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Abstract The microbial production of biofuels is a
promising avenue for the development of viable processes
for the generation of fuels from sustainable resources. In
order to become cost and energy effective, these processes
must utilize organisms that can be optimized to efficiently
produce candidate fuels from a variety of feedstocks.
Escherichia coli has become a promising host organism
for the microbial production of biofuels in part due to the
ease at which this organism can be manipulated. Advance-
ments in metabolic engineering and synthetic biology have
led to the ability to efficiently engineer E. coli as a
biocatalyst for the production of a wide variety of potential
biofuels from several biomass constituents. This review
focuses on recent efforts devoted to engineering E. coli for
the production of biofuels, with emphasis on the key
aspects of both the utilization of a variety of substrates as
well as the synthesis of several promising biofuels.
Strategies for the efficient utilization of carbohydrates,
carbohydrate mixtures, and noncarbohydrate carbon sour-
ces will be discussed along with engineering efforts for the
exploitation of both fermentative and nonfermentative
pathways for the production of candidate biofuels such as
alcohols and higher carbon biofuels derived from fatty acid
and isoprenoid pathways. Continued advancements in
metabolic engineering and synthetic biology will help
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improve not only the titers, yields, and productivities of
biofuels discussed herein, but also increase the potential
range of compounds that can be produced.
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Introduction

The rising concerns related to the cost, sustained availabil-
ity, and environmental impact of use of fossil fuels has led
to the search for new technologies that generate alternative
fuels from renewable carbon sources (Hirsch et al. 2006;
Kerr 2007). In light of these concerns, interest and
investment in the production of biofuels from renewable
resources has grown significantly in recent years (Schubert
2006). This growth, combined with recent advancements in
biotechnology, has resulted in extensive research efforts
devoted to the microbial production of biofuels.

Numerous microorganisms have been found to naturally
produce a wide variety of compounds with uses as fuels,
chemicals, and pharmaceutical products. However in many
cases, the ability to optimize the production of these
compounds has been limited due to the lack of genetic
tools and physiological knowledge required for the
effective manipulation of the microorganism. In order to
become a viable means for producing biofuels, microbial
processes must utilize microorganisms that can be readily
manipulated to maximize the production of candidate
biofuels in large scale industrial applications. Based on
this criteria, Escherichia coli, the workhorse of modern
biotechnology, has become a promising host organism for
the microbial production of biofuels. The availability of
genetic tools and the large genomic, metabolic, and
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physiological knowledge base for E. coli has facilitated
the ease at which this organism can be engineered as an
efficient biocatalyst. In addition, E. coli also possesses
several advantageous traits for industrial biofuel produc-
tion, including showing efficient growth at industrially
relevant conditions, the ability to grow in mineral salts
medium with inexpensive components and in the absence
of oxygen, as well as having the capability of utilizing
a wide variety of substrates including main biomass
constituents such as carbohydrates, polyols, and fatty
acids. High productivities and yields of biofuels can also
be attained with E. coli in part due to its high growth and
metabolic rates and tolerance to high concentrations of
substrate and products. While both the number and
productivity of compounds naturally produced by E. coli
are limited, advances in synthetic biology, metabolic
engineering, and systems biology have resulted in the
ability to engineer E. coli to produce a wide variety of
biofuels far beyond the scope of what any single organism
can naturally produce.

Advancements in the efficient microbial production of
fuels and chemicals have been shaped by the develop-
ment of tools for the understanding and manipulation of
cellular metabolism, including the ability to transfer
genes, modulate gene expression, and engineer proteins
(Stephanopoulos 2007). Increased production of useful
compounds through strategies designed to engineer cells
and their metabolic pathways have been used extensively
over the past few decades (Bailey 1991; Stephanopoulos
2002). More recently, the emerging field of synthetic
biology (Pleiss 2006) has provided key tools aiding in the
design, assembly, and implementation of various synthetic
pathways whose expression results in the production of
novel compounds. Furthermore, the advent of a systems-
level approach for analyzing and monitoring cellular
metabolism (systems biology; Ideker et al. 2001) has
resulted in an unprecedented understanding of complex
metabolic relationships and responses that has further enabled
the discovery and implementation of novel biosynthetic
pathways. Combinatorial approaches utilizing the concepts
and strategies of these fields have been implemented in
order to develop efficient microbial platforms for the
production of biofuels from a wide variety of feedstocks.

This review focuses on recent efforts for microbial
biofuel production through the engineering of E. coli by
the implementation of various metabolic engineering and
synthetic biology approaches. Special efforts are also made
to discuss not only novel biofuels produced via E. coli, but
also engineering strategies to effectively utilize different
feedstocks for the production of biofuels. Both engineering
elements are essential for the development of viable
processes for the industrial scale microbial production of
biofuels.
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Engineering the efficient utilization of carbon sources
for the microbial production of biofuels

The availability of diverse biomass resources such as
agricultural lignocellulosic residues, edible and nonedible
crops, and waste streams (e.g., bagasse from sugar
manufacture and industrial by-products) for conversion into
generic feedstock constituents (carbohydrates, polyols, fatty
acids, etc.) provides ample opportunity to employ microbial
means for the conversion of a wide variety of carbon
sources into valuable fuels. However, the vast array of
feedstock constituents also results in the challenge of
developing processes to produce biofuels from a multitude
of different carbon sources which is essential for the long-
term viability and practicality of the biofuel industry. From
an engineering standpoint, the diversity of the chemical
structure and composition of these various feedstock
constituents requires knowledge of the metabolic pathways
associated with the metabolism of each carbon source in
order to develop and implement a variety of engineering
strategies for the efficient production of fuels from each
available source.

