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Factors to Consider

• Utility

• Who is the end user?

• Production scalability

• US gasoline consumption: 390 million 
gallons/day...

• Environmental friendliness
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Liquid Fuels

term will be molecules that are already found in or similar
to components of fossil-based fuel in order to be compa-
tible with existing engines (spark ignition engine for
gasoline, compression ignition engine for diesel fuel,
and gas turbine for jet fuel). There are several relevant
factors to consider when designing biofuel candidates
(Table 1). Energy contents, the combustion quality
described by octane or cetane number, volatility, freezing
point, odor, and toxicity are important factors to consider.
In the following section, we will consider several biofuel
candidates and their properties.

Gasoline and its alternatives
Gasoline is a complex mixture of hydrocarbons including
linear, branched, and cyclic alkanes (40–60%), aromatics
(20–40%), and oxygenates [7]. The carbon number of
hydrocarbons in gasoline varies from 4 to 12. Ethanol, the
most popular additive to gasoline, has an octane number
of 129, but its energy content per gallon is about 70% of
that of gasoline. Ethanol also has problems as a fuel owing
to high miscibility with water, which makes it difficult to
distill from the fermentation broth and to transport
through existing pipelines. Recently, n-butanol has
received more attention as an alternative gasoline
additive. Butanol has two more carbons than ethanol,
which results in an energy content of about 40% higher
than that of ethanol. The octane number of butanol is 96
[8], which is somewhat lower than that of ethanol but is
still comparable to that of gasoline (91–99). Unlike
ethanol, butanol is less soluble in water than ethanol.
It can also be used not only as an additive to gasoline but
also as a fuel by itself in conventional engines (URL:
http://www.butanol.com).

In general, the octane number increases when the mol-
ecule has methyl branching and double bonds. Branched
C4 and C5 alcohols are also considered potential gasoline

additives. Among them, isobutanol (2-methyl-1-propa-
nol) has very similar properties to n-butanol with a higher
octane number, and is currently under investigation as a
new biofuel target (URL: http://www.gevo.com). Other
short chain alcohols, such as isopentanol (3-methyl-1-
butanol or isoamyl alcohol) and isopentenol (3-methyl-
3-buten-1-ol or 3-methyl-2-buten-1-ol) are also attractive
gasoline fuel additives. Their octane numbers range
slightly above 90, and they have higher energy contents
than butanol. These alcohols can be produced from the
isoprenoid biosynthetic pathway [9] or by transformation
of amino acids as reported recently [4!!]. Branched, short-
chain alkanes such as isooctane are a good gasoline
replacement, but the biological production of these mol-
ecules would require significant changes to existing meta-
bolic pathways and may take significant effort to achieve.

Diesel and its alternatives
Diesel fuel is also a complex mixture of hydrocarbons
including linear, branched, and cyclic alkanes (75%) and
aromatics (25%). The carbon number of hydrocarbons in
petrodiesel varies from 9 to 23, with an average of 16
(Table 1). Biodiesel is generally composed of fatty acid
methyl esters (FAMEs), and is mostly derived from
vegetable oil or animal fat. The fatty acids in FAMEs
generally have a chain length from 12 to 22, containing
zero to two double bonds. Biodiesel has a comparable
cetane rating and energy content to petrodiesel and
additional advantages, such as higher lubricity and less
emission of pollutants. Another source for biodiesel would
be isoprenoids, which are naturally occurring branched or
cyclic hydrocarbons mostly synthesized in plants. They
usually have methyl branches, double bonds, and ring
structures, which improve the fluidity at lower tempera-
tures but lower cetane ratings. Therefore, linear or cyclic
monoterpenes (C10) or sesquiterpenes (C15) are potential
targets for biodiesel fuel, especially with complete or
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Table 1

Types of liquid fuels.

Fuel type Major components Important property Biosynthetic alternatives

Gasoline C4–C12 hydrocarbons Octane numbera Ethanol, n-butanol and iso-butanol
Linear, branched, cyclic, aromatics Energy contentb Short chain alcohols
Anti-knock additives Transportability Short chain alkanes

Diesel C9–C23 (average C16) Cetane numberc Biodiesel (FAMEs)
Linear, branched, cyclic, aromatic Low freezing temperature Fatty alcohols, alkanes
Anti-freeze additives Low vapor pressure Linear or cyclic isoprenoids

