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Executive Summary

"We must invest in a clean energy economy that will lead to new jobs, new
businesses and reduce our dependence on foreign oil," said President Obama.
"The steps | am annouing today help bring us closer to that godil.we are to be
a leader in the 21st century global economy, then we must lead the world in clean
energy technologyThrough American ingenuity and determination, we can and
will succeed."

42President Barack Obama
"Developing the next generation of biofuels is key to our effort to end our
dependence on foreign oil and address the climate crigibile creating millions
of new jobs that can't be outsourced," Secretary of Energy Stevesa(@htiwith
American investment and ingenuityand resources grown right here at homave
can lead the way toward a new green energy economy."

1sSecretary of Energy Steven Chu

Speaking at the May"52009 White House ceremony anncing $800M in new
biofuel research activities

The 2007 Energy Independence and Security Act (EMB#9 enacted in response
to concerns about global energy security and supphe Act contains provisions
designed to increase the availability of renkl@aenergy that decreases greenhouse gas
(GHG) emissionsvhile at the same time also establishingaggressive Renewable Fuels
Standard (RFS). This new fuels standard mandates the production of 36 billion gallons
renewable fuelby 2022 of which at lest 21 billion gallons must be advanced biofuels
(i.e., noncorn ethanol). While cellulosic ethanol is expected to play a large role in
meeting the EI& goals, a number of next generatibiofuels, particularly those with
higherenergy density than ethanshow significant promise in helping aichieve the 21
billion gallon goal Of these candidates, biofuels derived fraigae, particularly
microalgaehave the potential to help the UiSeet the new RFS while at the same time
moving the nation ever clost&renergy independence.

To accelerate the deployment of biofuels created from algae, President Obama and
Secretary of Energy Steven Chu announced on Mayp809 the investment of $800M
new research on biofuels in the American Recovery and RenewdARRA). This
announcement included funds for the Department of Energy Biomass Program to invest
in the research, development, and deployment of commercial algal biofuel processes.

Microalgae are unicellular, photosynthetic microorganisms that are abumnd
fresh water, brackish water, and marine environments everywhere on earth. These
microscopic plantike organisms are capable of utilizing €@nd sunlight to generate
the complex biomolecules necessary for their survival. A class of biomolecules
syrthesized by many species is the neutral lipids, or triacylglycerols (TAGg]jer
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certain conditionssome microalgae caaccumulate significant amounts of lipidsdre
than 50% of their cell dry weight

“%8= There are several aspects of algal biofuel
49 | production that have combined to capture the
50 | interest of researchers and entrepreneurs around
51 | the world. These include: 1) High pacre
52 | productivity compared to typicderrestrialoil-

53 | seed crops, 2)Nonfood based feedstock
54 | resourcs, 3) Use of otherwise neproductive,

55 | nonarable land, 4) Utilization of a wide variety
of water sources (fresh, brackish, saline, and
wastewater), ané) Production of both biofuels
and valuable cgroducts. More than 20 years
ago, the Department of Energypported
Aquatic Spe@s Program (ASPR) which
represents the most comprehensive research effort to date on fuels fronilagiested
the potential othis feedstocko be converted intiquid transportation energuch has
changed since the end of tW&SP. With rising petoleum prices and concerns about
energy independence, security, addnate changethe quest touse of microalgal
feedstocks for biofuels production hagainbeen gaining momentum over the past few
years.While the basic concept of using algae as anrateve and renewable source of
biomass feedstock for biofuels has been explored over the past several decades, a
scalable, sustainable and commercially viable system has yet to emerge.

TheNationalAlgal Biofuels Technology Roadmap Workshop, held Decamsk0,
2008, was convened by the Department of Ener
Office of Energy Efficiency and Renewable Energy (EERE). This two day event
successfully brought together more than 200 scientists, engineers, research managers,
industry representativetawyers, financiers and regulators. The workshop participants
broadly represented stakeholders from different areas of industry, academia, the
National laboratory system as well as governmental anejngarnmental agencies
and orgaizations.The primary purpose ohé workshop was to discuss and identify the
critical barriers currently preventirtge economicaproduction of algal biofuels at a
commerciakcale.Theinput to the roadmap document wagictured around the
Wo r k s hreagdutssessions which were specifically created to address the various
process operatiorteat must be tackled in developing a viable algal biofuels industry.
The workshomddressethefollowing topics/technical barriers

1 Algal Biology

1 Feedstock Cultiation

1 Harvest and Dewatering

1 Extraction and Fractionation of Microalgae

1 Algal Biofuel Conversion Technologies

1 Coi Products

1 Distribution and Utilization of Algal BaseHuels
1 Resources and Siting
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1 Corresponding Standards, Regulation and Policy
1 Systems and dchneEconomic Analysis of Algal Biofuel Deployment
1 PublicPrivate Partnerships

This document represents the output fromvileekshop and is intended to provide a
comprehensive roadmapportthatsummarizes the state of algaefuels technology and
documents theéechneeconomic challenges that likely must be met before algal biofuel
can be produced commerciallyhis documentalso seeks to explain the economic and
environmental impacts of using algal biomass for the production of liquid transportation
fuels Based on the outcome of the workshop, the technical barriers identified involve
several scientific and engineering issues which toge#pmesent a significant challenge
to the development of biofuelrom microalgae. Taking these barriers into ddesation,
this roadmap also serves to make research and funding recommendations that will begin
to lay the groundworlor overcomingthe technical barrierthat currently prevent the
production ofeconomically viablelgalbasediofuds.

Viewpoints expessed during the DOE workshop and road mapping effort was that
many years of bat basic and applied R&D will likely beeededo overcome the current
technical barriers befor@gatbased fuels can be producagstainably anéconomically
enough to be cosompetitive with petroleudbased fuelsSince both research and
engineering improvements are absolutely critical components to implementing any
commercialscale, algabased fuel production facility, it is also clear that a
multidisciplinary research appach will be necessary to accelerate progress over the
short term (€6 years). For example, the ability to quickly test and implement new and
innovative technologies in an integrated process setting will be a key component to the
success of any such effoBuch an approach will ultimately serve as the engine that not
only drives fundamental research and technology development but also demonstration
and commercialization. Based on the work that needs to be accomplished, the proposed
R&D activitieswill also require longterm coordinated support from relevant government
agenciesand national laboratorieprivate sector, academia, atite participation from
virtually all interested stakeholdedsastly, there is a need for a significant investment in
our coleges and universities, as well as field experts, to train the professional work force
that will be needed for developing the necessary infrastructure as well as the operation
and maintenance of a robust and domestic algal biofuels industry.
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303
304 1. Introduction

305 About the Roadmap

306 The framework foNational Algal Biduels Technology Roadmaas constructed at the
307 Algal Biofuels Technology Roadmap Workshdeld onDecember 9 and 10, 2008 at the
308 University of Maryland College Parkhe Workshop was organized by theS.

309 Department of EnergfDOE) Office of Energy Effitency and Renewable Enefys

310 Biomass Prograrto discuss and identify thexitical barriers currently preventing the

311 development of a domestic, commerable algal biofuels industry

312 Microalgae offer great promise to contribute a significant (=< 1q@8t)on of the

313 renewable fuels that will be required to meet the U.S. biofuel production tar@@t of
314 billion gallons by 2022, as mandated in Er@ergy Independen@nd Security Act of
315 2007 under the Renewable Fuels Standard. In the longer tefoelbderived from

316 algaerepresent an opportunity to dramatically imptt U.S. energy supply for

317 transportation fuels. e cultivation of algae acommercial scale could provide

318 sufficientfuel feedstocko meet the transportation fuels needs of the ebftmiged States,
319 while being completelgompatible withthe existing transportation fuel infrastructure
320 (refining, distribution, and utilization)}urther, algal biofuels could progestainable for
321 generation$ theyconsumeCO, as a nutrient, have@much hgher yield potential than
322 other terrestrial biomass feedstecand can be grown with ndresh water sources
323 without needing to use higéalue arable landdowever, @spite the huge potentialthe
324 state of technology for producing algal biofuislsegarded by many in the field to be in
325 itsinfancy.There is a general consensus that a considesaient of research,

326 development, and demonstration (RD&D) needs to be carried out to provide the
327 fundamental understanding and seagetechnologies requirdaefore algabased fuels
328 can be producesustainably anéconomically enough to be cesimpetitive with

329 petroleumbased fuelsk-or this reason, a major objective of the Workshop was to help
330 define the activities that will be needed to resolve the chakagsociated with

331 commercialscale algal biofuel production and lay the framework for an algal biofuels
332 technology roadmap.

333 TheAlgal Biofuels Technology Roadmapdtkshop brought together the

334 interdisciplinary expertise needed to fully discuss the prem@nl challenges of a

335 commercial algal biofuels industryhe Workshop and the reporting process were
336 designed to be as inclusive and transparent as podditre.than 200 participants were
337 invited to attend the Workshop and broadly represented stakeh&loie different areas
338 of industry, academidhe United States national laboratory systeas well as

339 governmerdl and norgovernmerdl agencies andrganizationsOver the course of the
340 two daysthe Workshop producealvery stimulating look at thgrowing algal biofuels
341 industry andhe opportunity texplore the science and engineerihgllenges thanust
342 be overcome to realize the sustainable production of algal biofuels at commercial scale
343 The Workshop participants drew threir experience and exgese during a series of
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technical discussions spanning all aspecenabling a sustainable commercial algal
biofuels industryIn thesediscussions throughout tWgorkshop, there wasaunderlying
overwhelming consenstsr thecontinued development afgal biofuels; participants
agreed upon theeed for DOE to coordinate with other federal agencies to support
fundamentabnd appliedesearch, infrastructure development, technology deployment,
and information management at a national leaslwell asd engage in the development
of supportive policy, regulation, and standards for the emerging algal biofuels industry
Theseoutcomes fronthe Workshopprovidedkey inpusto the development of this Algal
Biofuels Technology Roadmap

The Workshop participas were provided with several valuable existing resource

materials pertinent to algal biofuels in advance of the Workshop so as to ensure a uniform

level of awareness of these materials. These materials included seminal literature

references, general rews and reports and are available at no cost to the general public

for download and review by visiting the DOE Algae Biofuels Technology Roadmap Web

site athttp://www.orau.gov/algae2008/resources.hiine available resources also
contained materials sort eadutsesgions,.opi cs of the

Developed from the discussions held at the Workshop, this roadmap presents information
from a scientific, economic, and policy perspective that capart and guide R&D
investment in algal biofuels. While addressing the poteati@homic and environmental
benefits of using algal biomass for the production of liquid transportation thels

roadmap dscribea the currenstatus of algae R&On doingso, itlays the groundwork

for identifying the technical barriers thately need to be overcome for algal biomass to

be used in the production of economically viable biofuels.

