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Oil droplets in Chilorella autospores
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Biofuels from Algae

Rapid growth rate
Double 6-12 hours
High oil content
4-50% non-polar lipids
Biomass harvested
100%
Harvest interval
24/7, not seasonally

Bottom line is economics
How to reduce oil price from $35/gal to $2/gal?



— Algal production systems (50-60% costs)

How do we make it work?
It’s not dirt farming

Fastest growing, highest biomass yielding strains
Grow well across a wide range of temp., light, etc.

Genomics, transformable, stable transgene expression
Containment of GMO algae

Environmental control and optimization
Contamination: algae, bacteria, viruses, grazers
Removal of growth-inhibiting waste products

Recycle growth media to reduce environmental impact

— Harvesting systems (40-50% of costs)

* Optimize co-product commodity yields to offset production costs



How to improve efficiency?
% Energy capture, conversion and storage

Where are the greatest increases to be gained?
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Light capture wastes 2/3 of incident energy
Algae are light saturated 75% of the day
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Excluding light harvesting, most energy is

lost in biochemical processes

Light _ __
capture spectral irradiation
L1 Solak 580 nim
75% —_—
photophysical 80
X 50
~ L
> 0 0
“c’ bioch. mical "
2
= hysiological
= physiolog
T 20—

agriculturar—

00

log (time/s)



Enhancing biomass yield

A thermodynamic model

* Increase photosynthetically

active radiation. Percent solar efficiency gain*
« Capture UV light (300-400 nm) and Capture 300-400 nm =1.2
ggqtjrglﬂ reen light (500- 600 nm) Capture 500-600 nm  =1.9
and freq Sehift t0965(§ Eliminate LHC =2.0

 Eliminate LHC

Recycle glycerol = 0.08
Solar energy efficiency 10.9

« Increase CO, fixation.

Proposed modifications could

increase biomass yields by 2-3X

* Heterotrophic boost assuming effects are additive.

e Supplement media with sugars or
glycerol recovered from algal TAGs.

*Total solar energy = 9.0 KWh/m2/day
No modifications = 5% efficiency



Increasing energy use efficiency
Reducing LHC antennae size

As much as 70% of the photons absorbed by the LHC complex are
wasted as heat, fluorescence or by alternative redox pathways
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Strategies for reducing
photosynthetic antennae (LHC) size

 Inhibit synthesis of LHC-II proteins (RNAI).

* Inhibit Chl a oxygenase (CAQO) expression. Prevents
accumulation of Chl a.

 Over-express Chl b reductase. Converts Chl b to Chl a.




Reducing LHC content by reducing
Overexpresion vector ChIOrOphy" b Content

1 psaD
psaD promoter Chl b reductase cDNA terminator

Underexpression/knockdown vectors :-
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Increasing Chl a/b ratios by reducing
chlorophll b content

Construct No. of transformants | Highest Chl | Relative Chl
showing increased | a/b ratio a/b ratio
(>3) Chl a/b ratio achieved

Wild Type

Chl b reductase
overexpression

Cao, 5’ RNAI
Cao, Exonl12 RNAI




Reduced chlorophyll b content is associated with
slower chlorophyll fluorescence raise kinetics
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Chlorophyll fluorescence raise kinetics are
correlated with chlorophyll a/b ratios
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Reduced chlorophyll fluorescence emission in
chlorophyll a/b intermediates

Ex 12-241 (Chl a/b = 3.73)
—— WT (Chl a/b= 1.9)
—— Chl b-less mutant
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Lhcb2 content is reduced 20% in chlorophyll a
oxygenase RNAI transgenics (Chl a/b = 3.7)

CAO-RNAI
Chl-b deficient
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Low LHC transgenics have a faster (20X) back reaction from
which may also reduce photoinhibition

—a— WT
—&— Chl-b deficient (knockdown mutant)
v Chl-b less




Photosynthetic rates are enhanced in algae with
intermediate LHC content at elevated CO,,
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Algae with intermediate light harvesting antennae size have
highest phoetosynthetic rates at elevated CO, concentrations

Net change = High CO, - Air CO,,
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Biomass field trials

The impact of LHC content on productivity

WT 1:1 ratio Chl-b less
LHC + LHC+/LHC- mutant LHC -
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Experiment 1 (winter)

Dates: 2/13-2/20/2009 7 days
Total PAR (moles photons/m?) 6.93E+01 9.9/day - 2 =12
Average Water Temperature (°C) 22.0 ~ A
Total Biomass (g dry weight) LHC+ LHC- Mix (1:1) Juc
8 cm depth 2.3 2.2 2.8 DACAn
18 cm depth 1.7 2.1 1.7
28 cm depth 1.9 2.1 21 914010
Experiment 2 (early spring) e U U
Dates: 3/10-3/18/2009 8 days
Total PAR (moles photons/m?) 1.63E+02 20.4/day
Average Water Temperature (°C) 2 nher da 0
Total Biomass (g dry weight) LHC+ LHC- Mix (1:1) AVOrsS aro
8 cm depth 1.0 0.9 0.9 of algae ha 0
18 cm depth 1.0 1.5 0.8 all antennae
28 cm depth 0.19 1.3 0.9 O
Experiment 3 (late spring) I C Jcepe
Dates: 3/30-4/7/2009 7 days L
Total PAR (moles photons/m?) 1.65E+02 23.6/day
Average Water Temperature (°C) 23.3
Total Biomass (g dry weight) LHC+ LHC- Mix (1:1)
8 cm depth 1.6 1.1 1.1
18 cm depth 1.5 1.6 1.7
28 cm depth 1.8 2.5 1.9




