). C. 

cryptica was shown to be a good accumulator of lipid (Roessler 1988a; Sheehan et al. 

1998), with the ability to grow in under a wide range of conditions (Lewin and Lewin 

1960; Reimann et al. 1963), and at a rate potentially suitable for production scale 

(Sheehan et al. 1998). More recently, in a survey of 175 strains of microalgae, C. cryptica 

performed in the top 10 for protein, nitrogen assimilation, and eicosapentaenoic acid 

production (Slocombe et al. 2015).  

Despite the promising studies that were conducted during the ASP, applied 

research on microalgae, specifically diatoms, for large-scale biofuel/bioproduct 

cultivation nearly stopped after the termination of the ASP in 1996. Research funded 

during the ASP furthered the potential of microalgal-based biofuel, particularly in 

molecular engineering of algae and technological development of large-scale algal 

production systems (Dunahay et al. 1995; Sheehan et al. 1998). However, it was evident 

during the ASP and is still is today, that there remains a severe knowledge gap in our 

comprehension of the biological mechanisms that control growth and carbon metabolism 

in algae. Part of this stems from the fact that the diversity of microalgae is immense and 

often underappreciated; with an estimated number of species ranging from 30,000 to 

more than 1 million (Guiry 2012). Such diversity at the taxonomical level infers diversity 

at the morphological, metabolic, and molecular level. This has been demonstrated in 

recent reviews focused on diversity of carbon metabolism and organelle 
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compartmentation in algae (Smith et al. 2012; Hildebrand et al. 2013).  Furthermore, cost 

and labor associated with physiological, biochemical, and molecular research can often 

force scientists to narrow their focus toward model organisms. While conclusions drawn 

from experimentation on model systems are critical for advancing our broad 

understanding of biology, there are significant limitations to how those findings would 

relate to actual production conditions.  Ultimately, characterization of metabolic 

processes in a promising production organism such as C. cryptica, may provide the 

explicit knowledge needed to optimize productivity and develop a large-scale renewable 

algal industry that is economically viable, commercially competitive, and perhaps most 

excitingly, help mitigate anthropogenic carbon dioxide released into the atmosphere.  

Fortunately, in the last twenty years, there have been monumental advances in 

high-throughput technologies, especially in the cost and feasibility of genomic and 

transcriptomic sequencing, which allow the opportunity to obtain valuable metabolic 

information in a relatively short amount of time. In applied algal microbiology, this has 

led to the sequencing of several candidate biofuel feedstock species across different 

evolutionary lineages, including two other genera highlighted in the ASP, Chlorella and 

Nannochloropsis (Blanc et al. 2010; Radakovits et al. 2012; Vieler et al. 2012; Gao et al. 

2014). There have also been developments in diatom genomic sequencing, including 

Fistulifera solaris, an oleaginous pennate diatom also with potential as a biodiesel 

feedstock (Tanaka et al. 2015).  

The increase in genomic data on microalgae not only is advantageous toward 

applied research as highlighted above, but also has allowed for sophisticated comparative 

analysis of core metabolic processes, such as glycolysis/gluconeogenesis, nitrogen 
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assimilation, and fatty acid biosynthesis (Radakovits et al. 2012; Smith et al. 2012; 

Bender et al. 2014). Such studies help to identify conserved regulatory elements and 

provide a frame of reference to understand carbon and energy flux in the cell. 

Furthermore, an essential component of the feasibility algal-derived biofuel on a 

commercial scale is the improvement in productivity, which can be done either by 

increasing biomass and/or amount of TAG per cell. Sequencing data can help to identify 

regulators associated with cellular division, metabolite production, and environmental 

sensing (Kim et al. 2015). The contribution of these regulators to productivity can then be 

evaluated further, using either genetic engineering (Gong et al. 2013; Trentacoste et al. 

2013; Manandhar-Shrestha and Hildebrand 2015), or mutagenesis (Cordero et al. 2011; 

Manandhar-Shrestha and Hildebrand 2013). Additionally, sequencing data can be used 

for the creation of recombinant protein constructs, produced in algae, which can open the 

door to an extremely high-value market product (Rasala and Mayfield 2014; Delalat et al. 

2015).  

Given the potential of Cyclotella cryptica as a true production organism, the lack 

of ‘-omic’ information and clarification of metabolic processes related to productivity 

inhibits its further development. This thesis seeks to use high-throughput technologies to 

describe the cellular mechanisms surrounding carbon and energy metabolism in the 

industrially relevant species C. cryptica. Existing genomic data from the last decade 

allowed an in-depth comparison of these metabolic processes amongst different species 

of algae. From a broad perspective, these analyses will elucidate particular regulatory 

nodes conserved in microalgae, with focus on areas of metabolism relevant to the biofuel 

and bioproduct industry.  In addition to using a systems biology approach, physiological 
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and biochemical analyses using newly developed technologies were also conducted, 

which remains crucial to ground truth hypotheses generated from sequencing data. 

Ultimately, it is my goal that the research conducted during this dissertation enables 

further facilitates the use of C. cryptica in a production system and adds to the biological 

understanding of the large-scale industrial cultivation of microalgae.  

Chapter 1 focused on the physiological characterization of TAG accumulation in 

C. cryptica using high-throughput imaging flow cytometry. During the ASP it was 

demonstrated that C. cryptica could accumulate lipid under silicon deprivation (Roessler 

1988a; Sheehan et al. 1998). The TAG accumulation was due to a concomitant increase 

in the proportion of newly fixed carbon partitioned into lipid as well as an increase in the 

conversion of other carbon pools, primarily the storage carbohydrate chrysolaminarin, 

into lipid (Roessler 1988b). The work conducted largely by Dr. Paul Roessler during the 

ASP in C. cryptica was foundational, but was further characterized with modern day 

high-throughput technologies, and an understanding of lipid accumulation as it relates to 

the cell cycle and other nutrient starvations. Using high-throughput imaging flow 

cytometry, physiological measurements of TAG, chlorophyll fluorescence, and cell cycle 

stage, were conducted over two distinct short and long term nutrient starvations, silicon 

and nitrogen. Under both nutrient starvations, C. cryptica accumulated substantial levels 

of TAG, which occurred in a multi-phase manner, with a slower rate in the early stages of 

nutrient depletion followed by a faster rate in the later stages. There were also differences 

between the two conditions with regards to onset of lipid accumulation, chlorophyll 

content, cell size, and intracellular heterogeneity. The cell-to-cell variability and the 

distinct subpopulations identified using imaging flow cytometry highlighted the 
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complexity that is overlooked when using bulk measurements, which could result in 

misconceptions of the biological system. This study was the first of its kind to use 

imaging flow cytometry in a microalgae species, and characterized in a high-throughput 

manner lipid accumulation in C. cryptica (Traller and Hildebrand 2013). The intriguing 

nuances in the physiological response to nutrient stress and TAG accumulation 

highlighted in chapter 1 propelled the need to investigate C. cryptica at a molecular level. 

Chapters 2 and 3 set out to accomplish the above goal. Chapter 2 investigated the 

nuclear genome and methylome in C. cryptica. In this study, it was determined that the C. 

cryptica genome does possess additional transcribed isozymes encoding for rate limiting 

enzymatic steps, which could bolster the flux of carbon into triacylglycerol. These genes 

include the beta-glucanses, involved in carbohydrate breakdown, a chloroplast targeted 

pyruvate kinase, and the only committed step in triacylglycerol biosynthesis, 

diacylglycerol acyltransferase. Chapter 2 has the potential to propel further research with 

C. cryptica because it provides fundamental genomic data for scientists to substantiate 

physiological, molecular, and biochemical experiments (Traller et al. 2016). The 

scientific findings substantiated the role of subcellular organization in carbon flux in the 

cell, identified the first putative heterotrophic hexose transporter in diatoms, and provided 

insight on diatom diversity and evolution. Additionally, annotation of the genome in an 

organism that has been demonstrated as a good accumulator of TAG provided the 

opportunity to identity the genetic components that are common to oleaginous organisms. 

These identified components can then either be target sites of genetic manipulation, or 

further biochemically probed to modify productivity. Sequencing data of this candidate 

production organism is instrumental in the development of molecular constructs that can 
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improve productivity or in biotechnological applications such as recombinant protein 

production. 

The third and final chapter of this thesis compared the transcriptomic profiles of 

cells exposed to nitrogen or silicon deprivation across early and late stages of lipid 

accumulation. To the best of our knowledge, this is the first documented gene expression 

study focused on a comparison of different macronutrient starvations in a microalgal 

species. Transcriptome analysis between the two conditions across a time series allowed 

for the discrimination of the nutrient starvation response from the lipid response to 

further identify key enzymes involved in TAG accumulation. Intriguingly, carbon and 

nitrogen metabolism, particularly in the mitochondrion, was vastly shifted under the two 

nutrient starvations. A significant finding from this chapter was the upregulation of 

mitochondrial beta-oxidation transcripts in the late stages of silicon starvation, indicating 

a concomitant increase in fatty acid breakdown and triacylglycerol, which suggests a 

preference shift in carbon storage from chrysolaminarin to lipid in the early to late stages 

of starvation, respectively. Further elucidation on the nuances in gene expression between 

the early and late stages of nutrient starvation could allow for testable hypotheses to 

explain the different rates of TAG accumulation identified in chapter 1.  

Overall, this thesis provided critical genomic datasets as well as previously 

undocumented phenomena associated with TAG accumulation, carbon metabolism, and 

regulatory components in a candidate organism for commercial production. The data not 

only is applicable toward the development of Cyclotella cryptica for large-scale industrial 

cultivation, but also will allow for significant advances in our understanding of diatom 

metabolism and physiology. The advent of affordable high throughput genomic 
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sequencing allowed for the opportunity to obtain data in a non-model system that could 

not previously be possible. The findings described in this thesis demonstrate a wealth of 

information and significant insight into the molecular underpinnings of triacylglycerol 

accumulation, which hopefully will bring us closer to the feasibility of commercial algal 

cultivation as a means to effectively mitigate anthropogenic climate change and 

contribute to the solution for our energy needs.   
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CHAPTER 1 

High throughput imaging to the diatom Cyclotella cryptica demonstrates substantial cell-
to-cell variability in the rate and extent of triacylglycerol accumulation 
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In microalgal cultures, most analyses of cellular processes are done in bulk, on the entire population of cells.
Information gained from this is representative of the mean; however, it obscures the richness of cell-to-cell
variation, which is a well-documented phenomenon. Using imaging flow cytometry, we evaluate changes in
triacylglycerol (TAG) content and chlorophyll resulting from silicon or nitrogen deprivation in the diatom
Cyclotella cryptica. This approach allows detailed interrogation of large numbers of individual cells and
reveals cell-to-cell variation. This study demonstrates several previously undescribed phenomena related
to TAG accumulation in microalgae. First, the rate of TAG accumulation varies over time, with a faster rate
occurring at the latter stage of the process, resulting in hyperaccumulation in which the majority of the
cell volume is comprised of lipid droplets. In C. cryptica and other diatoms this hyperaccumulation occurs
strictly under autotrophic conditions. Second, there are distinct responses to silicon or nitrogen limitation,
and variation within a given type of limitation treatment. Under most conditions there is a large spread in
the population when measuring either chlorophyll or TAG. Heterogeneity within the total population
indicates that caution should be taken in interpreting bulk measurements for a variety of variables (TAG,
transcript, protein, metabolites, etc.) related to cellular responses. However, a potential means to couple
subpopulation-level responses with bulk analysis approaches is described, which could take advantage of
the nuances observed during the TAG accumulation process.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The development of microalgal biofuels is gaining momentum, as
economic and environmental factors drive the need for renewable
and sustainable sources of liquid transportation fuels. Many algal spe-
cies synthesize abundant amounts of neutral lipids suitable for con-
version to high energy density liquid fuels, producing 30–40% dry
weight in lipids, with exceptional species reaching levels of 50–70%
[1–4]. A number of analyses indicate that unicellular algae produce
more biomass and oil than plants by a large margin [5]. Microalgae
can also be grown on non-arable land in non-potable, saline water,
reducing competition for resources for human needs. Currently lack-
ing, however, is the infrastructure to efficiently grow algae on a large
scale, and at the cellular level, an understanding of the basic mecha-
nisms underlying controllable and reproducible lipid accumulation.
In terms of the economics of production, the research focus has large-
ly been to increase the amount of fuel precursor molecule; however,

it may not be appreciated that the rate at which the molecule accu-
mulates will also have a strong impact on the cost.

An ideal production organism will produce abundant neutral lipid
or triacylglycerol (TAG) yet still rapidly grow to high biomass. In the
natural environment, diatoms (Bacillariophyceae) often outcompete
other classes of algae for nutrients and growth and are among the
most productive and environmentally-flexible eukaryotic microalgae
on the planet [6]. Extensive screening in the Aquatic Species Program
(ASP) identified diatoms as some of the best candidate organisms for
lipid-based biofuels production [3]. The centric diatom Cyclotella
cryptica was defined as a potential model organism with high lipid
accumulation ability [7,8], and with consistent productivity levels of
20 g·m−2·d−1 in outdoor ponds [9].

One distinguishing feature of diatoms is their cell wall, which is a
composite of silica and organic material [10–12]. Most diatoms have
an absolute requirement for silicon (Si) in order to grow [13], and re-
quire it to the same extent as nitrogen [14]. Depletion of silicon in di-
atom cultures leads to cessation of cell division and consequentially
accumulation of organic carbon in the form of TAG in some species
[4,8,15]. Silicon is not directly involved in many aspects of cellular
metabolism [16] and intracellular stores of Si are low [13], which is
in contrast to nitrogen, a commonly used limiting nutrient for TAG ac-
cumulation in microalgae [3,17,18]. Nitrogen metabolism is tightly
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correlated with central carbon metabolism and is required in numer-
ous processes essential to cell growth; including photosynthesis, DNA
replication, and protein synthesis. A comparison between silicon and
nitrogen starvation may elucidate distinct regulatory processes con-
trolling TAG accumulation and enable identification of the core essen-
tial processes distinct from the secondary effects of nutrient stress. An
understanding of these processes is a crucial step toward increasing
productivity.

One method taken to understand the cell's behavior during TAG
formation has been to look at the significant changes in expression
of genes and proteins. Transcriptomic and proteomic studies have
helped advance the field by seeking to provide a comprehensive
view of the basic metabolic pathways involved [18–20]. Recent anal-
ysis revealed that there are substantial differences in fundamental
carbon metabolism pathways among diatom species and between
diatoms and other classes of algae [21], suggesting that generaliza-
tions should be avoided. At an even more fundamental level, the
basic process of TAG accumulation has been under-investigated. We
are not aware of studies that document what rates of TAG accumula-
tion are possible in an algal cell, or studies that show whether differ-
ent rates occur under different conditions. Baseline measurements
during the entire process of TAG accumulation will be essential
toward estimating how much improvement is needed in order to
implement a successful production system. Methods have been
established to generate such data, including gravimetric analysis to
obtain total lipid content, and spectrofluorometry using fluorescent
lipid probes Nile Red or BODIPY [3,22–25]. Fluorescent methods
have consistently been shown in diverse classes of microalgae (includ-
ing diatoms) to provide an accurate representation of TAG content com-
pared with gravimetric methods ([26–28], Trentacoste et al.,
manuscript in prep.).

While the previouslymentioned analyses are crucial, data generated
from gravimetric, spectrofluorometric, transcriptomic and proteomic
approaches is averaged over the entire cell population, and researchers
must take caution when drawing conclusions about what occurs or
what is possible in an individual cell when the data is in reality averaged
over millions of cells per mL. A large shift of a particular parameter in a
small percentage of the population could inaccurately skew the percep-
tion of a response. For example, if 10% of the population shows a 25-fold
induction of a particular transcript and the remaining population shows
no induction, a change on the order of 2.5-fold will be registered when
averaged over the entire population, but in reality, no change has oc-
curred in 90% of the cells. Similar analogies can bemade for gravimetric
and spectrofluorometric analyses. Examples of heterogeneity between
different cells in a population have recently come to the forefront
with the advent of single cell analysis; indicating that intrapopulation
variability appears to be common throughout all branches of life, in-
cluding microalgae [29–32]. Aside from issues stemming from cellular
variability, many ‘omic’ studies compare only two conditions: a ‘before’
or uninduced sample, and an ‘after’ or induced sample, and includemul-
tiple replicates in an effort to constrain a typical response. This type of
experimental design is informative but only to a certain extent because
it is possible that transient metabolic shifts will be missed due to insuf-
ficient coverage of the process, or that genuine variability could occur
but be discounted because it is less frequent. Such metabolic shifts
could be due to epigenetic or other factors. Data collected in a time se-
ries (experiments which span the entire accumulation of lipid versus
just the induction of such) will create a more extensive picture of met-
abolic shifts occurring in the cell, and provide a better opportunity to
observe interesting transient phenomenon.

An ideal situation would be to apply approaches in which a global
bulk analysis will still effectively capture the ongoing dynamic and
sometimes variable processes within individual cells. In this study,
we characterize the TAG accumulation process in the diatom
C. cryptica, using bulk culture analyses combined with the application
of imaging flow cytometry to enable evaluation of cell-to-cell

variation. A statistically sound, comprehensive view of the TAG accu-
mulation process resulted, which allowed for bulk analyses to be re-
lated to both subpopulations and individual cells within the same
sample. We also compare the variability in response between nitro-
gen and silicon limitation. The data reveal significant variability and
substantially different rates of TAG accumulation in different subpop-
ulations of cells, but suggest that correlations can still be made with
bulk sampling procedures. Rates are substantially higher at some
stages than others, which could have positive implications for im-
proving strains for production.

2. Materials and methods

2.1. Culture conditions

50 mLworking stocks of clonalC. cryptica (CCMP332, National Center
for Marine Algae and Microbiota; http://ccmp.bigelow.org/) were
maintained under axenic conditions in artificial seawater (ASW)medium
[33] under a light:dark cycle of 12:12 at 18 °C and 150 μmol·m−2·s−1

light. Cells to be used for experiments were transferred to fresh ASW
and grown under continuous light to mid-exponential phase (approxi-
mately 2.5 × 105–5.5 × 105 cells·mL−1) and placed on a rotating shaker
before transferring to 2.5 L ASW.

2.2. Nutrient limitation experiments

Once the cells were inoculated into 2.5 L cultures, they were bub-
bled with air and mixed using a magnetic stir plate at a speed of
250 rpm in continuous light. For nutrient comparison experiments,
cells were grown to mid-exponential phase in nutrient replete ASW
(for approximately 4 days). To transfer cells into nutrient deplete
conditions, cells were harvested via centrifugation in 250 mL sterile
centrifuge bottles for 15 min at 3100 ×g. The concentrated cells
were washed once with ASW lacking silicon or nitrogen, depending
on the condition of starvation. The washed cells were then placed in
1 L nutrient deplete ASW (Si-ASW or N-ASW) and monitored on a
daily basis. For consistency, both nutrient limitation experiments
were conducted in 2 L polycarbonate bottles to prevent silicon con-
tamination from glass vessels.

2.3. Sampling

Quadruplicate samples (10 mL each) were taken from cultures for
cell counts and flow cytometry. Cells were concentrated by centrifu-
gation for 6 min at 3200 ×g. Cells were transferred to microfuge
tubes, pelleted, the supernatant was removed and the cell pellet
kept frozen at −20 °C until analysis. Cells were analyzed within
2 weeks of sampling to avoid cellular damage from long term storage.

Cells were counted in duplicate or quadruplicate using a Neubauer
hemocytometer to generate data for the growth curves.

2.4. Fluorescent staining

Cells monitored for lipid were stained using the fluorescent dye 4,
4-difluoro-4-bora-3a, 4a-diaza-s-indacene (BODIPY 493/503, Molec-
ular Probes). Cells were resuspended in 500 μl of 2.3% NaCl and
then stained by adding 1.3 μL of a 1 mg ml−1 BODIPY stock dissolved
in DMSO and incubated in the dark on ice for a minimum of 10 min.
Cells were processed within 2 h of staining while the dye characteris-
tics remained stable. For the purpose of this study, we chose the fluo-
rescent dye BODIPY as a proxy for lipid content in cells. It has been
found that BODIPY is more photostable than Nile Red, and its narrow
green emission spectrum allows for simple comparison to chlorophyll
autofluorescence without spill over [24,25].

245J.C. Traller, M. Hildebrand / Algal Research 2 (2013) 244–252
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2.5. Microscopy

Live cells were stained with BODIPY and observed with a Zeiss Axio
Observer Z1 invertedmicroscope equippedwith a Zeiss ApoTome and a
Zeiss AxioCamMRm camera. Non-fluorescent images were taken using
differential interference contrast (DIC). The filter sets used for fluores-
cent imaging were Zeiss #16: Excitation BP 485/20 nm, Dichromatic
mirror FT 510 nm, Emission LP 515 nm for chlorophyll autofluores-
cence, and Zeiss #38HE Excitation BP 470/40 nm, Dichromatic mirror
FT 495 nm, Emission BP 525/50 nm for BODIPY. Images shown in
Fig. 2 were captured using the 63× objective with an oil immersion.
Images shown in Fig. S3 were captured using the 40× objective.

2.6. Cell cycle analysis

10 mL of live cells were concentrated down and resuspended in
10 mL100% ice-cold methanol and stored at 4 °C until analysis. Meth-
anol was removed and cells were washed three times in Tris–EDTA
(TE) buffer (pH 8). After the third wash cells were resuspended in
1 mL TE and treated with Ribonuclease A (0.3 mg ml−1

final concen-
tration, Sigma). Samples were then incubated at 37 °C for 45 min.
After incubation, 10 μL of 100× SYBR Green I nucleic acid gel stain
(10,000× concentrate in DMSO, Molecular Probes) stock dissolved
in DMSO was added. Cells were stained for a minimum of 10 min in
the dark on ice. 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).