The roadmap i s struct ur-eutlsessiordtheywderet he Wor ks ho
specifically created to address the various aspects that must to be tackled in developing a
viable algal biofuels industry:

1 Systems and TechriBconomic 1 Algal Biology
Analysis
1 Algal Cultivation 1 Processing (Harvesting and Dewaterir
1 Extraction/Factionaion 1 Conversion to Fuels
1 Co-producs 1 Distribution & Utilization
1 ResourceandSiting 1 Standards, Bgulaton, and Policy
Americads Energy Chall enges

As petroleum supplies diminish in the world, the United States becomes increasingly

dependent upon foreiggources of crude oil'he United States currently imports
approximatelytwo-thirdsof its petroleunand nore than 60% of this petroleum is used

for transportation fuelsTherising energy demand in mamgpidly developingcountries

around theworldisbegn ni ng to create intense competiti.
petroleum reserves. Furthermore, the combustion of petrebased fuels has created

serious concerns over global warming effects due to greenhouse gas€@id&pns
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In response to theseafflal energy concerns and in an effort to move the U.S. toward
greater energy independence and security, PresgorgeBush signed into law the

Energy Independence and Security 8£2007(EISA), which contains new standards

for vehicle fuel economy, asell as provisions that promote the use of renewable fuels,
energy efficiencyand new energy technology research and development. The new
energy legislation is designed to reduce the U.S. dependence on foreign oil by increasing
the production of domestialternative fued and establishg a very aggressive

Renewable Fuels Standard (RESable 1)

Table 1: EISA requirements under RFS

Renewable Fuels Mandated Production by Volume

Corn Starch-Based Ethanol 15 billion gallons by 2015

Biodiesel 500 million gallons starting in 2009 and peaking
at 1 billion gallons by 2012

Cellulosic Ethanol 100 million gallons in 2010, growing to 16 billion
gallons by 2022

Other Advanced Biofuels 5 billion gallons by 2022

(other than corn-based ethanol such as that produced
from wood chips, agricultural waste or dedicated energy
crops)

While cellulosic ethanol is expected to play a large role in meeting the EISA goals, it is
unlikely that the supply of cellulosic ethanol will meet the EISA requirement of 100
million gallons by 2012 since most smaltale demonstration plants a@ scheduled to
begin production until the 2012011 timeframe

Advanced biofuels also face significant challenges in meeting their targets set by EISA.
As required by EISA,dvanced biofuels magroduce GHG emissions across their
lifecycle that are at least 50% less than GHG emissions produced by peth@isad
transportation fueldMoreover, he development of biofuels from oil crops and waste
cooking oil/fats canotrealisticallymeet thedemand forliquid transportation fuels
because conventional oil yields per hectare from oil crops would require unrealistic
acreages of land in excess of the total land area of the United (Stgeset al, 2004).
Further, more thaB0% of the vegetableoil produced in the U.Ss used in the food
products markethereby severely limitings use as biofuel feedstockTherein lies ae

of the main drivers in the development of microalgal diesel dueitcroalgae promises
muchhigher productivities per unéreagiven itshigher photosynthetic efficiency when
compared to conventional crofsble2 contains data which demonstratieat potential

oil yields from alga@realsosignificantly higher than the yields of oilseed crdgeder
thecurrent yield scearios, the potential oil yields from certain algae are projected to be
at least 6 times higher thafrom soybeans per acre of land on an annual dasis
approximatelyl5times more productive than jatropha approximately 5 times that of
oil palm(Rodolfi et al, 2009). With these features dfigher growth rates and increased
oil yields, algaehave the potential to replace a significant amount of the curr&t U
diesel fuel usage while using only a fraction of the land equivaleat would be

required fom terrestrial crops.
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Table 2: Comparison of oil yields from biomass feedstocks®

Crop ‘ Oil Yield (Gallons/Acre/Yr)
Soybean 48
Camelina 62
Sunflower 102
Jatropha 202
Oil palm 635
Algae 1,000-4,000"

& adapted from Chisti (2007)
® Estimated yields, this report

Althougha number of othgoroposedadvanced biofuels show significant potential in
helping to achieve the 21 billion gallon EISA mandatefuels derived from algal

biomass feedstocks show considerable promise as a potential major contoiltheor
displacement of petrolewHmased fuelsThere are several aspects of algal biofuel
production that have combined to capture the interest of researchers and entrepreneurs
around the world

1 Unlike other oil crops, algae grow rapidly and mag
are exeedingly rich in lipid oil (oil levels of 2% to
50% are quite common). f High per-acre productivity

1 Using algae to produce feedstocks for biofuels 1 Non-food resource
production will not compromise the production of EE TSR

Advantages of Algal Biomass

food and other products derived from terrestrial productive, non-arable land
crops. _ _ _ ) 9 Utilization of a wide variety of
1 The cultivation of algadoes noentail land conflict EERIEEEEEIIFES

for doing agriculture fofood production. 9 Reduced GHG release into
1 The water used to grow algae can include waste BERUEEUNLEIEE
water and noipotable saline water that cannot be BRIl Re Aot R e Reon
used by conventional agriculture or for domestic products
use.
1 Algae have a tremendous technical pt&rior recyclingCO,-rich flue gases
from coal burning power plants as well as from natural gas recovery operations.
1 An algal biorefinery could potentially integrate several different conversion
technologies to produce biofuels including biodiesel, gokesel, green gasoline,
aviation fuel, ethanol, and methane as well as valuabproducs including oils,
protein, and carbohydrates.

While the basic concept of using algae as an alternative and renewable source of biomass
feedstock for biofuels has &e exploredn the past,a scalable, commercially viable

system hasot emerged. Past research investments haveifteemittent and shoiterm

thus insufficient to enable tltevelopment of an algasased biofuatechnology Given
recentand dramatic athnces in relevant fields, in particular biology, and the fact that
realizing the strategipotentialof thisfeedstockwill require critical engineering

innovations andciencebreakthroughsfrom understandinglgal mass culturt

downstream processing,more substantial and sustained investment is paramount. This



454  investment much include significantR&D effort focused on answering fundamental
455  biological questions related to algal physioldgysupport the engineering and seage
456 effort.

457 The Algado-Biofuels Opportunity

458 Microalgae as a Feedstock for Fuel Production

459 In terms of chemical properties, the most important difference between fossil fuels and
460 those derived from biomass feedstocks is that petroleum, natural gas, and coal are made
461 of hydrocabon® compounds composed entirely of carbon and hydrdgesontrast,

462 commercially availabl®iomassderived fuelgethanol and biodiesetpontain oxygen (in
463 addition to carbon and hydrogemielding differentphysical and chemical properties of
464 the fueland thus differentombustiorcharacteristicsAs a result, the biomaskerived

465 oxygenates have a reduced heating value compared to hydrocarbons. Oxygenates, which
466 are in a partially oxidized state, release less energy upon combustion (complete

467 oxidation)than do hydrocarbons, which are in a completely reduced state.

468

469 Table3 compares the typical lower heating value (LHV) of several fuels in use.today
470 Ethanol, for example, is more highly oxidized than a hydrocarbon since it contains
471 oxygen (CHCH,OH) andliberates significantly less energy on combustion than

472 petroleumbased componentButanol (CH(CH,)sOH), on the other hand, has two

473 additional carbon atom#hich makes it a higher energy density fuel. Alcohols are,

474 nevertheless, beneficial fuel alt@tives because the presence of oxygen allows these
475 molecules to burn cleaner and more efficiently. Biodiesel, a renewable fuel currently
476 producedccommerciallyfrom vegetable oils (soy, cangknd sunflower), ha

477  significantly higher volumetric energy dsgties due to the presence of long chain fatty
478 acids that contain carbon, hydrogand oxygen (e.g., CG}CH,):,COOH).The presence
479 of oxygen in these fatty acid methyl esters has the added benefit of acting as an

480 oxygenate and enhances engine performanoaich the same fashion as the alcohols.
481 Petroleuraderived diesel, which is compedof approximately 7% saturated

482 hydrocarbons (alkanes) an8% aromatic hydrocarbons, has the highest energy density
483 of all the fuels listed because the components iseflisontain only carbon and hydrogen
484  substituents (no oxygen).

485 Table 3: Lower Heating Value (LHV)* of Various Liquid Transportation Fuels

Fuels ‘ LHV (Btu/Gallon)

Ethanol 76,000

Butanol 99,840

Gasoline 115,000

Biodiesel (B100) 117,000

Petroleum Diesel 128,500
486 " The lower heating value or LHV of a fuel is the energy that can be recovered when the water of
487 combustion is released as a vapor.
488 Source: DOE, Hydrogen Analysis Resource Center

489
490 Feinberg (1984) has discusseé tssuecomparisorbetweerthe conposition of various
491 algal species with fuel chemical requiremeisr this reasorgnly a brief
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characterization of the microalgae feedstock (as produced at the culture facility and fed to
the fuel production facility) is presentédreto establish thedsis for determining
appropriate process requirements for converting microalgal constituents into fuels.

