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What are algae?

Algae are incredibly diverse
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Keeling PJ, et al. (2005) The tree of Eukaryotes. Trends in Ecology & Evolution 20(12): 670-676

Algae are solar micro-factories
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A few species of algae
are already commercially cultivated
on a large scale
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Astaxanthin production by Haematococcus pluvialis
at Parry Nutraceuticals

What are the some potential advantages of using phoetesynthetic
microbes for the production of biofuels and biofuel feedstocks?

High growth rates (e.g. 1-3 doublings per day for eukaryotic algae, can be as high as 8 -10 for;
some cyanobacteria)

Ability to thrive in saline/brackish water/coastal seawater for which there are few' competing
demands

Potential for growth on marginal landsi(e.g. desert, arid- and semi-arid lands) that are not suitable
for conventional agriculture)

Ability to utilize growth nutrients such as nitrogen and phosphorus from a variety of wastewater
sources providing|the additional benefit of wastewater bio-remediation

Capable of capturing| carbonidioxide from flue gases emitted from fossil fuel-fired power plants
and other sources, thereby reducing emissions of a major greenhouse gas

Produce value-added co-products or by-products(e.g. biopolymers, proteins, polysaccharides,
pigments, animal feed, fertilizer and'H,

Very high annuallbiomass: productivity, on an areaibasis, far exceeding terrestrial plants

@iang Hule: 08) Sihe PlantiJournal (2008)154;
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What are cyanobacteria and how do
they fit into this?




Tihe cyanobacteria are an ancient group of organisms

Schopf, J. William!:
(1998) Science
260:640-646

Eossil evidence supports a cyanoebacterial lineage of > 3.0/billion years

Cyanobacteria are the first (and only) erganisms;to evolve oxygen-
producing photosynthesis andl are thus responsible for the presence of:
oxygen in the environment. Most exist asi obligate photoautotrophs and

many’ have! the ability to fix molecular nitrogen from the atmosphere under
aerobic conditions.




But aren’t plants and other
algae photosynthetic AND
don’t they produce Oxygen?

ANSWER:
Yes. But they didn’t invent it —
they stole it!




Photosynthesis in plants and algae arose from
the endosymbiotic capture of a cyanobacterium

http://www.youtube.com/watch?v=DE4CPmTH3xg

The diversity photosynthetic algae
and plants is due to multiple
endoesymbiotic captures:

McFadden Gl (2001) J. Phycology 37:951




Cyanobacteria are exceptionally diverse

Cyanobacteria grow nearly everywhere in the
photosphere.

Alkaline hot'springs) Yellowstone Guerrero Negro; Baja California

MeMurdo Ice  Shelf, Antartica
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Cyanobacteria offer all of the
potential advantages of eukaryotic
algae plus

Nitrogen Fixation

Relative ease of
genetic manipulation

Biological Nitrogen Fixation

N2i+18THF 48 e=+H 6l ATR = 2:NHS+ 2 416 ADP + 16/ P1

Nitrogen | fixation (diazotrophy) is a strictly prokarnyotic
phenomenon| occurring|inmany groups: of bacteria and archaea
e.g- Rhizobia, Frankia, etc...

Nitrogen fixation is no mean) feat for photosynthetic organisms

Nitrogenase, the enzyme responsible for catalyzing the reaction, is
permanently deactivated by exposure to oxygen

How do cyanoebacteria
manage this?
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Some unicellular, diazotrophic, marine
cyanobacteria separate nitrogen|fixation
and photosynthesis tempornally; fixing
nitrogen during the dark cycle

Reddy KJ et al. (1993) J Bacteriol. 1993 175(5):1284-92.

Image courtesy of The'Pakrasi Lab

Eilamentous cyanobacteria of the genus
Trichodesmium have evolved ways to
separate nitrogen fixation and
phoetoesynthesis both temporally and
spatially; allowing simultaneous
phoetoesynthesis and nitrogen fixation

Berman-Frank 1. (2001) Science 294(5546): 1534-1537

The most advanced groups of cyanobacteria have
evolved specialized, terminally differentiated cells
called Heterocysts for nitrogen fixation

Golden JW; Yoon H: (2003) Heterocyst
B development  in. Anabaena. Curr: Opin
Microbiol 6:557-563

Heterocyst differentiation occurs at semi-regular intervals
along| the filamentand represents anjearly; if not/the first
occurance of multicellular pattern formation