2.7. Imaging flow cytometer analysis

Frozen cells were processed using the protocol mentioned above
for analysis on the ImageStreamX (Amnis Corp., Seattle, WA)
imaging flow cytometer. At least 10,000 events were collected for
each time point using the INSPIRE software package (Amnis Corp.).
To minimize collection of data on debris, cell classifier parameters
were set to capture images with a minimum and maximum area of
20 μm2 and 200 μm2 respectively. The side scatter image was collect-
ed in channel 6 (Ex 785 nm, Em 745–800 nm), BODIPY fluorescence
in channel 2 (Ex 488 nm, Em 470–560 nm), chlorophyll autofluores-
cence in channel 5 (Ex 488 nm, Em 660–720 nm), and bright field in
channel 4. Because chlorophyll autofluorescence oversaturates at the
lowest 488 nm laser power, two neutral density filters (0.6 and 1.0)
were added to block a portion of the light from the laser. The
488 nm laser was set at an intensity of 25 mW and the side scatter
and bright field 785 nm laser to 2.85 mW.

Post-acquisition spectral compensation and data analysis were
performed using the IDEAS software package provided by Amnis
Corp. To correct for crossover fluorescence of each fluorochrome
into other channels, a compensation matrix was created as described
in [34]. Single, in-focus cells were enriched by using the guided anal-
ysis features ‘focus’ and ‘single cell’ in IDEAS. After elimination of de-
bris, 5000–10,000 cells were analyzed per sample.

3. Results

3.1. Time course experiments demonstrate distinct differences between
the early and late stages of TAG formation and between silicon and nitro-
gen deplete cell cultures

Exponentially growing, nutrient replete cultures were harvested
by centrifugation and transferred into nutrient deplete (Si or N)
ASW (see Materials and methods, Sections 2.1–2.2). After cells were
transferred to Si-ASW, growth immediately ceased (Fig. 1a). It has
been reported in the diatom Cylindrotheca fusiformis that DNA syn-
thesis and cell division immediately ceases in Si-starved cultures

[33]. The Si-starvation response presented here was comparable to
other studies with C. cryptica as well as other diatom species ([35]
and Traller, unpublished data) — highlighting the robust nature of
this response. In both experiments, cell cycle arrest was predomi-
nantly in the G2 phase (Fig. S1). During Si-starvation, chlorophyll
concentration per cell increased continually (Fig. 1b), which is a
physiological response to Si deprivation (Glé and Smith, unpublished
results and [36]). In terms of TAG accumulation as measured by
BODIPY fluorescence, there was an initial phase of lower TAG accu-
mulation rate, followed by a rapid rate phase, then followed by a
lower rate as the process appeared to plateau (Fig. 1c). The initial
phase spanned 0–48 h. The faster rate occurred at approximately
48–72 h, and saturated from 72 to 96 h. The pattern of accumulation
was similar in both experiments, but the extent of fold change rela-
tive to 0 h was different (Fig. 1c).

In contrast to Si-limitation, nitrogen deprivation produced a more
variable response in growth and chlorophyll levels, but a similar re-
sponse in terms of TAG accumulation (Fig. 1d–f). In the replicate
N-ASW cultures in Fig. 1d, in one case (N1) growth ceased within
24 h, but in the other (N2), cells continued to grow for 2–3 days.
The cell cycle arrest points differed in these two experiments — in
N1 arrest was predominantly in the G2 phase of the cell cycle and
in N2, the G1 phase (Fig. S1). In both experiments, chlorophyll levels
decreased over time (Fig. 1e), however this was slightly delayed in N1
(Fig. 1e). Although the amount of BODIPY fluorescence differed in the
two experiments the TAG accumulation pattern was similar (Fig. 1f).
Both patterns exhibited an increasing rate until 48 h, then either a
steady rate or decrease, followed by the highest rate.

Overall, these experiments showed a general trend of TAG accu-
mulation in C. cryptica in three phases: an early, slower phase, a
later, rapid phase, and a plateau phase (the latter specific for Si limi-
tation, Figs. 1c, f, S2). The average increase in rate between the first
and second phases was 3.5 fold and 3 fold for Si and N, respectively.
The substantial difference in rate between the early and late stages
of nutrient depletion suggests differences in metabolic processes in-
volved in TAG accumulation.

3.2. Fluorescent microscopy of cells during TAG accumulation demon-
strate a hyperaccumulation of lipid droplets

Fluorescent and differential interference contrast (DIC) images were
captured of cells throughout the time course of Si and N limitation
(Fig. 2). Especially evident at the later time points is an abundant amount
of TAG in the form of large lipid droplets. Cells in both Si1 and N1
experiments at 96 h contain large droplets that comprise the majority
of the cell volume (Fig. 2e, j). In some cases the lipid bodies became so
large that they escaped from the cell (Fig. S3). Because of the increased
rate of TAG accumulation during the later time points (Fig. 1c and f)
and the large volume of lipid droplets in the cell (Figs. 2, S3), we defined
this later stage as hyperaccumulation.

3.3. Characterization of TAG accumulation in C. cryptica using imaging
flow cytometry

3.3.1. Imaging flow cytometry analysis reveals subpopulation level
differences within the total population

It is difficult to obtain rigorous statistical analyses using standard
microscopy approaches, due to limitations in sampling size. We
analyzed the TAG accumulation process in a more statistically robust
manner by conducting high-throughput imaging analysis of cells
using an ImageStreamX imaging flow cytometer. This instrument has
the capability of performing scatter-plot analyses similar to traditional
flow cytometers as well as high resolution microscopy of each cell,
enabling the interrogation of a large number of individual cells for
TAG and chlorophyll content.
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Using the ImageStream, six subpopulations within the total
sample population were identified (Fig. 3). Each subpopulation was
defined by “gates” that were generated using the fluorescence inten-
sity values of chlorophyll and TAG (using BODIPY) on a log scale and
the morphological changes observed in the images (Fig. 3c). The gates
enabled assessment of distinct shifts in neutral lipid and chlorophyll
content and appearance.

The first two subpopulations, ‘zero lipid (ZL)’ and ‘diffuse staining
(DS)’, were comprised of cells containing little or no TAG. Cells cate-
gorized in the ZL subgroup (Fig. 3a, b, magenta gate) had high chloro-
phyll fluorescence and no visible BODIPY fluorescence. The second
subpopulation, DS, contained cells with a small amount of BODIPY
fluorescence, which appeared to be initial TAG formation based on
microscopy (Figs. 2a, f, 3c). Cultures grown under exponential,

Fig. 1. Cell count and fold change in chlorophyll and BODIPY fluorescence over time in nutrient deplete media (Si-media, solid lines; N-media, dotted lines). (a, d) Cells transferred
from nutrient replete ASW to nutrient deplete ASW exhibit cessation of growth, except in the case of N2, where growth continued for approximately 2 days. Error bars indicate
standard deviation. (b, e) Relative changes in chlorophyll fluorescence relative to t = 0. (c, f) Relative change in BODIPY fluorescence over time in Si-media (c) or N-media (f).
X-axis for all graphs is the time (in hours) the cells are placed in nutrient deplete ASW. Data generated are from two independent biological replicates.

Fig. 2. The accumulation of lipid in C. cryptica over time as based on high resolution microscopy. Images are composites of BODIPY fluorescence (falsely colored green) and chlo-
rophyll autofluorescence (falsely colored red), or are solely differential interference contrast (DIC). (a–e) Cells in silicon deplete medium (Si1 experiment) at hours 0, 24, 48, 72, 96
respectively. (f–j) Cells in nitrogen deplete medium (N1 experiment) at hours 0, 24, 28, 72, 96. (a–d, f–j). Merged images of BODIPY, chlorophyll, and DIC. (e) DIC image of silicon
deprived cells at 96 h; demonstrating that droplets can be visualized without a lipid probe in the later stages. Scale bars 5 μm.
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nutrient replete conditions exhibited high percentages of cells in
these two subgroups; 98% and 99% for the selected silicon and nitro-
gen experiments respectively (Fig. 3a, b). At t = 24 and t = 48
(Fig. 3) another subpopulation was evident in cells that contained
‘small droplets’ and was named accordingly (SD, third subpopulation,
lavender).

The next subpopulation (blue gate) was ‘hyperaccumulated TAG
with high chlorophyll (HHC)’ in which large lipid droplets were
visible in cells still containing substantial chlorophyll. The fifth sub-
population (yellow gate) was ‘hyperaccumulated TAG with low
chlorophyll (HLC)’ in which large lipid droplets were present but
chlorophyll was dramatically decreased or absent. These subpopula-
tions became predominant in the later stages of nutrient depletion,
developing at approximately 48 h into the starvation response. The
final subpopulation detected was defined as ‘cell debris (CD)’ (orange
gate). Cells falling into this subgroup were presumed dead, as denot-
ed by empty silica frustules with residual lipid (Fig. 3c).

3.3.2. The dynamics of TAG accumulation revealed by imaging cytometry
A template defining the six subpopulations of TAG accumulation

in C. cryptica defined was applied to scatter plots of time course
experiments as a method of determining shifts within the total popu-
lation of cells over time (Fig. 3). Fluctuations in the lipid and chloro-
phyll content of the total population can be more readily visualized
by an animation comparing the different scatter-plots (Fig. S4). Fol-
lowing the time course of TAG accumulation, we see a distinct shift

in subpopulations ranging from the initial ZL and DS populations,
followed by SD, then HHC, HLC, and CD (Figs. 3, S4). Observations
from these and many other experiments suggest that this general
progression is typical not only of diatoms, but other classes of
microalgae (Abbriano, Sanchez-Alvarez, Smith, Trentacoste, Hildebrand,
unpublished data).

The gating approach allows evaluation of subpopulation transi-
tions between distinct stages in the TAG accumulation process. In
Fig. 4, we compare changes in the percentage of cells in six subpopu-
lations with the mean TAG and chlorophyll fluorescence over time in
the Si1 and N1 limitation experiments shown in Fig. 3. Fig. 4b shows
the progression of the mean (BODIPY and chlorophyll) for the entire
culture for Si-as previously shown (Fig. 1c). At the start of the exper-
iment, the predominant subpopulations were ZL and DS, which sub-
sequently decreased over time (Fig. 4a). By 48 h in Si-ASW, SD
became the predominant subpopulation and by 72 h HHC dominated
(Fig. 4a). For N-cells, the subpopulation shift occurred 24 h earlier
than Si (Fig. 4c). There was a correlation between the predominance
of hyperaccumulated cells (cells belonging in either HHC or HLC sub-
groups) and the increased rate of TAG accumulation, indicating that
these cells not only contained more TAG, but they accumulated it at
a faster rate. Under nitrogen limitation, ZL and DS populations de-
creased and there was a correlation between increased TAG accumu-
lation rate and the predominance of the HHC population; similar to
Si- cultures (Fig. 4c and d). This was further evident at T = 72 in
N1 where there was a loss in both TAG and chlorophyll fluorescence

Fig. 3. Imaging cytometry analysis reveals six subpopulations from silicon (a) and nitrogen (b) starvation experiments. (a) Silicon starvation over 0, 24, 48, 72, and 96 h; (b) Ni-
trogen starvation over 0, 24, 48, 72, 96 h. (c) Representative cells, two for each subpopulation, color of heading corresponds to a particular gated subpopulation shown in the
cytograms. Each cell shown has four images: bright field, BODIPY fluorescence (falsely colored green), chlorophyll autofluorescence (falsely colored red), and a merged image of
BODIPY and chlorophyll. The cells depicted here are the mean for the subpopulation.
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and subsequent decrease in HHC; the rate then increased dramatical-
ly from 72 to 96 h, consistent with an increase in the HHC population
(Fig. 4c, d, and animation shown in Fig. S4). A distinction between N
and Si is that the HLC subpopulation becomes substantial in N,
where it does not in Si within the hours observed. This is a manifesta-
tion of the consistent loss of chlorophyll under N limitation (Fig. 1e).

3.4. Intrapopulation heterogeneity

It is evident from the plots in Fig. 3 that there is a spread in the
population(s) with regard to TAG content at any given time. In
some cases the spread is quite substantial; consider N limitation at
96 h, whereas in other cases the population is tight, such as N limita-
tion at 24 h (Fig. 3b). Control experiments and repeated observations,
combined with the ability to observe lipid droplets without BODIPY
staining (Fig. 2e, Fig. S3), as well as kinetic data in other classes of
algae with less permeable cell walls than diatoms [37], indicate that
these differences are not due to staining artifacts resulting from dif-
ferences in cell permeability.

The ability to image large numbers of cells is essential to monitor
population heterogeneity. In Fig. 5 we show the effect of varying
the number of cells imaged on the quality of the data. Different num-
bers of randomly selected cells were included in the analysis of chlo-
rophyll and BODIPY fluorescence during N limitation. Both analyses
showed that an accurate representation of the actual distribution
was not apparent until at least 450 cells were included (Fig. 5). The
means also did not approach their accurate values until this point.
The mean chlorophyll fluorescence decreased with more cells, but in-
creased for BODIPY — a manifestation of the misrepresentation of the
population with a smaller sample size. We also observed a decrease in
the standard error with increasing number of analyzed cells, provid-
ing an accurate representation of the mean (Fig. 5), in spite of rela-
tively large spreads in individual values for cells in the population.

The benefits of interrogating large numbers of cells during a
time course are shown in Fig. 6, where we plot histograms of
BODIPY and chlorophyll fluorescence at three time points during
the N1 limitation experiment. The designation of two subpopula-
tions (ZL and DS) differing in TAG content at t = 0, which were
defined by visual observation of the cells, is confirmed in the his-
togram. By 48 h, the populations merged, but by 96 h, two sub-
populations are again evident. For chlorophyll, we observe one
predominant subpopulation until 48 h, and then a substantial
amount of chlorophyll degradation occurs, generating a new sub-
population and heterogeneity in the total culture (Fig. 6). Detec-
tion of such heterogeneity would be extremely challenging in a
bulk measurement.

4. Discussion

The application of imaging flow cytometry to a time course analy-
sis documented several dynamic and variable aspects of the TAG ac-
cumulation process resulting from silicon or nitrogen limitation in
the diatom C. cryptica. Cell-to-cell variability in a clonal population
of cells is a well-established phenomenon [29–32], but can be
overlooked when applying bulk analysis approaches. A bulk measure-
ment deals only with the mean of a population, but interrogation of
large numbers of individual cells enables finer resolution of the diver-
sity of processes that constitute the mean. Traditional flow cytometry
can distinguish subpopulations, but imaging flow cytometry provides
additional information in the context of monitoring a visible change
in the cells such as the accumulation of lipid droplets. The variability
documented in this study emphasizes the importance of understand-
ing the individual cell's response to TAG accumulation as opposed to
the total population. It is unlikely that gene and enzyme activity in a
cell that contains large levels of TAG is the same as that of a cell with
little TAG. While bulk analyses of lipid are important for productivity

Fig. 4. Relative distribution of cells within the different subpopulations plays a role in the rate of TAG accumulation. (a, c) Stacked bar graphs indicate the relative percentage of cells
in each subpopulation. Colors of each bar correspond to the color of each gate as shown in Fig. 3; (a) silicon, Si1; (c) nitrogen, N1; (b) fold change in TAG as quantified by BODIPY
and fold change in chlorophyll autofluorescence over silicon depletion and (d) nitrogen depletion. Changes in the rate of TAG accumulation correspond to shifts into the
hyperaccumulated lipid with high chlorophyll subpopulation (HHC, blue bar). Due to the loss in chlorophyll, N-cells also experienced an increase in the hyperaccumulated lipid,
low chlorophyll subpopulation (HLC, yellow bar).
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measurements, assessment of lipid accumulation on an individual cell
basis will be crucial toward understanding the actual cellular process-
es involved in accumulation.

This is not the first study documenting subpopulation variability
under nutrient stress in microalgae. Flow cytometric results from
the Aquatic Species Program documented two subpopulations based
on TAG (Nile Red) and chlorophyll fluorescence in Isochrysis under
N deprivation [3]. The bimodal distribution of lipid and chlorophyll
found in both a haptophyte and a diatom (this study) implies that
this phenomenon is more common in microalgae than is appreciated.
Additionally, other studies have examined photosynthetic efficiency
(Fv/Fm) and activity (14C bicarbonate fixation rate) and found substan-
tial variability amongst individual cells in diatoms and dinophyceae
[20,21].

Cell-to-cell variability in a clonal population could result from sev-
eral factors. In E. coli, there are differences in the growth rates of the
daughter cells from parent cells that appear to divide symmetrically —
daughters that inherited the “older half” of the cell tended to have
slower growth rates than the daughter with the newly synthesized
cell wall [31]. One possible explanation for differences in the growth
rate of a clonal population could be epigenetic factors. Recent work
has documented the same phenomenon in diatoms, in which daugh-
ter cells that inherited more parental material exhibited increased divi-
sion rates [38]. Factors other than unequal distribution of material were

also implicated [38], suggesting that epigenetic differences could play a
role. A recent analysis highlights the potential of epigenetic variation in
diatoms supporting this concept [39]. Combining the differential fitness
of daughter cells with the fact that cells of different ages constitute the
population (only 50% of the population is represented in themost recent
generation in any culture) provides reasonable explanations for why
large differences in metabolic capacity can occur under otherwise
carefully controlled culture conditions. The general large spread in
BODIPY and chlorophyll fluorescence under the culture conditions
used here (Fig. 3) is evidence for this in relation to TAG levels.

The ultrastructure of lipid droplet formation has not been extensive-
ly examined in microalgae, however recent work in Chlamydomonas
reinhardtii demonstrates a similar trend as documented here (Figs. 2
and 3c) [40–43]. Actively growing cells contain little or no fluorescence
diagnostic of lipid droplets, and when droplets are present, they are
small. Under limitation conditions, droplets increase in size and number
[41,43], however under most conditions, they remain well defined in
size and separated from each other. In C. cryptica, as droplets accumu-
late, they become more heterogeneous in size, and very large droplets
become common (Fig. 2). In C. reinhardtii, only in the presence of ace-
tate do lipid bodies become large enough to overwhelm the volume of
the cell [41]. In contrast, C. cryptica (Figs. 2 and 3) and other diatoms
(unpublished observations) are capable of hyperaccumulation under
autotrophic conditions with no additional organic carbon source.

Fig. 5. Sample size number plays role in accuracy of imaging cytometry data. To demonstrate discrepancies and issues that arise when using microscopy or averaging over total
populations, the IDEAS software template was applied to randomly chosen cells from sample sizes of 1, 24, 42, 450, 2322, and 5345 cells. The day four N-ASW (N1) BODIPY and
chlorophyll histograms were plotted in a, b respectively. It was not until 450 cells were processed did the pattern emerge that was similar to the highest sample size. When com-
paring the n = 5345 to the n = 24, there is a significant difference in both the TAG and chlorophyll fluorescence; this indicates that there is large variation on the individual cell
level in TAG and chlorophyll content in nitrogen deprived cells which is further confirmed by the bimodal distribution in both TAG and chlorophyll as shown in the large sample size
histograms.
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In the silicon limitation experiments, even though there is a consistent
pattern of growth cessation and chlorophyll increase (Fig. 1a and b), the
timing and extent of TAG accumulation varies (Fig. 1c). There is no strict
correlation between cell cycle arrest (Fig. S1) or cessation of growth and
TAG accumulation (Fig. 1). This may indicate that even though cell
division immediately ceases, there is a slow progression to an arrest
point in the cell cycle prior to an additional division occurring. We have
observed a different response in Thalassiosira pseudonana, where cell
cycle arrest correlates with growth arrest and TAG accumulation (Smith
et al. in preparation).

The cellular response during TAG accumulation is more variable
under N limitation than Si limitation in C. cryptica. For instance,
the cell cycle arrest point for nitrogen limitation differed between
replicates, with N1 arresting in G2 and N2 in G1 (Fig. S1). Based on
previous investigations, differences in cell cycle arrest points under
nitrogen free conditions are feasible. Nitrogen limitation has been
found to cause an increase of cells in either G1 or G2 [16,44]. The
data for both N and Si limitation do not support the concept that ar-
rest at a particular cell cycle stage is required for TAG accumulation.
This is in contrast to the dinoflagellate Crypthecodinium cohnii,
where a commitment point for fatty acid biosynthesis in the late G1
phase of the cell cycle was demonstrated [45]. An interesting observa-
tion with the N limitation experiments was the consistent decrease or
lack of increase in TAG accumulation at 72 h relative to 48 h. We can-
not at present demonstrate why this occurred, but could speculate
that some intracellular store of nitrogen became available. Regardless
of the reason, this response highlights the idea that the TAG accumu-
lation response is not linear; it is transient throughout time, an obser-
vation that would be missed with a ‘before-and-after’ analysis. In our
experiments, during the course of Si limitation, the spread in the total
population becomes tighter (Fig. 3a); whereas under N limitation, it
becomes broader, with highly distinct subpopulations being generat-
ed at the later time point (Figs. 3b and 5). A major difference between
the two limitations is the response of chlorophyll, which generally in-
creases under Si limitation, but decreases under N limitation and

generates a more highly populated HLC subpopulation at the later
time point. Intracellular conditions in the HLC and HHC subpopula-
tions in this experiment should be expected to be substantially
different.

Common between both conditions were distinct phases of TAG
accumulation: an early phase, and a faster phase during which
hyperaccumulation occurred. Based on the substantially different
rates, we hypothesize that the early and hyperaccumulation phases
result from two distinct metabolic processes. These different process-
es are not related to the specific nutrient limitation, implying that
they come into play after the initial triggering event for TAG accumu-
lation. There are especially obvious advantages to understanding the
underlying metabolic processes involved in hyperaccumulation, be-
cause this would be a first step in determining whether it could be
triggered earlier to reduce the time required for maximum TAG accu-
mulation. As demonstrated visually (Fig. 2), the amount of TAG that
C. cryptica is capable of accumulating is substantial, as observed by
microscopy of large lipid droplets within the cell (Figs. 2 and S3),
but most of the increase occurs in one day after a 2-day period of
less accumulation (Figs. 1 and 4).