Research conducted over the last 50 yearsiba®nstrated that microalgae produce a
diverse array of chemical intermediates and hydrocarbonghanefore, offer promise as
apotential substitute for products currently derived from petroleum or naturdityae
major components can be extracted from microalgal biomass: lipids (including
triglycerides and fatty acids), carbohydratasd proteinsBioconversion products
include alcohols, methane, hydrogand organic aciggnd catalytic conversion
products include paraffins, olefirsnd aromatics

While each of the three main biochemical fractions of microalgae can be converted into
fuels, lipidshave the highest energy content and potential. The lipids of some species are
composed of hydrocarbon molecules, similar to those found in petroleum feedstocks,
while those of other species resemble vegetable oils (corn, soybean, andathers

thatcan be converted to a synthetic diesel fliglids are not the only potential biofuels
feedstock from algae. Carbohydrates candieverted into ethanol by fermentation.
Alternatively, all threeeomponentgresent in biomass can be converted into methase

by an anaerobic digestion processnto syngas or pyrolysis oil by thermochemical
conversionMicroalgae wouldhusbe attractive feedstocks for fuel production if their
productivity can be effectively exploited.

Althoughthis reportwill briefly consider all the potential conversion procedses

produce fuel frommicroalgal feedstock#, will focus on the highenergy lipidsMany
species have the ability to accumulate large quantities of these compounds, especially
when cultivated under nutritiveress(Milner, 1976).Most lipids in algalcells are found

in the membrane that surrounds the aalil cellular organelleglowever,some strains
produce a significant amount of storage lipids when grown under ntitrietihg

conditions. Oil levels of 260% are quite common (Chisti, 200The idea of generating
biodiesel from the microalgal storage lipids was the main focEdE6 s Aquat i ¢
Species Program from 1978 to 1996 (Sheediai, 1998).

The Potential of Microalgal Oils

Numerous algal stinas have been shown to produnere tharb0% of their biomass (on
a dry cell weight basis) as lipid with much of this present in the form of triacylglycerols
(TAGS) (Huet al, 2008) (It should be noted however, that like many aspects of algal
biofuels researchthe methodology generally used for algal lipid analysssgely based
on solvent extraction and gravimetric analydias yeto bestandardize@nd thughe
values published in the literature should be regarded, at best, am@slymationof the
lipid content.) Further,ane algae accumulate high levels of lipidsen cultivated under
stress (e.g. limitations of certain nutrients) oraaponse to chaeg inculture conditions
For this reason, algal cellular lipid conteain vary both irquantity and quality.
Importantly,from a production point of view, accumulation of lipid produced under
stress conditions is generally at the expense of significantly reduced biomass yields
Algae-derived oik contain fatty acid and triglyceride compoundsich like their



538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582

terrestrial seed oil counterparts, can be converted into biosé&lansesterification to

yield fatty acid methyl estey¢Fukudaet al, 2001) and green diesel, green jet fuel, and
green gasoline (produced by a combination of bgdrcessing and catalytic cracking to

yield alkanes of various carbon chain lengigIneset al, 2007)

Given that scalable algal biofuels are not yet attainable, applying a modest estimate of the
potential productivity of oil from algae at 1,200 gait/acre/year on the area of land
equivalent to that used to produce the 2007 U.S. soybean crop (67 million acres) yields a
figure greater than 100% of the petroleum diesel consumed annually in the U.S. Had the
oil from the entire 2007 soybean crop beenwested to biodiesel, on the other hand, it
would have provided only 2.8 billion gallonsf f uel . ( Source: Soy
Soybean Association). This amount of biodiesel would displace just 6% of the
approximately 44 billion gallons of petroleum-covad diesel used annually in the U.S.
Further, a afigure of merit (see Appendixglgaerequire approximately Rg of CQ, for
everykg biomass generatetherefore, this technology has the potentiakiycleCO,
emissions from power plants and other fixed sources of CO

Improvements in either area productivity (grifaay) or lipid conten(gm/dry cell

weight) wouldsignificantlyreducethe land areaeededultimatelyto produce this

guantity of biofuel The algal residue that remains after removal of the lipid component
(i.e., largely carbohydrate and proteaouldbe used for the genei@n of energy

(biopower), more liquiduels through fermentatiofethanol, biobutanol, et¢9r gaseous
(methane) fuelthrough anaerobic digestipar serve as a feedstobir the generation of
highervalueco-producs. In the future, an algaddased bicefinery could potentially

integrate several different conversion technologies to produce many biofuels as well as
valuableco-producs including oils, protein, and carbohydrates

With concerns aboutetroleum supplies and costs as energy demands grddwiae,
energy independengcgecurity and global warming, the potential use of microalgal
feedstocks for biofuels productipspecifically Ipids derived from themhas gaied
significantmomentunover thepast few yeardt has been reported thaietug of

vegetable oil and fabased feedstocks/hich are widely used in world food markets,
cannot realistically satisfihe everincreasing demand for transportation fuelsr are

they likely to displace any significant portion of theSLpetroleum fuel sage (Tysoret

al., 2004) Algal oils do, however, have that potential because their oil yield/acre dan be
to 60times higher than that of terrestrial oil crqpseTable?2).

In addition to the production of energgh lipids, algae can also be reded as an

alternative source of carbohydrates. For example, some algae and cyanobacteria can
accumulate large quantities of storage polysaccharides as a product of photosynthesis.
These include starch, glycogen, and chrysolaminarin, three different pslpfnglucose.
Additionally, the main structural elements of algal cell walls have been shown to be
composed of polysaccharides such as cellulose, mannans, xylans, and sulfated glycans.
Algal-derived polysaccharides can be hydrolyzed (chemically or enzatigfiinto

sugars that can be fermented to ethanol.

St at



583

584
585
586
587
588
589
590
591
592
593
594
595

596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615

616

617

618
619
620
621
622
623
624
625

Integrating With Biorefinery Concept

While the conversion of solar energy into renewable liquid fuels and other products from
algal lipid feedstocks is technically feasible (Chig@07),currently seh biofuelscannot

be produced economically enough todostcompetitive with fossil fuelsA significant

basic science and applied engineering R&D efforequired beforéne vision and

potential of algaéor biofuels can be fully realized. It is, howes, conceivable than the

not too distant futurealgae farms could become an integral part of a biorefinery concept
that incorporates other advanced technologies to produce a variety of biofuels such as
cellul osic ethanol , diedelpgdsolmeetflel, andaemde wa b | e
range of ceproducts This biorefinery could be integrated, at least initially, with a fossil
fuel-based power plant. The G@enerated by this plaandfrom an integrated ethanol

plant would serve as a rich sourdenatrients for the growth of algaas well as serve to
mitigate the release of GOy recycling it.

After extraction of the algal oilshe residue could be used as a starting feedstock to drive
ethanol productiofithrough the use of algalerived sugas) or fed back into the power

plant to be burned as a fuel source. To round out the biorefinery, a biodiesel plant or
petroleum refinery (or both) would convert the algal lipids into the mosteffesitive

fuel depending on the economic situatibitimately, substantial R&D is needed to
developan algaeto-biofuels production systethat can becoman integrated component

in a biorefinerythat operates at high efficiency with minimal inputs at a low cost.

For these and other reasons, algae hold tremenatatential for the longerm biofuels
strategy for transportation energy within the United States. Corn ethanol, though it poses
longerterm sustainability challenges, can be used in the near term since the needed
technologies and biomass production aadily available and it can help establish and
exercise an ethantlased biofuels economy. In the near to-teidn, cellulosic biofuels,
starting with ethanol, present tremendous potential for replacing up to 30% of the U.S.
gasoline usage, and cellulosithanol follows naturally from starch ethanol. Moving
further out, other advanced biofuels from cellulosic biomass may provide reduced
distribution costs and higher energy densities. Finally, in still longer term (perhaps 10
years), biofuels from algae @ent an opportunity at the greatest scale and with very
attractive sustainability characteristics.

Investments So Far in Algal Biofueéselopment

Early Work to 1996

Proposals to use algae as a means of producing energy date back to the late 1950s when
Meier (1955) an®swald and Goluek@ 960) suggested the utilization of the

carbohydrate fraction of algal cells for the production of methaneigasaerobic

digestion Not until the energy price surges of the 1970s did the possibility of using algae
asa fuel source receive renewed attentidretailed engineering analysis by Benemann

et al, (1978) indicated that algal systems could produce methane gas at prices
competitive with projected costs for fossil fuél$ie discovery that many species of
microalgae can produce large amounts of lipid as cellular oil droplets under certain
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growth conditions dates back to the 1940&rious reports during the 1950s and 1960s
indicated that starvation for key nutrients, such as nitrogen or silioafd lead to tis
phenomenonThe concept of utilizing these lipid stores as a source of energy only gained
serious attention during the oil embargo of the early 1970s, ultimately becoming the
major push oD O E Aauatic Species Program.

The Aquatic Species Prograepresents the most comprehensive research effort to date
on fuels from algaerhe program lasted from 1978 until 1996 and supported research
primarilyatD OE 6 s (foRrierly the Solar Energy Research Instituld)e Aquatic
Species Programlso funded reseen at many academic institutions through
subcontractsApproximately$25 million (Sheehan, 1998yas invested during the 18

year programDuring the early years, the emphasis was on using algae to produce
hydrogen, but the focus changed to liquid fuelsdk@sel) in the early 19808dvances
were made through algal strain isolation and characterization, studies of algal physiology
and biochemistry, genetic engineering, process development, and demonstrali&on
algal mass culturéechneeconomicanalyss and resource assessments \afse

important aspects of the program. In 1988omprehensive overview of the project was
completed (Sheehaet al, 1998) Some of the highlights are descrildaiefly below.