Heterocysts provide a microaerobic environment facilitating
nitrogen|fixation

Heterocysts maintain photosysteml for’ ATP generation

Heterocysts lack photosystem ll; so they do not evelve O,,
but are alsoe unable to produce reductants for respiration
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Heterocysts have a thickened polysaccharide
envelope and a laminated glycolipid layer which act
as barriers to external O, helping to create an
intracellular microaerobic environment

Heterocysts also utilize very high respiration rates
to maintain low intracellular O, concentrations
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Respiration and nitrogen fixation both require
reductants. Since heterocysts lack photosystem I,
how do they survive?
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Heterocysts supply vegetative cells with NH; and
vegetative cells supply heterocysts with reductant
(most likely sucrose)

Golden JW, Yoon H. (2003) Heterocyst
development in “Anabaena.’ Curr Opin
Microbiol 6:557-563

This exchange takes place via a channel that
bridges heterocysts and vegetative cells
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Cyanobacteria are so

N\
i

Nitraies. A Saomim H

Phosphates

Trace Minerals

«
¥
~ -

N\
i

Nitrares.- AP Saomitdm 3

Phosphates

Trace Minerals

«
¥
~ -

lar micro-factories

.I I-
Biomass .

Biomass .

15



Using Only the S
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and only N, as a Nitrogen Source
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Cyanobacteria are the Most Autonomous
Organisms; in the Photosphere
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In spite of their regulatory and structurallcomplexity
relative to other bacteria, the organizationall architecture
of cyanobacterialisiuncomplicated/ when compared to
that of eukaryotic algae

Because they are bacteria, the basic molecular genetics

tools of transformation, conjugation, andielectroporation

have been successfully utilized for genetic manipulation
in a wide range of cyanobacteria

Cyanobacteria have been genetically

engineered to produce potential biofuels
such as:

Ethylene

Takahama,

ka, W, Nagahamaj Ko, 0gawa 1
(2003) J. B 3

)U/jA

Ethanol

Deng, W.Di; Coleman,;
Microbiol. 65, 523=52

Isobutanol

Service, R:F. (2009
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Cyanobacteria do not naturally produce
triacylglycerols nor do they produce other
lipids with biofuell potential in guantity

However, they do manufacture large quantities
of sugars and polysaccharides

A Bit of Background
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Seme Key: Facts about
Cellulese

Cellulose! is the most abundant biomacromolecule
(1077 tons produced annually)

Seme Key: Facts about
Cellulese

Cellulese is produced by:
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Seme Key: Facts about
Cellulese

Cellulese occurs intmultiple crystalline
allemerphs

Cellulose l: Also known as native cellulose, this
allomorph is metastable

Cellulose II: Also known as regenerated
cellulese, this is the most thermodynamically
stable allomorph. It is rarely found in nature.

Seme Key: Facts about
Cellulese

Because Cellulose I isimetastable, it requires highly
organized complexes, called Termimal Complexes
(TCs) for crystallization

Linear TCs As Discrete Rows

Brown JuRM, et al. (1976). Cellulose ) y xylinum: 1.
Visualization of the site of synthesis and direct measurement’of the in vivo
process.- Proc Nat Acad Sci USA73(12):4565-4569.
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Seme Key: Facts about
Cellulese

Because Cellulose I isimetastable, it requires highly
organized complexes, called Termimal Complexes
(TCs) for crystallization

Linear TCs Also Exist As Arrays

Yervrre

T

Tsckos L. (1999). 35 Phiycol. 35:625-655.
Okuda KO, et al:(2004). Cellulose 11: 365-376. Toekos T (J02) @ HHEOL: 35:625:6

Seme Key: Facts about
Cellulese

Because Cellulose I isimetastable, it requires highly
organized complexes, called Termimal Complexes
(TCs) for crystallization

Arrays of Rosette TCs in algae

Giddings JR , et al. (1980).: J. Cell Biol. 84 (2):327-39.
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Seme Key: Facts about
Cellulese

Because Cellulose Iisimetastables it requires highly,
organized complexes, called Termimal Complexes
(TCs) for crystallization

Vascular Plants Have Discrete Rosette 1'Cs
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Kimura S, ‘ez al. (1999). Plant Cell 11: 2075-2085.
Mueller SC; Broywn Jr RM. (1980). J Cell:Biol 84: 315-326.
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Bacterial cellulose

Gluconcetobacter xylinusis the model system ior the
study’ oi cellulose biesynthesis

Itisithe moest efficient producer: of cellulose onearnth!