As mentioned earlier, most analysis approaches are bulk measure-
ments that generate data representative of the mean of a population,
which in some cases can obscure the full richness of a response, or in
the worst case, misrepresent it. An ideal experimental approach
would allow evaluation of subpopulations of cells undergoing similar
processes. Flow cytometric sorting enables separation of virtually any
subpopulations, but only a relatively small number of cells can be
sorted. Procedures such as whole transcriptome amplification [46]
can address the problem of lack of material, but can also generate
biases in transcript abundance. The application of imaging cytometry
suggests a reasonable alternative. By defining subpopulations according
to phenotypic differences (Fig. 3), and then following the progression of
cells in a time course experiment, sequential times in which the major-
ity of the population shifts between subpopulations can be identified.
For example, comparing 48 and 72 hour time points in Si1 (Figs. 3a,

Fig. 6. Variance in BODIPY intensity and chlorophyll autofluorescence intensity under nitrogen deprivation (N1 experiment). (a) Histogram depicting TAG levels (measured using
BODIPY) over 0, 48 and 96 h in N-ASW. (b) Histogram depicting chlorophyll autofluorescence intensity over 0, 48, and 96 h in N-ASW.
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4a) we see that the majority of the cells shift from SD to HHC. A bulk
analysis on these two samples should be fairly specific for changes oc-
curring during this transition. The relevance of some shifts may not be
obvious when only measuring the mean, for example in both S1 and
N1 comparing 0 with 24 h (Fig. 3), major shifts occur according to phe-
notype which are not reflected in the bulk meanmeasurement (Fig. 4).
The approaches developed in this report should enable more informed
choices of relevance to specific cellular phenomena for analysis.

The results of this study have revealed several previously undescribed
phenomena related to TAG accumulation. One is the change in rate of
TAG accumulation over time, which is especially relevant for biofuels
production because much higher rates were shown to be possible
than under the initial conditions. Coupled to this, we document a
hyperaccumulation of TAG under strictly autotrophic conditions, which
we have also seen in other diatom species (unpublished observations).
Differences in the responses occur even under carefully controlled cul-
ture conditions, which we suggest may be due to epigenetic variations.
Similarly, undermost conditions, there is a large spread in the population
whenmeasuring either chlorophyll or BODIPY, which could also relate to
epigenetic variations. These variations document the richness of the TAG
accumulation response, and such variations may be more likely to occur
under less controlled outdoor conditions. Finally, a potential means to
couple subpopulation-level responses with bulk analysis approaches
has been described, which could take advantage of the nuances observed
during the TAG accumulation process.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.algal.2013.03.003.
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Figure S1: Cell cycle analysis of nutrient depletion experiments. Top row, silicon 
limitation. Bottom row, nitrogen limitation. The percentage of cells arrested at each cell 
cycle stage (G1, S, or G2) is plotted. 
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Figure S2: Normalized data depicting three different phases of TAG accumulation under 
silicon deprivation in C. cryptica: early, hyper, and plateau phases. Normalization was 
done by averaging the values over all time points for Si1 and Si2, then adjusting the 
values of individual time points by that factor. 
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Figure S3: High resolution microscopy depicts lipid bodies that have escaped from the 
cell. (a) 144 h in N-ASW. (b, c) 96 h in N-ASW. Similar images were captured under 
silicon deprivation (data not shown). 
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Abstract 
Background: Improvement in the performance of eukaryotic microalgae for biofuel and bioproduct production is 
largely dependent on characterization of metabolic mechanisms within the cell. The marine diatom Cyclotella cryptica, 
which was originally identified in the Aquatic Species Program, is a promising strain of microalgae for large-scale 
production of biofuel and bioproducts, such as omega-3 fatty acids.

Results: We sequenced the nuclear genome and methylome of this oleaginous diatom to identify the genetic traits 
that enable substantial accumulation of triacylglycerol. The genome is comprised of highly methylated repetitive 
sequence, which does not significantly change under silicon starved lipid induction, and data further suggests the 
primary role of DNA methylation is to suppress DNA transposition. Annotation of pivotal glycolytic, lipid metabolism, 
and carbohydrate degradation processes reveal an expanded enzyme repertoire in C. cryptica that would allow for 
an increased metabolic capacity toward triacylglycerol production. Identification of previously unidentified genes, 
including those involved in carbon transport and chitin metabolism, provide potential targets for genetic manipula-
tion of carbon flux to further increase its lipid phenotype. New genetic tools were developed, bringing this organism 
on a par with other microalgae in terms of genetic manipulation and characterization approaches.

Conclusions: Functional annotation and detailed cross-species comparison of key carbon rich processes in C. 
cryptica highlights the importance of enzymatic subcellular compartmentation for regulation of carbon flux, which is 
often overlooked in photosynthetic microeukaryotes. The availability of the genome sequence, as well as advanced 
genetic manipulation tools enable further development of this organism for deployment in large-scale production 
systems.
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Background
Global environmental changes are happening at an 
increasingly rapid rate, and development of technolo-
gies to alleviate negative outcomes is urgently needed. 
One proposed solution is producing energy from bio-
fuel, which is renewable and has fewer detrimental 

effects than the use of fossil fuels. A potential feedstock 
for biofuel production, microalgae, has garnered interest 
because of its high productivity. The overall requirement 
for land to grow algae to sustain the United States’ fuel 
supply is predicted to be relatively small (<4% of the total 
land mass) compared to other crops [1].

Developing technologies have increased the prom-
ise of algal biofuel to meet energy needs [2, 3]. These 
new advances were preceded by the US Department of 
Energy funded Aquatic Species Program (ASP) which 
produced pioneering work in aquaculture and large-scale 
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production of biodiesel from microalgae [4]. During the 
ASP, algal species across the tree of life were assessed 
for their ability to accumulate abundant triacylglycerol 
(a precursor to biofuel), to grow under variable environ-
mental conditions such as pH, salinity and temperature, 
and to grow at a productive and sustainable rate in out-
door raceway ponds [4]. Several genera stood out from 
the rest, including chlorophytes, chrysophytes, and dia-
toms. Diatoms (Bacillariophyta), which are naturally 
highly productive, accounted for ~60% of the top-per-
forming species in a recommended list of biofuel produc-
tion organisms produced by the ASP [4].

Cyclotella cryptica (Fig. 1), a brackish water diatom iso-
lated from Martha’s Vineyard, Massachusetts, was iden-
tified in the ASP as a top species for large-scale biofuel 
production. Cyclotella cryptica has been shown to be an 
excellent accumulator of lipid ([5, 6]; Fig.  1), is euryha-
line, enabling flexibility in cultivation conditions [5–7], 
and can grow outdoors at levels between 20.0 and 29.7 g 
Ash Free Dry Weight (AFDW) m2/day in a 2.8 and 48 m2 
pond, respectively [8, 9]. During the ASP, C. cryptica was 
used to investigate the lipid accumulation response dur-
ing starvation for silicon, a macronutrient required by 
diatoms to synthesize their silicified cell walls, as well as 
to understand the properties of key enzymes involved in 
flux of carbon into lipid [10, 11]. More recently, based on 

a survey of 175 different microalgal strains, C. cryptica 
was selected as a top candidate for omega-3 fatty acid 
production, which is highly desirable for pharmaceutical 
and aquaculture applications, as well as a top producer of 
protein and nitrogen, suitable for agricultural feed [5]. In 
addition to having traits suited for commercial produc-
tion, C. cryptica was the first chlorophyll-c containing 
algae to undergo stable nuclear transformation, a mile-
stone in algal genetic engineering [12]. That study was 
the first of many significant advances in diatom genetic 
engineering, including determining the subcellular locali-
zation of proteins using GFP fusions, RNAi and antisense 
knockdowns, CRISPR, transcription activator-like effec-
tor nucleases (TALEN), and plasmid delivery via conju-
gation using an artificial episome [13–18].

Although C. cryptica and other microalgal species have 
excellent native productivity characteristics, cost analyses 
[19] indicate that further improvements are necessary to 
make algal biofuel production economically competi-
tive with fossil fuels. Genetically based approaches are 
required to establish robust improved-productivity phe-
notypes. Both random mutagenesis and directed genetic 
manipulation can be used to accomplish this. The latter 
requires knowledge of an organism’s genome sequence, 
and such information has successfully been used to 
identify targets for genetic manipulation in diatoms to 

Fig. 1 Lipid accumulation in Cyclotella cryptica under silicon deprivation. Grayscale image of C. cryptica in (a) silicon replete medium, 0 h lipid unin-
duced, or (b) 48 h silicon deplete, lipid induced. c, d Respective composite images of chlorophyll autofluorescence (red) and fluorescent lipophilic 
dye BODIPY (green). e, f Differential interference contrast image of silicon replete (e) and 96 h silicon deplete, lipid induced, with red arrows identify-
ing lipid droplets (f). Scale bars 5 μm
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improve lipid productivity [14, 17, 20, 21]. To identify 
appropriate gene targets for manipulation, a thorough 
understanding of the enzymes involved in central car-
bon metabolism is required, including the number of 
isozymes that catalyze each chemical reaction and the 
compartment-specific localization of enzymes or enzy-
matic processes within the cell. It is especially important 
to consider organellar compartmentation of metabolic 
processes in a diatom cell, which, because of diatoms’ 
secondary endosymbiotic origin, contain additional com-
partments relative to the green algae. This includes the 
periplastid compartment surrounding the chloroplast and 
endoplasmic reticulum that also surrounds the periplastid 
compartment around the chloroplast [22–24]. Studying 
the diversity of core processes in carbon metabolism, such 
as glycolysis and fatty acid biosynthesis, within different 
lineages of algae [25, 26] as well as more closely within 
species of the same lineage [27–29], may allow research-
ers to address why certain species are better suited for 
biofuel production than others. Differences in the organi-
zation of primary carbon metabolism between species 
likely reflect differences in efficiencies in processing car-
bon, which relates to factors controlling their productiv-
ity. Understanding the dissimilarities amongst microalgae 
will help elucidate what constitutes an optimized biofuel/
bioproduct production system, and enable a production 
species to be manipulated to create the desired product 
in the most efficient manner. The availability of additional 
algal genome sequences has enabled a more thorough 
comparison of these diverse polyphyletic organisms to 
identify metabolic steps that may influence the organism’s 
productivity characteristics. These comparisons are also 
essential to understanding the complex evolutionary his-
tory and ecology of microalgae.

To bring the promising characteristics of C. cryptica in 
line with current day approaches to improve productivity, 
we sequenced the nuclear, chloroplast, and mitochondrial 
genomes, performed a detailed in silico analysis of the core 
metabolic processes involved in or competing with lipid 
production and compared these to other diatom genomes, 
in particular the closely related Thalassiosira pseudonana. 
To investigate whether epigenetic factors influence lipid 
accumulation or primary metabolism in general, bisulfite 
sequencing was performed to examine the methylome 
of cells under silicon replete and silicon-deplete, lipid 
induced conditions. We further developed C. cryptica by 
application of genetic tools including fluorescent protein 
tagging and the use of an inducible promoter using genetic 
constructs derived from T. pseudonana. Genome sequence 
and data generated from this analysis provides a founda-
tion to further improve this species for large-scale biofuel/
bioproducts production and provide insight into central 
carbon metabolism in diatoms.

Results and discussion
Genome sequence determination and assembly
Three libraries with different average insert lengths 
were prepared from purified C. cryptica genomic DNA 
(Additional file  1: Additional methods). These were 
sequenced as paired-end 76-mer +  76-mer reads on an 
Illumina GA-IIx 120-tiles/lane run. Two genomic DNA 
mate pair libraries (aiming for 10 K nucleotide effective 
inserts) were prepared and run by Illumina service on a 
48-tile/lane v3 HiSeq flow cell. The paired-end and mate 
pair libraries contributed ~23.4  G nucleotides (nt) and 
~57.4  G nt, respectively, for a total of ~80.8  G nt. The 
main genome assembly was performed with an ABySS 
1.3.1 single end, paired-end, mate-pair pipeline. There 
were 116,817 genomic contigs and the N50 value was 
11,951 bp (Additional file 1: Figure S1).

In addition to the genome assembly, transcriptomes (13 
samples) were generated for C. cryptica using RNAseq 
data under silicon limitation and nitrogen limitation 
(Additional file  1: Additional methods). Estimates of 
mRNA abundance were calculated for each gene model 
in terms of fragments per kbp of transcript per million 
mapped reads (FPKMs) to identify relative transcript lev-
els for all genes across all experimental conditions. Gene 
expression patterns will be analyzed in a subsequent 
study.

Genome statistics and gene model prediction
The estimated size of the haploid genome of C. cryptica 
was 161.7  Mbp, which is substantially larger than the 
31 Mbp genome of T. pseudonana, a closely related model 
centric diatom. Similar to T. pseudonana, C. cryptica pri-
marily exists in its vegetative state as diploid, and rarely 
undergoes sexual reproduction in controlled culture 
conditions. Multiple gene model prediction pipelines, 
including AUGUSTUS and MAKER, were evaluated to 
estimate the number of genes (Additional file 1: Table S1, 
Additional methods). The quality of predicted gene mod-
els was assessed by comparing C. cryptica RNAseq data 
and against manually curated T. pseudonana (version 
3) gene models, which are supported by RNAseq and 
EST data [30–32]. MAKER predicted the fewest genes 
(Table  1; Additional file  1: Table S1), yet most of these 
models were supported by transcript data, and therefore, 
considered high confidence. However, intron and exon 
boundaries were improved in gene models from AUGUS-
TUS trained on the de novo C. cryptica RNA assembly. 
Despite these improvements, AUGUSTUS predicted a 
large proportion (30%) of fragmented, short gene mod-
els unsupported by transcript data (sum FPKM =  0.00, 
Table  1; Additional file  1: Table S1), which were pre-
sumed misscalls and removed from subsequent analy-
sis. To leverage the strengths of the different predictors 
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(boundary accuracy vs. expression-supported models), 
final ‘high-confidence’ gene models for C. cryptica are the 
set of AUGUSTUS gene models overlapping a MAKER 
prediction and assigned non-zero FPKM values (8133 
genes). The total number of genes in C. cryptica per hap-
loid genome, including the high confidence gene subset 
and all other AUGUSTUS models with RNAseq support 
was 21,121.

Gene density in C. cryptica was 3.4× lower than the 
closely related model species T. pseudonana with 19% 
coding DNA compared to 66% (Table 1). While the total 
number of gene models in C. cryptica was nearly double 
that of T. pseudonana, it did not scale with the increase in 
genome size; the C. cryptica genome was 5.2× larger than 
T. pseudonana. This generally correlated with the loga-
rithmic relationship between gene content and genome 
size in microeukaryotes as shown in [33]. The low gene 
density in C. cryptica can be attributed to a large quan-
tity of repeat sequence, 53% of the genome. The majority 
of repeat sequence was detected using RepeatModeler, a 
program to identify de novo repeat families. RepeatMod-
eler predicted 314,059 unclassified repeat elements total-
ing to 40% of the genome (Additional file 1: Table S2b). 
In addition to novel repeat families, 8.6% of the genome 
is comprised of long terminal repeat elements, charac-
teristic of Class I retrotransposons (Additional file  1: 
Tables S2a, S2b), which are common to diatoms and are 

hypothesized to contribute to the diversity and ecological 
success of these organisms in the oceans [31, 34].

Cyclotella cryptica gene model repertoire
To determine the underlying basis for C. cryptica’s 
genetic characteristics relative to other diatoms, we 
defined orthologs and compared molecular divergence 
between C. cryptica and five other diatoms based on 
OrthoMCL, 18S phylogeny, and reciprocal best BLAST 
hit (RBH) analysis (Fig.  2; Additional file  1: Figure S2). 
Thalassiosira pseudonana and C. cryptica were the most 
closely related centric diatoms based on 18S and percent 
identity of RBH pairs, with 5498 shared pairs between 
them and 63.6% average percent identity across all RBH 
pairs (Additional file 1: Figure S2).

OrthoMCL uses a Markov Cluster algorithm to cluster 
putative orthologs across species and paralogs within spe-
cies and is a powerful tool for comparative genomics and 
functional genome annotation [35]. Just under half of the 
genes have an orthologous match to T. pseudonana (9877 
genes, 47%, Fig. 2a). By comparing all diatom genomes, we 
found 5008 genes (24% of total genes) were only found in 
C. cryptica, while 2699 genes (13%) shared a match to at 
least one other diatom but were absent in T. pseudonana, 
presumably due to gene loss (Fig. 2a, b). In addition, 17% of 
genes in C. cryptica are expanded orthologs to a gene(s) in 
T. pseudonana, which have resulted from either paralogous 

Table 1 Genomic features in Cyclotella cryptica and Thalassiosira pseudonana

T. pseudonana data from [30, 34]

Statistics C. cryptica T. pseudonana

Cell size 8 × 10 μm 4 × 5 μm

Nuclear genome size 161.7 Mbp (GC 43%) 31 Mbp (GC 47%)

Repeatome (%) 53 2

 Classified repeats (%) 13 ND

 Unclassified repeats (%) 40 ND

Gene models High confidence AUGUSTUS models T. pseudonana Joint 
Genome Institute 
models

Percent coding DNA 10.0 19.2 66.3

Gene density (genes/Mbp) 50 131 379

Total models 8133 21,121 11,776

Average model length (bp) 1986 1471 1746

Average number of exons per gene 2.95 2.18 2.54

Average exon length (bp) 599 608 613

Average number of introns per gene 1.95 1.18 1.5

Average intron length (bp) 115 125 125

Chloroplast genome size (bp) 129,320 128,813

Total chloroplast models 132 127

Mitochondrial genome size (bp) 58,021 43,827

Total mitochondrial models 35 35



 36 
Page 5 of 20Traller et al. Biotechnol Biofuels  (2016) 9:258 

duplication  or horizontal gene transfer in C. cryptica, 
or gene loss in T. pseudonana (Fig. 2b). 5738 genes were 
found in orthologous clusters where a gene in C. cryptica 
was present in equal copy numbers to genes in T. pseudo-
nana, accounting for 27% of the total genes in C. cryptica 
(Fig. 2a, c). Based on the OrthoMCL data with these dia-
tom genomes, the increase in gene content in C. cryptica 
relative to T. pseudonana is predominantly composed of 
unique genes not found in any other species, comprising 
24% of the gene content. The proportion of unique genes 
in T. pseudonana was significantly less at 6% (Fig. 2b, d).

Genes unique to C. cryptica and not detected in the 
other diatoms contained minimal functional annotation 
based on KEGG, KOG, GO, Pfam, and TIGRfam; how-
ever, there was a notable enrichment in genes related 
to transposon processes, such as transposable element 
domains integrase (Pfam accession PF00665, 33 pre-
dicted genes), plant transposon gene (PF04827, 12 pre-
dicted genes), and reverse transcriptase (PF07727, 71 
predicted genes). In contrast, the T. pseudonana genome 
contained only four genes with Integrase annotation, and 
one reverse transcriptase. These domains are indicators 

of mobile DNA elements, which are often responsible 
for genome size expansion. Given that C. cryptica and 
T. pseudonana have speciated relatively recently [36], 
the large amount of repetitive sequence with additional 
unique genes with transposable element annotation sug-
gest that either C. cryptica has undergone a recent dra-
matic genome expansion event, more than doubling the 
amount of DNA and/or T. pseudonana has undergone a 
substantial genome deletion of repetitive sequence. The 
former scenario is favored due to the high number of C. 
cryptica unique genes with RNAseq support (Fig. 2b).

In addition to genes encoding mobile DNA element 
proteins, which were more abundant than those found in 
all other diatoms we analyzed, there was also an expan-
sion of genes encoding proteins putatively involved in 
cell adhesion, signaling, and transport. Orthologous clus-
ter (clust_77) contained 85 genes in C. cryptica with an 
enrichment of the discoidin domain, which is a glyco-
protein putatively involved in carbohydrate binding and 
cytoskeletal organization [37]. In addition, relative to T. 
pseudonana, C. cryptica has two additional silicon trans-
porters (clust_209, six copies total, including one partial 

Fig. 2 Cyclotella cryptica genetic components. Percentages reflect group relative to the total number of gene models in the species. a Comparison 
of genes between C. cryptica and T. pseudonana (JGI version 3). Over half the genes in C. cryptica (Cc) are not found in T. pseudonana (Tp). b Clas-
sification of C. cryptica specific genes (n = 11,244) relative to other diatom genomes. c Relative copy numbers of genes comparing C. cryptica and T. 
pseudonana (n = 9877). Percentages shown are based on the Cc total gene models. d Classification of T. pseudonana specific genes relative to other 
diatom genomes (n = 1899)
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sequence), and additional ATPases (clust_43, 67 copies) 
and phosphate and nitrate transporters (clust_248-NRT, 
Additional file  2). Since the C. cryptica cell is approxi-
mately twice as large in volume as T. pseudonana, it is 
reasonable to suggest that C. cryptica requires addi-
tional proteins at the cellular surface to compensate for 
the lower surface to volume ratio. Another possibility is 
that the expanded gene repertoire could allow for diver-
sification function and metabolite flux. In addition to a 
nitrate transporter, C. cryptica possesses an additional 
plastid nitrate/formate transporter (g21971.t1), which 
may explain its high capacity for nitrogen assimilation, as 
shown in [5].