The Aquatic Species Programasearchers colitedmore thar8,000 stains of microalgae
over a sevetyear period from various sites in tiiéesternNorthwestern, and
Southeastert.S.representing a diversity of aquatic environments and water.types
Many of the giains were isolated from shallow, amd saline habitats that typically
undergosubstantiabwingsin temperature and salinityhe isolates were screened for
their tolerance to variations in salinity, pH, and temperature, and also for their ability to
produce neutral lipidsThe collection vas narrowed to the 300 most promising strains,
primarily green algaeGhlorophyceagand diatomsBRacillariophyceag

After promising microalgae were identified, further studies examined the ability of many
strains to induce lipid accumulation under ctinds of nutrient stres@lthough nutrient
deficiency actually reduces the overall rate of oil production in a culture (because of the
concomitant decrease in the cell growth rate), studying this response led to valuable
insights into the mechanisms @il biosynthesisUnder inducing conditions, some

species in the collection were shown to accumulate as muclasf@beir dry weight in

the form of lipid, primarily TAGsCyclotella crypticaa diatom that is attractivelipid
producer, was the focu$ many of the biochemical studida this species, growth under
conditions of insufficient silicon (a component of the cell wall) is a tridgeincreased

oil production A key enzyme is acetfCoA carboxylase (ACCase), which catalyzes the
first step n the biosynthesis of fatty acids used for TAG synthésXCase activity was

found to increase under the nutrient stress conditions (Rqel38&), suggesting that it

may play a role as a fspitmstheénzymewasr ol | i ng
extensively characterized (Roessl&#990) Additional studies focused on storage
carbohydrate production, as biosynthesis of these compounds competes for fixed carbon
units that might otherwise be used for lipid formatiBnzymes involved in the

biosynthes of the storage carbohydrate chrysolaminari@.ierypticawere
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characterized (Roess)dr987and1988) with the hope of eventually turning down the
flow of carbonthrough these pathways.

Metabolic engineering, which involves the modification of an nigja at the genetic

level to achieve changes in cellular metabolism, has proven successful for enhanced
production of many compounds in industrial stralngortantly, the genomics

revolution has accelerated progress in metabolic engineering for mamysongaFor

this reason, tabolic engineering of microalghas become increasingly accessible and
could theoretically result in strains that produce more oil or produce it under different
conditions(e.g.,obviating the need for nutrient stredResearclduring the latter years of
the Aguatic Species Prografomcused on thenetabolicengineeing of green algae and
diatoms thainvolved the development of bagjenetictools as well as actual pathway
modifications.

The first successful transformation ofonoalgae with potential for biodiesel production
was achieved in 1994 with the diato@scrypticaandNavicula saprophilgDunahayet

al., 1995) A second major accomplishment was the isolation and characterization of the
gene fronC. crypticaencoding he ACCase enzyme (Roessler and Ohlro§83), the

first example of an ACCase gene from a photosynthetic orgaAisey gene involved

in carbohydrate biosynthesis was also isolaté8 patent 5,928,932arvis and Roessler
1999).

Initial attempts at mtabolic engineering using these tools were successful in altering the
genesd expression |levels, but no effect
experiments (Sheeha al, 1998) Termination of the fuatic Species Program in 1996
prevente further development of these potentially promising paths to commercially
viable strains for oil production.

During the course of thequatic Species Prograrasearch, it became clear that novel
solutions would be needed not only for biological produtgtivout also for various
problematic process stefidosteffective methods dfiarvesting and dewateriradgal
biomassand lipid extraction, purification, and conversion to fuel are critical to successful
commercialization of the technologyarvestings the process afollectingsmall

microalgal cells from the dilute suspension of a growing cudtlaprocess stethatis

highly energy and capital intensiv@mong various techniquebarvestingvia

flocculation was deemed patrticularly encouraging (Sheehah 1998) Extraction of

oil droplets from the cells and purification of the oil are also-ousnsive stepsThe

Aquatic Species Prografocused on solvent systems, but faileduity address the

scale, cost, and environmental issues associatbdswuth method<onversion of algal

oils to ethyt or methylesters (biodiesel) was successfully demonstrated in qoatie
Species Programnd shown to be one of the less challenging aspects of the technology
In addition, other biofuel process optiomsg(., conversion of lipids to gasoline) were
evaluated (Milneet al, 1990), butno further fuel characterization, scalp, or engine
testing was carried out.

10
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Under Aquatic Species Prograsabcontractsdemonstratiorscale outdoor microalgal
cultivationwas conducted in California, Hawaii, and New Mexico (Sheetah 1998)
Of particular note was the Outdoor Test Facility (OTF) in Roswel].Noperated by
Microbial Products, Inc. (Weissma al, 1989) This facility utilized two 1000 nf
outdoor,shallow (1620 cm deep), paddlewheelixed raceway ponds, plus several
smaller ponds for inocula productiohh e r aceway desilgghrateea s
pondo system deve.lToepwtemsavere ducCesButin tkae lbergny
stable produadn of algal biomass was demonstrated, and the efficiency ef CO
utilization (bubbled through the algae cultures shown to benore tharf0% with
careful pH contralLow nighttime and winter temperatures limited productivity in the
Roswell area, but ovall biomass productivity averaged around 10%day with
occasional periods approaching 50 fffay. One serious problem encountered was that
the desired starting strain was often outgrown by faster reproducing, but lower oll
producing, strains from theild.

Several resource assessments were conducted undaquhtcASpecies Program.
Studies focused on suitable land, saline water, andr€0urces (power plants)

primarily in desert regions of the Southwest United St&efficient resources were
idertified for the production of many billions of gallons of fuel, suggesting that the
technologycould havehe potential to have a significant impact oisUpetroleum
consumptionHowever, the costs of these resources can vary widely depending upon
such fators as land leveling requirements, depth of aquifers, distance fromd
sourcesand othelssues. Detailedtechneeconomicanalyses underlined the necessity for
very low-cost culture systems such as unlined open pdndsldition, biological
productivity was shown to have the single largest influence on fuel bdftrent cost
analyses led to differing conclusions on fuel cost, but even with optimistic assumptions
about CQ credits and productivitimnprovementsestimateatosts for unextractedgdl

oil were determined to range from $$286/barre(Sheeharet al, 1998) It was

concluded that algal biofuels would never be coshpetitive with petroleum, which was
trading atess thar$2Qbarrelin 1995 DOE estimated at that time that the cdst o
petroleum would remain relatively flat over the next 20 yg&dshough, as we now

know, heenergylandscape has changed dramatically in the interveringars)

Overall, the Ajuatic Species Prograwas successful in demonstrating the feasibility of
algal culture as a source of oil and resulted in important advances in the technology
However, it also became clear that significant barriers would need to be overcome in
order to achieve an economically feasible prodasgarticular, the work highligled the
need to understand and optimize the biological mechanisms of algal lipid accumulation
and to find creative, cosgiffective solutions fothe culture and process engineering
challengesDetailedresults from the Auatic Species Prograrasearch inveément are
available to the public imore thanl00 electronic documents on the NRBIeb site at
www.nrel.gov/publications

Research from 1996 to Present

Since the end of DOEOGs Afgderalfinding fofggalc i e s
research in general has béenited and intermittent-ederal funding is spllietween

11

based

Progr


http://www.nrel.gov/publications/

761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806

DOE andthe Department of DefengPoD). Recent initiatives such as a major DARPA
(Defense Advanced Research Projects AgesalgitationAir Force Office of Scientific
Research (AFOSR) algal bjet program and severBIOE Small Business Innovative
Research (SBIR) request for proposalggest thatundinglevels are beginning to
increaseState funding programs and research support fravaterindustry also make up
a significant proportion of research fundidm everincreasindevel of researcfocus

on algal biofuel$as takemlace at a number &f.S. nationallabs,including NREL,
Sandia National LaboratorigNational Energy Technotfy Laboratory Los Alamos
National LaboratoryandPacific Northwest National Laboratofgrivate investment in
biofuels in general, and algal biofuels particular has been increasing at a dramatic
pace over the last few years.

Not only in algae,rivestment in the clean fuels sacio general has bedaooming with
a major increase in cletathcapital investmenturing the pastive years Since 1999,
investment in clantech has increased almost fidd. The venture firms are looking at
biomasssolar, andwind technologies, and in some instances, are investing in the
construction of actual facilities for the production of fuels and electricity (Kr2065)
In the first three quarters of calendar year 2007, 168 dealsswgeredwith a combined
value of $2.6 billion (Gongloff2007) The total investment in cletech in 2006 was
between $1.8 billion, and $2.3 billion, depending on the study (Gong@df; Krauss
2007) The Wall Street JourngR007) reported that 180 dealth a total valueof $1.8
billion were completed in 200@n average value of $10 milligrer dealln early2007,
the average deal value was $15 million, illustrating the increasing magnitude of
investments that venture firms are completing

With the increase in interesorldwide amongst the investment community in clean
technologies, microalgae production has also received interest from the private sector.

Energy companies, both large and small, are investing in demonstration plants, feedstock

development, and processprovementMany of these companidgcame interested in

algae during the rapid rise in cleantech investment from 2004 to2@08 as al gaeds

advantagessuch asts growth on traditionally underutilized land, production of high
energy lipids, and high yie per land aregébecame more widely knowWwhen tied with
energy security and energy independence, the opportunity fortaldgpafuels is
significant, and the investment community is responding

Thei nvest ment focusimmotaiways gnatdaion of the lipidsSome
companies have identified niches based on the production of eth@amalgal biomass
Commercial entities are exploring all aspectthefalgaeto-fuels process, including
technologies basduabthon lipid conversion and the ceersion of other algae
componentsAlgae have been used to produce high value, small quantity products for
decades, and new companies .are | ooking

In summary, the >150 algal biofuels companies in existence today worldwide are
atempting to help make the alga®fuels concept a reality. Further, large existing
companies with either market interest derived from their current business revenues (e.g.
energy) or with knowhow and technology potentially relevant to algal biofuels are
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beginning to show interest in algae as wel

entities will undertake the major funding investments needed to realize sustainable,
saleable algal biofuels.