The synthesis of the majority of proposed biofuels
utilizes metabolic pathways that require the generation of
common metabolic intermediates such as pyruvate and
acetyl-CoA. For this reason, the overall pathways for the
microbial production of biofuels can be separated into two
main elements. The first element encompasses the path-
ways required to generate these key metabolic intermedi-
ates from a chosen carbon source, while the second element
includes the pathways which convert these intermediates to
the fuel of interest. For the most part, the pathways leading
to metabolic intermediates generate reducing equivalents
which are required for fuel production, as the pathways for
the synthesis of fuels result in a consumption of reducing
equivalents from intermediate metabolites. The requirement
of an overall redox balance within the cell is a key factor
determining the overall yields and productivities that can be
achieved during the synthesis of a given product from a
given carbon source. Another key determinant in the
microbial synthesis of a given product is the need for the
formation of ATP as an energy source for many cellular
functions. Therefore, the design of any metabolic engineer-
ing strategy for the production of biofuels must take into
account all of these key factors in order to maximize titers,
yields, and productivities of the desired product from a
chosen carbon source.

E. coli is capable of utilizing a variety of carbon sources
that are constituents of readily available renewable feed-
stocks. These include carbohydrates such as glucose and
xylose, as well as noncarbohydrate carbon sources such as
glycerol and fatty acids, which together encompass the
main constituents of biomass. The pathways mediating the
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conversion of these carbon sources into key metabolic
intermediates are illustrated in Fig. 1. The following
sections detail the use of these feedstock constituents as
carbon sources as well as the engineering efforts to
optimize their utilization by E. coli.

Carbohydrate-based feedstocks
Starches and simple sugars

The most commonly used feedstocks for the industrial
production of biofuels are starches and simple sugars
derived from sources such as sugar cane (sucrose) and
corn (starch). The conversion of sucrose or starch into fuels
begins with enzymatic hydrolysis, which yields glucose.
Glucose is then readily utilized by E. coli and other
organisms via uptake and catabolism through the glycolytic
pathway. The production of one molecule of pyruvate from
glucose through the Embden—Meyerhof—Parnas pathway
results in the generation of one reducing equivalent (Fig. 1).
Glucose is the preferred carbon source of E. coli and thus
this organism has naturally evolved to maximize its
utilization under many different conditions. Therefore, few

engineering efforts have been needed to achieve the high
utilization rates of glucose that are required for the efficient
production of biofuels. Numerous metabolic engineering
efforts for the production of novel biofuels have utilized
glucose as a carbon source for their production. Some of
these recent efforts are discussed in subsequent sections of
this review. While the production of biofuels, such as
ethanol, from these feedstocks is highly efficient (Fischer et
al. 2008), they are expensive and nonsustainable feedstocks
due to their concurrent integration as an essential part of the
food—feed chain. For this reason, it is desirable to employ
other feedstocks, which overcome these issues.

Lignocellulosic sugars

Lignocellulosic crops, in contrast to sugar cane and corn,
have the benefit of higher productivities and their use as a
feedstock for biofuel production is considered sustainable
and renewable. However, their conversion into fermentative
sugars is more difficult than that of corn or sugarcane due
to three major factors. The first factor is presence of lignin,
a highly recalcitrant network polymer of aromatic alcohols
that accounts for ~25% of most common sources of
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Fig. 1 Metabolic pathways for the conversion of feedstock constituents
into key intermediate metabolites which are marked by double asterisks.
E. coli is capable of utilizing a wide variety of carbon sources (shown
by black boxes) derived from the main constituents of biomass (see text
for details). Broken lines represent multiple reaction steps. Relevant
reactions are represented by the name of the genes coding for the
enzyme (all genes native to E. coli): aceEF-IpdA, pyruvate dehydroge-
nase multienzyme complex; atoA, atoD, acetyl-CoA:acetoacetyl-CoA
transferase; atoB, acetyl-CoA acyltransferase; atoE, putative short-chain
fatty acid transporter; dhaKLM, PEP-dependent dihydroxyacetone
kinase; fadA, 3-ketoacyl-CoA thiolase; fadB, enoyl-CoA hydratase/3-
hydroxyaceyl-CoA dehydrogenase; fadD, fatty acyl-CoA synthetase;

A
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fadE, acyl-CoA dehydrogenase; fadL, long-chain fatty acid outer

membrane transporter; fbad, fbaB, fructose-1,6-bisphosphate aldolase;