In previous studies, it has been demonstrated that up 
to 5% of diatom genes were proposed to arise via hori-
zontal gene transfer [31]. We used the bioinformatic tool 
DarkHorse [38] to evaluate the contribution of horizon-
tal gene transfer to gene expansion in C. cryptica (Addi-
tional file 2, DarkHorse). There were 16 unique genes of 
unknown function but matching viral sequences, how-
ever, most of these genes contained low levels of tran-
script and were not full length. Further analysis identified 
312 genes (1.47% of total genes) with best matches to 
bacterial sequences, with 137 of those specific for Proteo-
bacteria and 20 of cyanobacterial origin, a similar taxo-
nomic grouping as found in [31]. Among these, there was 
an enrichment in genes belonging in the KOG class ‘Sec-
ondary metabolites biosynthesis, transport and catabo-
lism’, with 6 of 312 (1.92%) versus 69 of 21,121 (0.33%) 
overall. In addition to horizontally acquired genes identi-
fied by DarkHorse, many of the predicted proteins con-
tained no matches to any previously sequenced organism 
(4175, 20% of genes), which suggest that they were either 
acquired from an uncharacterized organism, have rapidly 
evolved in C. cryptica, or this diatom lineage is signifi-
cantly unrepresented in sequencing databases. While it 
is possible that some of these unique genes may be erro-
neously predicted, several proteins did contain at least 
one Pfam domain. Overall, the number of genes acquired 
horizontally appears to be similar to that found in pre-
vious studies in diatoms with smaller genome sizes, and 
the increase in gene number in C. cryptica is primarily 
due to the prevalence of unknown genes, similar to find-
ings from OrthoMCL (Fig.  2b; Additional file  2). While 
the annotation of these genes is limited, given the high 
number of repetitive sequence and transposable ele-
ments, we hypothesize that many of these unique genes 
are cryptic ORFs created from transposition events, simi-
lar to what has been detected in higher plants [39, 40]. It 
must be noted that many candidate foreign genes identi-
fied using the DarkHorse analysis may also be ancestral 
genes of diatoms, acquired vertically or via endosymbio-
sis. Examples of these are genes matching to organisms 

within ‘SAR excluding diatoms’ (the subgroup containing 
Stramenopiles, Alveolates, and Rhizaria) and Excavata; 
these genes are found in C. cryptica but appear to have 
been lost in the other diatoms included in this analysis.

Methylation of the genome
DNA methylation can play a role in altering genome size 
and content by silencing genomic regions, and can have 
more dynamic effects in regulating expression of par-
ticular genes. The significant difference in genome size 
between C. cryptica with T. pseudonana and high levels 
of repetitive sequence prompted us to ask whether DNA 
methylation played a role in gene regulation and silencing 
of mobile DNA elements. Data from the pennate diatom 
Phaeodactylum tricornutum indicated that DNA meth-
ylation profiles correlate with transcript levels in some 
genes controlling nitrogen metabolism [41], therefore, 
an examination of dynamic changes in methylation in C. 
cryptica was also undertaken. To determine the relation-
ship between DNA methylation and silicon limitation, 
which, similar to nitrogen, is an essential macronutri-
ent to diatoms, we performed whole genome bisulfite 
sequencing on cells under silicon replete conditions (0 h), 
and after 48-h silicon depletion. In addition to silicon-
limitation associated phenomena, a dramatic induction 
of triacylglycerol (TAG) levels occurs after 48 h of starva-
tion (Fig. 1b, d; [4, 42]).

The global per-cytosine (CG, CHH, CHG motifs, where 
H is any nucleotide but G) methylation level averaged 
in both conditions of the C. cryptica genome was 61% 
(Fig.  3a), the highest amount of DNA methylation in a 
diatom genome observed to date. Under both experimen-
tal conditions, methylation of cytosine sites was remark-
ably similar and bimodal (Additional file  1: Figure S3), 
suggesting that C. cryptica does not undergo substantial 
temporal shifts in overall methylation.

We found that in silicon replete, lipid uninduced (0 h) 
and 48  h silicon depletion, lipid induced conditions, 
methylation patterns across the whole genome were 
almost identical, with 98.7% correlation between the 
two conditions (Additional file 1: Figure S4). While [34, 
41] detected shifts in DNA methylation under nutrient 
(nitrate) stress in P. tricornutum, studies in green micro-
algae suggest that dramatic changes in DNA methylation 
tend to occur primarily during cellular division [43, 44]. 
In C. cryptica, cell growth ceases almost immediately 
after silicon starvation, while under N limitation, cell 
cycle progression will still proceed until full arrest occurs, 
and thus the immediate cessation of cell cycle under sili-
con deprivation may preclude changes in methylation.

Consistent with studies in other diatoms [41, 45], 
methylation is predominantly at CpG dinucleotides, 
with low levels of CHH and CHG methylation (Fig. 3a). 
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By comparison, the nuclear genome of T. pseudonana 
is 2.57% methylated, and Fragilariopsis cylindrus, with 
a genome of 81  Mbp, is 8.63% methylated [45]. Based 
on this study and previous methylome studies in other 
microalgae, there appears to be no strict correlation 
between overall methylation and genome size, as well as 
no pattern of DNA methylation within an algal class; for 
example, the global per-cytosine methylation of the chlo-
rophytes Chlorella NC64A and Chlamydomonas rein-
hardtii are 82.65 and <2% with genome sizes of 42 and 
120 Mbp, respectively [44, 46, 47].

To assess what genomic features are methylated in C. 
cryptica, AUGUSTUS gene models and RepeatMod-
eler data were overlaid against methylation levels across 
the largest assembled genomic contigs for both condi-
tions. The majority of highly methylated regions aligned 
with repeat sequence (Fig.  3b; Additional file  1: Fig-
ure S5). This is consistent with other methylation stud-
ies which hypothesize that DNA methylation inhibits 
transposable element expansion and is commonly found 
across repeat regions [41, 48]. These highly repetitive/
methylated regions were substantial, spanning as large 
as 30 kb (Fig. 3b; Additional file 1: Figure S5). Addition-
ally, there were similarly sized hypomethylated regions 
that were gene-rich, and contained essentially no meth-
ylation. While the pattern of hypermethylated repeti-
tive sequence and hypomethylated genic sequence is 
common, the striking large-scale binary distribution of 
genomic methylation has not been shown before in an 
algal species or other organisms and this unique genomic 
architecture may likely have influence on higher order 
chromatin structure in C. cryptica.

Methylation was minimal over gene sequences. There 
was a slight difference in the fraction of methylation in 
introns (3.23% on average) versus exons (4.14%) (Fig. 3c, 
d), a trend that is in agreement with that found in other 
organisms, including P. tricornutum [41]. Across the 
gene body, methylation gradually increased towards the 
3′ direction and was lower 500  bp upstream compared 
to downstream (Additional file  1: Figure S6). Notably, 
there were higher levels of repetitive sequence in the 5′ 
upstream, hypomethylated region (Additional file 1: Fig-
ure S6), suggesting that these repeat elements are under a 
different control mechanism compared to the majority of 
repeats in the genome.

For genes with sufficient coverage to define a methyla-
tion status, 77% (averaged between both experimental 
conditions) were unmethylated and 23% were methyl-
ated (Additional file  1: Table S3). Methylated genes had 
an average methylation of 88% and had lower transcript 
levels with ~500 average FPKM across all transcriptomes. 
Unmethylated genes had an average methylation of 7% 
and had significantly higher levels of transcript (average 
~4500 FPKM, Additional file 1: Table S3).

There was no linear correlation between fraction meth-
ylation and FPKM in either condition, however, three 
general populations appeared (Additional file  1: Figure 
S7). The first consisted of genes with very little transcript 
abundance (ranging from 0 to 10 FPKM), almost all of 
which (95%) were methylated (Additional file  1: Figure 
S7a, box i). The second population, similar to findings 
from [41], comprised the majority of genes which con-
tained moderate to high transcript abundance and were 
largely unmethylated (Additional file  1: Figure S7b). 

Fig. 3 DNA methylation in Cyclotella cryptica. a Percent genomic methylation under both conditions according to cytosine motif (denoted at left, 
H = A, T, or C nucleotides). b Fraction methylation across genomic contig g111188_00083. Blue silicon replete, red silicon deplete 48 h. Augustus 
V3 models depicted in black, Repeat Modeler data depicted in gray. c Fraction methylation across intergenic, repeat, and d gene body, exon, intron 
regions. Outliers in c and d have been removed
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Lastly, and somewhat surprisingly, there appeared to be 
several genes with moderate to high FPKM levels with 
high levels of methylation (average FPKM values rang-
ing from 4600 to 161,000, Additional file  1: Figure S7b, 
box iii, Additional file 2). Functional annotation of these 
genes indicated enrichment in genes with transporter 
activity and/or an interaction with the cell surface. These 
included a nitrate transporter (g14234.t1), silicon trans-
porter (g21035.t1), sodium-dicarboxylate symporter 
(g11380.t1, g10492.t1), sulfate transporter (g6964.t1), 
and a bacterially derived integrin (g18136.t1). In addi-
tion, genes involved in nitrogen metabolism, including 
the above nitrate transporter, as well as nitrate reductase 
(g22809.t1) and glutamate synthetase (g14060.t1) were 
also in this subpopulation. Highly methylated, highly 
expressed genes may be indicative of a unique role DNA 
methylation plays in these specific cellular functions. 
Methylation status of these genes did not change under 
our experimental conditions. Additionally, the absence 
of DNA methylation based silencing in these genes may 
indicate other epigenetic regulatory mechanisms that 
enable active transcription are at play. An example is 
histone tail acetylation, which has been shown to have 
a strong activating effect in P. tricornutum regardless of 
methylation status [49].

Investigations in P. tricornutum identified methylation 
shifts in nitrate metabolism genes under depletion condi-
tions [41, 49], indicating that DNA methylation may play 
a regulatory role in nitrate metabolism in diatoms. We 
identified no significant change in methylation of genes 
pertaining to silicon metabolism or lipid accumulation 
under our conditions, instead there was a globally signifi-
cant correlation of methylation between the two condi-
tions. This data suggests that DNA methylation does not 
control the cell’s silicon status response in these condi-
tions as is reported with nitrate metabolism in P. tricor-
nutum. One explanation for these differences could be 
the fact that nitrogen stress on diatoms can cause severe 
cellular damage and detrimental effects, such as chloro-
sis and DNA and protein degradation [28, 50], whereas 
silicon starvation does not produce as severe phenotypes 
[32, 42, 51].

We also determined whether there was a relation 
between the methylation status of genes and their evo-
lutionary origin. We applied the DarkHorse analysis 
to identify possible horizontally transferred genes, and 
identified 1723 genes (41% of total methylated genes) 
that contained a top BLAST hit to diatoms, however, 
in comparing the proportion of diatom-derived genes 
within the subset of methylated genes, this number is 
significantly depleted relative to the proportion of dia-
tom-shared genes in the whole genome (72% of the total, 
Fig. 4a). There was enrichment in methylated genes with 

no known taxonomic match (‘unknown,’ 1956 genes, 47% 
of total methylated genes versus 20% of all genes, Fig. 4b). 
There was also enrichment of methylated Opisthokont 
genes (Fungi, Metazoan, Choanoflagellida, Ichthy-
osporea), which were primarily annotated for transposon 
processes (Fig. 4a; Additional file 2). Within the methyl-
ated subset of genes, there was a slightly higher propor-
tion of foreign genes (i.e., viral, bacterial) as well as genes 
ancestral to the cell, but not core to diatom function, 
indicated by loss in other diatom genomes (groups SAR 
excluding diatoms, Archaeplastida, Fig. 4b).

In general, methylated genes in C. cryptica are not 
highly expressed and appear to be non-essential under 
our conditions. Furthermore, there appears to be a 
slight preference to methylate genes that are horizon-
tally acquired, perhaps as a silencing strategy to prevent 
potential detrimental effects of the foreign gene. Alter-
natively, it could also indicate that the mechanism for 
foreign gene insertion in eukaryotic microalgae, which is 
largely unknown, is more likely to occur in hypermeth-
ylated regions than in hypomethylated regions of the 
genome (Fig. 4b).

Lastly, using the same definitions of gene methylation 
as in Additional file 1: Additional methods, we compared 
methylation levels of genes in T. pseudonana from [5, 45] 
to the 0 h methylome of C. cryptica. Only 139 genes (1% 
of the total) in T. pseudonana were methylated and out 
of 24 T. pseudonana methylated genes with orthologs in 
C. cryptica, only five were methylated in both diatoms. 
Shared methylated genes were annotated as reverse tran-
scriptases (g23181.t1, g15433.t1), and transposase IS4 
(g9451.t1). The significantly low number of genes with 
shared methylation status in the two diatoms suggests a 
conserved role for methylation in these centric diatoms 
to mask and silence mobile DNA elements. Furthermore, 
while DNA methylation does not appear to temporally 
regulate genes in C. cryptica under our conditions, the 
comparison of these two diatom methylomes showed 
that both were associated with transposable element 
silencing. It has been demonstrated in higher plants 
that transposable element silencing has effects on the 
expression of nearby genes [52]. The methylation of the 
few genes found in hypermethylated regions (Fig. 3b) in 
C. cryptica may have resulted from the methylation of 
a nearby transposable element insertion and any result-
ing changes in gene expression could have downstream 
effects on the metabolism and function of that organism.

Predicted subcellular localization of enzymes
An overarching theme in the study of diatom metabolism 
is the diversity of intracellular localization of enzymes in 
different organelles: the mitochondrion, cytosol, chloro-
plast, ER, and the periplastid compartment [22–24, 26, 
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27, 53]. The latter of these compartments is unique to 
photosynthetic eukaryotes that have undergone a sec-
ondary (or greater) endosymbiotic event. In addition, 
specific to heterokonts, the ER is extended and surrounds 
the chloroplast. Using in silico tools as a means to map 
the location of metabolic processes in the cell provides a 
clearer description of metabolic function and transport 
of metabolites and proteins in and out of these organelles 
and information for accurate modeling. We used SignalP 
3.0, TargetP, Predotar, ChloroP, HECTAR, and ASAFind 
to predict which proteins are putatively targeted to the 
organelles in C. cryptica (Fig. 5; Additional file 1: Addi-
tional methods; [54–58]). The first four in silico organel-
lar prediction programs are developed for higher plants 
and other eukaryotes, but we have found their collective 
use to be suitable for some basic understanding of meta-
bolic compartmentation in diatoms, particularly when 
overlaid with coordinate expression patterns of particu-
lar genes [27, 32]. The latter two programs, HECTAR and 
ASAFind are specific for heterokonts, and take advantage 
of the conserved amino acid sequence motif (ASA-FAP) 
which is part of the N-terminal bipartite signal peptide 
that is unique to these genera of algae. Given sequence 
manipulations [22–24] that have identified specific 

amino acid substitutions within that conserved motif 
resulting in altered organellar targeting of an enzyme, it 
is feasible to use these prediction programs to hypoth-
esize which proteins are partitioned into the chloroplast 
versus periplastid compartment. Because of the unique-
ness of the periplastid compartment, we focused our 

Fig. 4 Methylation based on evolutionary origin of genes from DarkHorse analysis. a Enrichment analysis of methylated genes given their taxo-
nomic group. Enrichment of methylation within a taxonomic group was determined by subtracting the proportion of genes methylated within 
a taxonomic group from the proportion of genes methylated across the C. cryptica genome. Groups with numbers below 0 have a lower propor-
tion of methylated genes in the taxonomic group compared to the proportion of this group in the overall genome. b Percent of methylated and 
unmethylated genes relative to taxonomic group. Top numbers are the total number of genes from that group in the genome

Fig. 5 In silico targeting predictions of all nuclear gene models in 
C. cryptica. Percentages are listed in the chart. See also Additional 
file 2, subcellular targeting. targeting predictions used for this specific 
analysis were SignalP 3.0, TargetP, ChloroP, HECTAR, Predotar, and 
ASAFind [43, 44, 55–58]
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analysis on proteins targeted there. Targeting of enzymes 
to other compartments will be described in the context 
of the metabolic processes analysis below. We identified a 
total of 120 proteins with targeted prediction to the peri-
plastid compartment (Additional file 3).

Moog and colleagues [24] characterized the predicted 
proteome of the periplastid compartment (PPC) in P. 
tricornutum and concluded that some important cellu-
lar functions occurred there, specifically with regard to 
transport and protein import processes into the chloro-
plast, but that very few protein components of house-
keeping biochemical pathways were present. Using direct 
localization approaches, they also documented that only 
55% of proteins predicted to be targeted to the PPC actu-
ally were confirmed to be there, highlighting the poor 
state of predictive programs, perhaps due to transmem-
brane domains near the N-terminus, or mis-predicted 
signal cleavage sites.

Our analysis generally corroborated the findings of 
[24], with some exceptions, and potential new findings 
(Additional file 3). We identified one protein (g12899.t1) 
with an ANTH domain which may be putatively involved 
in clathrin assembly, as well as a dynamin, which is likely 
involved in chloroplast division (g1668.t1), suggesting 
that components of clathrin-mediated vesicular traffick-
ing may be present in the PPC. Another protein, g23203.
t1, is a member of the S2P/M50 family of regulated 
intramembrane proteolysis proteases, which use pro-
teolytic activity within the membrane to transfer infor-
mation across as a means to integrate gene expression 
with physiologic stresses occurring in another cellular 
compartment [59]. Mechanisms of cross-talk between 
the cytoplasm and chloroplast of diatoms have not been 
well addressed in the literature, but of necessity, would 
require the involvement of the PPC.

Lastly, phosphoenolpyruvate carboxylase (PEPC—
g7839.t1) and several carbonic anhydrases were pre-
dicted to be PPC targeted, consistent with a mechanism 
to recapture CO2 lost from the chloroplast by ineffi-
cient carbon fixation assimilation and incorporate it 
into oxaloacetate. Experimental validation using genetic 
constructs to confirm localization of predicted enzymes 
in the PPC and other organelles is needed to confirm in 
silico analyses. Nevertheless, the prediction programs, 
particularly on a proteome with accurate prediction of 
correct N-termini based on RNAseq data, offer a starting 
point to further characterize the significance of the PPC 
in diatoms.

Comparative analysis of glycolysis, gluconeogenesis, 
and the pyruvate hub
Glycolysis, the catabolism of glucose to produce pyru-
vate, and the reverse pathway gluconeogenesis, are core 

metabolic pathways which process photosynthetically 
fixed carbon into compounds and energy for use by the 
cell. Pyruvate metabolism is involved in the distribution 
of carbon to different cellular processes, which include 
biosynthesis of compounds and energy generation. While 
genes and predicted subcellular localization of steps in 
these processes were generally conserved between the 
oleaginous C. cryptica and relatively non-oleaginous T. 
psuedonana, there were several important differences 
in the architecture of the pyruvate hub in three different 
intracellular locations.

Cyclotella cryptica has an additional copy of plastid-
localized pyruvate kinase (Figs.  6, 7i), a key glycolytic 
regulatory enzyme that catalyzes the unidirectional 
conversion of phosphoenolpyruvate (PEP) and ADP to 
pyruvate and ATP. In addition, the gene encoding plas-
tid-localized PEP synthase (PEPS) which catalyzes the 
reciprocal reaction to produce PEP from pyruvate, is 
heavily methylated (96% fraction methylation) with low 
transcript (average FPKM 0.61) abundance. This sug-
gests that under the conditions tested, PEPS may be 
silenced by methylation (Fig. 7ii), and can be assumed to 
be non-functional. In contrast, the plastid PEPS gene is 
homologous to the single copy of PEPS found in T. pseu-
donana, which shows moderate levels of expression and 
is unmethylated (0.19% across gene body) under similar 
experimental conditions [32, 45].

In C. cryptica, there are two isozymes of PEPS localized 
in the cytosol not found in T. pseudonana (Figs. 6, 7iii). 
Generation of PEP from pyruvate in the cytosol instead 
of the plastid would separate a reaction that utilizes pyru-
vate from a reaction that produces pyruvate, potentially 
improving the efficiency of pyruvate utilization for pro-
cesses such as fatty acid synthesis in the plastid of C. 
cryptica. The methylation of PEPS, along with additional 
copies of PEPS in the cytosol might further allow for an 
increased degree of fine-scale regulation of this impor-
tant node of metabolism. The extra copy of plastid-local-
ized PK in C. cryptica relative to T. pseudonana could 
indicate a greater potential for pyruvate production in C. 
cryptica, possibly translating into a greater fatty acid syn-
thesis capability (Fig. 7).