108'glucose moleculesipolymerized into
cellulese/cell/hr transiatingfinto: 144 Vi
cellulese ha ' yean !
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Celluleserbiosynthesis by Glucoracetiobacter Xylinus
Iihe cellulese microfibrilsiare Iabeled withi CBiHI=Gold

The cleaned), never-dried
cellulesermembrane (=

Tihe pellicle of cellulose in
yeung andlelder culture pellicle)

© R. Malcolm Brown, Jr.
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The cleaned, dried cellulose membrane
This' membrane was dried on a Tetlon surface, hence is very smooth

©'R: Malcolm Brown; Jr,

IHere s a very: thick membrane dried.
It isivery stronglandirigid

© R. Malcolm Brown, Jr.
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Vieldedi objects synthesized by: G, xylinus

© R. Malcolm Brown, Jr.

Tissue Engineering Studies

Tihe properties ofi microbiall cellulose make it'ideally suited
for many: biomedical applications suchias

sarteries

*burnn bandages

sdrug deliveny agents
*heart valves

*coated stents

scartilage

sdura mater.

snerve guiderelements
stissue engineernng scaiiolds for skiniand chronic
wounds

spharmaceutical cosmetics




G. xylinus:is heteroetrophic, therefore cellulose
production withithis, erganismiis costly. Ve hoped
to) produce microbiall cellulose with' similar propenties

fliomi cyanobacteria.

Cyanobacteria produce cellulose

Nobles'D R, Romanovicz D K, Brown R M Jr. (2001). Plant Physiol.127(2):529-42

28



Proof for Cellulose in Cyanobacteria

CBH-1-gold Iabeling

Xeray diffraction

Cyanobacteriall Cellulose Production iss NOiF a
Plausible Substitute for G. xylinus Cellulese

Altheugh' several cyanchacternia fromi diverse groups
synthesize cellulese, most produce venry: little

Tihose that preduce significant amounts ofcellulose
grow: very slowly'—e.g. Scylonenia

Iniall cases;, cellulose is producedias a component of
a complex extracellular matrix that contains, ether
polysacchandes, proteins, ete....

INothing istknown aboeut the regulation|off cellulese
Synthesis in cyanebacteria, nor the symthesis, of
other compenents of the extracellular matrices
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Vioere is knowniaboeut cellulose biosynthesis in
G. xylinus than in any ether organism

The cellulose operonfrom G: xylinus
has been cloned, sequenced, and
partially characterized

Cellulese synthesis inl G. xylinusis
upregulated by the second
messenger, cyclic diguanylate

The levels of cyclic diguanylate are regulated by diguanylate
cyclase and its cognate phosphodiesterase

Iiransfer of the cellulese synthase operon frem
Gluconacelohacter xylinus torthe chromoeseme ofi the
non-cellulose preducing cyanokhacterium
SYHECHOCOCCUS IEOPOIIENSIS

30



Cellulose production by transgenic S. leopoliensis

The first functlonal transgenlc expression of cellulose
synthase genes from G xyIlnus

and Brown; RMJr2 (2008) Cellulos

Although significant, initial' preductionilevels were modest.

Glucose Total
Wet Weight mg/ml — Glucose
(<)) Sodium mg/ml —
Acetate-Only Celluclast

Glucose
mg/ml from
cellulose

0D750

Wild-type
ldtype ' 04/-048 0.194/-008 0:03+-0.04 | 0.08+/-0.03 | 0.05+/-0.03

Transgenic
gen 1,20 +/-0.19 | [0:20 /- 0,07 0.09 +/-0:06 [ 0.31 +/- 0.012; = 0:22 +/-0.06

\We have since achievedia 20 feldiincrease
IR preductionilevels: Adjusted torscale;
equivalent to 16 har! year.
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Unfertunately, the cellulese producediwas amoerphous,
lacking  any: structural integrity:

/\.
Amornphous celluleselisiuseless, for industrial or
piomedicall applications

Tihisi materiallwas free off hemicelluleses andi lignin

|tsilack off erystallinity: weuld make it easy. ter hydrolyze

Iihis could be greatifor cellulesiciethanol
production!
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This was our introduction into biofuels
research with cyanobacteria

