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To whom it may concern;

This thesis, Enhancing biofuel lipid feedstock accumulation in the microalgae
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Abstract

Microalgae produce a diverse array of biomolecules and have attracted attention as
alternative sources for biofuel feedstocks. Unlike other forms of alternative energy resources,
algae do not require arable land nor fresh water for production. To be a viable alternative
energy source, the amount and types of lipid accumulation in microalgae needs to be
characterized and optimized. Changes in lipid production and cell biomass were monitored in
the microalgae Ostreococcus tauri under differing nutrient conditions. We discovered that
partial depletion of both nitrogen and beta-glycerol phosphate with simultaneously
supplementation of glycerol resulted in marked increases of neutral lipid content.



Introduction

Environmental impacts of non-renewable fossil fuels have prompted the search for
alternate energy resources. Electric power-producing renewable energy sources such as solar,
hydroelectric, and wind are not as convenient as fossil fuels due to the current lack of efficient
methods for energy storage (Armand and Tarascon 2008). Sources such as biodiesel and
advanced biofuels have the similar advantages to that of fossil fuels, as they also store energy
in the form of chemical bonds (Sy Tran et al. 2012). However, biofuel production costs present
challenges that must be addressed for them to be a viable energy source, such as issues with
efficient release of trapped energy (Yeoman et al. 2010, Li et al. 2015). Ethanol from corn as
well as other starch crops are considered the “first-generation” biofuels and have attracted
much attention worldwide but exhibit major drawbacks (Dellomonaco et al. 2010). While
providing large amounts of energy, starch is neither as efficient nor as energy rich as lipids.
Biodiesels use the higher-energy bonds found in lipids that come from vegetable oils or animal
fats (Biermann et al. 2011). However, as with both biofuel and biodiesel production, much of
the biomass that is used either takes resources away from food production or is a possible
food for humans or other animals (Tollefson 2008, Mata et al. 2009, Dellomonaco et al. 2010,
Yeoman et al. 2010). For this reason, alternative sources for lipid production are currently a
major area of research (Trentacoste et al. 2013, Fields et al. 2014, Garay et al. 2014, Talebi et
al. 2015). Algae have shown significant potential for production of lipids and do not require
arable land for growth, but instead utilize the noncompetitive resource of salt water
(Dismukes et al. 2008, Mata et al. 2009, Medipally et al. 2015).

While multiple species of algae show promise in the production of lipid biofuel feedstocks
(Hamilton et al. 2014, Sorigue et al. 2016), O. tauri was the focus of this study. Ostreococcus
tauri is a microalga and currently the smallest known free-living eukaryotic organism at ~1 pm
in diameter with a genome that is 1,235 mb. In addition, it lacks a cell wall, and most of the
organelles appear only once (Derelle et al. 2006). These characteristics make O. tauri an
attractive candidate for genetic modification after the nutrient conditions that enhance lipid
production are defined. In other microalgae, starvation of key nutrients results in an increase
in lipid production, specifically triacylglycerol (TAG), (Khozin-Goldberg and Cohen 2006,
Merzlyak et al. 2007, Sharma et al. 2012). During the course of this research, O. tauri was
grown in standard and differing nutrient depleted media conditions and then subsequently
assessed for cell biomass and lipid accumulation.

Methods

1. Strains

The strain (OTH0995) of O. tauri used in this study was obtained from the National Center for
Marine Algae (NCMA).

2. Making of the media and O. tauri growth



Keller media (K media), the media used for O. tauri, is a common growth media for microalgae
and is composed of a variety of salts and supplemented nutrients (Keller et al. 1987) (Table 1). K
media was made fresh within 4-5 days of use. All of the media from each set of depletion
experiments was made with the same Artificial Sea Water (ASW) base to decrease variability
and a sufficient stock of K Trace metals and F/2 Vitamins was made prior to the start of these
experiments. During the course of the study, nitrogen (present in the forms of NaNO; and
NH4Cl) and phosphorus (present in form of Na, beta-glycerophosphate (BGP)) content in K
media was varied to determine the effects of depletion. Glycerol was also supplemented into
some of the media where BGP was absent or reduced as a source of additional carbon to drive
lipid accumulation in O. tauri cells. (See Supplemental Material for a complete list of Media
conditions tested)

A 12-hour diurnal cycle that consisted of blue light (470 nm) with an intensity of approximately
20 umoles photons/m?/s was used to grow O. tauri for both normal and starvation conditions.
Cell cultures were spectroscopically monitored each day at absorbance readings of 680 and 750
nm for up to nine days.