There were also differences in the mitochondrial pyru-
vate hub between the two species. T. pseudonana lacks 
a mitochrondrial-localized pyruvate carboxylase (PYC), 
which converts pyruvate to oxaloacetate (OAA), yet pos-
sesses a cytosolic copy, whereas C. cryptica has a mito-
chondrial but not cytoplasmic PYC (Figs.  6, 7iv). This 
suggests that C. cryptica can produce OAA via pyruvate 
in the mitochondria, but T. pseudonana would have to 
generate it elsewhere then import into mitochondria, via 
a malate–aspartate shuttle. In addition to the differential 
requirement for transport, metabolic drivers for possible 
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Fig. 6 Comparative analysis of key carbon metabolic pathways between C. cryptica and T. pseudonana. Different colored boxes denote subcellular 
location of a given enzyme based on bioinformatic targeting predictions. Number within the box indicates how many enzyme copies are targeted 
to that location. Numbers to the right of boxes are total gene copy number found in the genome. Question marks indicate weak targeting and/
or inconsistencies between targeting prediction programs. Superscript numbers on enzymes indicate the number of genes found with partial 
sequence in C. cryptica at the N-terminus, thereby not containing targeting prediction. Red numbers are methylated genes. In the case of MGAT or 
DGTT, one of the four ER predicted genes is methylated. AAK14816-like putative glycerol-3-phosphate acyltransferase, ACC acetyl-CoA carboxylase, 
AGPAT 1-acyl-glycerol-3-phosphate acyltransferase, BGS 1,3 β-glucan synthase, DGAT diacylglycerol acyltransferase, DGTT diacylglycerol acyltrans-
ferase type 2, ENO enolase, ENR enoyl-ACP reductase, FBA fructose bisphosphate aldolase, FBP fructose 1,6 bisphosphatase, GAPDH glyceraldehyde 
3-phosphate dehydrogenase, GLK glucokinase, GPI glucose-6-phosphate isomerase, GPAT glycerol-3-phosphate acyltransferase, HD 3-hydroxyacyl-
ACP dehydratase, KAR 3-ketoacyl-ACP reductase, KAS 3-ketoacyl-ACP synthase, LCLAT1 lysocardiolipin acyltransferase 1, LPLAT lysophospholipid 
acyltransferase, MAT malonyl-CoA-ACP transacylase, MDH malate dehydrogenase, ME malic enzyme, MGAT monoacylglycerol acyltransferase, PAP 
phosphatidic acid phosphatase, PYC pyruvate carboxylase, PDRP pyruvate phosphate dikinase regulatory protein, PEPC phosphoenolpyruvate 
carboxylase, PEPCK phosphoenolpyruvate carboxykinase, PEPS phosphoenolpyruvate synthase, PFK phosphofructokinase, PGAM phosphoglycerate 
mutase, PGK phosphoglycerate kinase, PGM phosphoglucomutase, PK pyruvate kinase, PPDK pyruvate phosphate dikinase, TPI triose phosphate 
isomerase, UAP UDP-N-acetylglucosamine pyrophosphorylase, UGP UTP-glucose-1-phosphate uridylyltransferase
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mitochondrial gluconeogenesis may differ in the two spe-
cies, since in C. cryptica, gluconeogenesis could be initi-
ated within the mitochondrion by conversion of pyruvate 
to PEP by the combined action of PYC and PEPCK.

Lipid metabolism
The genetic basis for enhanced lipid productivity in C. 
cryptica was investigated by identifying genes for fatty 
acid and TAG biosynthesis, as well as fatty acid modifi-
cation biosynthesis, and comparing this repertoire with 
that found in T. pseudonana. An identical suite of plastid-
localized essential fatty acid biosynthesis orthologs from 
T. pseudonana were found in C. cryptica (Fig.  6). There 
were differences in the TAG biosynthesis enzyme inven-
tory between the two diatoms, such as the presence of 
several additional genes found in C. cryptica and subcel-
lular localization predictions (Fig. 6). An additional three 
genes possessing an LPLAT_MGAT-like domain found in 
either MGAT or DGTT enzymes were present in C. cryp-
tica. One of these putative MGAT/DGTT (g3706.t1) had 

highly abundant transcripts (average FPKM of 23,833). 
Another putative MGAT/DGTT (g21947.t1) is a homolog 
to the P. tricornutum DGTT2b, which has been tested as 
a target for genetic manipulation to increase TAG content 
[60, 61]. There were also two additional copies of DGAT1: 
one with predicted targeting to the ER (g23184.t1), and 
the other (g9565.t1) was a partial sequence, hence tar-
geting could not be determined. The additional copies of 
these enzymes in C. cryptica may indicate an increased 
ability to generate TAG and/or allow for finer control over 
TAG production in the case that these enzymes differ in 
their specificity, regulation or kinetic properties (Fig. 7v).

Omega-3 long chain polyunsaturated fatty acids (LC-
PUFAs) are a high-value product that is of interest for 
nutritional purposes [5]. Cyclotella cryptica synthesizes 
abundant LC-PUFAs including over 16% eicosapentae-
noic acid (EPA) and 4% docosahexaenoic acid (DHA) of 
the total fatty acids; generally a higher level than in other 
algal species [5]. We investigated if the higher capacity 
to produce these biotechnologically relevant fatty acids 

Fig. 7 Metabolic overview highlighting key findings from Cyclotella cryptica genome. Red numbers are referred to in the text. Enzymatic abbrevia-
tions are listed in Fig. 5. ED Entner–Doudoroff, IM inner membrane, OM outer membrane, PEP phosphoenolpyruvate, Fru6P fructose-6-phosphate, 
3PG glycerate 3-phosphate, OAA oxaloacetate, PPP pentose phosphate pathway
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was due to an increase gene number within the fatty 
acid elongases and desaturases, which encode for the 
enzymes that catalyze the biosynthesis of LC-PUFAs. 
Overall, elongases and desaturases potentially involved 
in LC-PUFA synthesis were highly conserved between C. 
cryptica and T. pseudonana (Fig. 6). Although C. cryptica 
contained fewer copies of type 1 desaturases, it had all 
the types including Δ5, Δ6, Δ8, Δ9, Δ11 and Δ12. Both 
diatoms contain a single copy of a Δ4 desaturase that cat-
alyzes the addition of the sixth double bond to docosa-
pentaenoic acid (22:5) chain to make DHA (C22:6) [20]. 
The existence of the same types of elongases and desatu-
rases in both diatoms suggest that the greater ability of 
C. cryptica to produce EPA compared to T. pseudonana 
is not due to an increase in isozymes in the genome and 
could be more dependent on the flux of carbon from 
upstream processes into this pathway.

Carbohydrate biosynthesis and degradation
Chrysolaminarin, the main form of storage carbohydrate 
in diatoms, is a water soluble β-(1-3) linked glucan, and is 
stored outside of the plastid in a large vacuole [36, 62]. In 
diatoms, genes involved in biosynthesis and degradation 
of chrysolaminarin have been annotated, and the bio-
chemistry of key enzymatic steps has been characterized 
[10, 53, 63]. The gene repertoire for chrysolaminarin bio-
synthesis enzymes is highly conserved between T. pseu-
donana and C. cryptica in terms of sequence similarity 
and predicted targeting (Fig. 6). Like other stramenopiles, 
C. cryptica possesses a fused cytosolic phosphogluco-
mutase/UTP-glucose-1-phosphate uridyltransferase, 
which carries out the first two-enzymatic steps toward 
chrysolaminarin production [53]. Both T. pseudonana 
and C. cryptica also possess three individual copies of 
phosphoglucomutase and UTP glucose-1-phosphate 
uridyltransferase similarly distributed between the plas-
tid and cytosol. The metabolic significance of the fused 
gene and multiple single gene copies leading to chrys-
olaminarin production is unknown, yet might provide 
metabolic flexibility by creating several routes toward 
synthesis that differ in organellar location (plastid vs. 
cytosol), carbon transporter specificity out of the plastid 
(Glu-6P versus UDP-glucose), and enhanced efficiency or 
substrate channeling (fused protein versus single reaction 
proteins). While these enzymatic steps have an intrigu-
ing metabolic flexibility, the final step in chrysolaminarin 
production, catalyzed by a beta-glucan synthase, does 
not. The β-glucan synthase is present as a single copy and 
highly conserved in all sequenced diatom genomes.

In contrast to the chrysolaminarin biosynthetic path-
way, genes coding for enzymes involved in the degrada-
tion of chrysolaminarin were poorly conserved between 
T. pseudonana and C. cryptica with an average low 

percent identity between homologs (51%). The C. cryp-
tica genome encodes four additional enzymes putatively 
involved in chrysolaminarin breakdown compared to 
T. pseudonana (two additional endoglucanases, two 
additional exoglucosidases, Figs.  6, 7vi). Of the three 
ER predicted exoglucosidases, two were found only in 
C. cryptica, presumably recently acquired by horizon-
tal transfer. The most highly expressed exoglucosidase 
in C. cryptica (g19489.t1) is unique, with low similarity 
compared with those of higher plants and fungi. In addi-
tion to the two-glycosyl hydrolase domains responsi-
ble for carbohydrate breakdown, the gene also contains 
two fascin-like domains, putatively involved in actin 
crosslinking, which implies a positioning component to 
its function. The increased number of chrysolaminarin 
degradation enzymes in C. cryptica compared to T. pseu-
donana may indicate a greater capacity to break down 
β-1,3 glucans, allowing for more carbon substrate to be 
used for the production of triacylglycerol or other carbon 
products.

Chitin biosynthesis and degradation
Chitin, or poly β-(1,4) linked N-acetylglucosamine, is the 
most abundant polymer in the ocean, and second most 
on the planet [64, 65]. The exoskeleton of arthropods 
and insects is made of chitin, and chitin is also produced 
by many diatoms where it has been proposed to control 
buoyancy and/or be involved in silica cell wall synthe-
sis [66–68]. Chitin is estimated to comprise over 30% of 
the mass of the cell in some diatom species [69], which 
is a significant reservoir for cellular carbon that could be 
shunted into other pathways to facilitate productivity in 
a controlled cultivation environment. However, little is 
known about the cellular role of chitin, the biosynthetic 
pathway is poorly characterized, and annotation of rel-
evant genes in diatoms is incomplete. In C. cryptica, most 
enzymes involved in synthesis and degradation of chitin 
are predicted to be cytosolic or ER targeted (Fig. 8)—the 
latter may indicate extracellular secretion, plasma mem-
brane localization, or an association with the silica depo-
sition vesicle.

Chitin fibrils are apparently located between the silica 
frustule and plasma membrane [69], yet the intracel-
lular site of chitin production is unknown, therefore we 
investigated the targeting of enzymes predicted to be 
involved in this process for additional insight. The first 
and rate-limiting enzyme of the chitin synthase complex 
is glucosamine fructose 6-P aminotransferase, of which 
C. cryptica contains four putative copies (Fig. 8a). Three 
of those copies are predicted by several programs to 
have mitochondrial targeting, perhaps suggesting direct 
utilization of mitochondrial-produced glutamine from 
the glutamate–glutamine cycle. However, fructose-6P 
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is not produced in the mitochondria and would need to 
be transported there. Cyclotella cryptica GFATs all also 
have less well supported ER signal peptides, which may 
also indicate targeting through the ER to a different cel-
lular location. In both T. pseudonana and C. cryptica 
there are three steps in the pathway represented by a sin-
gle isozyme, all with cytosolic targeting prediction. The 
final step of chitin biosynthesis polymerizes the N-acetyl-
D-glucosamine molecules by chitin synthase (CS) to 
produce chitin. There are five full copies of CS, which 
contain the chitin_synth_C domain, and two partial 
sequences in C. cryptica (Fig. 8a). These Division 2 chitin 
synthases have been found only within Thalassiosirales 
diatoms, of which C. cryptica is a member, and were dis-
tinct from the Division 1 enzymes found in the pennate 
diatoms [70, 71]. Since Thalassiosirales all secrete chitin 
fibrils, whereas pennate species do not; these chitin syn-
thases could be involved with fibril formation.

Cyclotella cryptica has a nearly complete chitin deg-
radation pathway including a substantial number of chi-
tinases, 22 in total, which perform the first step in chitin 
degradation (Fig.  8). Similar numbers were reported in 
T. pseudonana [68]. Most of the chitinases are shared 
within the Thalassiosirales group and have similarity to 
either bacterial (13 copies) or fungal (7 copies) chitinases. 
It is unknown when or why diatoms would break down 
chitin, but the number of chitinase genes combined with 

their general transcript abundance in C. cryptica, sug-
gests that they play an important if not as yet elucidated 
role in cellular processes. Four chitinases also contain 
one or two peritrophin A domains. In insects and other 
multicellular organisms, peritrophin is a protein embed-
ded within a chitinous membrane (the peritrophin 
matrix) which separates digested food from the midgut 
epithelium where it is hypothesized to aid in digestion, 
protect against pathogens, and provide mechanical sup-
port [72]. In T. weissflogii, freeze fracture images of the 
space between the plasma membrane and silica frustule 
revealed structures with the appearance of chitin fibrils 
[69], which raises the possibility that peritrophin-con-
taining chitinases in C. cryptica may be found in a simi-
lar matrix as an organic component of the cell wall. This 
might suggest that a dynamic processing of chitin, involv-
ing synthesis and degradation, occurs in this location. In 
addition to the chitinases, other chitin binding genes in 
C. cryptica possessed Peritrophin A domains which have 
also been identified in T. pseudonana [73].

Two recently duplicated gene copies encoding the sub-
sequent step in chitin degradation, the breakdown of 
chitobiose catalyzed by hexosaminidase, are ER targeted 
in C. cryptica (g14774.t1, g22243.t1). A homolog could 
not be identified in T. pseudonana. Furthermore, even 
with a manual search, we were unable to identify a kinase 
that phosphorylates the acetyl glucosamine molecule to 

Fig. 8 Chitin metabolism in C. cryptica. a Genes and their predicted subcellular localization. Organizational schematic as described in Fig. 6. b Hypo-
thetical chitin biosynthesis and degradation pathway in C. cryptica. Dashed line indicates that the enzyme is not found in C. cryptica
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production because it allows investigation of cellu-
lar metabolism and enables enhancement of the spe-
cies’ characteristics to increase production efficiency. 
While successful nuclear transformation of C. cryptica 
was achieved during the ASP [12], there has been little 
molecular work since. To improve the tools available for 
C. cryptica, we further adapted the nuclear transforma-
tion procedure, tested two T. pseudonana expression 
vectors and constructed one using C. cryptica sequences 
(Additional file  1: Additional methods). Two vectors 
allow for constitutively high expression, one of which 
uses native C. cryptica ribosomal protein L41 promoter 
and terminator sequences, while the second vector was 
derived from the T. pseudonana fcp gene [13]. The third 
vector, utilizing the T. pseudonana nitrate reductase (NR) 
promoter and terminator enables conditional expression, 
being induced upon transfer of nitrogen source from 
ammonia to nitrate [85]. Imaging of GFP under control 
of the NR promoter in C. cryptica grown in nitrate and 

ammonium is shown in Fig. 10. The larger size of C. cryp-
tica (8–10  μm) compared to T. pseudonana (4–5  μm) 
and P. tricornutum (4–5  μm) may facilitate microscopy 
for identification of subcellular localization of enzymes. 
While vectors with native promoters and native sequence 
are important in some contexts, the successful utilization 
of pre-existing molecular tools from T. pseudonana in C. 
cryptica reduces effort and could facilitate development 
of specific applications.

Conclusions
Determination of the genome sequence of C. cryptica 
elucidates metabolic features that underlie its high pro-
ductivity and lipid accumulation ability, and the appli-
cation of state-of-the-art approaches to further develop 
this species featured in the Aquatic Species Program for 
biofuel/bioproduct production [4]. Diatoms in general 
have attractive characteristics for large-scale biofuel/
bioproduct production. In addition to their innate high 
productivity, their distinctive lipid induction stimulus by 
silicon starvation leads to rapid and substantial increases 
in triacylglycerol levels [6, 26, 42] without detrimental 
effects on cellular protein content that would typically 
occur under nitrogen starvation conditions used in other 
microalgae. Thus, they could serve as both a biofuel pre-
cursor and protein source in a production system.

A dominant feature of the C. cryptica genome is the 
presence of large regions of repeat sequences encoding 
a variety of types of mobile genetic elements (Additional 
file 1: Table S2) which are highly methylated, presumably 
as a means to inhibit expansion of these elements. In a 
global sense, in the conditions tested, methylation does 
not appear to play a significant role in regulating meta-
bolic gene expression, however, there are notable and 
important exceptions in the examples of highly methyl-
ated yet highly expressed genes (Additional file  1: Fig-
ure S7), and the chloroplast-localized PEPS gene which 
is highly methylated and not expressed (Fig.  7ii). There 
are a few, yet significant, differences in gene content and 
metabolic topology when comparing C. cryptica and 
T. pseudonana, which may underlie the former’s high 
productivity. In particular, pyruvate metabolism is sub-
stantially different, with C. cryptica potentially being 
able to process pyruvate with greater efficiency because 
of compartmental separation of distinct reaction steps 
comparing the chloroplast and cytoplasm, and intercom-
partmental processing in the mitochondria, avoiding a 
transport step (Figs. 6, 7). Additional isozymes involved 
in TAG synthesis and carbohydrate breakdown are pre-
sent in C. cryptica, which may improve carbon flux into 
TAG synthesis (Figs. 6, 7v, vi). Characterization of these 
metabolic differences, and those involved in other poten-
tial carbon sinks such as chitin, identifies a variety of gene 

Fig. 9 Phylogenetic analysis of hexose transporters in C. cryptica 
(Cyccr) and T. pseudonana (Thaps). All genes contain PF00083 Sugar 
(and other) transporter domain. Highlighted gene is hypothetical 
heterotrophic glucose transporter in C. cryptica and with nearest 
matches to that transporter found in the diatoms T. oceanica, F. 
cylindrus, the haptophyte E. huxleyi, and stramenopile N. gaditana. 
Phylogeny was generated using default parameters in RAxML_GUI 
v1.3 and is mid-point rooted. Abbreviations and accession numbers 
are found in Additional file 4
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targets to manipulate to directly test these hypotheses, 
and to understand how the differences in carbon flux may 
affect productivity, with a goal of ultimately improving 
productivity. The heterotrophic capability of C. cryptica 
may further aid in increasing productivity, either by ena-
bling heterotrophic production or reducing respiratory 
losses at night from photosynthetically-fixed carbon. The 
application of state-of-the-art genetic tools to C. cryptica 
(Fig. 10), and continued development of such, will enable 
reprogramming of the metabolism otherwise adapted for 
environmental survival to improve productivity in the 
relatively controlled conditions for large-scale produc-
tion. By bringing the promising productivity character-
istics of C. cryptica in line with current day approaches 
to improve productivity, its potential as a model biofuel/
bioproduct organism can be maximized.

Methods
Source of genetic material
Genomic DNA for genome and methylome sequenc-
ing was isolated from a clonal culture of C. cryptica, 
CCMP332. This strain of C. cryptica was originally isolated 
in June of 1956 from the West Tisbury Great Pond (41.355° 
N, 70.655° W) in MA, USA and maintained and by the 
National Center for Marine Algae and Microbiota (NCMA, 
formerly Provasoli–Guillard National Centre for Culture of 
Marine Phytoplankton CCMP). CCMP332 has been main-
tained in the lab since 2008 under a 12:12 light–dark cycle 

at 18  °C with an illumination of 150 μmol/m2 s light. For 
genomic DNA isolation, C. cryptica was plated onto arti-
ficial seawater (ASW) agar plates [86] under the presence 
of 1:1000 dilution of penicillin/streptomycin (Gibco, cata-
log no. 15140-122) to minimize bacterial contamination. 
A single colony was picked and grown in liquid ASW for 
scale up. 1 L liquid cultures were mixed using a magnetic 
stir plate (250  rpm), bubbled with air, and grown in con-
tinuous light (150 μmol/m2 s) for 3 days to early stationary 
phase (~1.2 × 106 cells/mL) before harvesting for DNA iso-
lation. To isolate DNA for methylome analysis, a 2.5 L cul-
ture was grown using above conditions to mid exponential 
phase (5 × 105 cells/mL). On the third day, 300 mL of liq-
uid culture was harvested for the T = 0, silicon replete time 
point for genomic DNA isolation. 1500 mL of cells was har-
vested by centrifugation and placed into ASW deprived of 
silica (Si-ASW) as described in [42]. Cells were monitored 
for 48  h in Si-ASW before harvesting 300  mL DNA for 
Si-T = 48 methylome. Cells were stained for 4,4-difluoro-
4-bora-3a,4a-diaza-s-indacene (BODIPY 493/503, Molecu-
lar Probes) as described in [42] and imaged using a Zeiss 
Axio Observer Z1 Inverted Microscope at a 63× objective. 
Cell growth was monitored using a Neubauer hemocytom-
eter with counts done in duplicate or quadruplicate.