fdhF, formate dehydrogenase; galP, galactose permease; gldA, glycerol

dehydrogenase; glk, glucokinase; gipF, glycerol MIP channel; hycB-1,
hydrogenase; pflB, pyruvate formate lyase; ptsHI-crr, ptsG, glucose-
specific phosphoenolpyruvate phosphotransferase system; pykA, pykF,
pyruvate kinase; pid, triose phosphate isomerase; xyl4, xylose
isomerase; xyIB, xylulokinase; xylE, xylose MFS transporter; xy/FGH,
xylose ABC transporter. 2/H] NAD(P)H=FADH,, DHA dihydroxyac-
etone, DHAP dihydroxyacetone-phosphate, Fructose-1,6-BP fructose-
1,6-bisphosphate, PEP phosphoenolpyruvate, PYR pyruvate
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cellulosic biomass (Aristidou and Penttila 2000). The
enzymatic digestion of lignin is far too slow to be practical
on an industrial level, and therefore the cellulosic and
hemicellulosic portions are typically separated from lignin
in order to overcome this obstacle. Secondly, cellulose is
much more resistant to enzymatic hydrolysis than starches
and simple oligosaccharides. Recalcitrance of cellulosic
biomass requires pretreatment to create a partially hydro-
lyzed product that is easier for “cellulose enzymes” to
digest. However, this pretreatment often generates fermen-
tation inhibitors. Several pretreatment variations have been
investigated (Himmel et al. 2007), and this remains an
active area of research in an effort to alleviate this
significant obstacle. The final and most significant factor
from a metabolic engineering standpoint is the presence of
five carbon sugars (mainly xylose, with arabinose, man-
nose, and galactose additional sugar constituents), usually
consisting of 10-25% of the total carbohydrates (Fischer et
al. 2008). This obstacle has been overcome through
extensive engineering efforts to construct genetically
altered E. coli strains capable of efficiently utilizing sugar
mixtures (Hernandez-Montalvo et al. 2001; Nichols et al.
2001; Flores et al. 1996).

When exposed to a mixture of carbon sources, wild-type
E. coli exhibits a specific hierarchy for their utilization. As
long as they are present in sufficient amounts in the growth
medium, sugars such as glucose, sucrose, and fructose
repress the synthesis of enzymes necessary for the transport
and metabolism of less favorable carbon sources such as
xylose, arabinose, maltose, and lactose. This phenomenon
is known as carbon catabolite repression (CCR), a
regulatory mechanism in which the expression of genes
required for the transport and utilization of secondary
carbon sources is prevented by the presence of a preferred
carbon source (Stulke and Hillen 1999). Due to CCR,
fermentation of sugar mixtures, such as those found after
the breakdown of lignocellulosic materials, exhibit delayed
and often incomplete carbon source utilization resulting in
lower productivities and yields. Thus, the development of
recombinant E. coli strains capable of efficiently utilizing
sugar mixtures is essential for the large scale production of
biofuels from lignocellulosic materials.

In E. coli, CCR involves both global and operon-specific
regulatory mechanisms, such as inducer exclusion and
inducer prevention (Goerke and Stulke 2008). The key
components in the global pathway of CCR in E. coli are the
transcription activator CRP (cyclic AMP (cAMP) receptor
protein), the signal metabolite cAMP, the enzyme adenylate
cyclase, and the component ITA (EITAS') of the glucose-
specific phosphoenolpyruvate:carbohydrate phosphotrans-
ferase system (PTS). The phosphorylation state of EITAS™
is a key component in CCR, as it binds and activates
adenylate cyclase when phosphorylated, thus leading to the
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synthesis of cAMP. High concentrations of cAMP, in turn,
lead to the formation of cAMP-CRP complexes, which bind
and activate the promoters of catabolic genes. In the
presence of glucose or other PTS sugars, EIIA" is mostly
in its nonphosphorylated state, resulting in the inability to
activate adenylate cyclase. Furthermore, nonphosphorylated
EIIA“" inactivates enzymes and transporters involved in
the metabolism of other carbon sources. In addition to the
above global regulatory mechanisms, regulatory systems
such as Cra (Hardiman et al. 2007), DgsA (Decker et al.
1998; Kimata et al. 1998), and CsrA (Babitzke and Romeo
2007), among others, are also involved in regulating sugar
metabolism in E. coli.

Due to the link between sugar transport through the PTS
and CCR, one metabolic engineering strategy for the
simultaneous consumption of multiple sugars is the
inactivation of the PTS. CCR has been shown to be
partially relieved allowing for coutilization of carbon
sources during growth on sugar mixtures in E. coli mutants
deficient in the PTS (Hernandez-Montalvo et al. 2001;
Nichols et al. 2001). However, due to the impairment of the
glucose transport system, these mutants exhibit decreased
sugar uptake rates and slower growth rates. This has been
overcome by the activation of an alternative glucose
transporter (galactose permease encoded by the galP gene)
and phoshorylation system (glucokinase encoded by the
glk gene). Functional activation of these enzymes allowing
for increased glucose uptake has been successfully
implemented through either overexpression (Hernandez-
Montalvo et al. 2003) or through an adaptive evolution
approach in which PTS™ variants are selected for the
ability to grow on glucose (Flores et al. 1996). Another
approach that has been investigated to relieve CCR is the
use of CRP mutants that do not require cAMP to activate
the expression of catabolic genes (CRP* mutants) (Stulke
and Hillen 1999). The transcriptional effects of expressing
CRP* in place of wild-type CRP in E. coli have recently
been studied through the use of microarray experiments
(Khankal et al. 2009). It was found that while fewer genes
show expression sensitivity to glucose in the mutant
expressing CRP* compared to the wild-type, expression
of CRP* did not completely eliminate glucose effects.
Other strategies currently being investigated include
the overexpression of cAMP-independent adenylate
cyclase as well as the constitutive expression of the
xylose- and arabinose-utilization operons (Gonzalez et
al., unpublished data).