Change In blomass over a 24 hour period with and without
Similarto it
yeast, Chlorella
can be fed
sugars, but
they make olls
instead of

alcohol.
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Proteomics of glucose-induced oil production in
Chlorella NC64A
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Protein dynamics during heterotrophic boost

Cell Density (OD750nm)
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Protein accumulation and turn-over patterns

Time +10 mM Gilc (h)
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Down regulated soluble proteins during
glucose boost

Protein ID Fold Changes P-Values
FUBP1 Protein 3.6 0.152
Ca++/Calmodulin Dependent Protein Kinase Il 2.8 2.68E-06
DUF1348 2.0 0.012
Unknown Protein 1.9 1.45E-05
Vacuolar ATP Synthase Subunit E 1.8 0.009
Leucine Rich Repeat-containing Protein 1.8 0.002
Proline-rich Protein 1.7 0.042
Unknown Substrate-binding Protein 1.7 0.0002
Carbamoyl-phosphate Synthase L Chain 1.7 0.047
Adenylate Kinase 3 1.5 0.018
Hypothetical Nucleotide Transferase 1.4 0.006
Glutamine Synthase 1.4 0.046
Major Light-harvesting Chlorophyll A/B Protein 2.1 1.4 0.102
Glutathione S-transferase 1.4 0.037
NADP Oxidoreductase 1.3 0.031
triosephophate isomerase 1.3 0.015




Up regulated proteins during glucose boost

Protein ID Fold Changes P-Values
Cobalamin-independent Methionine Synthase 2.0 0.038
Malate Dehydrogenase 2.0 0.008
Ribulose Biphosphate Carboxylase Large Chain 2.0 0.023
ATP Synthase CF1 Alpha Subunit 1.7 0.023
Fructose-1,6, Biphosphate Aldolase 1.7 0.010
Heme Oxygenase 1.7 0.003
Ribulose Bisphosphate Carboxyase Small Subunit 1.7 0.013
S-adenosylmethionine Synthetase 1.5 0.042
Actin ATP Binding Site 1.5 0.011
Elongation Factor Tu -Translocation. GTP Binding 1.5 0.005
Atp-sulfurylase 1.4 0.005
Nucleoside Diphosphate Kinase 1.4 0.001
Eukaryotic Initiation Factor 4a-like Protein 1.3 0.111
Inorganic Pyrophosphatase 1.3 0.316
Dna-directed RNA Polymerase | Complex Subunit Rpa2 1.3 0.219
Thiazole Biosynthetic Enzyme 1.3 0.047
Ferredoxin-NADP+ Reductase 1.2 0.0003




Sinking electrons
Carbon fixation and reduction pathways are up regulated
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Reduction in triose phosp

hate

Isomerase activity favors lipid synthesis

I Glucokinase

Glucose 6-P +— Glycogen

I Phosphoglucolsomarags
Insulin - & Fructose 6-P

Fructose 1-P Fructose 1.6-bisphosphate

Pyruvate

Glucagon (=) T lPhnu.pﬂ mmmmmm nase (=) ATP
Fructose 1,6-bisphosphatase

Citrate

1

Glyceral 3-P ';\i
l Lactate
Acyl glycerols Acyl-CoA #———pAcetyl-Cod— Citrate-

l \

VLDL CO,+ ATP




Sinking electrons
Sulfur reduction (Cys and Met) pathways are up regulated
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Reductive electron transfer is down regulated
but ATP synthesis is up regulated
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Reducing the costs of harvesting oils
Milking oil from algae

Harvesting and
extracting oil from
algae accounts for
40-60% of the total
production cost




Current biodiesel production from algae

Room for improvement
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Milking oil from algae

“The compassionate alternative”

Cell conc. (cellf jul)

p- carotene (mg/l)

800 1000 1200
time (h)

TRENDS in Biotechnology

Figure 3. Growth (A) and total volumetric production of p-carotene

(B) by D. salina in the presence of organic biocompatible solvent. Er- Figure 1. Schematic representation of a flat panel two-phase bioreactor used in the

ror bars show 95% confidence interval of triplicate samples taken from milking process of Dunaliella salifa for -carotene production. An organic phase is
ihe bioreactor continuously recirculated through the agueous phase, resulting in extraction of

the product.

No harvesting necessary




Milking with biocompatible solvents
100% cell survival

Number of colonies after solvent extraction
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Total cells/mL x 10~.

Richard Sayre and Suzette Pereira, patent pending



Milking mechanics

Cuts price in half

solvent

Lipid
oil




Milking oil from algae (pilot plant scale)

2.0-fold more biomass
1.4-fold more oil

Milking cultures Destructively
extracted cultures

Biomass harvested 24 gdw/m?/day 12 gdw/m?/day
2.0X 1X

Solvent extracted oils 1.39
(relative NR units)”

* *NR unit values confirmed by GC-FID
» Average of over 100 experiments in pilot plant operation
» Solvent carryover to aqueous/algal phase = 0.002%




Olexal™ (milking process) impairs growth of many

pond contaminants
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A systems approach

Milking Oil Distillation

Nutrients
Heterotrophic

(&0
2 ’ Boost

-

Water

Treatment
LCA (no GMO): Aug. 2009

» Oil price: $4/gallon

* Net energy gain: 80%

* CO, emissions : 40% less than
Anaerobic petroleum fuels

Digestion

we  JFuel

Methane

Electricity

Biomass

Charcoal, )
Ash
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