Functional annotation
Functional annotation of genes from C. cryptica and 
the five other reference diatom genomes was performed 

Fig. 10 Genetic manipulation in C. cryptica. Conditional expression using the nitrate reductase promoter. a GFP expression in ASW media, with 
nitrate as the nitrogen source. b No GFP expression in repressive modified ASW media, with ammonia as the nitrogen source. Chlorophyll and GFP 
are falsely colored red and green, respectively. Composite images are 3D reconstructions. Scale bars 5 μm
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using PhyloDB, a comprehensive database of pro-
teins at JCVI. KEGG, KO, KO Pathway, EC annotations 
were assigned using TimeLogic® Tera-BLAST™ algo-
rithm (Active Motif Inc., Carlsbad, CA, USA), e value 
threshold 1e−5; Pfam/TIGRfam using Hmmer v 3.1b2 
(http://hmmer.org), and transmembrane domains with 
TMHMM 2.0c [87]. Genes from all six genomes were 
clustered into orthologous groups or larger gene fami-
lies using MCL [88] with inflation parameter = 2.0. Perl 
scripts were developed to aggregate cluster annotations 
based on shared functional content of genes. Methods for 
prediction of lateral gene transfer, RBH pairs, phyloge-
netic analysis, and subcellular localization prediction are 
described in Additional file 1.
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Supplemental Methods for Traller et al “Genome and methylome of the oleaginous 1"
diatom Cyclotella cryptica reveal genetic flexibility toward a high lipid phenotype”  2"

 3"

DNA extraction and purification 4"

Liquid cell cultures concentrated either by filtration using a 3.0µm polycarbonate 5"

filter (DNA for genome sequencing) or by centrifugation in 50mL conical tubes at 4000 6"

xg for 8 minutes (methylome DNA) using in an Eppendorf 5810R centrifuge. DNA for 7"

genome and bisulfite sequencing was purified using CsCl as described in [1]. To remove 8"

RNA contamination, DNA for bisulfite sequencing was treated with 10mg/mL stock of 9"

RNase A for 15 minutes at 37ºC. 10"

 11"

Genome Library Construction and Sequencing 12"

Three libraries were prepared following Illumina’s standard genomic DNA paired end 13"

construction: “PE-short” (post-assembly empirical insert lengths ~90-235 nucleotides (nt) 14"

exclusive of adapters [preparation target 180-230 nt], with mode 123 nt), “PE-medium” 15"

(~155-330 nt [preparation target 230- 330 nt], mode 221 nt), and “PE-long” (~225-460 nt 16"

[preparation target 330-430 nt] with mode 305 nt) for ~58% of inserts, with the balance 17"

in a second mode ~60-225 nt peaking at ~105 nt). These were sequenced as paired end 18"

76-mer + 76-mer reads on an Illumina GA-IIx 120-tiles/lane run (“TP003”) at the UCLA 19"

BSCRC Core Sequencing facility, using two dedicated lanes for each of PE-short and PE-20"

medium, three dedicated lanes for PE-long, a dedicated PhiX control lane for RTA image 21"

analysis autocalibration, and spiking in ≈1% Illumina PhiX into each non-control lane. 22"

Two genomic DNA mate pair libraries (aiming for 10K nt effective inserts) were 23"

prepared and run by Illumina service on a 48-tile/lane v3 HiSeq flow cell, each library on 24"
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a single dedicated lane: “MP-short” (effective ~2,100-3,320 nt with mode ~2,625 nt for 25"

~58% of inserts, with the balance in a PE-orientation [rather than MP-orientation] second 26"

mode ~170-480 nt peaking at ~205 nt), and “MP-long” (~1,740-2,730 nt with mode 27"

~2,260 nt for ~63% of inserts, with the balance in a PE-oriented second mode ~176-535 28"

nt peaking at ~223 nt). These were physically sequenced as paired end 101-mer + 10-mer 29"

index + 101-mer, with the index reads and the last base of each main end discarded (in 30"

the usual way so that the last retained base has bidirectional RTA phasing corrections). 31"

The number of raw read pairs for PE-short/medium/long/control is found in Additional 32"

File 1, Figure S1b. Only read pairs with no ‘N’ basecalls were retained; due to the pattern 33"

of ‘N’ basecalls in PE-long, the first four bases of each end of its lanes were discarded 34"

before this filter (and subsequent uses of this library).  35"

The number of raw read pairs for MP-short and long libraries was 142,455,072 and 36"

154,107,079, respectively, and only RTA PF=1-passing pairs were retained (Additional 37"

File 1, Figure S1b). Although not used as a filter, relative to PF=1 read pairs, the ‘N’-free 38"

read pairs for MP-short/long were ~98.9% / 98.6%. 39"

The PE and MP libraries contributed ~23.4G nt and ~57.4G nt, respectively, for a 40"

total of ~80.8G nt (≈461x coverage of a 175Mbp genome; for 65-mers: ~3.4G and 41"

~20.7G, total ~24.0G and ≈137x). 42"

Using many iterations of a variety of standard and ad hoc assemblers and alignment 43"

tools, with extensive inspection of intermediate stages and judgment calls made by hand, 44"

read pairs from PE-short/medium/long and MP-short/long were used to construct high-45"

quality best assemblies from the available data for the chloroplast (“chrC”) and 46"

mitochondrial (“chrM”) genomes in C. cryptica. In each case, a single complete circular 47"
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sequence of pure A/C/G/T’s without gaps was formed (chrC 129,320 bp, chrM 58,021 48"

bp). This was greatly assisted by the presence in NCBI of related genomes: KJ958480.1 49"

for Cyclotella strain L04_2 chrC (~96% identity; also useful: KJ958481.1 for Cyclotella 50"

strain WC03_2 chrC), and NC_007405.1 for Thalassiosira pseudonana chrM (more 51"

distant; even on homologous stretches, overall percent identity ≈80%). The C. cryptica 52"

chrM is estimated with 17,880 bp (~31%) being 120 exact copies of the 149 bp sequence 53"

TTATCGGCCTCAAATCAAGCAGTGTTTAAGCTGGAAT  54"

CTATCGGCCTCAAATCGAAACAGTGTTTTAGCCTGAAT  55"

TTATCGGCCTCAAATCAAGCAGTGTTTAAGCTGGAAT  56"

CTATCGGCCTCAAATCGAAACAGTGTTTTGCCTGAAT  (which is itself four 57"

approximate tandem copies of a smaller unit). Given current data, this region cannot be 58"

completely resolved, and there is likely additional variation here, and the included 59"

number of copies is an estimate informed in part by depth of coverage relative to other 60"

chrM sequence. 61"

The main genome assembly was performed with an ABySS 1.3.1 SE+PE+MP 62"

pipeline using k=65-mers, t=65, q=3, e=3, E=0, c=3, m=30, p=0.9, no scaffolding at 63"

PopBubbles, s=200, n=10, overlap min=5 with scaffolding and join masking at simple 64"

repeats, SimpleGraph d=6 and scaffolding, greedy MergePaths, a=4, and abyss-scaffold 65"

min-gap=100. The SE stage used PE-short+medium+long, MP-short+long, the PE stage 66"

was applied to PE-short+medium+long, and the MP stage was applied to MP-short+long. 67"

The assembly was taken as the final scaffolds of nt length ≥ 130 = 2k. Based on 68"

alignments, scaffolds apparently consisting of PhiX, chrC, or chrM were removed. 69"
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Genome annotation revealed several nearly identical genomic contigs with nearly 70"

identical fold coverage, which appear to be due to a failure of the assembler to collapse 71"

identical contigs into one contig. In an effort to resolve this artifact from the assembler, 72"

we performed all versus all BLASTn for each genomic contig against the whole genome 73"

and removed contigs which contained a  >95% threshold for query coverage and 74"

nucleotide identity. This reduced the total number of contigs from 199,501 to 116,817 75"

(41.3% reduction) and total genome size from 182,854,974bp to 161,759,242bp 76"

(excluding the mitochondrial and chloroplast genomes).  77"

 Notation for contigs is in the form of gXXXXXX_YYYYY, where XXXXXX 78"

gives contig length and YYYYY gives the approximate average coverage for that contig. 79"

Contigs beginning with a ‘g’ are genomic sequences and contigs beginning with an ‘r’ are 80"

mRNA sequences.  81"

 82"

DNA Bisulfite sequencing and analysis 83"

1 µg of C. cryptica nuclear DNA for bisulfite treatment was resuspended in 50 µl of 84"

EB buffer (QIAGEN) and sonicated in AFA-fiber microTubes using a Covaris S2 85"

machine (Duty Cycle = 10%; Intensity = 5; Cycles/Burst = 200; for 6 minutes) to obtain 86"

100-300 bp fragments. The DNA was then subjected to End-Repair, A-tailing and 87"

Adapter Ligation using Illumina TruSeq DNA Sample Prep kit v2 according to 88"

manufacturer’s instructions. The Adapter-ligated DNA was purified and size-selected 89"

using AMPure XP beads. DNA was then bisulfite treated using EpiTect kit (QIAGEN) 90"

using the following conversion protocol: 95°C 5min, 60°C 25min, 95°C 5min, 60°C 91"

85min, 95°C 5min, 60°C 175min, 95°C 5min, 60°C 25min, 95°C 5min, 60°C 85min, 92"
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95°C 5min, 60°C 175min. Bisulfite-treated DNA was then desulphonated according to 93"

manufacturer’s protocol (“Small Amount of Fragmented DNA” variant) and DNA eluted 94"

twice with EB. Converted DNA was amplified with MyTaq 2x mix (Bioline): 98°C 2 95"

min; 12 cycles of 98°C 15 sec, 60°C 30 sec, 72°C 30 sec; 72°C 5 min. Amplified DNA 96"

was diluted to 10 nM and sequenced using Illumina HiSeq2000 (100 single end reads). 97"

Bisulfite converted reads were inspected for sequencing quality using FastQC 0.10.1. 98"

Reads passing the Illumina quality filter ('PF' value equal to 1) were retained and aligned 99"

to the genome assembly using BS-Seeker2 in local alignment mode with Bowtie2 as the 100"

aligner [2]. For the purpose of this study, a ‘methylated’ base pair is defined as a cytosine 101"

which has >= 4 methylated reads, similar to as described in [3]. Therefore an 102"

‘unmethylated’ cytosine is that which has >= 4 unmethylated reads. Those cytosines 103"

which do not have at least 4 aligned reads from the bisulfite sequencing are considered to 104"

not have enough data sufficiently conclude whether that site is methylated or not. Genes 105"

that are ‘methylated’ are those which are defined as having >=50% of callable CG sites 106"

(the most common motif for methylation) containing a ‘methylated’ cytosine. 107"

Unmethylated genes are <50%.  108"

RNA sequencing 109"

Total RNA was purified from cultures of C. cryptica in log-phase growth under 110"

conditions of either silicon starvation or nitrogen starvation. For RNA isolation, 750mL 111"

of liquid cell culture for each time point was harvested and treated with 20mg/mL 112"

cycloheximide and concentrated by filtration. Cells were stored in -80ºC prior to 113"

extraction. Total RNA was extracted according to [4,5]. 114"



 57 

Five µg of total RNA per sample was treated with Turbo DNase (Ambion) for 30 min 115"

at 37°C according to the manufacturer’s instructions in order to remove any 116"

contaminating DNA. The resulting RNA was purified by ethanol precipitation, and RNA 117"

quality was evaluated on a BioAnalyzer RNA Nano kit (Agilent). RNAseq libraries were 118"

prepared using the Illumina TruSeq mRNA Sample Prep kit (Illumina) according to 119"

manufacturer's protocols (Rev. A). Sequencing was performed at the UCLA Broad Stem 120"

Cell Research Center sequencing core on a HiSeq 2000 sequencer (Illumina) using a 121"

mixture of 50+50 nt paired end reads and 100 nt single end reads. 11 libraries were 122"

sequenced on a single lane each, 2 libraries were multiplexed onto a 1 lane. Pooled raw 123"

reads were demultiplexed and all reads mapped to transcriptome data, with remaining 124"

unmapped reads mapped to reference Cyclotella genome version cycCry0dot2 using 125"

TopHat 2.0.4 allowing for two mismatches, reporting only unique mappings [6]. Bam 126"

files were processed through HTSeq 0.5.3 using the "intersection-nonempty" method 127"

which assigns a read to a gene only if the read overlaps with only one gene in its entirety. 128"

Single-end and paired-end data were combined and all data was run through DESeq 1.8.3 129"

to obtain FPKM counts [7]. A combination of 50+50 nt paired end reads and 100 nt 130"

single end reads were pooled to facilitate accurate mapping of the genes. 131"

 132"

Genome Annotation  133"

Gene model predictions were generated from several pipelines as follows: (1) 134"

FGENESH using the built-in diatom training set; (2) standalone AUGUSTUS using the 135"

built-in 'Chlamydomonas reinhardtii' training parameters; (3) standalone AUGUSTUS 136"

using the 100 longest FGENESH predictions as a training set; (4) web-based 137"
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AUGUSTUS trained on the de-novo RNA assembly; and (5) MAKER with FGENESH, 138"

AUGUSTUS, GeneMarkES analyses enabled [8-11].  All prediction software was run 139"

using default settings except where noted.  Several genes were selected where 140"

intron/exon boundaries were well characterized in T. pseudonana and used to test the 141"

accuracy of the gene model predictions. AUGUSTUS predictions from set (4) that 142"

overlap MAKER predictions from set (5) constitute the 'high-confidence' collection of 143"

gene predictions.  For gene structure, it was determined that (4) more accurately 144"

predicted start/stop sites and intron/exon boundaries. Gene set (4 and 5) were functionally 145"

annotated [12]. 146"

Repetitive elements were identified using RepeatMasker 4.0.1 with RMBLASTN 147"

2.2.27+, using the Bacillariophyta repeat library from RepBase and default settings.  148"

Additional repeat masking by RepeatMasker was performed using a custom de-novo 149"

library generated using RepeatModeler 1.0.7 with the NCBI BLAST engine. 150"

The diatom genomes used in Figure 9 and S2, OrthoMCL, and RBH analyses are 151"

T. pseudonana v3.0 [13], P. tricornutum v2.0 [14], F. cylindrus v1.0 [15], P. multiseries 152"

v1.0 [16], and T. oceanica v.3.0 (NCBI accession numbers JP288099-JP2977110, 153"

http://www.ncbi.nlm.nih.gov) 154"

For reciprocal best BLAST hit (RBH) analysis, gene models from diatom genomes 155"

(listed above) were aligned using BLASTp 2.2.28+ [17], with an e-value cutoff score of 156"

1e-5 and a query coverage of at least 70%. RBH pairs were detected using python script 157"

[18].  158"

Predicted proteins from T. pseudonana and C. cryptica genomes were evaluated for 159"

phylogenetic relatedness to sequences in NCBI GenBank nr (accessed October 16, 2015) 160"
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using the DarkHorse program version 1.5 with a threshold filter setting of 0.1 [24]. 161"

BLASTP alignments to GenBank nr sequences were required to cover at least 70% of 162"

total query length and have e-value scores of 1e-5 or better for inclusion in this analysis. 163"

For phylogenetic analysis in Figure 9 and S2, and to further investigate proteins of 164"

interest, amino acid sequences were aligned using MUSCLE with 10 maximum number 165"

of iterations and default parameters [19]. Trees were generated using default parameters 166"

in RAxML_GUI v1.3 for 100 iterations and visualized using FigTree v1.4.0 [20]. For 167"

each tree shown, bootstrap values are listed and have been midpoint rooted. 168"

 169"

Subcellular Localization Prediction  170"

All open reading frames were analyzed using several computational tools for 171"

predicting the likely location of the protein product within the cell.  Nucpred [21] and 172"

NetNES [22] provided estimations of nuclear localization for each putative protein. 173"

PREDOTAR [23], PSORT [24] , HECTAR [25], CELLO [26] , PredAlgo [27], SignalP 174"

3.0 [28] TargetP, ChloroP  [29] and ASAFind [30] provided possible localizations to 175"

mitochondria, chloroplast, endoplasmic reticulum, or plastid. The presence of N-terminal 176"

signal peptides and transmembrane regions were assessed using PHOBIUS [31,32], the 177"

SignalP 3.0 portion of TargetP and PredAlgo. Specific sequences and predicted cleavage 178"

sites for signal peptides were taken from SignalP 3.0.  All open reading frames from C. 179"

cryptica were submitted to web-servers in an automated fashion using scripts for html or 180"

webmail submission.  181"

Methods for targeting predictions shown in Figure 4 are as follows: for plastid 182"

targeting, all proteins with predicted positive ASAfind plastid targeting were surveyed for 183"
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proper cleavage site using SignalP 3.0 [28, 30]. Predicted SignalP 3.0 cleavage sites were 184"

then defined by the guidelines addressed in Figure 5 of [33] and split into canonical 185"

plastid (AF, GF, and SF cleavage sites), noncanonical plastid (AW, AY, AL, GW, GY, 186"

GL, SW, SY, SL), periplastid and other (AH, AI, AM, AR, AE, AG, SH, SI, SM, SR, SE, 187"

SG, GH, GI, GM, GR, GE, GG). Periplastid predicted cleavage sites which did not 188"

contain a positive ChloroP prediction were then categorized as ER/secreted. Any negative 189"

plastid ASAfind result but SignalP 3.0 positive with a predicted periplastid cleavage site, 190"

and positive ChloroP were also classified as periplastid. ER/secreted proteins were then 191"

defined as proteins with negative plastid ASAfind prediction, positive SignalP 3.0, with a 192"

cleavage site not one that is specified in [33].  193"

Mitochondrially-targeted proteins were classified according to any of the 194"

following prediction combinations for HECTAR, Predotar, and TargetP (listed in 195"

respective order): Type II, Mito, Mito; SigP, Mito, Mito; Mito, Plastid, Mito; Mito, Mito, 196"

SigP; Mito, Mito, Mito; Mito, Mito, Plastid; Mito, Mito, no prediction; Mito, no 197"

prediction, Mito; no prediction, Mito, Mito. MitoProt was also used for all predicted 198"

proteins shown in Figure 5-8 [34]. All other proteins that did not fall into the above 199"

criterion were classified as ‘cytosol and other.’ 200"

 201"

Vector Construction and Diatom Transformation 202"

The vector utilizing the C. cryptica rpL41 promoter and terminator sequences was 203"

assembled using the GeneArt® Seamless Cloning and Assembly Kit (Invitrogen), with a 204"

Gateway™ vector (Invitrogen) as the backbone. The construction of the T. pseudonana 205"

fcp [35] and nitrate reductase (NR) [36,37]  vectors is described elsewhere.  206"
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nitrate as the nitrogen source, which would repress the expression of GFP under the NR 230"

promoter [36]. The cultures were allowed to reach exponential phase and imaged using 231"

Zeiss Axio Observer Z1 Inverted Microscope (Zeiss Axioscope, Carl Zeiss Microimaging 232"

Inc., USA). The filter set for fluorescent imaging was Emission LP 515 nm for 233"

chlorophyll autofluorescence, and Zeiss #38HE Excitation BP 470/40 nm, Dichromatic 234"

mirror FT 495 nm, Emission BP 525/50 nm for GFP.  235"
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Genomic Libraries Number of Raw Reads for Paired End Libraries Percentage passing pairs Percentage passing pairs after 
removal of pairs with 'N’  

Lane 1 Lane 2 Lane 3 Total Reads  Lane 1 Lane 2 Lane 3 Average  Average 

Paired End Short 65270867 17592293 82863160 4.8 57 71.1 73.0 

Paired End Medium 65333130 66235838 131568968 68.5 69.5 60.0 79.6 

Paired End Long 69147985 69578501 65179466 203905952 27.8 34 65.6 42.5 57.9 

Paired End Control 30301553 92.8 99.5 

Mate Pair Short 142455072 96.9 98.9 

Mate Pair Long 154107079 96.7 98.6 

a. 

b. 

Figure S1: (a) Cyclotella cryptica nuclear assembly overview broken down by minimum contig size 
(Kbp) versus total Mbp of all contigs (left) and minimum contig size versus the total number of 
contigs (right) and (b) genomic sequencing data.  



 66 

Gene Model Prediction Pipeline 
CcFgenesh CcAugustusV1 CcAugustusV2 CcAugustusV3 CcMAKERV1 

Total Models 50,288 6,295 24,819 33,682 9,049 
Average Model Length (bp) 1,561.8 926.1 1,746.2 1,265 1,999.7 
Average Exons 3.72 1.22 2.65 1.95 3.69 
Avg. Exon Length (bp) 247.4 115.8 561.5 585.6 457.6 
Avg. # Introns 2.72 0.22 1.65 0.95 2.69 
Avg. Intron Length (bp) 129.8 542 153.9 128.1 128.1 

Supplementary table S1. Statistics from different gene model prediction pipelines. The pipelines 
are: (1) FGENESH Gene predictions, Diatom training set, (2) Augustus Gene predictions V1, 
Chlamydomonas training set, no RNAseq data, (3) Augustus Gene predictions V2, FGENESH100 
training set, RNAseq data (4) Augustus Gene predictions V3, ‘self’ trained, RNAseq data (5) 
MAKER Gene predictions, (Augustus self trained + FGENESH + GeneMarkES). Details are 
presented in Supplementary Methods. Data presented includes all predicted models regardless of 
read counts from RNAseq data and prior to removing apparent duplicate contigs (Additional File 1: 
Supplementary Methods, Genome Library Construction and Sequencing).  
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Repeat sequences in Cyclotella cryptica using RepeatModeler data 
Sequences:        199501 
Total length:  182854974 bp  (174198679 bp excl N/X-runs) 
GC level:         43.01 % 
Bases masked:   98288109 bp ( 53.75 %) 

Number of 
elements* 

Length occupied 
(bp) 

Percentage of 
sequence 

SINEs: 0 0  0 
ALUs 0 0  0 
MIRs 0 0  0 

LINEs: 2626 1877047  1.03 
LINE1 0 0  0 
LINE2 0 0  0 
L3/CR1 0 0  0 

LTR elements: 43176 15802661  8.64 
ERVL 0 0  0 
ERVL-MaLRs 0 0  0 
ERV_classI 0 0  0 
ERV_classII 0 0  0 

DNA elements: 15402 5899536  3.23 
hAT-Charlie 0 0  0 
TcMar-Tigger 155 44023  0.02 

Unclassified: 314059 73067346  39.96 

Total interspersed repeats: 96646590  52.85 
Small RNA: 0 0  0 
Satellites: 0 0  0 
Simple repeats: 23628 1861243  1.02 
Low complexity: 1672 129011  0.07 

Repeat sequences in Cyclotella cryptica using RepBase data 
Sequences:        199501 
total length:  182854974 bp  (174198679 bp excl N/X-runs) 
GC level: 43.01% 
Bases masked:    7037708 bp ( 3.85 %) 
!

Number of 
elements* 

Length occupied 
(bp) 

Percentage of 
sequence 

Retroelements 12264 4694900  2.57 
SINEs: 0 0  0 
Penelope 13 1650  0 
LINEs: 58 4854  0 

CRE/SLACS 0 0  0 
L2/CR1/Rex 0 0  0 
R1/LOA/Jockey 0 0  0 
R2/R4/NeSL 0 0  0 
RTE/Bov-B 2 100  0 
L1/CIN4 0 0  0 

LTR elements: 12206 4690046  2.56 
BEL/Pao 0 0  0 
Ty1/Copia 2901 1432661  0.78 
Gypsy/DIRS1 9305 3257385  1.78 
Retroviral 0 0  0 

DNA transposons 346 113716  0.06 
hobo-Activator 0 0  0 
Tc1-IS630-Pogo 0 0  0 
En-Spm 0 0  0 
MuDR-IS905 0 0  0 
PiggyBac 2 103  0 
Tourist/Harbinger 305 105959  0.06 
Other (Mirage, P-
element, Transib) 

0 0  0 

Rolling-circles 0 0  0 
Unclassified: 28 6197  0 
Total interspersed 
repeats: 4814813  2.63 
Small RNA: 142 17166  0.01 
Satellites: 0 0  0 
Simple repeats: 32133 1928189  1.05 
Low complexity: 3624 294614  0.16 

a. 
b. 