While the efforts to coutilize hexose and pentose sugars
in E. coli through the inactivation of the PTS were
successful, the existence of other, less understood regula-
tory systems that prioritize the sequential metabolism of
sugar mixtures provides another avenue to engineer E. coli
strains for the simultaneous consumption of hexose and
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pentose sugars. A recent example of this is the finding
that the deletion of the mgs4 gene, encoding methyl-
glyoxal synthase, in an ethanologenic E. coli strain
resulted in the ability to coutilize glucose and xylose
mixtures at much improved rates in simple mineral salts
medium (Yomano et al. 2009). In addition, coutilization of
glucose, xylose, arabinose, mannose, and galactose was
also observed with this strain. During metabolic imbal-
ance, methylglyoxal, the product of the first reaction of
the methylglyoxal bypass catalyzed by methylglyoxal
synthase, is believed to function as a general inhibitor of
sugar metabolism (Totemeyer et al. 1998; Zhu et al.
2001). However, this is the first evidence to suggest that
methylglyoxal synthase (mgs4) and methylglyoxal are
directly involved in regulating the cometabolism of sugars
in ethanologenic E. coli. This finding not only provides
another approach for engineering strains for the simulta-
neous consumption of hexose and pentose sugars, but also
shows that the engineering of other sugar metabolism
regulatory systems may provide other means for additional
improvements in sugar coutilization.

Noncarbohydrate feedstocks

While lignocellulosic biomass typically consists of carbo-
hydrate feedstocks, oil-seed crops are mainly composed of
various triacylglycerols: i.e. fatty acids (FAs) bonded to a
backbone structure of glycerol (Durrett et al. 2008). In
addition to oil-seed crops, several algal species have been
found to produce large amounts of triacylglycerols (oleag-
inous algae; Hu et al. 2008) with significant investment in
their future use forecasted (Service 2009). The availability
of oleaginous feedstocks makes both FAs and glycerol
attractive carbon sources for the production of fuels and
chemicals.

Fatty acids

Fatty acids offer additional advantages for the production of
fuels due to both the efficiency of their conversion to the
key intermediate metabolite acetyl-CoA and the reduced
nature of their carbon atoms. The synthesis of one molecule
of acetyl-CoA via glycolysis from sugars, such as glucose
and xylose, is accompanied by the generation of one
molecule of carbon dioxide (or formate). This stoichiometry
limits the carbon recovery and therefore lowers the yield of
products derived from acetyl-CoA. On the other hand, the
metabolism of FAs to acetyl-CoA does not utilize the
glycolytic pathway and results in full carbon recovery
(Fig. 1). An additional advantage over sugars is the highly
reduced nature of carbon atoms in FAs molecules, enabling
higher yields of fuels and reduced chemicals. These
advantages are illustrated through the comparison of the

maximum theoretical yields of ethanol that can be achieved
from glucose and palmitic acid (a representative 16-carbon
fatty acid; Dellomonaco and Gonzalez, unpublished).

C6H1206 — 2C2H6O + 2C02

(Ethanol from Glucose)

23 2
C16H3202 — TCQH(]O + gCOz

(Ethanol from Palmitic Acid)

As seen from these equations, the maximum theoretical
yield of ethanol obtained from palmitic acid (1.38 g
ethanol/g palmitic acid or 23/16 carbon mole ethanol/
carbon mole palmitic acid) is significantly higher than that
obtained from glucose (0.51 g ethanol/g glucose or 2/3
carbon mole ethanol/carbon mole glucose) illustrating the
pronounced advantage of utilizing fatty acids as a feedstock
for the production of fuels

In E. coli, the enzymes encoded by the fad regulon and
the ato operon are responsible for the degradation of FAs
and conversion into acetyl-CoA (Fig. 1). Products of the
fad regulon mediate the transport, acylation, and [3-
oxidation of medium chain (C; to C;;) and long-chain
(Ci, to Cqg) FAs (Fig. 1). For growth on short-chain (Cy4 to
Cs) FAs, two additional enzymes encoded by the atoD-atoA
and atoB (part of the atoDAEB operon) are required. The
expression of the fad regulon and afo operon is controlled
by FadR (fadR) and AtoC (atoC), respectively. However, in
order to utilize FAs as the sole carbon and energy source,
respiratory conditions are required in order attain redox
balance as none of the fermentative pathways active in
E. coli are able to consume the amount of reducing
equivalents generated by the synthesis of cell mass from
FAs. The engineering of a respiro-fermentative mode to
enable the use of FAs as the sole carbon source for the
production of fuels and chemicals in E. coli has recently
been investigated (Dellomonaco and Gonzalez, unpub-
lished). Combination of this respiro-fermentative mode
with E. coli mutants exhibiting constitutive expression of
the fad regulon and ato operon resulted in the ability to
efficiently and completely utilize palmitic acid as the sole
carbon and energy source thus providing a platform for
further engineering efforts to produce a variety of fuels and
chemicals (Dellomonaco and Gonzalez, unpublished).

Glycerol

Glycerol is a polyol molecule generated as a by-product of
the biodiesel, oleochemical, and bioethanol production
processes. The tremendous growth of the biofuels industry
has created a surplus of glycerol, resulting in a dramatic
decrease in crude glycerol prices (Yazdani and Gonzalez
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2007). Future opportunities for the availability of even
larger amounts of glycerol also exist due to the intracellular
accumulation of up to 7.8 M glycerol (equivalent to 718 g/L
glycerol in water) in certain species of algae such as
those in the Dunaliella genus (Oren 2005). In addition to
the availability and low-prices of glycerol, the highly
reduced nature of carbon atoms in glycerol confers an
additional advantage for the production of fuels and
reduced chemicals when compared to the use of sugars.
The conversion of glycerol into pyruvate generates twice
the number of reducing equivalents produced during the
metabolism of glucose or xylose (Fig. 1). This permits, for
example, the coproduction of ethanol and formic acid (or
ethanol and hydrogen), the former would result in
doubling the overall product yield compared with glucose
fermentation to ethanol, a process in which half of the
sugar in lost as CO, due to the oxidation state of glucose
(Dharmadi et al. 2006). These advantages are illustrated
by the following equations comparing the maximum
production of ethanol from glycerol and glucose, consid-
ering redox balanced routes.