Ostreococcus tauri cell stocks were grown in a culture of K media until their mid-log phase then
pelleted and washed with the specific media composition that was to be assessed. Samples
were run in groups of similar media alterations with K media with and without any nitrogen
acting as controls. Depletion experiments were typically set up in a gradient fashion, from
normal amounts of components to complete absence of those components. These included a
nitrogen gradient, BGP gradient, and a combined inverse BGP/glycerol gradient. Several sets of
samples were run to cross-compare the best conditions from the various gradient tests.

After the stock cultures were determined to be adequately grown, the cells were spun at 1,500 x
g for six minutes. The supernatant was discarded and the pelleted cells were re-suspended in
five mL of the specific media composition that was to be assessed. The cells were spun again
1,500 x g for six minutes, and the supernatant discarded. The cells were again re-suspended in
their specific media composition and divided into replicates to be measured. The absorbance
was recorded immediately afterwards at 445, 600, 680, and 750 nm. The absorbance at these
wavelengths was then measured approximately every twenty-four hours for the following nine
days.

3. Analysis with Flow Cytometry with Fluorescence-Activated Cell Sorting (FACS) analysis

During the mid-log phase of O. tauri, typically 72 hours, the cells in the different media types
were analyzed for lipid accumulation to quantify the characteristics of the different populations
by staining with nile red lipid stain. Flow cytometry was used to characterize O. tauri cells in
terms of neutral, phospholipid, and chlorophyll content as well as cell size.



Table 1: Components in Keller Media, adapted from Keller (1987). F/2 Vitamins, K trace metals,
and K nutrients were made as stock solutions. All other components were added fresh each time
a solution was made.

Components Final Concentration
Artificial Sea Water
NaCl 4.20x10* M
KCl 1.00x 102 M
MgCl; - 6 H,0 2.00x 102 M
CaCl; - 2 H,0 1.00x 102 M
MgS0O4 - 7 H,0 2.45x102M
NaHCO; 2.50x 103 M
K Nutrients
NaNOs 8.82x10*M
NH.CI 5.00x 10° M
Na; beta-glycerophosphate - 1.00x 10° M
6 H,0
H,SeOs3 1.00 x 108 M
Tris-base 1.00x 103 M
K Trace Metals
Na,EDTA - 2 H,0 1.12x10*M
FeCl; - 6 H,0O 1.17 x10° M
Na;MoO; - 2 H,0 2.60x 108 M
ZnS04 -7 H,0 7.65x10%M
CoCl, - 6 H,0 4.20x10%M
MnCl; - 4 H,0 9.10x 107 M
CuSOs4 - 5H,0 3.92x10%M
F/2 Vitamins
Vitamin By, (Cyanocobalamin) | 3.69 x 10° M
Biotin 2.05x10° M
Thiamine - HCI 2.96x 107 M
18.2 MQ H20 To one liter
Results

Nutrient survey of Keller standard growth media for lipid accumulation in O. tauri

Growth of O. tauri was monitored using visible spectroscopy absorbance readings of each
culture at 680 nm and 750 nm as a rough indicator of both chlorophyll accumulation (680



nm) as well as cell dispersion (750 nm) in the accumulated O. tauri population. Growth

started with a lag phase as the O. tauri recovered from the process of transferring to its new
growth medium. This was followed by rapid growth (the “semi-log phase”) which plateaued
then decreased as the available nutrients became depleted. Figures 1, 2, and 3 plot the
growth of nitrogen and BGP depleted conditions as well as conditions where glycerol was

added.
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Figure 1: (8/11). Effects of nitrogen depletion on O. tauri over 8 days with samples collected
every 24 hours. Measurements were taken at 680 nm (A) and 750 nm (B). K (black) and K-
100%N (red) were used as controls. K-95%N (gray), K—90%N (gold), K—80%N (blue), and K—=20%N
(green) indicate the results of removing that percentage of nitrogen.
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Figure 2: (8/11). Effects of BGP depletion on O. tauri over 8 days with samples collected every 24
hours. Measurements were taken at 680 nm (A) and 750 nm (B). K (black) and K—=100%N (red)
were used as controls. K-100%BGP (blue), K-90%BGP (orange), K-60%BGP (gray), and K-
20%BGP (green) indicate the results of removing that percentage of BGP.
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Figure 3: (7/12). Effects of glycerol depletion on O. tauri over 8 days with samples collected
every 24 hours. Measurements were taken at 680 nm (A) and 750 nm (B). Base media was K-
90%N-100%BGP. K (black) and base media without glycerol added (red) were used as controls.
To the base media glycerol was added to the following final concentrations: 0.05mM (orange),
0.5mM (gray), 10mM (green), 50mM (brown), and 100mM (blue).