Table S2: Repeat sequences in C. cryptica identified using (a) RepBase data and (b) RepeatModeler 
Data. 
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a. b. P._multiseries 

T. oceanica 

P. tricornutum 

F. cylindrus 

T. pseudonana 

C. cryptica 

B. pacifica 

Total Reciprocal BLAST Hits Average % Identity 

C. cryptica/T. pseudonana 5498 63.6 

C. cryptica/T. oceanica 4443 56.4 

T. pseudonana/T. oceanica 3592 59.2 

P. tricornutum/F. cylindrus 7060 55.5 

P. tricornutum/P. multiseries 2878 54.2 

F. cylindrus/P. multiseries 7773 66.0 

C
entrics 

Pennates 

Figure S2: Phylogenetic comparison of diatom species with sequenced genomes. (a) 18S 
sequence comparison from [89], accession numbers are listed in Additional File 4 (b) Reciprocal 
best blast hits comparison. C. cryptica and T. pseudonana are the most similarly related centric 
diatoms with available genomic data.  



 69 

  

Per-Cytosine Fraction Methylation
(Coverage >= 4) -- 0h

Per-Cytosine Fraction Methylation

# 
C

yt
os

in
es

0.0 0.2 0.4 0.6 0.8 1.0

0
10
00
00
0

25
00
00
0

a. b. Per−Cytosine Fraction Methylation
(Coverage >= 4) −− 48h

Per−Cytosine Fraction Methylation

# 
C

yt
os

in
es

0.0 0.2 0.4 0.6 0.8 1.0

0
50

00
00

15
00

00
0

25
00

00
0

Figure S3: Per-cytosine fraction methylation. (a) 0 hour, silicon-replete sample (b)  48 hour, 
silicon-deplete sample. All sites shown have a read coverage greater than or equal to 4.  
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Methylation Differences Between 0h and 48h Samples

Absolute Value of Per-Site Methylation Difference | Me48 – Me0 |
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Figure S4: Per-site methylation differences between Silicon replete and deplete conditions. (a) 
Absolute value of the difference between 48h and 0h. (b) Slope between fraction methylation of 
genes in when comparing the two conditions is linear, outliers are apparent.  
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Figure S5: Per-site methylation differences between silicon replete and deplete conditions. (a) 
Histogram showing absolute value of the difference between 48h and 0h. (b) Scatter plot showing 
the slope between fraction methylation of genes in when comparing the two conditions is linear, 
outliers are apparent.  
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Figure S6: Binned repeats (a) and fraction methylation across gene body (b) in C. cryptica.  
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Silicon Replete 0hr 

  Count 
Percent total 
of all genes 

Percent total        
 Excluding genes with 
insufficient coverage 

Average Fraction 
Methylation Average FPKM 

Methylated genes 4170 20 22 0.87 536 
Unmethylated genes 14866 70 78 0.07 4593 

No Methylation Data 2085 10 - ND 1767 
Total genes 21121   0.24 3520 

Silicon Deplete 48hr 

  Count 
Percent total 
of all genes 

Percent total         
Excluding genes with 
insufficient coverage 

Average Fraction 
Methylation Average FPKM 

Methylated genes 2627 12 24 0.88 523 
Unmethylated genes 8453 40 76 0.07 4589 

No Methylation Data 10041 48 - ND 3641 
Total genes 21121     0.26 3408 

Methylated 48hr Unmethylated 48hr 

Methylated 0hr 2584 31 

Unmethylated 0hr 17 8165 

Table S3: Summary of gene methylation (AUGUSTUS V3 models) in both experimental 
conditions.  
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Figure S7: Gene methylation relative to gene expression. (a) 3 populations emerged (Red boxes i-
iii) when comparing average fraction methylation to Log2 FPKM. (b) Gene count binned according 
to FPKM and shaded according to methylation status. Line depicts the proportion of methylated 
genes per bin. Data shown is for silicon replete, 0 hour condition.  
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Figure S8: Vector map for rpL41 construct for C. cryptica. 
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CHAPTER 3 

Comparison of the transcript level and physiological response in the diatom Cyclotella 
cryptica under two distinct macronutrient limitations 
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3.1 ABSTRACT 

 Due to its ability to accumulate substantial amounts of triacylglycerol during 

nutrient starvation, the marine diatom Cyclotella cryptica holds promise as a candidate 

species for large-scale cultivation for biofuel. However, the molecular and genetic 

mechanisms that control lipid accumulation and the cellular response to nutrient 

starvation are largely unknown. To aid in elucidating the metabolic processes involved 

in lipid accumulation in C. cryptica, we determined the transcriptomic profiles of cells 

undergoing two distinct macronutrient starvations, nitrogen and silicon, over the course 

of 96 hours. Comparison of the two nutrient starvations revealed fundamental 

differences in metabolite processing in the mitochondrion, with silicon-deprived cells 

utilizing beta-oxidation and the glyoxylate cycle, and nitrogen-deprived cells preferring 

mitochondrial glycolysis and the TCA cycle. Dramatic transcriptional shifts in 

triacylglycerol synthesis and chrysolaminarin degradation genes indicated lipid 

accumulation is more likely due to a repartitioning of carbon from carbohydrate to 

triacylglycerol, rather than de novo fatty acid synthesis from newly formed 

photosynthate. We further substantiated this observation with physiological 

measurements on carbohydrate, lipid, and photosynthetic efficiency. Overall, this data 

identifies the repartitioning of carbon and energy molecules during nutrient-induced cell 

cycle arrest and provides insight into the distinct mechanisms of triacylglycerol 

accumulation in this oleaginous diatom.  
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3.2 INTRODUCTION 

The advent of high throughput sequencing technologies, in particular 

transcriptome analysis, has helped to understand global cellular metabolism as it 

responds to environmental stimuli such as light-dark oscillations, nutrient stress, and 

temperature. All across the algal tree of life there have been several gene expression 

studies focusing on the cell’s response to nutrient starvation. Commonly, cell cycle 

arrest from nutrient starvation leads to lipid accumulation, and analysis of transcriptomic 

data has resulted in significant progress to pinpoint key gene(s) controlling lipid 

accumulation (Schmollinger et al. 2014; Tanaka et al. 2015; Alipanah et al. 2015; Hovde 

et al. 2015; Smith et al. 2016a). Furthermore, hypotheses generated from these studies 

have aided in successful attempts to increase lipid accumulation by genetically 

engineering diatoms to over-express or knock-down genes involved in either 

triacylglycerol biosynthesis or competing pathways (Guihéneuf et al. 2011; Trentacoste 

et al. 2013; Ge et al. 2014; Manandhar-Shrestha and Hildebrand 2015; Yang et al. 2016). 

Even without the use of genetic engineering tools, transcriptomic datasets allow for the 

elucidation of the molecular mechanisms controlling physiological processes and 

provide the researcher with a broad view of global metabolism in the cell; as opposed to 

physiological studies that provide an in-depth perspective on a specific area of 

metabolism. Therefore, when transcript level studies are combined with physiological 

measurements, there is the opportunity to more fully understand the biological system 

for which we seek to control.  

The sequencing and annotation of the nuclear, chloroplast, and mitochondrial 

genomes in the diatom Cyclotella cryptica as highlighted in Chapter 2 opened the door 
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for further ‘omic studies investigating the lipid accumulation response in this species. 

While there have been several gene expression studies focusing on nutrient stress and 

lipid accumulation in eukaryotic microalgae, to the best of our knowledge, there have 

been no transcriptomic studies comparing two different nutrient starvations to one 

another. A transcript level comparison of lipid induction under different nutrient stresses 

may highlight the conserved metabolic processes responsible for lipid accumulation as 

well as elucidate unique strategies the cell has developed in order to adapt to distinct 

environmental stimuli. An intriguing feature of diatoms specifically is their requirement 

for silicon at macronutrient concentrations, for cell wall synthesis. As a result, silicon 

starved diatoms arrest for growth and induce lipid accumulation, with potentially with 

fewer negative secondary effects such as chlorosis and protein degradation that is often 

observed during nitrogen depletion (Traller and Hildebrand 2013; Yang et al. 2013; 

Bender et al. 2014). In an effort to understand metabolic changes involved in lipid 

accumulation in C. cryptica, and more broadly in microalgae, we performed transcript 

level analysis of cells separately undergoing silicon and nitrogen depletion and 

compared the two conditions over time, from early (0-24 hour) to late stages (24-96 

hours) of nutrient depletion. This data was substantiated with physiological 

measurements such as photosynthetic efficiency, cell cycle progression, and absolute 

carbohydrate and lipid quantification.  

3.3 MATERIALS AND METHODS 

3.3.1 Experimental conditions 

1 liter cultures of Cyclotella cryptica CCMP332 were grown at 18ºC in artificial 

seawater (ASW) medium (Darley and Volcani 1969). Cultures were bubbled with air, 
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mixed using a magnetic stir plate at 250rpm in continuous light (150mol µm-2s-1) for 4 

days to exponential phase before transfer to 19L ASW. Cultures were then grown under 

the conditions above until exponential phase (8.26 x 105 and 3.57x 105 cells/mL for 

experiments 1 and 2 respectively). Cells were harvested by centrifugation for 8 minutes 

at 3700g and then washed twice in either ASW without silicic acid or nitrate, depending 

on the condition. Harvested cells were split evenly into two 20L polycarbonate carboys 

containing Si deplete ASW (Si-ASW) or N deplete ASW (N-ASW). Nutrient deplete 

cultures were cultured as described above.  

Cell concentration was monitored using the Muse Cell Analyzer (EMD 

Millipore). For photochemical quantum yield of photosystem II (Fv/Fm), cells were dark-

adapted for >20 minutes and measured using WALZ WATER-PAM fluorimeter. 

 

3.3.2 Flow cytometric analysis 

For lipid and chlorophyll imaging flow cytometry, 10mL of diatom culture was 

harvested by centrifugation (3700xg, 5 minutes) and cell pellets were kept frozen at -

20ºC until analysis.  For fluorescence microscopy, 1mL of cell culture was fixed in 1% 

glutaraldehyde and stored at 4ºC until analysis. Frozen cell pellets were resuspended in 

ASW and stained with the lipophilic fluorescent dye 4, 4-difluoro-4-bora-3a, 4a-diaza-s-

indacene (BODIPY 493/503, Molecular Probes) and processed according to (Traller and 

Hildebrand 2013) using the ImageStreamX (Amnis Corp). ImageStreamX parameters 

and post-processing were conducted according to Chapter 1.  

For cell cycle analysis, 10mL of cell culture was harvested via centrifugation. 

Cell pellets were resuspended in ice-cold methanol for pigment extraction and stored at 
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4ºC until analysis. DNA was stained using SYBR green for cell cycle analysis according 

to methods in Chapter 1 and analyzed using the Becton Dickinson Influx sorting 

cytometer (BD Biosciences). Cytometric data were analyzed using FCS Express (De 

Novo Software) using the software’s cell cycle model. 

For soluble carbohydrate analysis, 10mL of cell culture was harvested via 

centrifugation and washed once with 2.3% NaCl. Carbohydrate assay was performed 

according to (Hildebrand et al. 2017) modified for smaller volumes. Analysis was done 

in biological and technical duplicate.  Carbohydrate experiments were performed 

separately from RNAseq experiments.  

 

3.3.3 RNA isolation and sequencing 

 For transcriptomic analysis, at each time point, 800mL of cells were treated with 

20µg/mL cycloheximide, harvested by centrifugation, and stored at -80ºC. RNA 

isolation procedures were followed according to (Hildebrand and Dahlin 2000; Smith et 

al. 2016b). 

 For further purification, RNA pellets were chloroform extracted, precipitated 

with 5M ammonium acetate, washed with ethanol and resuspended in 50µL DEPC 

water. RNA samples were quality tested using Agilent 4200 TapeStation (Agilent 

Technologies). Sequencing libraries were prepared according to the Illumina TruSeq 

Stranded mRNA protocol (Illumina), which selects for poly-adenylated sequences, 

reducing the amount of total rRNA. All 28 bar-coded libraries were pooled together, and 

sequenced over two lanes, in technical replicate, using the Illumina HiSeq4000 with 

50bp single-end reads. RNA bioanalyzer runs, library construction, and sequencing were 
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performed at the University California San Diego Institute for Genomic Medicine 

Genomics Center.  

 

3.3.4 Post sequencing processing and gene expression analysis  

Sequencing data was checked for quality and adapter contamination using 

FastQC (Babraham Bioinformatics). Raw reads were aligned using TopHat, version 

2.1.0 on Galaxy platform (Kim et al. 2013; Blankenberg et al. 2014; Afgan et al. 2016). 

Reads were mapped to the C. cryptica genome (Traller et al. 2016), with the maximum 

read alignment distance = 0, FR first strand, final read mismatches = 2, intron minimum 

= 40bp, maximum=2000, using C. cryptica AUGUSTUS gene models (Traller et al. 

2016) to inform mapping, and default parameters otherwise. On average, 94.5% of reads 

mapped to the C. cryptica genome. Technical replicates were combined using BamTools 

0.0.2 (Barnett et al. 2011). Raw counts were obtained using HTSeq 0.6.0 on the Galaxy 

platform (Anders et al. 2015), intersection nonempty mode, stranded = reverse, with a 

minimum alignment quality of 10. Differential expression and normalized counts were 

obtained using DEseq2 (Anders and Huber 2010; Love et al. 2014), using the likelihood 

ratio test, with the reduced design formulas ~replicate, ~replicate + time, and ~replicate 

+ condition. Genes with counts less than 10 across all time points were discarded from 

analysis. 

Log2 fold change expression values were calculated from the average fold change 

from experiments 1 and 2 relative to replete conditions. The replete time point was 

defined as the cells prior to harvest in nutrient free media and is also identified as the -2 

h sample, with -2 hour indicating 2 hours prior to the beginning of the nutrient 
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limitation. These log2 fold change expression values were then clustered using k-means 

clustering in Genesis 1.1.7 (Sturn et al. 2002). Annotation of genes was derived from 

(Traller et al. 2016). Heatmaps and PCA plots were generated using the pheatmap and 

ggplot package in R respectively (Team 2014) .  

 

3.4 RESULTS 

3.4.1 Physiological data 

 As highlighted in chapter 1, when cells were placed in Si-ASW, cell growth 

immediately ceased. Contrastingly, cells in nitrate deplete medium continued to grow for 

roughly 48 hours. Growth arrest initiated earlier in N- experiment 2, whereas N- 

experiment 1 continued to grow, but at a slower rate than replete cells (Figure 3.1A). 

Variance in growth arrest for cells under nitrate depletion has been demonstrated before 

(Sheehan et al. 1998; Voronova et al. 2009; Traller and Hildebrand 2013) and could be 

attributed to differences in vacuolar nitrogen reserves from cell-to-cell (Stolte and 

Riegman 1995). Cell cycle analysis demonstrated that cells were primarily arrested in 

the G2 phase during Si starvation, whereas nitrogen starvation arrested in G1 (Figure 

3.2). Cell cycle data of the nitrogen experiments further indicated that cell cycle 

progression ceased in experiment 2 earlier than experiment 1, with the majority of cells 

in the G1 phase at 24 hours versus 72 for replicate 1 (Figure 3.2A, C). Interestingly, 

experiment 2 for both silicon and nitrogen limitation experiments arrested earlier than 

experiment 1. Cells in experiment 2 were harvested and transferred into nutrient replete 
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Figure 3.1: Physiological measurement of RNAseq experiments during nutrient 
depletion. A. Cell growth, nitrogen depletion. B.  Cell growth, silicon depletion. C. 
Photochemical quantum yield as measured by Fv/Fm. D. Relative TAG levels as 
measured by the lipophilic dye BODIPY. E. Chlorophyll auto fluorescence. F. Cell 
area measured using the brightfield channel of the imaging flow cytometer. Grey 
vertical line indicates 0 hour after transfer into nutrient deplete medium. Standard 
deviation of technical replicates are shown in A-C. 
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Figure 3.2: Cell cycle analysis on RNAseq replicate experiments. Cell cycle arrest 
point differs from silicon and nitrogen, with nitrogen cultures arresting in G1 (A, C) 
and silicon cultures arresting in G2 (B, D). Timing of cell cycle arrest was specific to 
each experiment indicating that it is more dependent on cell concentration rather than 
nutrient depletion.   
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media at a slightly lower cell density than in the exponential phase (Figure 3.1A, B), 

suggesting that growth and culture phase rather than nutrient stress is more of a factor in 

the timing of cell cycle arrest. 

 Under both conditions, photosynthetic activity as measured by Fv/Fm peaked at 

4 hours before decreasing, 13.9% and 9.8% under nitrogen and silicon depletion 

respectively when compared to exponential, nutrient replete conditions (Figure 3.1C). 

The slight increase at four hours is likely attributed to the increase in light intensity due 

to the slightly lower culture density after harvest. 

 Analysis using imaging flow cytometry indicated that despite differences in cell 

cycle arrest points, all cultures accumulated neutral lipid. Fold change in the BODIPY 

fluorescence comparing 96 hours starvation to exponential phase was 4.7x and 5.0x in Si 

and N deplete cultures respectively, with a higher rate of lipid accumulation in the later 

stages of nutrient stress, roughly 48-96 hours (Figure 3.1D).  Chlorophyll fluorescence 

per cell was dramatically different between silicon and nitrogen deplete cultures, with 

Si- cultures increasing in fluorescence 3-fold and N- cultures decreasing 20% relative to 

exponential phase (Figure 3.1E). Changes in chlorophyll fluorescence under either 

nitrogen or silicon stress have been well documented in C. cryptica as well as other 

diatoms and highlight an important physiological difference between the two methods of 

nutrient starved lipid induction (Traller and Hildebrand 2013; Bender et al. 2014; Smith 

et al. 2016b).  

 There were also notable differences in cell size between the two different 

starvations (Figure 3.1F). Based cell area measurements from the ImageStream, silicon 

starved cells were 29% larger than nitrogen-starved cells, and 21% larger than cells in 
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nutrient replete conditions, while nitrogen deplete cells were 8% smaller compared to 

replete. This phenomenon may be attributed to the differences in arrest stages for each 

stress, as cells arrested for growth in G2 phase are about to divide and have already 

duplicated DNA (Darley and Volcani 1969). Normalization of chlorophyll fluorescence 

by cell size indicated that the increase in chlorophyll fluorescence in Si cultures is not 

solely due to increase in cell volume. 

 

3.4.2 RNAseq global assessment 

 Despite the slight differences in the cell concentration at harvest, gene expression 

patterns replicated well between experiments (Pearson Correlation Coefficient = .85 for 

Si-, .90 for N-). Principal component analysis (PCA) of rlog normalized data clustered 

samples more similar according to condition (Si or N) as well as time (Figure 3.3). 

Exponential T= -2 h, as well as the early stages of nutrient stress (0-8 hours) were more 

similar between the two nutrient stresses in contrast to the late stages of starvation (24-

96h) which showed condition specific clustering (Figure 3.3). 

 Differentially expressed genes were determined using the likelihood ratio test in 

the DEseq2.0 package and changing the design formula to identify genes that change 

significantly (p-adjusted value < 0.05) across the time series and/or by condition (N or 

Si). Modifications of the design formula helped to identify significant gene expression 

patterns, regardless of the condition, as well as patterns that were significant between 

conditions, that insignificantly change over time. After removing genes with low read 

count across all samples, 54% (7322/13580) of genes were differentially expressed 

between the two conditions, while 43% (5839) of genes significantly changed over the   
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Figure 3.3: Principal component analysis of rlog normalized RNAseq samples from 
biological replicate experiments. Shape of point depicts experiment and color 
depicts time point.  
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time-series, but did not significantly change between conditions. Of these, 2997 genes 

(22%), or 14% of the whole genome, were considered differentially expressed between 

both condition and time. Genes expression patterns that were not significant under both 

design formulas were characterized as either ‘time-specific’, meaning expression 

patterns were similar under both nitrogen and silicon but varied with time, or ‘condition-

specific;’ expression patterns with insignificant variance over time, but significantly 

differed between silicon and nitrogen starvations.  

 We performed functional KOG class enrichment analysis on differentially 

expressed genes in the time-specific, condition-specific, or both time and condition 

subsets, as well as those that have a greater than 1x difference in Log2 fold change 

relative to the other nutrient starvation (Figure 3.4). Overall, differentially expressed 

genes across both time and condition were slightly enriched in processes pertaining to 

amino acid and inorganic ion metabolism, DNA replication and repair, and energy 

production and conversion. Under the nitrogen stress-induced subset, there was an 

enrichment of genes involved in amino acid metabolism and transporter activity (Figure 

3.4, i). These genes were specific to the aspartate/arginosuccinate shunt, and the 

chloroplast GS/GOGAT cycle. There was also a slight enrichment in genes with amino 

acid KOG class identification in the silicon starvation-induced subset, two examples of 

genes in this category were arginase and spermidine synthase, enzymes that catalyze the 

precursors to long chain polyamines which aid in silica polymerization (Allen et al. 