1
EC6H1206 — CzHGO + COZ

(Ethanol from Glucose)

C3HgO3 — C,HgO + CHZOZ/(COZ + HQ)

(Ethanol and Formate/H, from Glycerol)

Until recently, it was thought that E. coli was only able
to metabolize glycerol under respiratory conditions, mini-
mizing its potential for the production of biofuels from
glycerol. The use of glycerol as a carbon source under
fermentative conditions was limited to studies in which
genes encoding the glycerol dehydratase and 1,3-PDO
dehydrogenase enzymes from organisms such as Klebsiella
pneumoniae (Skraly et al. 1998) and Citrobacter freundii
(Daniel and Gottschalk 1992) were expressed to enable
glycerol utilization. However, these studies focused on the
production of 1,3-propanediol (1,3-PDO), a product naturally
produced in these organisms but not by E. coli, from glycerol
through the expression of a synthetic 1,3-PDO pathway
which directly converts glycerol into 1,3-PDO without
entering the central carbon metabolism of E. coli. Therefore,
additional carbon sources other than glycerol were usually
required to help sustain cell growth and the production of
other products from glycerol was limited.

The recent discovery that E. coli is able to metabolize
glycerol in a fermentative manner and the identification of
key pathways and environmental conditions affecting
glycerol metabolism under anaerobic conditions (Dharmadi
et al. 2006; Gonzalez et al. 2008; Murarka et al. 2008) has
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provided another platform for the use of metabolic
engineering approaches to utilize E. coli for the efficient
conversion of glycerol into fuels, namely ethanol. The
conversion of glycerol into the glycolytic intermediate
dihydroxyacetone-phosphate (DHAP) under fermentative
conditions was found to be mediated by the action of
glycerol dehydrogenase (gld4A) and a PEP-dependent
dihydroxyacetone kinase (dhaKLM; Fig. 1). However, this
pathway appears to be expressed at low levels as inferred
by the kinetics of glycerol fermentation (Dharmadi et al.
2006). A recent study focused on engineering E. coli for the
efficient production of ethanol and coproducts formate and
hydrogen from glycerol (Yazdani and Gonzalez 2008). In
order to improve the rates of glycerol utilization the two
genes found to mediate glycerol dissimilation (g/d4 and
dhaKLM) were overexpressed, which accelerated the
formation of DHAP from glycerol. Common glycolytic
enzymes, known to be expressed at high levels, then
catalyzed the formation of pyruvate which in turn can be
converted into various products through native or engi-
neered pathways.

Another study utilized the same strategy of the
overexpression of glycerol dehydrogenase (gld4A) and
PEP-dependent dihydroxyacetone kinase (dhaKLM) to
successfully engineer E. coli for the simultaneous
onsumption of the carbon sources present in thin stillage.
As a by-product generated in large amounts during
commercialized ethanol production from sugars, the
conversion of thin stillage, a complex mixture of chem-
icals including low concentrations of sugars such as
glucose and maltose and up to 2% glycerol, into more
valuable products is highly desirable. The overexpres-
sion of gldA and dhaKLM in a strain engineered to
produce ethanol resulted in the ability to simultaneously
consume glycerol and sugars in mineral salts medium
with efficient ethanol production (Gonzalez et al. 2009).

Engineering fermentative and nonfermentative
pathways for biofuel production

While the engineering of efficient pathways for the
utilization of a variety of feedstocks in E. coli described
in previous sections has shown great promise, engineering
of production pathways converting key intermediates into
biofuels of interest are needed in order to maximize yields
and productivities. The fuels produced from these key
intermediates can be roughly grouped into two main
classes, fermentative (Fig. 2) and nonfermentative
(Fig. 3), depending on the pathways from which they are
derived. Fermentative pathways have been utilized to
engineer E. coli for the production of a variety of alcohols,
while several nonfermentative pathways have been engi-
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Fig. 2 Fermentative pathways for the production of biofuels in E. coli.
Metabolic engineering and synthetic biology strategies have been
utilized for the conversion of a wide variety of carbon sources (shown
in black shaded boxes) into several candidate biofuel compounds
(shown in gray shaded boxes). Broken lines represent multiple reaction
steps. Relevant reactions are represented by the name of the genes
coding for the enzyme (E. coli genes unless otherwise noted in
parenthesis as follows: Clostridium acetobutylicum, Ca; Clostridium
beijerinckii, Cb; Zymomonas mobilis, Zm): aceEF-IpdA, pyruvate
dehydrogenase multienzyme complex; ackA, acetate kinase; adc,
acetoacetate dehydrogenase (Ca); adh, secondary alcohol dehydroge-

neered to enable the production of biofuels such as higher
chain alcohols from the amino acid biosynthetic pathways
and novel fuels derived from the fatty acid and isoprenoid
biosynthetic pathways. Each of these will be reviewed in
the next sections and representative examples are summa-
rized in Table 1.

