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Background

Origins of the Program

This year marks the 20th anniversary of the National Renewable Energy Laboratory
(NREL).  In 1978, the Carter Administration established what was then called the
Solar Energy Research Institute (SERI) in Golden, CO.  This was a first-of-its kind
federal laboratory dedicated to the development of solar energy.  The formation of
this lab came in response to the energy crises of the early and mid 1970s.  At the
same time, the Carter Administration consolidated all federal energy activities under
the auspices of the newly established U.S. Department of Energy (DOE).

Among its various programs established to develop all forms of solar energy, DOE
initiated research on the use of plant life as a source of transportation fuels.  Today,



What is the technology?

Biological Concepts

Photosynthetic organisms include plants, algae and some photosynthetic bacteria.
Photosynthesis is the key to making solar energy available in useable forms for all
organic life in our environment.  These organisms use energy from the sun to
combine water with carbon dioxide (CO2) to create biomass. While other elements of
the Biofuels Program have focused on terrestrial plants as sources of fuels, ASP was
concerned with photosynthetic organisms that grew in aquatic environments.  These
include macroalgae, microalgae and emergents.  Macroalgae, more commonly known
as “seaweed,” are fast growing marine and freshwater plants that can grow to
considerable size (up to 60m in length).  Emergents are plants that grow partially
submerged in bogs and marshes.  Microalgae are, as the name suggests, microscopic
photosynthetic organisms.  Like macroalgae, these organisms are found in both
marine and freshwater environments.    In the early days of the program, research was
done on all three types of aquatic species.  As emphasis switched to production of
natural oils for biodiesel, microalgae became the exclusive focus of the research.
This is because microalgae generally produce more of the right kinds of natural oils
needed for biodiesel (see the discussion of fuel concepts presented later in this
overview).

In many ways, the study of microalgae is a relatively limited field of study.  Algae
are not nearly as well understood as other organisms that have found a role in today’s
biotechnology industry.  This is part of what makes our program so valuable.  Much
of the work done over the past two decades represents genuine additions to the
scientific literature.  The limited size 



• The blue-green algae (Cyanophyceae).  Much closer to bacteria



Such algae farms would be based on the use of open, shallow ponds in which some
source of waste CO2 could be efficiently bubbled into the ponds and captured by the
algae (see the figure below).
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CO2.  The watershed event that brought the question of global warming to the
forefront in the scientific community was the publication of Revelle’s data in 1957,





Technical Highlights of the Program



the enzyme Acetyl CoA Carboxylase (ACCase) from a diatom.  This enzyme was
found to catalyze a key metabolic step in the synthesis of oils in algae.  The gene that
encodes for the production of ACCase was eventually isolated and cloned.  This was
the first report of the cloning of the full sequence of the ACCase gene in any
photosynthetic organism.    With this gene in hand, researchers went on to develop





There is a logic to the sequence of these activities.  Researchers first identified a need
to collect and identify algae that met minimal requirements for this technology.
Collection and screening occurred over a seven-year period from 1980 to 1987.
Once a substantial amount of information was available on the types of oil-producing
algae and their capabilities, the program began to switch its emphasis to
understanding the biochemistry and physiology of oil production in algae.  A natural
next step was to use this information to identify approaches to genetically manipulate
the metabolism of algae to enhance oil production.

Algae collection efforts initially focused on shallow, inland saline habitats,
particularly in western Colorado, New Mexico and Utah.  The reasoning behind
collecting strains from these habitats was that the strains would be adapted to at least
some of the environmental conditions expected in mass culture facilities located in
the southwestern U.S. (a region identified early on as a target for deployment of the
technology).  Organisms isolated from shallow habitats were also expected to be
more tolerant to wide swings in temperature and salinity.  In the meantime,
subcontractors were collecting organisms from the southeastern region of the U.S.
(Florida, Mississippi, and Alabama).  By 1984, researchers in the program had
developed improved tools and techniques for collecting and screening organisms.
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In the end, however, the studies conducted both by NREL researchers and program
subcontractors concluded that no simple trigger for lipid production exists.  Instead,
we found that environmental stresses like nitrogen depletion lead to inhibition of cell
division, without immediately slowing down oil production.  It appeared that no
simple means existed for increasing oil production, without a penalty in overall
productivity due to a slowing down of cell growth.  The use of nutrient depletion as a
means of inducing oil production may still have merit.  Some experiments conducted
at NREL suggested that the kinetics of cell growth and lipid accumulation are very
subtle.  With a better understanding of these kinetics, it may be possible to provide a
net increase in total oil productivity by carefully controlling the timing of nutrient
depletion and cell harvesting.

In 1986, researchers at NREL reported on the use of Si depletion as a way to increase
oil levels in diatoms.  They found that when Si was used up, cell division slowed
down since Si is a component of the diatoms’ cell walls.  In the diatom C. cryptica,
the rate of oil production remained constant once Si depletion occurred, while growth
rate of the cells dropped.  Further studies identified two factors that seemed to be at
play in this species:

1. Si-depleted cells direct newly assimilated carbon more toward



Through the process of photosynthesis, algae cells assimilate carbon.  There are
numerous metabolic pathways through which the carbon can go, resulting in
synthesis of whatever compounds are needed by the cell.  These pathways consist of
sequences of enzymes, each of which catalyzes a specific reaction.  Two possible
pathways for carbon are shown on the previous page.  They represent the two storage
forms that carbon can take.

Researchers at NREL began to look for key enzymes in the lipid synthesis pathway.
These would be enzymes whose level of activity in the cell influences the rate at
which oils are formed.  Think of these enzymes as valves or spigots controlling the
flow of carbon down the pathway.  Higher enzyme activity leads to higher rates of oil
production.  When algae cells increase the activity of active enzymes, they are
opening up the spigot to allow greater flow of carbon to oil production.  Finding such
critical enzymes was key to understanding the mechanisms for controlling oil
production.

By 1988, researchers had shown that increases in the levels of the enzyme Acetyl
CoA Carboxylase (ACCase) correlated well with lipid accumulation during Si
depletion.  They also showed that the increased levels correlated with increased
expression of the gene encoding for this enzyme.  These findings led to a focus on
isolating the enzyme and cloning the gene responsible for its expression.  By the end
of the program, not only had researchers successfully cloned the ACCase gene, but
they had also succeeded in developing the tools for expressing foreign genes in
diatoms.

In the 1990s, genetic engineering had become the main focus of the program.  While
we have highlighted the successes of over-expressing ACCase in diatoms, other
approaches were also developed for foreign gene expression—in green algae as well
as in diatoms.  Another interesting sideline in the research involved studies aimed at
identifying key enzymes involved in the synthesis of storage carbohydrates.  Instead



Raceway Production System” (ARPS).  Both designs utilized open raceway designs.
The HRP design was based on a shallow, mixed raceway concept developed at



consideration of available CO2



relatively low, they were at least steady—providing a desperately needed stability for
the program.  The years of higher spending are, for the most part, dominated by
costly demonstration work (the tests carried out in California, Hawaii and
culminating in New Mexico), engineering analysis and culture collection activities.

High Return for a Small Investment of DOE Funds



basic biological issues are clearly more cost effective than large scale demonstration
studies.

Take Advantage of Plant Biotechnology

We have only scratched the surface in the area of genetic engineering for algae.  With
the advances occurring in this field today, any future effort on modifying algae to
increase natural oil production and overall productivity are likely to proceed rapidly.
The genetic engineering tools established in the program serve as a strong foundation
for further genetic enhancements of algae.

Start with what works in the field

Select strains that work well at the specific site where the technology is to be used.
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