2011).   Inorganic ion metabolism was enriched in the nitrogen stress-induced subset 

including two ammonium transporters and a ferredoxin dependent nitrate reductase, 

which indicates a nitrogen starvation response.   
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Figure 3.4: Enrichment analysis based on KOG class gene annotation. Percentages 
reflect the difference in the proportion of genes within the KOG category, comparing 
the subset listed (N > Si, Si > N, Time Specific, Condition Specific, Time + 
Condition) to the total number of KOG annotated genes in the RNAseq dataset.  
Enriched KOG categories contain positive values and depleted category values are 
negative. Purple color indicates an enrichment, orange color indicates a depletion, 
with the richness of the color depending on the extent of enrichment or depletion. 
White numerals in parenthesis are highlighted in the text. Subsets: N> Si, genes with 
greater than 1x difference the average Log2 fold change across all time points 
comparing nitrogen starvation versus silicon starvation; Si> N, genes with greater than 
1x difference the average Log2 fold change across all time points comparing silicon 
starvation versus nitrogen starvation; Time Specific; genes that significantly changed 
(p-adjusted value <0.05) at some point in the time-series; Condition Specific, genes 
that significantly changed between the two nutrient conditions; Time + Condition, 
genes that significantly changed in both time and condition subsets. Total number of 
genes below are only those with KOG class annotation.  
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There was an enrichment of genes upregulated at the transcript-level in the silicon-

starvation subset and downregulated under nitrogen-starvation that were annotated for 

lipid transport and metabolism and energy production and conversion. Genes in these 

classes under the silicon starvation subset were part of either mitochondrial beta-

oxidation or mitochondrial carrier proteins, including the acylcarnitine/carnitine 

trasnslocase. This data indicates that the most highly differentiated gene expression 

patterns between the two nutrient stresses encoded for processes related to nitrogen 

assimilation and mitochondrial localized pathways such as beta-oxidation and the urea 

cycle.  

 It is well documented that cells undergoing a specific nutrient stress will increase 

transcripts encoding for transporters which import the required element in an effort to 

scavenge (Hildebrand et al. 1998; Allen et al. 2006; Bender et al. 2014; Smith et al. 

2016b). This was prevalent in our experiments, as two silicon transporters (SITs) were 

among the most upregulated genes in the Si starvation experiments (Figure 3.5A). In the 

case of g10780.t1, which has also been proven to be an excellent promoter/terminator for 

expression constructs, there was a 15.5 log2 fold increase from silicon replete conditions 

to the zero hour, indicating that this gene undergoes rapid and substantial transcription-

level change, within 2 hours (Figure 3.5A). Similarly, genes encoding for nitrate 

transporters exhibited significant transcript-level increases over time under nitrogen 

starvation, particularly in the late stages (24-96 hours) (Figure 3.5B). Under this 

condition, there was also an increase of transcripts encoding urea and ammonium 

transporters, particularly from 24-96 hours (Figure 3.5B). Interestingly, while cellular 

growth between the two nitrogen limiting biological duplicates was different (Figure 
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3.1A), genes involved in nitrogen uptake were well correlated with one another (median 

PCC= 0.65), suggesting a decoupling of nitrogen sensing mechanisms and cellular 

growth in diatoms. 

Similar to other diatom gene expression studies focusing on nitrate stress, we also 

observed general decrease over time in chlorophyll and fucoxanthin binding proteins, 

chlorophyll biosynthesis, and carbon fixation under nitrogen deprivation (Figures 3.6 

and 3.7B). Broadly, gene expression peaks from replete to 0 hours, likely due to shifts in 

light intensity that occur during harvest, then decrease, with transcript levels lower than 

replete at 8 hours. The down regulation of these processes is indicative of nitrogen stress 

in the cell and relates to the decrease in global protein content and mild chlorosis 

phenotype as depicted in figures 3.1C, D as well as in studies in other microalgae (Allen 

et al. 2011; Hockin et al. 2012; Bender et al. 2014; Schmollinger et al. 2014). During 

silicon starvation, transcripts for photosynthetic genes did not exhibit as significant of a 

decrease; chlorophyll a/b binding proteins are slightly decreased in the later stages of 

limitation, but to a much lesser extent than nitrogen limitation (Figure 3.6 i).  

Additionally, genes encoding enzymes of the Calvin Benson Cycle had more temporal 

expression level changes under silicon starvation compared to nitrogen limitation, under 

which transcripts generally flat-lined after 24 hours (Figure 3.7). Furthermore, in both 

conditions transcripts encoding for the triose phosphate/phosphoenolpyruvate 

transporters which export carbon skeletons produced from carbon fixation out of the 

plastid, also decreased, albeit more so under N- (Figure 3.6). This data as well as the 

photosynthetic measurements in Figure 3.1C and the increase in chlorophyll 
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fluorescence under silicon starvation coordinated with decrease under nitrogen starvation 

(Figure 3.1E, {Smith:2016ed, Traller:2013ch}) demonstrate that in the late stages under  

both conditions cells experienced a reduction in their photosynthetic capacity, but to a 

much more significant degree under nitrate depletion versus silicon starvation. 

The similarities in chlorophyll biosynthetic gene expression patterns between 

nitrogen and silicon prompted us to question the dramatic increase in auto fluorescence 

observed under silicon starvation. Smith and colleagues attributed the increase in 

chlorophyll fluorescence to chloroplast replication and biosynthesis (Smith et al. 2016a). 

Interestingly some of the most dramatic differences in gene expression patterns between 

silicon and nitrogen were transcripts encoding nitrogen assimilation processes, 

particularly the chloroplast localized GS/GOGAT cycle, an important metabolic 

intersection of carbon and nitrogen metabolism (Allen et al. 2011), which increased in 

N- and decreased in Si-. Glutamate, a key metabolite in the GS/GOGAT cycle, is also 

the precursor molecule for chlorophyll biosynthesis, and it is possible that the increase in 

pigment content in diatoms during silicon stress may also be a reallocation of glutamate 

from GS/GOGAT cycle, toward chlorophyll biosynthesis. Since the cells are no longer 

dividing, there is less of a need to produce organic nitrogenous compounds that would 

have been directed for growth.  

3.4.3 Mitochondrial metabolic reprogramming during nutrient starvation 

Diatoms are unique from other classes of algae in that they have a complete 

lower half of glycolysis localized in the mitochondria, which is hypothesized to be the 

primary supply of carbon and energy into the Citric Acid (TCA) Cycle and cellular 
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Figure 3.5: Substantial transcript-level changes in nutrient transporters. A. Gene 
expression patterns of two silicon transporters during silicon starvation with the 
average normalized count across the time series experiment. B. Heatmap depicting 
changes in Log2 Fold change relative to the replete condition of nitrogen 
transporters. Largest transcript-level changes were observed in the nitrate 
transporters.  
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Figure 3.6: Transcript level changes of genes belonging to nitrogen starvation 
cluster 11 belonging primarily to chloroplast processes. Log2 Fold Change relative to 
replete condition depicts significant decrease in transcripts in the later hours of 
nitrogen starvation, and moderate decrease of transcripts under silicon deprivation. 
Bracketed genes labeled i are referred in the text. 
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respiration (Kroth et al. 2008; Smith et al. 2012; Smith et al. 2016b; Smith et al. 2016a). 

In C. cryptica mitochondrial glycolytic gene expression patterns were distinctly different 

between silicon and nitrogen starvation. Transcripts under both conditions decreased to a 

minimum at 8 hours, but after 8 hours, glycolytic genes increased under nitrogen 

starvation and decreased under silicon starvation (Figure 3.8). Phosphoenolpyruvate 

carboxylase, which catalyzes the unidirectional carboxylation of phosphoenolpyruvate to 

oxaloacetate, was coordinately expressed with mitochondrial triose phosophate 

isomerase-glyceraldehyde-3-phosphate dehydrogenase (TPI-GAPDH) and enolase under 

nitrogen depletion (Figure 3.8). The coordination of mitochondrial glycolysis with the 

pyruvate hub indicates that during nitrogen stress, the mitochondrion is functioning to 

provide carbon skeletons and energy for the TCA cycle, genes of which also exhibited 

similar expression patterns (Figure 3.8B). Interestingly, under nitrogen depletion, there 

was co-expression and upregulation of a chloroplast localized triose phosphate 

isomerase, TPI2A (Figure 3.7B, 3.8B), which was not observed under silicon depletion, 

suggesting that this enzyme may aid in supplying the mitochondrion with 

glyceraldehyde-3-phosphate to sustain mitochondrial glycolysis. Under silicon 

deprivation, significant increase at the transcript-level of mitochondrial beta-oxidation, 

isocitrate lyase, and malate synthase indicated that beta-oxidation and glyoxylate cycle 

enzymes provide energy and carbon skeletons rather than mitochondrial glycolysis and 

the TCA cycle. The glyoxylate cycle, which partially occurs in the peroxisome, creates a 

non-cyclic TCA cycle, circumventing decarboxylation and NADH producing steps 

(Davis et al. 2017). Transcripts for genes encoding for key enzymes in the mitochondrial 

pyruvate hub, including pyruvate carboxylase, phosphoenolpyruvate carboxykinase, and   
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A. B.  

Figure 3.7: Transcript level changes for genes putatively involved in the Calvin 
Benson cycle. A, silicon starvation; B, nitrogen starvation.  
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Figure 3.8: Transcript level changes of mitochondrial targeted genes encoding for 
glycolysis and pyruvate metabolism. Glycolytic genes expression patterns during 
silicon starvation (A) and nitrogen starvation (B). Gene expression patterns of 
genes involved in pyruvate metabolism during silicon starvation (C) and nitrogen 
starvation (D).  
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malate dehydrogenase also increased under silicon stress. This data demonstrates that 

substantial differences in mitochondrial carbon and energy production occur under 

nitrogen and silicon stress. Implications of which still remain unclear. 

 

3.4.4 Fluctuations in carbohydrate content and gene expression 

 We quantified soluble carbohydrate, primarily chrysolaminarin, levels on a per 

cell basis using a colorimetric assay developed in (Chiovitti et al. 2004; Hildebrand et al. 

2017). Under silicon deprivation, beta 1,3 glucan (chrysolaminarin) accumulation 

fluctuated temporally; peaking at 24 hours before decreasing to near similar levels as 

replete conditions by 96 hours (Figure 3.9A). Alternatively under nitrogen stress, beta 

1,3 glucan levels increased at a slower rate, with no observable peak at 24 hours. Under 

both conditions, genes encoding for beta 1,3 glucan biosynthesis were not coordinately 

expressed, and expression varied between conditions, suggesting that carbohydrate 

biosynthesis is more subject to post transcriptional, mass action, or allosteric regulation 

or that degradation rather than biosynthesis is a more important element in carbohydrate 

accumulation in the cell. Transcripts encoding for carbohydrate breakdown genes 

significantly increased over the time course under both conditions, two genes under 

silicon stress and three under nitrogen. The large increase in glucanase transcripts over 

the nitrogen depletion time-course, more than over the silicon starvation time course, 

may explain the lower carbohydrate per cell comparatively. 
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Figure 3.9: Chrysolaminarin degradation gene expression patterns as it relates to 
total soluble carbohydrate content. Carbohydrate assay were run under similar 
experimental conditions as cultures for RNAseq. Grams soluble carbohydrate 
normalized per cell over the time in silicon (A) and nitrogen (B) deplete medium. 
Gene expression patterns from RNAseq experiments under silicon (C) and 
nitrogen (D) deprivation of endo- and exo- 1,3 beta glucanases, which are 
responsible for enzymatic breakdown of the main carbohydrate in C. cryptica, 
chrysolaminarin. 
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3.4.5 Fatty acid and triacylglycerol biosynthetic processes 

Genes for de novo fatty acid biosynthesis, a process that occurs in the 

chloroplast, showed similar expression patterns to Calvin-Benson cycle genes, broadly 

decreasing under nitrogen starvation, and moderately increasing during silicon starvation 

(Figure 3.10A, B). Transcripts for the cytoplasmic Acetyl-CoA carboxylase (ACCase), 

which is essential for very long chain fatty acid (VLCFA) and flavonoid biosynthesis 

(>20 carbon, (Baud et al. 2003)) is strongly decreased under both conditions, suggesting 

down regulation of VLCFA production. Transcripts encoding the chloroplast ACCase 

did not significantly change over time, and actually slightly decreased under silicon 

deprivation (Figure 3.10A), indicating that under nutrient starvation, transcript-level 

regulation of ACCase does not play a large role in lipid accumulation. This data is in 

alignment with previous results that did not show a significant increase in lipid content 

in C. cryptica transformant cell lines engineered to overexpress ACCase transcripts 

(Sheehan et al. 1998). 

 Annotation of the C. cryptica genome led to the discovery of an expansion in 

genes encoding for acyl-CoA monoacylglycerol acyltransferase (MGAT) and acyl-CoA 

diacylglycerol acyltransferase (DGAT), enzymes which catalyze consecutive steps in 

triacylglycerol biosynthesis, with DGAT being the only committed step (Traller et al. 

2016). Gene expression patterns for MGAT, DGAT1, and Type 2 DGAT (DGTT) were 

diverse and varied over time, especially under silicon deprivation (Figure 3.10C, D) 

suggesting that each isozyme may have evolved to be utilized under different 

physiological conditions. The most abundant is for DGTT, g3706.t1, which does not 

share a homolog in other diatoms, is significantly up regulated at the transcript level 
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under nitrogen deprivation, and only moderately up regulated under silicon deprivation, 

peaking at 48 hours. Conversely, g9591.t1, encoding DGTT has moderate levels of 

transcript, which increased 3x (log2 fold change) under silicon deprivation, peaking at 72 

hours (Figure 3.10C, D).  

 Overall, under both nutrient stresses, transcription-level changes in fatty acid 

biosynthesis are moderate, suggesting that in C. cryptica, induction of de novo fatty 

acids synthesis enzymes is not a required to substantially increase carbon flux though 

that pathway. Significant increases in specific MGAT and DGAT enzymes, which is 

distinct depending on the nutrient stress, demonstrates the importance of these enzymes 

in nutrient starved lipid accumulation and indicates fundamental differences in the 

triacylglycerol biosynthetic enzymatic machinery between silicon and nitrogen 

starvation. 

 

3.5 DISCUSSION 

We compared over time the transcript profiles of two distinct macronutrient 

limitations, silicon and nitrogen, in the oleaginious diatom Cyclotella cryptica. While 

there are distinct physiological differences comparing the two limitations, both 

conditions create a substantial accumulation of neutral lipids, which can be utilized for 

biofuel production. Comparison between the two conditions allowed for the opportunity 

to detangle the nutrient stress response from the lipid accumulation response in C. 

cryptica in an effort to understand the key enzymes responsible for lipid droplet 

accumulation in microalgae.  
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Figure 3.10: Transcript level changes of genes involved fatty acid and TAG 
biosynthesis. Fatty acid biosynthesis transcripts under silicon (A) and nitrogen (B) 
deprivation. C, D: Gene expression patterns of putative mono- and di-acylglycerol 
acyltransferases abbreviated MGAT and DGAT, respectively. C, Silicon starvation; D, 
Nitrogen starvation. 
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Most lipid-induced nutrient limitation or starvation transcript studies sample 

under replete, exponential conditions as a control, and compare with deplete or limiting 

conditions, collecting data from only one or two instances during the limitation. In this 

particular experimental design, conclusions are drawn from fixed conditions, which miss 

subtle shifts in gene expression as well as underestimate the temporal regulation. In our 

data, gene expression patterns in silicon-deprived cells were highly dynamic; particularly 

genes involved in carbon fixation and cytosolic glycolysis, indicating that there are 

important physiological and molecular shifts across the time course with regards to 

carbon flux that will likely factor into the global cellular response to nutrient starvation. 

The time course sampling therefore allowed to identify different transcript phases that 

might attribute to the differences in rates TAG accumulation between the early and late 

stages of nutrient starvation. 

It was apparent under both conditions that there were two distinct phases in gene 

expression over the time course, with the first being coordinated transcription shifts 

resulting from harvest of cells from replete to deplete conditions from 0 to 8 hours. At 

the time of harvest, cells undergo large shifts in light intensity, including a brief period 

during centrifugation where the cells are in the dark, followed by resuspension at a more 

dilute density, in the light – effectively increasing light exposure per cell. Additionally, 

cells are immediately washed twice with medium deplete of either silicon or nitrogen. 

These highly fluctuating abiotic shifts cause dramatic transcriptional change, 

demonstrated in gene expression patterns shown in figure 3.8, 3.9, and 3.10C, D. PCA 

analysis (Figure 3.3) also revealed that the 4 and 8 hour samples regardless of the 

condition were more similar to the replete T-2 time points than they were to the 0 hour 
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time points. Smith and colleagues (Smith et al. 2016b) observed a similar transcriptional 

shift in chloroplast targeted genes during silicon limitation in the closely related T. 

pseudonana and attributed it to an enzymatic need to populate newly dividing 

chloroplasts. Differences between the pre-harvest T= -2 h and the T=0 h time point, 

observed under both nutrient limitations, as well as the transcript coordination of genes 

targeted to other cellular locations besides the chloroplast, such as the mitochondria and 

cytosol, suggest that this transcriptional response is more likely an harvest effect than 

due to increase in total population of chloroplasts. This method of experimentation may 

be argued to not be ideal because the cells may undergo unnecessary stress that could 

limit production of desired product. However, this method of experimentation can also 

be seen as a good strategy for production systems and experimental design because it 

causes cell synchronization and creates a reference point for onset of nutrient starvation. 

Given the level of heterogeneity that was documented in chapter 1, synchronization of 

cells is essential for understanding temporal changes that may occur in cellular 

physiology that occurs during nutrient stress.  

The second transcript level response observed in both conditions occurred from 

48-96 hours and appeared to have been a chronic response to nutrient stress. Under 

nitrogen stress conditions, this was characterized by decrease of photosynthetic 

processes, and shutdown for chloroplast function, including fatty acid and chlorophyll 

biosynthesis, similar to findings depicted in other diatoms and microalgae. Cells under 

silicon deprivation also experienced decreases in chloroplast processes, but to a much 

lesser extent. The genes with the most significant transcript-level decrease in the later 

stages of silicon deprivation encoded for processes pertaining to in cobalamin 
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biosynthesis, and nitrogen metabolism, which suggest a shutdown of processes 

pertaining to growth and division. Contrastingly though, we did observe a significant 

increase in genes putatively involved in biosynthesis of compounds needed in cell wall 

formation, such as chitin and long chain polyamines, indicating that the cell may could 

be synthesizing components of the cell wall to prepare for when silicon is available 

again. 

Due to the difference in the function of each macronutrient in the cell, there are 

distinct differences with regards to energetic shuttling and carbon flux between the two 

different conditions. The substantial transcript increase of mitochondrial beta oxidation 

in the late stages of silicon deprivation was surprising, but the coordinated expression of 

genes involved in the peroxisomal glyoxylate cycle suggest that the cell has developed a 

unique, multi-organelle path toward energy production through the breakdown of lipids 

and non-cyclic flow through the TCA cycle. It is not yet known why the cell may be 

doing this, but one hypothesis is that it is a mechanism to help lower the C:N ratio, 

which would have increased due to lipid accumulation. The decrease of amino acid 

biosynthesis and nitrogen assimilation processes and increase of beta-oxidation in our 

data suggest that under silicon deprivation, Cyclotella cryptica experiences a metabolic 

metamorphosis focused on cellular homeostasis and survival rather than division and 

growth. The depletion of carbohydrate after 24 hours may also be connected to this, as 

the cell increases glucanase transcripts to breakdown carbohydrate that would normally 

be utilized for cellular division, and increases carbon flux toward lipid droplets, which 

can be further utilized for energy production in the cell. 
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 Cessation of the cell division under nitrogen depletion is not as robust as silicon, 

presumably due to intracellular nitrogen stores that vary from cell-to-cell depending on 

specific stage in the cell cycle at that moment. Cells under external nitrogen depletion 

still continue carbon flux through mitochondrial glycolysis and the TCA cycle, despite 

the limiting nitrogen reserves. This, combined with the observation of the increase in 

transcripts encoding for nitrogen scavenging mechanisms, create dramatic differences in 

mitochondrial metabolism compared to silicon. The scavenging effect under nitrogen 

depletion likely causes damage to essential carbon fixation and photosynthetic processes, 

which is demonstrated in the transcriptional decrease of genes. Under silicon 

deprivation, based on gene expression patterns, photosynthetic measurements, and 

increase in chlorophyll pigmentation, cellular damage appears to be less prevalent, 

which is likely attributed to the fact that silicon is only used for cell wall synthesis. 

These transcript level differences between nitrogen and silicon starvation in C. cryptica 

highlight the decoupling of silicon metabolism from carbon metabolism in diatoms, 

which is in contrast to the intertwining of nitrogen and carbon metabolism (Claquin et al. 

2002). This advantage of a non-carbon based substrate for cell walls may contribute to 

the ecological success of diatoms in the open oceans. Cells undergoing silicon starvation 

appear to have sophisticated mechanisms to adapt and cope with the stress, which is not 

the case with nitrogen starvation. These differences between the two nutrient starvations 

should be noted when deciding how to increase TAG in a production system.  

While there lie fundamental differences in carbon metabolism and energy 

production between the two different nutrient starvations, we did observe shared 

transcript increases in key triacylglycerol biosynthetic and chrysolaminarin breakdown 
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genes under both conditions. Interestingly, however, the specific isozymes in these 

processes were different between silicon and nitrogen starvation. While C. cryptica has a 

complex arsenal of enzymes that regulate triacyglycerol in the cell, overall, the data 

indicates that the lipid accumulation phenotype common to both nutrient starvations is 

primarily due to a reallocation of carbon from carbohydrate to triacylglycerol. 

 

3.6 CONCLUSIONS 

 The RNAseq study of silicon and nitrogen depletion in Cyclotella cryptica 

revealed dramatic transcript level shifts in carbon and energy production, particularly in 

genes involved in pyruvate metabolism, glyoxylate cycle, and the TCA cycle. The data 

also highlighted preference of key regulatory isozymes, such as DGAT, in each nutrient 

stress. Altogether the data indicate that the despite the lipid accumulation phenotype 

common to both nutrient starvations, primary carbon metabolism is unique to each 

stress, likely because of the entanglement of nitrogen with carbon metabolism and lack 

thereof with silicon. Additionally, over the long 96 hour time course experiment, gene 

expression patterns vary, highlighting the importance in time-course evaluation of 

physiological processes associated with a production system.  
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