Fermentative pathways for biofuel production
Ethanol

Under fermentative conditions, growth on simple sugars
such as glucose and xylose results in the production of
ethanol, currently the most widely used gasoline-
supplementing biofuel. However, ethanol represents only a
small fraction of the product mixture, as significant
amounts of lactic, formic, succinic and acetic acids are also

nase (Cb); adhB, alcohol dehydrogense (Zm); adhE, acetaldehyde/
alcohol dehydrogenase; adhE2, secondary alcohol dehydrogenase (Ca);
atoA, atoD, acetyl-CoA:acetoacetyl-CoA transferase; atoB, acetyl-CoA
acyltransferase; bcd, butyryl-CoA dehydrogenase (Ca); crt crotonase
(Ca); ctfAB, acetoacetyl-CoA transferase (Ca) etfAB, electron transfer
flavoprotein (Ca); hbd, (3-hydroxybutyryl-CoA dehydrogenase (Ca);
pdc, pyruvate decarboxylase (Zm); pfIB, pyruvate formate lyase; pta,
phosphate acetyltransferase; thl/, acetyl-CoA acyltransferase (Ca). 2/H]
NAD(P)H=FADH,, DHAP dihydroxyacetone-phosphate, Gly-3-P
glyceraldehyde-3-phosphate, PYR pyruvate

produced (Sawers and Clark 2004). The overlying factor
controlling this mixed-acid fermentation is the requirement
of maintaining an overall redox balance. The native
pathway for producing ethanol in E. coli starts with the
intermediate metabolite pyruvate, which is cleaved into
acetyl-CoA and formic acid through the action of pyruvate
formate lyase (PFL; Fig. 2). The two step reduction of
acetyl-CoA to ethanol results in the consumption of two
reducing equivalents and proceeds with acetaldehyde as the
intermediate, with the enzyme AdhE serving as an
acetaldehyde and alcohol dehydrogenase. Therefore, on a
3-carbon basis, the glycolytic pathway to pyruvate gener-
ates one reducing equivalent, while the synthesis of ethanol
from pyruvate consumes two reducing equivalents (Fig. 2).
This hinders homoethanol fermentation, as more oxidized
products such as acetic acid must be produced to maintain
an overall redox balance. In order to alleviate this
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Fig. 3 Nonfermentative pathways for the production of alcohols
(dotted line box with gray shade), fatty acid-derived biofuels (no line
box with gray shade), and isoprenoid-derived biofuels (solid line box
with gray shade) in E. coli. Broken lines represent multiple reaction
steps. Relevant reactions are represented by the name of the genes
coding for the enzyme (E. coli genes unless otherwise noted in
parenthesis as follows: Acinetobacter baylyi ADP1, Ab; Arabidopsis
thaliana, At, Bacillus subtilis, Bs; Corynebacterium glutamicum, Cg;
Lactococcus lactis, LI, Methanococcus jannaschii, Mj;, Saccharomyces
cerevisiae, Sc; Stenotrophomonas maltophilia, Sm; Salmonella typhi-
murium, St): accABCD, acetyl-CoA carboxylase; acrl, acyl-CoA
reductase (4b); ADH?2, alcohol dehydrogenase (Sc); alssS, acetolactate
synthase (Bs); asd, aspartate semialdehyde dehydrogenase; aspC,
aspartate aminotransferase; a#f4, acyltransferase (4b); atoB, acetyl-
CoA acyltransferase; CER4, fatty acyl-CoA reductase (A?); cimA,
citramalate synthase ()); dxr, 1-deoxy-D-xylulose 5-phosphate reduc-
toisomerase; dxs, 1-deoxy-D-xylulose 5-phosphate synthase; ERGI2,
mevalonate kinase (Sc); ERGS, phosphomevalonate kinase (Sc); fabA,
hydroxydecanoyl-ACP dehydrase; fabB, ketoacyl-ACP synthase I;
fabD, malonyl-CoA-ACP transacylase; fabF, ketoacyl-ACP synthase
II; fabG, ketoacyl-ACP reductase; fabH, ketoacyl-ACP synthase III;
fabl, enoyl-ACP reductase; fabZ, hydroxyacyl-ACP dehydratase; fadD,
acyl-CoA synthetase; HMGS, 3-hydroxy-3-methylglutaryl-CoA syn-

drawback, metabolic engineering strategies have been
implemented to enable higher yields of ethanol production
from sugars.

In contrast to the native E. coli pathway, the pathway for
ethanol production in Zymomonas mobilis is a two step
process in which pyruvate decarboxylase (PDC) converts
pyruvate directly to acetaldehyde and CO, and alcohol
dehydrogense (ADH) then converts acetaldehyde into
ethanol (Fig. 2; Ingram et al. 1987). The key difference
from a redox balance standpoint is the fact that the
conversion of pyruvate to acetaldehyde is nonoxidative
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thase (Sc); idi, isopentenylpyrophosphate isomerase; ilv4, threonine
deaminase (either native E. coli or Cg); ilvC, acetohydroxy acid
isomeroreductase; i/vD, dihydroxy acid dehydratase; ilvGM, acetohy-
droxybutanoate synthase (S?); ispD, 4-diphosphocytidyl-2-methylery-
thritol synthase; ispE, 4-diphosphocytidyl-2-methylerythritol kinase;
ispF, 2-methylerythritol 2,4-cyclodiphosphate synthase; ispG, 1-
hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase; ispH,
1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase; kivd, ketoi-
sovalerate decarboxylase (L/); leud, 2-isopropylmalate synthase; leuB,
3-isopropylmalate dehydrogenase; leuCD, 2-isopropylmalate isomerase;
MVDI, mevalonate pyrophosphate decarboxylase (Sc); nudF, prenyl
phosphatase (Bs); tHMGR, truncated 3-hydroxy-3-methylglutaryl-CoA
reductase (Sc); thrA, aspartate kinase, homoserine dehydrogenase; thrB,
homoserine kinase; hrC, threonine synthase; ole4, oleB, oleC, oleD, [3-
ketoacyl-ACP synthases (Sm); tesA, acyl-CoA thioesterase I; tesB, acyl-
CoA thioesterase II. Dagger represents reaction with assumed alcohol
dehydrogenase activity; double dagger represents reaction with assumed
ester synthase activity; double asterisk represents numerous reactions
leading to the formation of a wide range of isoprenoids. Ac-CoA acetyl-
CoA, ACP acyl carrier protein, Co4 coenzyme A, DMAPP, dimethy-
lallyl pyrophosphate, FAEE fatty acid ethyl ester, Gly-3-P
glyceraldehyde-3-phosphate, /PP isopentenyl pyrophosphate, OAA
oxaloacetate, PEP phosphoenolpyruvate