Jet fuel C8–C16 hydrocarbons Very low freezing temperature Alkanes
Linear, branched, cyclic, aromatic Net heat of combustion Biodiesel
Anti-freeze additives Density Linear or cyclic isoprenoids

a A measurement of its resistance to knocking. Knocking occurs when the fuel/air mixture spontaneously ignites before it reaches the optimum
pressure and temperature for spark ignition.
b The amount of energy produced during combustion. The number of C–H and C–C bonds in a molecule is a good indication of how much energy a
particular fuel will produce.
c A measurement of the combustion quality of diesel fuel during compression ignition. A shorter ignition delay, the time period between the start of
injection and start of combustion of the fuel is preferred, and the ignition delay is indexed by the cetane number.

www.sciencedirect.com Current Opinion in Biotechnology 2008, 19:556–563

Lee et al. Curr Opin Biotechnol. 2008 Dec;19(6):556-63. Epub 2008 Nov 10.
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Advanced Biofuel

Feedstock --> conversion technology --> End product

partial reduction of double bonds, which would improve
the cetane rating.

Biojetfuels
Jet fuels (Jet A, Jet A-1, JP-8, and JP-5) are also a very
complex mixture of hydrocarbons with a carbon number
distribution of 8–16 and about 25% (v/v) limit of aro-
matics (Table 1). Jet fuel is very similar to kerosene or
diesel fuel, but requires a lower freezing point since it
is used under harsh conditions such as extreme cold
(URL: http://www.boeing.com/commercial/environ-
ment/pdf/alt_fuels.pdf). Linear or branched hydrocar-
bons with medium carbon chain length produced from
the fatty acid or isoprenoid biosynthetic pathways are
primary targets for biojetfuels. Recently, the use of
isoprenoids as jet fuel has been investigated, as they
have low freezing points potentially owing to their
branching and cyclic structure (URL: http://business.
timesonline.co.uk/tol/business/industry_sectors/natural
_resources/article1844558.ece).

Production host
To convert lignocellulosic biomass into economically
viable biofuels [5], the production hosts must natively
have or be endowed with several characteristics
(Figure 1). The user-friendly hosts (Escherichia coli
and Saccharomyces cerevisiae) that have well-character-
ized genetics and the genetic tools [6,10] for manipulat-
ing them are good starting points for development as
production platforms. Because these host organisms are
also facultative anaerobes with fast growth rates, large-
scale production processes can be relatively simple and
economically viable [11–13]. The successful use of E.
coli or S. cerevisiae to produce alternative biofuels will

require a better understanding of their physiology under
a variety of conditions and subsequent strain improve-
ments [10]. Continuous advances in ‘omics’ technol-
ogies, computational systems biology, and synthetic
biology make it possible to better understand and
engineer fuel production hosts with desired phenotypes
[6,14].

Metabolic engineering of fuels synthesis
pathways
The synthesis pathways of some potential biofuels were
recently expressed in model organisms (Table 2). For
example, the genes involved in the synthesis of isopro-
panol [16,17] and butanol [18] from Clostriduim were
recently expressed in E. coli. Aside from producing etha-
nol during fermentation, S. cerevisiae is also known to
produce higher alcohols and esters from amino acids [19–
21]. Recently, a similar pathway for higher alcohol pro-
duction was expressed in E. coli to yield six different
straight and branched-chain alcohols, and the same group
has demonstrated production of 1.28 g/L of isopentanol
by increasing the flux through the desired pathway [22].
Other natural pathways of interest include those for
producing fatty acids in order to make biodiesel (fatty
acid methyl/ethyl esters) [23] and those for producing
alkanes [24]. While biodiesel production from microbial
organisms has focused on the fatty acid biosynthesis
pathways of E. coli and S. cerevisiae, there are efforts to
expand production to explore the fatty acid biosynthesis
pathway of other organisms, such as cyanobacteria and
algae [25]. Looking beyond natural pathways, hybrid
processes that combine both biological and chemical
production steps can also lead to new chemicals that
could serve as biofuels [27!!].

558 Chemical biotechnology

Figure 1

Route from sunlight to fuels. Conversion of biomass to fuels will involve the development of dedicated energy plants that maximize solar energy
conversion to chemical storage and minimize the use of water and fertilizer, enzymes that depolymerize cellulose and hemicellulose into useful sugars,
and microorganisms that produce advanced biofuels that are compatible with our existing transportation infrastructure. To achieve economically
viable biofuel production, all aspects of these processes must be optimized. In particular, production hosts must natively have or be endowed with
several important characteristics: extension of the substrate range, elimination of cellulose hydrolysates and biofuel product toxicity, and improvement
of global regulatory functions. One method that has been proposed to reduce fuel production cost is to perform cellulose hydrolysis and fermentation
in one step, called consolidated bioprocessing (CBP); this alternative approach avoids costs associated with cellulase production [14].