Going Forward

Roadmapping a Strategy for Algal Biofuels Development & Deployment

The current state of knowledge regarding the economics of producing algal biofuels are
woefully inadequate to motivate targeted investment on a focused set of specific
challenges. Furthermore, because no algal biofuels production bingoresearch scale

has ever occurred, detailed life cycle analysis (LCA) of algal biofuels production has not
been possible. For this reason, investment in algal biofuels research and development is
nealed to identify and reduce risk.his suppou private investments aimed ptoducing

algal biofuels at @ommercialscale. In contrast, development of cellulosic biofuels

benefis fromdirect agricultural and process engineering lineagkddongstanding
agricultural enterprise of growing corn (a grass)food (and recently, for conversion to
starch ethandl There is no parallel agricultural enterprise equivalent for cultivating algae
at a similar scale. In short, the science of algae cultivation (algaculture), agrioremy
algae, if you will, does nagxist. L isthusclear that a significant basic science and

applied engineering R&D effomcluding a rigorous techreconomic and LCAwill be
required tdully realizethe vision and potential of algarhe techneeconomic analysis

can track the statusf each contributing technology as per established benchmarks and
help identify opportunities for cost reduction. Additionally, the pervasive
interdependency of various processes and infrastructure in developingcaropstitive
algaeto-biofuels supplychain necessitates systems analysis to ensure these entities work
together as an efficient system.

Thus a combination of systems, tecketmnomic, and life cycle analyses are critically
needed to gain greater understanding for informed decision makihgtsovestments
can be targeted and optimized to greater positive effset section 11, Systems and
TechneEconomic Analyses of Algal Biofuel Deployment (pdde) for detailed
discussion and specifics.

Need for a Sizeable, Strategically Structured and Sustained Investment

In the years following the termination of tAguatic Species Prograra small but
growingbody of work has been reported in peeviewed journals dealing with topics
ranging from photobioreactor dgsito lipid metabolism, genetic manipulati@md
genomic analysisThetotal baly of work in the past yearsiislatively small, reflecting
fairly low level of research fundin@here is a large gap between the current reality of
commercial microalgaerpduction technology and the goal of producing a microalgae
biomass with high oil content suitable for conversion to biofuels at a large scale.

One of the major unanimous conclusions of the Workshop was that a great deal of
RD&D is still necessary to makthe algag¢o-fuels process a reality and to engage the
private sector more aggressively, the associated level of risk must be reduced. The
Workshop patrticipants agreed that the obvious first step toward achieving sustainable,
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850 scalable biofuels from algag longterm and sustained investment in research and

851 development, whether at DOE national laboratories, universities, and/or in the private
852 sector. Ultimately, a sizable and strategically structured investment to tackle the RD&D
853 challenges of algal bioéls is needed to advance the knowledge and experience of the
854 nationdés research community, which can then
855 by venturebacked entrepreneurs, as well as existing business and technology leaders.
856

857 In addition, the Vdrkshop participants identified the need $aggnificant investment in

858 our colleges and universitiégstrain the professional work force for the new bioeconomy
859 including scalable algal biofuel®ver thepast few yeardJ.S. academic laboratories

860 interesed in various aspects of algaebiofuels research have largadyperienced

861 inadequate levslof funding Since the end of the DOEponsored Auatic Species

862 Programin 1996 there has been no significant or sustained mechanism for funding

863 academic workn the development of algdeased biofuels (excluding biohydrogen from
864 algag . More specifically, whatdés needed in al
865 Dbiologists and engineers to design, build, and maintain-Esgke systems to cultivate,

866 harvestand process algal biomass at scale. University graduate research in modern
867 molecular biology needs funding to produce molecular biologists with skills in systems
868 biology (e.g., genomics, proteomics, and metabolomics) as applied to algal biology to
869 carryout the fundamental biology R&D to support this effort

870

871 Further, the existing funding landscape is fractured, with most of the fuspliegd

872 across a variety of federal agenciB®D, DOE, Environmental Protection Agengstate

873 governments, private ingtry, congressionally directed reseag nternal

874 institutional fundsThe disconnect between the various small funding efforts and the
875 absence of a centralized effort in this area has been a large source of frustration for the
876 academic research commity. The Workshop participants felt that funding agencies with
877 varying missions need to work together to enable the development of partnerships that
878 span not onlyasic and applied research arermg the various disciplines needed to

879 tackle the diversehallenges algal biofuels present. A sinfgléeral agencgoordinating

880 studies in the field or making investments strategic enough can acquiretariong

881 leadership role and help tie in all the efforts across the nation toward the development of
882 algal bofuels

883

884 Seesection 12, Publi®rivate Partnerships for continued discussion and

885 recommendations.

886
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2. Algal Biology

Algae: Basic Biological Concepts

The term fAal gaeo rsipleeptasiketplootosyntHetec orgaeisngr oup o f
Algae are typially subdivided into two major categories basedrmirtrelative size.

Microalgaeare defined as microscopic photosynthetic,-fréag organisms that thrive

in diverse ecological aquatic habitats such as freshwater, brackish (<3.5% salt), marine

(3.5% slt), and hypersaline (>3.5% salt) environments within a wide range of

temperaturand pH(Falkowski and Raven 1994)nicellular microalgae are easily

di stinguished from their | ar gerahichhavet er part s
cells organizednto structures resembling leaves, steamsl roots of higher plants.

Microalgae can besubdivided into two broad categoridise prokaryoticcyanobacteria

and the trueeukaryoticalgae Cyanobacteria, often referreda@sthe bluegreen algae,

have beem ncl uded t r ad ibuttheseaagarisgns aseleailya | g a e

phot osynt hetd lactdiig orgakisas thad lack ssdefined nucleBscause
cyanobacteria do not typically produce much lipid (Hu et al. 2008), they are not a focus

for this disaission. Nonetheless, as we will demonstrate below, there are reasons to

consider cyanobacteria for certain aspects of research relevant for biofuel production.

Microscopic algae were amottige first life forms to appear on our planet (Falkoweski
al., 2004). They are responsible for fixing massive amoun@&®@fwhile producing and
sustaining the atmospheric oxygen that supports the majority of life on(Eattowski
and Raven, 1997Microalgaeplay asignificantrole inglobal productivitycapacity with
some strains capable @bubling their cell numbers several times per. @ysome
estimatesmicroalgae though making up only 0.2% of global photosynthetic biomass,
have been found to account for approximateBos0 the global organic carbon fixati
(Field et al, 1998) and contribute approximately%4Q@o 50% of the oxygen in the
atmosphere.

The biochemical mechanism of photosynthesis in microalgae is similar to that found in
all plants However, unlike their terrestrial counterpartscroalgaeareparticularly

efficient converters of solar energy due to their simple structeree of the need to
generate support and reproductive structualed with a ready supply of water and
nutrients, the microalgal cell can devote the majority of theggnietraps into biomass
growth. Under the limitations of current technology, algae can convert updoflthe
photosynthetically available solar irradiation (PAR), or rouglfyd the total incident
radiation, into new cell mass (Benemaatral, 1978) In contrast, terrestrial crops
generally have lower photosynthetic conversion efficiencies. For example, the
photosynthetic efficiencies for sugar cane, the most productive terrestrial crop, are no
better than 3.5% to 4% (Odum 1971). But it is not otigtpsynthetic efficiency that
makes algae attractive candidates for biofuel production, but also because, unlike
terrestrial plants which produce specialized oil bearing seeds, every algal cell can be a
lipid factory, greatly increasing the amount of biat can be produced per acre. As a
result,microalgaearea relevant target for scientific studifes biomass energy
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931 production biofuels productionand utilizing the excessive amounts of 0rrently
932 Dbeing released into the atmosphém®ughtheheaw reliance on fossil fuels.

933

934 Algal Classification

935 The biodiversity of microalgae is enormous with tens of thousands of species being
936 describecAnd as many as 10 million extant (Metting, 199djcroalgae have been

937 isolated fromdiverse ecosystems suchfeeshwater, brackish, marine, hygsline,

938 snow, and even hot springs, which require special adaptations in metabolism for survival
939 Furthermore, necroalgae inhabisoil andbiofilms, andareevenfound in symbiotic

940 association with other organisms

941

942 Asa group cyanobacteria hold important practical implications as transformers of solar
943 energy. They range from simple, tiny unicellular organisnmautiicellularcolonies,

944 from simpleto branched filaments. The unicellular cyanobacter&ynechocystisp.

945 PCC6803 was the first photosynthetic organism whose genome was completely

946 sequenced (Kanelat al, 1996) It continues to be an extremely versatile and easy model
947  with whichto study the genetic systems of photosynthetic organiSganobacteria are
948 not generally known to produce large quantities of lipitisugh they have been shown
949 to produce storage carbon in the form of starch or glycdggsmobacteria are,

950 nevertheless, important as potential production strains for a variety of chemical

951 intermediats and fuels. For example, a recent report describes the production and
952 secretion of sucrose by photosynthetic prokaryotes (US 20080124y &dyition,

953 cyanobacteria have been engineered to produce ethanol through a photosynthetic process
954 (Deng and Colenmmg 1998).