After cultures were tested for growth with various levels of nutrient depletion, several

possible candidates were combined to test growth under multiple conditions. The

absorbance graphs of the most promising results (which use all three nutrient conditions,
partially depleted nitrogen, partially depleted BGP, and increased glycerol) are shown in
Figure 4. A list of all the conditions tested is located in the supplemental material.
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Figure 4: High Lipid Conditions. The effect of different nutrient conditions over 9 days sampled
every 24 hours at 680 nm (A) and 750 nm (B). K media with no alterations (blue) and with the
complete absence of nitrogen (orange) were used as controls. K media with a complete absence
of nitrogen and BGP, containing 50mM glycerol (yellow) and K media minus 90% of nitrogen,
minus 60% BGP, and containing 50mM glycerol (gray) were the conditions tested.

Evidence of significant increases of lipid accumulation due to an increase in glycerol is

shown in the increased 750nm absorbance graphs in Figures 3-4. In addition, cell population
dynamics using the same cell cultures in FACS data showed distinct differences in lipid
content when in the presence of increased glycerol (Figures 5a and 5b). However, when




looking at both cellular chlorophyll content and size (Figures 5c and 5d) of only nitrogen
depleted conditions there was a lack of these marked phenotypic differences. In fact, in the
K-90N-60BGP+50mMGly sample, there was only slight decreases in chlorophyll content and
cell size. Taken together, this leads to the conclusion that increasing the glycerol content
while decreasing both the nitrogen and BGP leads to a greater accumulation of lipids
without greatly affecting the amount of chlorophyll produced.

FACS analysis of high content lipid accumulation in O. tauri

The results of these absorption experiments were utilized for further analysis under these
novel conditions that induce lipids. Ideal cell culture conditions as determined by the
absorbance graphs were chosen for further analysis using FACS. The most relevant results
are shown in Figure 5.
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Figure 5: FACS data of High Lipid Conditions cultures revealed triglyceride (A), phospholipid (B),
chlorophyll (C), and mean cell size (D) of O. tauri obtained after 72 hours of growth in specified
media. K media with no alterations (blue) and with the complete absence of nitrogen (orange)

wer

e used as controls. K media with a complete absence of nitrogen and BGP with the addition

of 50mM glycerol (yellow) and K media minus 90% of nitrogen, minus 60% BGP, and the
addition of 50mM glycerol (gray) were the conditions tested. Used with permission from C.
Smallwood and W. Chrisler.

In summary, monitoring absorbance at 680 nm and 750 nm allowed selection of O. tauri
cultures for further analysis by fluorescence activated cell sorting (FACS) flow cytometry.
FACS results found that cells grown in K media with both 90% of nitrogen sources and 60%
of the BGP removed and 50mM of glycerol added resulted in both enhanced TAG
production and comparable growth rates when compared to cells grown in standard K
media.




Discussion

The goal of this study was to identify conditions that stimulated significant TAG lipid
accumulation in O. tauri. The 750nm readings could be a result of cell growth, increase in
cell number, or efflux of lipid droplets into media. Currently, we were unable to ascertain
the primary contribution to biomass increases. Although K-100N-100BGP+50mMGly had the
highest overall TAG, as indicated in the FACS data (Figure 5a), it also had the lowest biomass
by 750nm (Figure 4). K-90N-60BGP+50mMGly had the best TAG and 750nm combination. It
is interesting to note that glycerol appears to have a profound effect on the accumulation of
lipids considering no genes for glycerol uptake were identified in O. tauri. Combined
depletion effects while supplementing excess carbon in the form of glycerol in
concentrations greater than 0.05mM (Figure 3), showed markedly increased effects on cell
growth capacity well beyond that of either nitrogen (Figure 1) or BGP (Figure 2) depletion.