Current Opinion in Biotechnology 2008, 19:556–563 www.sciencedirect.com

Lee et al. Curr Opin Biotechnol. 2008 Dec;19(6):556-63. Epub 2008 Nov 10.
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Major Avenues of R&D

• Feedstock optimization

• Fermentation Technology

• Improving the economy of glucose

• Photosynthetic Processes
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Synthetic Biology in 
Biofuel Production

• Host

• E. coli, S. cerevisiae, Microalgae, etc.

• Pathway

• Major metabolic pathways: amino acid, 
fatty acid, isoprenoid, 

• Fuels
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Popular Hosts

Organism
Fermentative/
Photosynthetic

Genetically 
Modifiable

Generation 
Time 

Pathways Explored

E. coli Fermentative Yes 0.33 hr
Amino Acid, Fatty 
Acid, Isoprenoid

S. cerevisiae Fermentative Yes 1.5 hr
Amino Acid, Fatty 
Acid, Isoprenoid

Cyanobacteria Photosynthetic Yes 6 - 8 hr

Green 
Microalgae

Fermentative/
Photosynthetic

Yes 8 hr
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Metabolic Engineering

Fortman et al. Trends Biotechnol. 2008 Jul;26(7):375-81. Epub 2008 May 28.
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Amino Acid Pathway

Atsumi et al. Nature. 2008 Jan 3;451(7174):86-9.

James Liao, UCLA
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Amino Acid Pathway

Atsumi et al. Nature. 2008 Jan 3;451(7174):86-9.

Renewable Gasoline, Host: E. coli, S. cerevisiae
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Fatty Acid Pathway
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Fatty Acid Pathway
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Isoprenoid 
Pathways
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Jay Keasling,
UC Berkeley

Hosts: E. coli and 
S. cerevisiae

Fermentative Approach

Kirby et al.  Annu Rev Plant Biol. 2009 Jan 9.
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Isoprenoids from Plants
Joe Chappell, U. Kentucky

Nature Biotechnology - 24, 1359 - 1361 (2006) 

Chloroplast:1000X Increase in Yield
14



Yield Considerations

• How much fuel can be produced and how 
much is achieved to date?

• What are the bottlenecks?
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Microalgae
• Similar to plants, photosynthetic

• High oil content

• Carbon sequenstration

LiveFuels Inc.
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Algae YieldBiodiesel crop yields
(typical / speculative*)

Source data:

Consultant Consensus

Corn (Yellow #2) 18

Soybeans 48

Mustard seed 61*

Corn (MaveraTM Hybrid) 66*

Sunflowers 102

Peanuts                                    113

Rapeseed (canola)                  127

Jatropha 202*

Oil palm                                    635

Micro-algae                         >1,500*

Crop US gal / acre-yr
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Model Microalga
• Green Algae

• Chlamydomonas reinhardtii

• Cyanobacteria (Blue-green Algae)

• Synechococcus PCC 7942

• Synechocystis PC 6803

• Synechococcus PCC 7002

• Experts at Stanford

• Arthur Grossman and Devaki Bhaya
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Genetic Techniques

• Cyanobacteria

• Many are naturally 
competent

• Transformation via 
homologous 
recombination

• Bacterial expression 

http://photoscience.la.asu.edu/PHOTOSYN/courses/BIO_343/lab/Experiment-II.html
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Genetic Techniques
• Green Algae

• Particle bombardment

• Electroporation

• Glass bead transformation

•

Most reviews documenting the genetic transformation
ofmicroalgae have focused exclusively onChlamydomonas
sp. [10–12]. No general reviews about the transformation of
eukaryotic algae have been published since a review of the
field in 1997 [13]. Here, we provide a general perspective of
the progress achieved since then. We examine the methods
and strategies presently used for efficient nuclear trans-
formation of microalgae, including those species that have
beensuccessfullytransformed, theconstructions (promoters
and marker genes) used, and the main difficulties in
establishing a standardized method for such transform-
ations. The scope of this review does not include multi-
cellular algae, although it should be noted that efficient
transformation and molecular techniques have been devel-
oped in species suchasVolvox carteri [14]. Particular focus is
given to the problems associated with stable expression of
transgenes because gene silencing – together with the lack
of appropriate promoters and codon usage – might hinder
the transformation of the majority of microalgal species.