955

956 Eukaryoticmicroalgae on the other hand, anet a welistudied group from a

957 biotechnological point of viewAmong the species that are believed to exist, only a few
958 thousand strains are kept in culture collections throughout the world, aifelxeld are
959 being investigated for their chemical content and just a handful are cultivated on an
960 industrial scaléChisti, 2007).

961

962 Algae can be further classified into at led8tmajor divisionsWithin those major

963 divisions some common classes of algaelude the green alga€lflorophyceag

964 diatoms Bacillariophyceag yellow-green algaeXanthophyceag golden algae

965 (Chrysophycegered algaeRhodophycege brown algaeRhaeophycedend

966 picoplankton(Prasinophyceae and Eustigmatophyg¢eBramplesof each of these

967 classes are known to produce high levels of lipids; these in€ladenonas danica

968 Phaeodactylum tricornutuniNitzschia paleaMonallantus salinaNannochloropsis sp

969 andlIsochrysis sChisti, 2007) Several additional divisions and st&s of unicellular

970 algae have been described and details of their structure and baokayailable (van den
971 Hoeket al, 1995)

972

973 The commercial application ofianoalgal biotechnology began to develop in the middle
974  of the last centuryTodaythere arexumerous commercial applications involving

975 microalgaeMicroalgal mass cultures have applications in the production of human
976 nutritional supplements and specialty animal feeds (Becker 20@4lay a crucial role
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in aquaculturendwastewater treatmerithey are cultivated assmurce of highly
valuable molecules such as polyunsaturated fatty acids (PUFASs) (Ward and Singh 2005)
and pi g me ndarstens and dstaxargl{idllz and Gross, 2004)

Photosynthesis/CO, Fixation

Photosynthesis is a process wherebstain varietie ofbacterial speciegukaryotic

algae, and higher plants convert the potential of light energy ietmichl energy.

Carbon in the form of CQis recycled directly from the atmosphere generating biomass
and oxygen in the proceda.eukaryotic algagphotosynthesis takes place in specialized
organelles called chloroplastSyanobacteria are prokaryotes and do not possess
chloroplasts or any otheuchorganells. In these organisms, photosynthesis takes place
inside a membrankound sac knowas a thydkoid. Cyanobacteria are widely believed

to be the ancestor of the chloroplast, taken up by a protozoan billions of years ago and
evolving into @ endosymbiontPhotosynthesis igenerallyperformed in two separate
steps, known as the light and dark teats. In thephotosynthetidight reactiors, fhotons

of light are absorbedirectly by chlorophyll anda variety ofotheraccessory pigmente
excite electrons to a higher energy sthte series of reactionthe energy is converted

into ATP and NADPHsplitting water in the process armeleasing oxygen as a-by
product.In the light independent process (i.e., dark reaction), f@n the atmosphere is
converted (Afixedod) into sugar using ATP
reaction.

There are gemally two processes whereby algae fix £@e C3 and C4 pathwaisost
algaeand plantsise the C3 pathway in which G@ first incorporated into a-8arbon
compoundknown as 3phosphoglyceratdhe enzyme that catalyzes this reaction,
ribulosebisphosphte carboxylase (RuBisCo), is also the enzyme involved in the uptake

of CO,. The three carbon compound generated during the process enters the Calvin cycle
leading to sugar formation.

Marine diatoms are responsible for up to 20% of the globalf@&tion. Marine diatoms
use the alternative C4 pathwayd, as a result, generally have enhanced photosynthetic
efficienciesover C3 pathway organisniKheshgiet al, 2000. These orgasms
concentrate C@around Rubisco, thereby dinmishing photorespiratigrand the

concomitant loss of energy. It is thought that this characteristic is responsible for the
ecological significance of diatoms (Reinfelder et al. 2000), though it is not clear if this
will provide a real advantage for diatoms cultivated in the pi@sef sufficient CQ

Strain Isolation, Selecticand/or Screening

Currently,a number of microalgal straimseavailable from culture collections such as
UTEX (The Culture Collection of Algae at the University of Texas at Austin, Texas)
with about3,000 strainsand CCMP (The ProvaseGuillard National Center for Culture
of Marine Phytoplankton at the Bigelow Laboratory for Ocean Sciences in West
Boothbay Harbor, Mainejith more than 2,500 strains. Howevieecausenany of the
strainsin these ollections have beetultivatednow for several decadethese strains

may have lost part of their original properties such as mating capabilities or versatility
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regarding nutrient requiremer(e la Jara et a2003. To obtain versatile and robust
strans that can be used for mass culture in biofuels applicationghieisfore essential

to consider thesolaion of new, nativestrains directly fronuniqueenvironments. For

both direct breeding as well as for metabolic engineering approaches toéahpro

biofuels production, it is vital to isolate a large variety of microalgae for assembly into a
culture collection serving as a bioresource for further biofuels research.

The goas of isolation and screening effoidseto identify and maintain promisg algal
specimens for cultivation and strain development. Howderause it is not yet known

how algae will be cultivated on a mass sca@y strains shoulde isolated frona wide

variety of environments to provide the largest range in metabolictNigygzossible.

Further, it is recommended that the isolated strains be screened to develop baseline data
on the effects of regional environmental variability on cultivars

Isolation and Characterization of Naturally Occurring Algae Species/Strains

Algae occur in a variety of natural aqueous habitats ranging from freshwater, brackish
waters, marine, and hypsaline environments to soil as well as symbiotioaistions

with other organism@Round, 1981)At this time most commercial microalgae

production facilities use open raceway pond technolofgeg., Earthrise and Cyanotech
Corp) (Chisti, 2007)and rely on natural strain succession to maximize biomass
production throughout the yeaFherefore, sampling and isolation activities for new
strains havéo account for temporal succession of microalgae in natural habitats. Further,
any largescale sampling and isolation efforts should bardinated to ensure broadest
coverage of environments and to avoid duplication of efforts.

For isolation of new stras from natural habitats traditional cultivation techniques may

be used including enrichment cultures (Andersen & Kawachi, 2005). However,
traditional methods take weeks to months for isolation of unialgal strains. Also, as many
colonies are obtaineddm single cells the strains are often already clonal cultures. For
largescale sampling and isolation efforts, higfinoughput automated isolation

techniques involving fluorescence activated cell sorting (FACS) have proven to be
extremely useful (Sieraki.eal, 2005).

Natural Habitats: Marine, Freshwater, Brackish/Saline, Wastewater, And Extreme
Environments

In addition to sampling from a variety of ecosysteinss, proposed that sampling
strategiesot onlyaccount for spizal distributionbut also forthetemporal succession
brought about by seasonal variatiafslgae in their habitat$n addition within an
aqueous habitat some algae are typidalund either in the plankton(free floating)or
benthic(attachedenvironments. Planktonic algae yrae used in suspended mass
cultures whereas benthic algae may find application in biofilm based production
facilities. Thus, it isrecommendetb include sampling dboth planktonic and benthic
algaewithin the context of this roadmap

Identification d Criteria for Screening
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Theideal screen wouldover three major areagrowth physiology, metabolite
production, and strain robustness. The tégnowth physiologg encompasses number
of parameters such as maximum specific growth rate, maximum csltyddalerance to
environmental variables (temperature, pH, salinity, oxygen levels|e¥@ls), and
variability of in situversus laboratory performance. Becaalb¢hese parametersquire
significant experimental effarit would be very helpfulo develop automated systems
thatwould provide information regardingl glarameters simultaneously. Screening for
metabolite production has to include not only the metabolite composition and content, but
also the productivity of cells regarding metabolitesfukfor biofuels generation. Rapid
oil analyses of strainsould greatly facilitate this worl&n ideal analytical method would
allow for distinction betweeneutral and polar lipidsend would also providéatty acid
profiles.

At this time,bottleneckfor screening large numbers of microalgae stems from a lack of
high-throughput methodologies that would allosimultaneouscreening for multiple
phenotypessuch as growth rates and metabolite productivitregerms of biofuel
production, it would be reeficial to be able to screen in high throughput fashion for lipid
content.

To improve the economics of algal biofuel production, other valuabfgaducts must

be generated; this would require determining celledamposition regarding proteins,

lipids, and carbohydrates. Further, many strains also excrete metabolites into the growth
medium.These have been largely ignored, but they might prove to be valuable co
products, at least in systems that do not suffer from contamindtiew.approaches are
necessary to develop screening methods for extracellular materials.

For mass culture of a given algal strains also important to consider the strains
robustness, which includes parametarsh as cultureonsistency, resilience, community
stability, andsusceptibility to predatoggresenin a given environment. Previous studies
revealed that microalgae strains tested in the labordtongt necessarily perform
similarly in outdoor mass cultures (Sheeled@l, 1998). To determine a stré@m
robustnesssmaltscale simulations of mass culture conditianl need to be performed.
The development of smadicalebut highthroughput screening technologigsl be
essentiato enabldesting of hundreds to thousands of differgligilisolates.

Developmenof Novel @Wncepts andpproaches fofStrain Sreening

Solvent extraction is the most common method for determination of lipid content in algal
biomass, and it requires both a significant quantity of biomass and effort. Fluorescent
methods using lipidaduble dyes have also been described, and though these methods
require much less biomass (as little as a single cell), it has not yet been established if
these methods are valid across a wide range of algal strains. Further improvements in
analytical methdology could be made through ttevelopment of solidtate screening
methods.

Development oft&in Databases
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1112 Currently, no database(s) exists that would provide global information on the
1113 characteristics afurrently availablelgal strais. Protection dintellectual property in
1114 private industry further exacerbates the flow of relevant strain &iee minimal
1115 growthinformationis available from existing culture collectigrsutit is very difficult, if
1116 notimpossible, to obtaimore detailednformaion on growth, metabolites, and

1117 robustness of particulaxistingstrains. To acceleraf&D of algaebasediofuels
1118 production system, it is recommended thaentraktrain, open access repository be
1119 createdmajor algae culture depositories may be ptid sites).