Overall, the effect of changing nutrient conditions was meant to manipulate the lipid
metabolic pathway of the cell to increase lipid production. We observed increases in both
neutral lipid as well as phospholipid content of our test cultures. Phospholipids and other
charged lipid species are typically integrated into membranes and therefore inaccessible for
mass extraction unless the entire cell is destroyed. Neutral lipids are ideal for biofuel
feedstocks and typically appear as triglycerides which consist of three fatty acids and one
glycerol. The carbons in the fatty acid come from acetyl CoA, the main substrate in the citric
acid cycle. Glycerol can be made from dihydroxyacetone phosphate (DHAP), a component of
glycolysis, and the carbon for this process is either fixed in the chloroplast from CO; in the
atmosphere or from nutrient carbon sources (Berg et. al., 2012). By stressing O. tauri as we
did here, the cell could switch metabolism from making carbohydrates to making lipids (is a
more efficient energy storage option) or they could both continue to accumulate
simultaneously. Further work will be needed to tease out the interplay between
carbohydrate and lipid accumulation.

Our study of nutrient growth conditions to produce high lipid phenotypes has provided
validation and insights into the metabolism of O. tauri. Using the nutrient conditions found
to increase lipids without sacrificing biomass reveals that additional unmapped proteins or
pathways may be involved in utilizing glycerol as an organic carbon source. Comparing the
media conditions in which lipid accumulation is increased with normal media conditions
using proteomics would identify proteins in O. tauri are up- or down-regulated. From this
data, essential metabolic steps could be genetically targeted for genetic engineer O. tauri
for further optimization.
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Supplemental Material

List of Medias tested

Sample # | Media Type

6/21/2016

K-90%N-100%BGP+Gly

K-90%N-95%BGP+Gly

K-90%N-90%BGP+Gly

K-90%N-80%BGP+Gly

K-90%N-60%BGP+Gly

K-90%N-40%BGP+Gly

K-90%N-20%BGP+Gly

O NN W|IN|F

K-90%N-0%BGP+Gly

7/1/2016

K-90%N-100%BGP+0%Gly

K-90%N-95%BGP-5%Gly

K-90%N-90%BGP-10%Gly

K-90%N-80%BGP-20%Gly

K-90%N-60%BGP-40%Gly

K-90%N-40%BGP-60%Gly

K-90%N-20%BGP-80%Gly

K-90%N-0%BGP-100%Gly

OO |IN|O|UN|DW[IN|F

K

[E
o

K-100%N

7/12/2016

K-90%N-BGP+0OmMGly

K-90%N-BGP+0.05mMGly

K-90%N-BGP+0.5mMGly

K-90%N-BGP+2.5mMGly

K-90%N-BGP+5mMGly

K-90%N-BGP+10mMGly

K-90%N-BGP+20mMGly

K-90%N-BGP+50mMGly

OO |IN|O|UN || W[IN|F

K-90%N-BGP+100mMGly




10 K

7/18/2016

1 K-90%N

2 K-100%N

3 K-100%BGP

4 K-100%BGP+20mMGly

5 K-90%N-100%BGP+20mMGly

6 K-100%N-100%BGP+20mMGly

7 K

7/23/2016 | Best conditions

1 K

2 K-100%N

3 K-90%N

4 K-60%BGP

5 K-60%BGP+50%Gly

6 K-100%BGP+50mMGly

7 K-90%N-100%BGP+50mMGly

8 K-90%N-60%BGP+50mMGly

9 K-90%N-60%BGP+20mMGly

10 K-90%N-100%BGP+20mMGly

7/30/2016 | Best conditions final

1 K

2 K-100%N

3 K-90%N-60%BGP+50mMGly

4 K-100%N-100%BGP+50mMGly

8/4/2016

1 K

2 K-20%N

3 K-80%N

4 K-90%N

5 K=95%NN

6 K-100%N

7 K-90%N+6mMBicarb

8 K-90%N-60%BGP+6mMBicarb

9 K-90%N-
100%BGP+6mMBicarb

10 K-90%N+20mMGly

11 K-90%N-60%BGP+20mMGly

12 K-90%N-100%BGP+20mMGly

8/11/2016

1 K-100%BGP

2 K-90%BGP

3 K-80%BGP

11



K-60%BGP

K-40%BGP

K-20%BGP

K

K-100%N

K-95%NN

K-90%N

K-80%N

K-20%N

12
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