Biotechnological applications of transgenic microalgae
Although the use of transgenic microalgae for commercial
applications has not yet been reported, several examples of
engineered microalgae for biotechnological applications
show significant promise.

The contribution of Dunahay and colleagues to the
manipulation of microalgae lipid production by genetic
engineering was one of the first reported approaches for
the production of bio-diesel by transgenic diatoms [15].
Sayre and colleagues reported transgenic microalgae with
an enhanced ability to bind heavy metals through
expression of a foreign metallothionein [16], or expression
of the mothbean pyrroline-5-carboxylate synthetase
(P5CS) gene, which induces the accumulation of free
proline in Chlamydomonas [17]. These pioneering works
highlight the potential applications of transgenic micro-
algae in bio-remediation. A collaboration between the
same research group and theUS biotechnological company
Phycotransgenic (http://www.phycotransgenics.com)
investigated the development of transgenic microalgae
for industrial and pharmaceutical applications. Trans-
genic Chlamydomonas expressing an extracellular anti-
genic protein of the pathogenic bacteria Rennibacterium

salmoninarum (which causes kidney disease in salmonids)
was used to feed trouts and rabbits, which then generated
antibodies against the antigenic protein. Expression of the
protein was achieved by chloroplast transformation
(US patent application 20030022359). Other examples of
recombinant vaccines obtained through antigenic protein
expression in the chloroplast of Chlamydomonas have
recently been reported [18].

Apt and colleagues devised a promising technique for
the heterotrophic large-scale culture of the diatom
Phaeodactylum tricornutum. They modified this obligate
photoautotrophic diatom to live in the dark with glucose as
the only carbon source through expression of the glucose
transporter gene of human erythrocytes [9].

Studies by Melis and colleagues focused on the
biological production of hydrogen by genetically modified
Chlamydomonas. This is an exciting approach for the
biological generation of hydrogen gas, which is thought to
be a cheap, clean and safe fuel. Chlamydomonas was
genetically modified to downregulate the production of
chloroplastic sulphate permease by insertion of an anti-
sense CrcpSulp sequence. The absence or limitation of
sulphur causes the reduction of normal oxygen-producing
photosynthesis. When the algae are in a substantially
oxygen-free system in the presence of light, they begin
photosynthesizing through an alternative cellular path-
way, which leads to the production of hydrogen (US patent
application 20030162273).

Most of the studies involving the genetic transformation
ofmicroalgae aim to optimize new transformationmethods
and promoter or reporter genes, or analyse mechanisms
for stable expression of the introduced gene. Currently,
these aspects are the main limitations for microalgae
transformation; the following sections deal with each of
these aspects individually.

Methods for nuclear transformation
The basis of traditional methods used to transform
microalgae is to cause, by various means, temporal
permeabilization of the cell membrane, enabling DNA
molecules to enter the cell while preserving viability.

One method of permeabilization involves the use of
glass beads; cells are vortexed in the presence of DNA,

Box 1. Nuclear versus chloroplastic transformation

Integration of transgenes into the chloroplast has important advan-
tages. It enables controlled site-directed recombination of constructs
and results in high expression levels with no silencing drawbacks
(Table I). However, nuclear transformation might enable a wider range

of possibilities both for transgenic protein expression (e.g. excretion,
different cell-compartment expression, and glycosylation) and for
manipulationof algalmetabolism (gene inactivation oroverexpression,
and gain of additional pathways) (Table I).

Table I. Main characteristics of nuclear and chloroplastic transformations

Nuclear Chloroplastic

Cell compartment of expression Extracellular, cytosol and chloroplast, among others Chloroplast
Recombination machinery for integration of exogenous DNA Mostly non-homologous Homologous
Gene silencing Probable Not probable
Inheritance of integrated gene Mendelian Maternal
Level of expression (gene copy number) Low to intermediate High
Co-transformation of different markers High High
Versatility to express genes from different organisms Intermediate to low High
Glycosylation pattern of proteins Similar to plants and animals None

Review TRENDS in Biotechnology Vol.22 No.1 January 200446

http://tibtec.trends.com

Leon-Banares et al. Trends in Biotechnology, Volume 22, Issue 1, January 2004, Pages 45-52 
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Considerations

• Genetic tractability

• Development and testing cycle

• Technical skill requirements
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