1120

1121 Role of Algal Culture Collections

1122 Culture collections are necessary to preserve the diversity of natural habitats, protect
1123 genetic material, and provide basic research resouktesesent, only a few major algal
1124 collectioncentersexist inthe United States and some other countrid®se responsible
1125 for culture maintenancalready maintain thousands of different microalgal straimey
1126 are experiencenh strain cultivationandsupport the research and industrial community
1127 with theirexpetisein algaebiology. The function of a culture collection often

1128 transcends simple depository functions. They may also sugsedrch oxletermining
1129 strain characteristicsryopreservation, and phylogeny either by themselves or in

1130 connection with owide collaborators.

1131

1132 As the major culture collections by their nature already collect and document data on
1133 strains, such existing collectionsuldbe nuclei fothedevelopment of a national algae
1134 resource centelt could prove to be very helpful to hexculture collection organizations
1135 responsible for the gathering and dissemination of detailed information regarding
1136 potentially valuable strains such as:

1137 1. Strain name (species, subspecies hame, taxonomy, reference)

1138 2. Strain administration (number inligztion, preservation)

1139 3. Environment & strain history (specific habitat, collector)

1140 4. Strain properties: Cytological, biochemical, molecular, & screening results
1141 5. Mutants

1142 6. Plasmids & Phages

1143 7. Growth conditions (media, temperature, pH) & germinatimmditions

1144 8. Biological interaction (symbiosis, pathogenicity, toxicity)

1145 9. Practical applications (general & industrial)

1146 10. Omics data (GenomicEranscriptomicsProteomics, or Metabolomics)
1147

1148 Participants in the workshop recommended that fundingdedadto support and

1149 expand at least one or both of the existing major collectionpers source collections

1150 and national algae centerto fulfill the need of thalgal biofuelscommunity. Possibly,

1151 the UTEX and the CCMP algae collections can be devdlopsuch a wayilt is

1152 expected thahedata generated frompublically funded researgtrogramwill be made

1153 available either free of charge or for a minimal user fee. Development and maintenance
1154 of such comprehensive open source databases will requiramitment to longerm

1155 and stable baseline funding.

1156
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Cell Biology: Physiology aBtbchemistry

Microalgae are photosynthetic microorganisms capable of harvesting solar energy while
convering CO, and water to organic macromolecules (i.e. carbohydrates, proteins and
lipids). Triacylglycerols (TAGSs) are the main storage compound in many algae under
stress conditionsuch as high light or nutrient starvation. Certain algal species naturally
accumulate large amounts of TAG (80% of dry weight) and exhibit photosynthetic
efficiency and lipids/oil production potential at least an order of magnitude higher than
terrestrial crop plant@Hu et al, 2008)

The major pathway for the formation of TAG in plants and algae involegsvdatty

acid synthesis in the stroma of plastids and subsequent incorporation of the fatty acid into
the glycerol backbone, leading to TAG via three sejal acyl transfers from acyl CoA

in the edoplasmic reticulum (ER) (Fig.)3In algae, thelenovosynthesis of fatty acids

occurs primarily in the chloroplast. The committed step in fatty acid synthesis is the
conversion of acetyl CoA to malonyl CoAgtalyzed by acetyl CoA carboxylase

(ACCase). Overall, the pathway produces adk6l8carbon fatty acid or both. These are
then used as the precursors for the synthesislbfiar and organellmembranes as well

as for the synthesis of neutral storagedis, mainly TAGs. Triacylglycerol biosynthesis

in algae has been proposed to occur via the direct glycerol pathway. Fatty acids produced
in the chloroplast are sequentially transferred from CoA to positions 1 and 2 of glycerol
3-phosphate, resulting infimation of the central metabolite phosphatidic acid (PA)
(Ohlrogge and Browse 1999)ephosphorylation of PA catalyzed by a specific
phosphatase releases diacylglycerol (DAG). In the final step of TAG synthesis, a third
fatty acid is trangrred to the vacant position 3 of DAG, and this reaction is catalyzed by
diacylglycerol acyltransferase, an enzymatic reaction that is unique to TAG biosynthesis.
PA and DAG can also be used directly as a substrate for synthesis of polar lipids, such as
phosphatidylcholine (PC) and galactolipids. The acyltransferases involved in TAG
synthesis may exhibit preferences for specific acyl CoA molecules, and thus may play an
important role in determining tHanal acyl composition of TAG.

The aforementioned gawvay (Kennedy Pathways believed to be the major pathway to
accumulate TAG in plants and algae. However, the regulafisynthesis of fatty acids
and TAG in algaés poorly understood at the physiological, biochemical and molecular
biological levelsAs a resultthe lipid yields obtained from algal mass culture efforts
performed to date fall short of tihegh values (5860%) observed in the laboratory,
adding to the problem of achieving economic algal oil productieret al, 2008;
Sheeharet al, 1998) Moreover, the alternate pathwagsconvert membrane lipids
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and/or carbohydrates to TAG have been recently demonstrated in plants and geast in
acyl CoAindependent wagArabolazaet al, 2008; Dahlqviset al, 2000; Sahl et al,
2004)(see below)Such pathways have not yet been studied in algae.

Photosynthesis

There is little agreement on the theoretical maximum productivity of algae, though values
in the 106200g™ m? day* have been presented (references)t &fahe difficulty here

lies with the assumptions made for parameters such as light transmittance in culture,
reflection, and absorption. Another problem shows up in calculations of photobioreactor
productivity in which the area of the reactors themselaet the area of the land that

they occupy is used for the calculation. The theoretical productivity is an important
parameter, however because can be used to set achievable goals for both cultivation
process design as well as strain improvement pjesimilar work has been carried out
with plants(Zhu et al, 2007; Zhuet al, 2008) and, heseapproaches could be useful for
similar studies with alga®etailed study of photosynthesis in algae would not only be
useful for increaseditimass productivity, but could also be useful in manipulation of

lipid productivity. The redox state of théeetron transport chairhe energy content
ATP/ADP ratio, the availability of ATP/NAD(P)H, and cytosolic @irfe known to

regulate gene expressiandcellular metabolisnin yeasts, plants and algéeelle 1989;
Pfannschmidet al, 2001; Rollancetal., 2001; Ryuet al, 2004) It has also been shown

that some algae increase lipid production under limited light regikigachko-Gurvich

et al. 1999. However, the potosynthetic regulation of lipid synthesis in algae needs to
be studied with respetit the aforementioned mechanisms.

Metabolic Carbon Fluxes and Partitioning

Calculations based on the moderate assumptions of 25 g/m2/day and 50% lipid (See
Appendix) suggeghat annual oil production of ove000 gal/acre/ymay be achievable

in mass cliure of microalgae. This oil yield, however, has never been demonstrated even
at a laboratory levein effect,reflecting the lack of a clear understanding of TAG
synthesis, metabolic carbon fluxes and partitioning.

Metabolic flux analysis is a rapidbeveloping field concerned with the quantification

and understanding of metabolism at the systems level. In microbial systems, powerful
methods have been developed for the reconstruction of metabolic networks from genomic
and transcriptonomic data, pathpanalysis, and predictive modelirfartitioning of

carbon dominates intracellular fluxes in both photosynthetic and heterotrophic plants and
algae, and has vast influence on both growth and developiRenéntly, much progress

has occurred in elucidatyrthe structures of the biosynthetic and degradative pathways
that link the major and minor pools iotracellular intermediate® cellular polymers, in
providing insight into particular fluxes such as those of the pentose phosphate pathway,
and into gen&al phenomena, such as substratefutile-cycles and compartmentation
(Lytovchenkoet al, 2007; Schwendegt al, 2004) In most cases, the regulatory

properties of these pathways have been elucidatetithe enzymes involved have been
investigated. However, carbon fluxes and partitioning into lipid is less understood, and
critical researcton how algal cells control the flux of photosynthetically fixed carbon and
its partitioning into various groups of major macromolecules (i.e., cydoates, proteins
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and | ipids) are needed. A fundamental wunders

control the partitioning of carbon between lipids and alternative storage products will be
absolutely essential for metabolic engineering of algéd && overproduction of lipids.

Metabolic Link between Starch and Lipid Metabolism

Starch is a common carbon and energy storage compound in plants and algae and shares
the same precursors with the storage lipid TAG (EigTherefore, TAG and starchay

be interconvertible. In yound\rabidopsisseeds an@rassicaembryos, starch was
transiently accumulated and starch metabolism was most active before the oll
accumulation phag&ang and Rawsthorne 1994; Ruusgital, 2002) indicating starch
can be an important storage compound and its synthesis precedes oil accuniidagon
recently, studies of higher plants showed that when starch synthesis was impaired or
inhibited, the plant embryos or seeds accumulate 40% le@3eniappuranet al, 2000;
Vigeolaset al, 2004) While these results provide a clear indicatiost starch
(carbohydrates) synthesis is linked to oil synthesis, the nature of the interaction is
unknown. In algae, such interaction is also indicated by studies on the digtbotella
cryptica(Roessler 1988nd some green algakherefore, itcould be fruitfulto initiate
research on the metabolic link between starch and lipid metabolism. In this rdspect,
novostach synthesis, egradation anthteraction with lipid metabolism in algae need to
be studied.
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Figure 1. Major pathways for the fatty acid and TAG

synthesis in plants and algae

3-PGA: 3-phosphoglycerate; Accase: acetyl CoA carboxylase; ACP: acyl carrier protein;

AGPPase: ADP glucose pyrophosphorylase; ER

: Endoplasmic reticulum; GDAT: putative

glycolipids: DAG acyltransferase; GIc6P: glucose-6-phosphate; KAS: 3-ketoacyl-ACP;
PDAT: Phospholipids: DAG acyltransferase; PDH: pyruvate dehydrogenase (putative

pathways were proposed in dashed lines).