VWe have since developed more
effective strategies

The R. Malcolm Brown|Laboratory for
Cellulose and Biofuels Research has
developed cyanobacterial systems that
facilitate the secretion large amounts of
glucose and sucrose. These processes
do not harm the cells which can continue
to grow and produce more sugars.
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Production el extracellular glucese

e

The same genetically engineered strain that synthesizes and
secretes cellulose, also produces extracellular glucose

-
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Initialfresults for induction off extracellular glucese production

Strain oD, Wet weight Glucose mg Glucose | mg Glucose
(<)) (mg/ml) g wet weight liter

Wild-type 1.65 +/- 0.13 | 0.354/-0.10 | 0.12 +/-0.06/ |0.17 +/-0:25 | 1.03 +/-1.40
Transgenic 1.82 +/-0.19 |1 0.41 +/-0.15  1.37 +/-0.06/ |3.70 +/-1.55 | 34.32 +/-1.62

WWe have since achieved a more than: éield
Increase in glucose preduction. Scaled, this s
the equivalent ofi 19 MiF hai' year: !

WY AOES SYNECHOCOCCUS IEBPBIIENSIS
produce: cellulose and extracellular glucese?
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We donit know......yet

Itsipessible that'a mechanism exists|for secreting| glucese directly,

An extracellular or periplasmic glycosylhydrelase releases glucese
from| cellulosic material

Cyanokacterial Sucrose Production
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\We have identifiedrandiisolated salt tolerant,
nitrogen-fixing strains of cyanebacteria that can be
manlpulated to secrete large quantltles of sucrose

Sunlight, CO,, salt water, nutrients _> -

Resuspend cells in

. : Induction medium
Remove Induction medium

with sucrose

Sloglzigtics

Remove Growth Medium

' 4
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What exactly ane Large Quantities:

Inriaberateny phoelohiereaciors, Werhave
achieved sucrose productionilevels of
158 M hectare:" year !
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In preliminany: field
triials;, our salt telerant
cy2anohacteria, grewn
at atmospheric CO5
levels; withoutfixed
nitregen, produced
the equivalent of 32
IMIiIF of sucrose
hectare " year -

How do these production levels
compare with conventional sugar
crops?




Sugar Production Levels of Conventional Crops vs.
Cyanobacteria (MT/halyear)

Mass production of sugar feedstocks from cyanobacteria
will'have essentially the same requirements of biodiesel
production by eukaryotic algae

Potential advantages in production costs:
» Growth without nitrogen fertilizers
» Secreted products may reduce harvest costs

* Cells are not destroyed during harvest, therefore,
energy can be directed to feedstock production rather
than cell division

40



The advent of 4" generation biofuel technologies means
that sucrose is not/limited to ethanol production

N

%fdaé: LS9, INC.

Diesel

Gasoline

Hydrogen

Butanol

Dimethylfuran

The advent of 4" generation biofuel technologies means
that sucrose is not/limited to ethanol production

HZ

Biodiesel
Biogasoline
Ethanol

Butanol
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Some potential advantages of 4t"
generation biofuels

» Fundamental changes in vehicle engineering
unnecessary

* Flows seamlessly into the transportation
infrastructure

* Higher energy density than ethanol

* Increase in net energy production compared to
ethanol

* Unlike cellulosic ethanol, has the potential to be
viable on a relatively small modular scale

We have applied for four patents
related to this research:

Expression of Foreign Cellulose Synthase 20080113413

Genes in|Photosynthetic Prokaryotes 2007 R. Malcmm Brown, Jr.

(Cyanobacteria) David R. Nobles, Jr.

Transgenic cyanobacteria: A novel direct

secretion of glucose for the production of 20080085520 2007 R. MalCC)lm Brown, Jr.

biofuels David R: Nobles, Jr.

Controlled, direct secretion ofisucrose by

cyanobacterialfor the production of; 20080124767 2007 R. MalCO|m Brown, Jr.

biofuels and plastics; David R. Nobles, Jr:

A cellulose producing|marine

cyanobacterium for ethanoll production 20080085536 2007 R. MaICOIm Brown, Jr.
David R. Nebles, Jr.