and does not involve any reducing equivalents. Thus, the
synthesis of ethanol from pyruvate results in the consump-
tion of one reducing equivalent in this pathway as opposed
to two in the native E. coli pathway. Expression of Z.
mobilis pdc and adhB genes (encoding for pyruvate
decarboxylase and alcohol dehydrogenase, respectively) in
E. coli, via a plasmid bearing an artificial pet (production of
ethanol) operon, resulted in much higher ethanol yields,
with ethanol accounting for 95% of the fermentation
products (Ingram et al. 1987). In order to take advantage
of the strong, constitutive native pfl promoter, the pet
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operon was integrated into the pfl locus of E. coli.
However, the resulting recombinant bacteria had low
ethanol yield attributed to low PDC expression (Ohta et
al. 1991). This problem was circumvented by selection on
high chloramphenicol or aldehyde indicator plates resulting
in mutants with PDC expression comparable to the
plasmid-bearing strain and Z. mobilis. Further improvement
of ethanol yield was accomplished from the deletion of
fumarate reductase (AfirdA), which reduced succinic acid
production by 95% resulting in a strain (KO11) that
produced ethanol at 100% theoretical yield when grown
on glucose or xylose in rich medium (Ohta et al. 1991).
When grown anaerobically on xylose, KO11 exhibited 30%
higher maximum growth rate and 50% higher glycolytic
flux compared to the parent strain. A systems-wide analysis
of gene expression using DNA microarrays revealed that
this was due to higher expression of the xylose catabolite
genes (Tao et al. 2001). While this increased productivity
and yield provides an excellent biocatalyst for the produc-
tion of ethanol, the increased levels of cthanol pose a
significant problem for the industrial scale production of
ethanol, where it is desirable to convert high concentrations
of carbon sources to high concentrations of ethanol. In
order to utilize E. coli for the viable commercial production
of ethanol, improvements in ethanol tolerance are required,
as significant growth inhibition results from ethanol
concentrations upwards of 35 g/l while yeasts used to
commercially produce ethanol are capable of exceeding
90 g/L ethanol (Yomano et al. 1998). Directed evolution of
KO11 using an enrichment method which alternatively
selected for ethanol tolerance during growth in broth and
for ethanol production on solid medium, resulted in a strain
(LYO1) capable of fermenting xylose to 60 g/L ethanol titer
with an 85% yield (Yomano et al. 1998). Further improve-
ments were made after microarray analysis revealed
increased glycine metabolism and betaine synthesis (gly-
cine and betaine are protective osmolytes) in LYOI
compared to KOL11, linking ethanol tolerance to osmotic
stress (Gonzalez et al. 2003). While these results represent
promising strategies for the production of ethanol from
sugars, one important drawback from an industrial stand-
point was the fact that the above strains required rich
nutrients for ethanol production. This was addressed
through the re-engineering of a lactate-producing derivative
of KO11 for ethanol production by deleting genes encoding
for fermentative routes for NADH and randomly inserting a
promoterless cassette containing the complete Z. mobilis
ethanol pathway (pdc, adhA, adhB) into the chromosome
(Yomano et al. 2008). Selection by fermentative growth on
mineral salts medium containing xylose resulted in the
isolation of a highly productive strain enabling the
fermentation of 9% (w/v) xylose to 4% (w/v) ethanol in
48 h.

An E. coli K-12 mutant capable of the homoethanolo-
genic fermentation of glucose or xylose with yields up to
82% was recently reported using only native E. coli genes
(Kim et al. 2007). Essential to this approach was a mutation
within the pdh operon (pdhR aceEF Ipd), which encodes
components of the pyruvate dehydrogenase complex
(PDH), an enzyme typically only active under aerobic
conditions. Anaerobic ethanol production is the result of a
novel pathway combining the activities of pyruvate
dehydrogenase with the fermentative alcohol dehydroge-
nase. By enabling the oxidative decarboxylation of pyru-
vate to acetyl-CoA through PDH, an extra reducing
equivalent (in the form of NADH) is generated which in
turn is consumed in the formation of ethanol (Fig. 2). This
extra reducing equivalent, which would be contained in
formate and dissipated as hydrogen if conversion of
pyruvate to acetyl-CoA was mediated by the PFL complex
(typically active under anaerobic conditions), enables redox
balance to be maintained in a homoethanol pathway from
glucose or xylose.