Lipid Synthesis and Regulation

Primary Pathway forLipid Synthesis
The major pathway (Kennedy Pathway) for the

acid synthesis in theérema of plastids and subsequent incorporation of the fatty acid into
the glycerol backbone, leading to TAG via three sequential acyl transfers from acyl CoA

formation of TAG invaleesovdatty

in the endoplasmic reticulum (ER)i¢g-1). At the biochemical level, however,
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information aboufatty acid and TAG synthetic pathways in algae is still fragmentary.

We lack, for example, critical knowledge regarding both the regulatory and structural
genes involved in these pathways and the potential interactions between pathways.
Because fatty acidere common precursors for the synthesis of both membrane lipids and
TAG, how the algal cell coordinates the distribution of the precursors to the two distinct
destinations or the intaronversion between the two types of lipids needs to be
elucidated. Assming that the ability to control the fate of fatty acids varies among algal
taxonomic groups or even between isolates or strains of the same species, the basal
lipid/TAG content may, in effect, represent an intrinsic property of individual species or
strans. If this proves to be true, it will be a challenge to extrapolate information learned
about lipid biosynthesis and regulation in laboratory strains to production strains.
Similarly, it will be difficult to use information regarding lipid biosynthesiplants to
develop hypotheses for strain improvement in algae. As an exampéeytbiation of

genes involved in lipid metabolism in the green &g¢damydomonas reinhardtias

revealed that algal lipid metabolism may be different from that in plastsmdicated by

the presence and/or absence of certain pathways and by the size of the gene families that
relate to various activitigRiekhofet al, 2005) Thus, & novofatty acid and lipid

synthesis need to be studied in order to identifydeyes/enzymes and new pathways, if
any, involved in lipid metabolism in algae.

AlternativePathways tdStorage lipids

Microalgae may possess multiple pathways for TAG synthesis and the relative
contribution of individual pathways to overall TAG formatid@pends on environmental

or culture conditions. As noted above, alternate pathways to convert membrane lipids
and/or carbohydrates to TAG have been demonstrated in plants an(Ryabsiazaet

al., 2008; Dahlqvistt al, 2000; Stahkt al, 2004) For example, an ac@@oA

independent pathway for TAG synthesis is mediated by a phospholipid: DGAT
acyltransferase (PDAT) that use phospholipids as acyl donors and DAG as an acceptor
(Arabolazeet al, 2008; Dahlgviset al, 2000; Stahkt al, 2004) In addition, he

thylakoids of chloroplasts are the main intracellular membranes of algae, and their lipid
composition dominatethe extracts obtained from cells under favorable growth
conditions. The algal chloroplasts have monogalactosyldiacylglycerol (MGDG) as their
main lipid (~50%), with smaller amounts of digalactosyldiacylglycerol (DGDG, ~20%)
and sulfoquinovosyldiacylglyecel (SQDG, ~15%) and phosphatidyglycerol (PG, ~15%)
(Hardwood 1998)Under stress conditions, as the degradation of chloroplasts occurs, the
fate of the abundant glycoglycerolipids remains unclear. . It has been proposed that a
housekeeping pathwgaproduces a basal/minimum level of TAG under favorable

growing conditions, whereas alternative pathways that convert starch, excess membrane
lipids, and other components into TAG play an important role for cell survival under
stress.It has beerfurtherhypothesize that he chloroplast may be the major site for
alterative pathways of TAG synthesis and is involved in biogenesis of cytosolic lipid
bodies.To address the above hypothesis, studies that compare oleaginous algae (such as
Haematococcus pluviaiandPseudochlorococcusp.) and the neoleaginous algae

(such aLChlamydomonas reinhardtiare needed to elucidate four distinct pathways of
TAG synthesis: 1ilenovoKennedy Pathway, 2) TAG formation from starch reserves, 3)
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pathway to convert membramhospholipid into TAG; and 4) pathway to convert
membrane glycolipids into TAG.

Currently there are few algal species for which #falhiigenome information hasecome

or will shortly become available, includir@@hlamydomonas reinhardtiGhlorella

NC64A, Dunaliella salina,Cyanidioshyzon merola®streococcus tauri, Thalassiosira
pseudonana and Phaeodactylum tricornutimtp://www.jgi.doe.gov/genome
projects/pages/projects.jsi largescale EST sequencing for oleaginous algae (such as
Pseudochlorocamumsp. andHaematococcus pluvialsinder different cultural

conditions will give us better knowledge on genes differentially expressed under different
oil production conditions, and together with cDNA microarray and/or proteomic studies,
will provide information about photosynthetic carbon partitioning and lipid synthesis in
algae Based on such information,etabolic engineering through genetic manipulation
represents yet another promising strategy for the production of algal oils. The available
approacks may include random and targeted mutagenesis and gene transformation.
Cloning and transforming genes that influence the synthesis of lipids or improve
robustness in growth performance in selected algal strains proven amenable to mass
culture will enhancé¢he overall performance and sustainable production of TAG or other
lipids.

Organellelnteractions

The chloroplast boundary consists of two envelope membranes controlling the exchange
of metabolites between the plastid and the extraplastidic compartofi¢héscell. The

plastid internal matrix (stroma) is the primary location for fatty acid biosynthesis in

plants and algae. Fatty acids can be assembled into glycerolipids at the envelope
membranes of plastids or they can be exported and assembled d¥atighe ER to

provide building blocks for extraplastidic membranes. Some of these glycerolipids,
assembled at the ER, return to the plastid where they are remodeled into the plastid
typical glycerolipids. As a result of this cooperation of different sliblar membrane
systems, a rich complement of lipid trafficking phenomena contributes to the biogenesis
of chloroplastgBenning 2008)Considerable progress has been made in recent years
towards a better nebanistic understanding of lipid transport across plastid envelopes in
bacteria and plants. Such work is necessary in algae to better understand the interaction
among organelles related to lipid formation and lipid trafficking phenomena.

OxidativeStressand SorageL.ipids

Underenvironmentaktress (such as nutrient starvation), the algal cell quickly stops
division and accumulates TAG as the main storage comp&ynthesis of TAG and
deposition of TAG into cytosolic lipid bodies may be, with few exaastj the default
pathway in algae under environmental stress conditions. In addition to the obvious
physiological role of TAG serving as carbon and energy storage, particularly in aged
algal cells or under stress, the TAG synthesis pathway may play ntiveeatd diverse
roles in the stress response. eenovol AG synthesis pathway serves as an electron
sink under photaxidative stress. Under stress, excess electrons that accumulate in the
photosynthetic electron transport chain may induce-pv@iucton of reactive oxygen
species, which may in turn cause inhibition of photosynthesis and damage to membrane
lipids, proteins and other macromolecules. The formation of a C18 fatty acid consumes
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approximately 24 NADPH derived from the electron transportglvehich is twice that
required for synthesis of a carbohydrate or protein molecule of the same mass, and thus

relaxes the overeduced electron transport chain under high light or other stress

conditions. The TAG synthesis pathway is usually coordinatddsgcondary carotenoid
synthesis in alga@Rabbaniet al, 1998; Zhekishevat al, 2002) The molecules (e.g-b
carotene, lutein or astaxanthin) produced in the carotenoid pathway are sequestered into
cytosolic lipid bodies. The peifygral distribution of carotenoidch lipid bodies serves as

a o6sunscreend

to

prevent

or

reduce

excess

synthesis may also utilize phosphatidylcholine, phatidylethanolamine and galactolipids or
toxic fatty adds excluded from the membrane system as acyl donors, thereby serving as a
mechanism to detoxify membrane lipids and deposit them in the form of Th&exact
relationship between oxidative stress, cell division and storage lipid formation in algae

requires further study.

Lipid Body Formatiorand Relationshigo Other Organelles

Despite the economiaiportance of microalgae as source of a wide range of lipophilic
products, including vitamins, hydrocarbons and verydong a +3n ayn-Gifattyracids,
such as EPA and DHA, there have been relatively few studies on lipid bodies in algae
compared with plais and fungi. In those cases where kpmbly accumulation in algae
has been studied, cytosolic TA@h droplets ranging fromi B nm in size were
observed. The proposal that lipid bodies in microalgae are not mere carbon stores but that
they are more cerglly involved in membrane lipid turnover is echoed by recent findings
from higher plant® studiesthat also imply lipidbody TAG is metabolically active in

seeds and other orgafdurphy 2001) The study of lipiebody biogenesis in plants has
focused largely on the role of oleosins. This is understandable in view of their exclusive

localization on lipidbody surfaces, their apparently widespread didinbwand their

great abundance in many lipatioring seeds. Nevertheless, there are now significant
doubts about the role of oleosins in the biogenesis of plant lipid bodies. Rather, it is
suggested, in the light of currently available evidence, oleosiysom primarily
associated with the stabilization of storage lipid bodies during the severe hydrodynamic
stresses involved in dehydration and rehydration in many types of(8éeqgdy 2001)

Lipid bodies may dock with different regions of the ER and plasma membranes, or with
other organelles such as mitochondria and glyoxysomes/peroxisomes, in order to load or

discharge their lipid cargo. In giroducng microorganisms, as rapid lipid body

accumulation occurs, a close relationship is often found between neutral lipids like TAG
and the membrane phosplamd glyce lipids. This relationship may be both metabolic,

with acyl and glycerol moieties exchangipgtween the different lipid classes, and

spatial, with growing evidence of direct physical continuities between lipid bodies and
bilayer membranes. In order to understand lipid metabolism in algae, the

pathways/mechanisms for lipid biogenesis and comiposiand the structure and

function of lipid bodies and their interactions with other organelles related to storage lipid

formation require further study.
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