So far, I've only talked about the “Dream Data”

Now | would like to address the real and
substantial challenges to successful
implementation inthe real world

CapitaliCosts: how does obtainlandand
construct openjorclosed systems for ,JJJ 1l
cultivation at'a costithat will allow investors to
rfecouptheninvestmentsiinareasonabletime?
Sellandiwithiittiesmonetary valtueror repuroose
Reductionsiin costsiolimaterialstandiconstru

sIncrease production le:

grrevenue streams:high canbon

) ,"JJ_)HJ:JE;E;, Wwastewater treatment; etc

Ly Sl

So far, I've only talked about the “Dream Data”

Now | would like to address the real and
substantial challenges to successful
implementation inthe reall world

Cultivation andiHarvesting

Establishing conditions for continueus cultures
ear roundiproduction
Developing acost effectiy ‘zJJf19J~ methodifor
Separating cellsitrom the ture medium
Envirenment:- what' happensionicloudy days?
algal virus
INVasive sp,
grazers
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So far, I've only talked about the “Dream Data”

Now | would like to address the real and
substantial challenges to successful
implementation injthe real world

Nitrogen fixation is not free:

N2/+ 8 H++8e-416 ATP } 2 NH3 + H2 + 16 ADP + 16/ Pi

2 QlJr Stra JMJ/ LO 'lrmwa the ororJL ction JJ JJ or JUJ IVITIE
ha' year'is
containment ]55LJ3J for J,Juj

s Water soluble product
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U.S. Land Usage (800 Million Hectares)

Miscellaneous

1050

N
! \ ] FOorest
Urban| \ 210

0
D O0)
20,
D70

Agricultural
2050

%o totallUss, RIEP ‘ 7% of U.S.

Land Mass)

2= F 2%, Agricultural
e . Lands

Corn ethanol production in the U.S. now exceeds
the 2012 goal of 7.5 billion gallons. Corn cultivation
for ethanol requires 10.3 million hectares
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4‘/ othgf« U.S. . 9 14% of U.S.

LandiMass s .

—— == . 'Agricultural
Lands

The U.S. has legislated the required production of
36 billion gallons of ethanol by 2022. Under law, 15

billion gallons of'this can be produced from corn
starch.

For'the production of

the energy equivalent
- lof just over 8%, of U.S.
'\ transportation fuels

2,550 of'‘total UrS;

Land Mass)

The U.S. has legislated the required production of
36 billion gallons of ethanol by 2022. Under law; 15

billion gallons of'this can be produced from corn
starch.
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Land Required to Produce the Energy Equivalent;of
U.S. Transportation Euels with Corn-Based Ethanol

Land Required to Produce the Energy Equivalent;of
U.S. Transportation Euels with Corn-Based Ethanol

This is
obviously
not practical
Nor sustainable

955 of;
U.S.
Crop Land!
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Land Required to Produce the Energy Equivalent of:
U.S! Transportation Euels With Cyanobacterial Sucrose

20% of:
Miscellaneous

Preferably Flat
Non-Arable
Desert Areas

Cultivation of cyanobacteria on this
scale could have
a positive impact on CO; emissions
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U.S. CO2 Emissions 2007 (Million Metric Tons)

6021.

Total U.S. CO2 Emissions| U.S. CO2 Emissions from Transportation|

CO2 Fixed by Cyanobacteria (8.5 Million Hectares)

Total U.S. CO2 Emissions U.S. CO2 Emissions from Transportation
Fuels
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850,000 hectares = 0.1% oft U.S. land

Current Scenario
4.2 billion gallens

EFuture Production
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* The expertise of the Texas petroleum
industry couldibe tapped for this bio-energy project

» The infrastructure for conversioniis already in place

* Texas has vast reserves of flat, non-arable land

Texas has natural resources such as sunshine and
briny water!

With abandoned oil fields on
undeveloped land in Texas, the State
can repurpose otherwise non-productive
lands into useful centers of energy
production
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A type of project is urgently
needed to stay ahead of the competition
and to put the USA on the road to a
sustainable recovery in biofuels and to
reduce global climate change.

The replacement of fossil fuels with
renewable fuels from algae will
require the dedicated efforts of many
scientists and engineers

Business leaders and venture capitalists
In concert with

Politicians, diplomats, and policymakers
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The challenges on the path
to renewable fuels from
cyanobacteria are tremendous

Thank You For
Your Time Today
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