Another recent study developed a minimal E. coli cell
for efficient ethanol production from hexoses and pentoses
using elementary mode analysis to dissect the metabolic
network into its basic building blocks (Trinh et al. 2008).
Analysis and construction of a minimal E. coli cell
expressing the Z. mobilis pdc and adhB genes, resulted in
the conversion of glucose or xylose to ethanol at theoretical
yields. Remarkably, catabolite repression was absent during
anaerobic growth with this strain, enabling the simulta-
neous utilization of glucose and xylose.

The engineering efforts discussed above mainly focused
on increasing ethanol yields from sugars by circumventing
the redox imbalance caused by the differences in oxidation
states of ethanol and sugars (glucose or xylose). However,
as previously discussed, the reduced nature of carbon atoms
in glycerol provide significant advantages for the produc-
tion of reduced fuels, such as ethanol, compared to
production from sugars. Under fermentative conditions,
the synthesis of ethanol is more preferable than other
fermentation products due to the fact that it represents a
redox-balanced pathway from glycerol that produces ATP
via substrate level phosphorylation. However, recent studies
have found that succinate and acetate were also produced
during glycerol fermentation and therefore represented
competing by-products whose synthesis decreases the yield
of ethanol (Dharmadi et al. 2006; Murarka et al. 2008).
Therefore, metabolic engineering strategies were imple-
mented in order to minimize by-product formation through
the disruption the genes encoding fumarate reductase (fidA)
and phosphotransacetylase (pta), key enzymes in the
synthesis of succinate and acetate, respectively (Yazdani
and Gonzalez 2008). This strategy resulted in an engineered
strain that was able to coproduce ethanol and hydrogen in
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Table 1 Select examples of engineering E. coli for biofuel production

Biofuel

Strategy®

Titer

Reference

Fermentative pathways
Ethanol

Isopropanol

1-Butanol

Expression of Zymomonas mobilis ethanol production pathway;
deletion of competing pathways

Ethanol production from glycerol; overexpression of anaerobic
glycerol dissimilation pathway; deletion of competing pathways

Expression of various gene combinations of synthetic isopropanol
pathway modeled after native Clostridium pathway

Expression of synthetic 1-butanol pathway modeled after native
Clostridium pathway

Nonfermentative pathways

Isobutanol

1-propanol

1-butanol

2-methyl-1-butanol

3-methyl-1-butanol

Isopentenol

Fatty alcohols

Overexpression of valine biosynthetic genes to generate
2-ketoisovalerate; expression of KDC and ADH to produce
isobutanol from 2-ketoisovalerate; deletion of competing pathways

Expression of the citramalate pathway for 2-ketobutyrate synthesis;
expression of KDC and ADH to produce 1-propanol
from 2-ketobutyrate; deletion of competing pathways

Expression of the citramalate pathway and LeuABCD to generate
2-ketovalerate; expression of KDC and ADH to produce
1-butanol from 2-ketovalerate; deletion of competing pathways

Overexpression of a combination of threonine and isoleucine biosynthetic
pathways for 2-keto-3-methylvalerate synthesis; expression of KDC
and ADH to produce 2 MB from
2-keto-3-methylvalerate; deletion of competing pathways

Overexpression of a combination of valine and leucine biosynthetic
pathways to generate 2-ketoisocaproate; expression of KDC and
ADH to produce 3 MB from 2-ketoisocaproate; deletion of competing
pathways

Expression of isopentenol biosynthetic gene nudF from Bacillus subtilis;
overexpression of mevalonate pathway

Overexpression of acyl-CoA reductase from A. baylyi and acyl-CoA
synthetase from E. coli; disruption of fadE gene to inhibit fatty acid

40 g/L
213 gL
49 g/L

12 gL

22 gL

35 g/L

0.5 g/L

1.25 g/L

128 gL

0.11 gL

~0.01 g/L

Yomano et al. (2008)
Durnin et al. (2009)
Hanai et al. (2007)

Inui et al. (2008)

Atsumi et al. (2008b)

Atsumi and Liao (2008a)

Atsumi and Liao (2008a)

Cann and Liao (2008)

Connor and Liao (2008)

Withers et al. (2007)

Keasling et al. (2007)

degradation; overexpression of key genes for fatty acid/fatty

acyl-CoA generation
Olefins
involved in the biosynthesis of hydrocarbons;

Identification and expression of genes from Stenotrophomonas maltophilia

0.032 g/ Friedman and Rude (2008)

overexpression of key genes for fatty acid/fatty acyl-CoA generation

2 All examples utilized glucose as the substrate for biofuel production unless otherwise noted in strategy

nearly equimolar amounts approaching the maximum
theoretical yield of 1 mol each of ethanol and hydrogen
per mole of glycerol fermented with an ethanol production
of 4.6 mmol/L/h. A similar strategy was used for the
coproduction of ethanol and formate, with the additional
disruption of a component of the formate-hydrogen lyase
(encoded by the fdhF gene), the enzyme responsible for the
oxidation of formate into H, and CO, (Yazdani and
Gonzalez 2008). This strain was able to produce ethanol
and formate at maximum volumetric rates of 3.58 and
3.18 mmol/L/h, respectively. Despite the promising results
obtained in this study, one drawback from an industrial
standpoint was the requirement of rich supplementation in
the form of tryptone. This requirement was alleviated
through the use of microaerobic conditions as a means of
eliminating the need for rich nutrients while still taking
advantage of the higher degree of reduction of glycerol for
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the efficient coproduction of ethanol and hydrogen (Durnin
et al. 2009). Experimental analysis of the role of both
respiratory and fermentative pathways of glycerol utiliza-
tion under microaerobic conditions were used as the
foundation to develop a metabolic engineering strategy to
efficiently convert high concentrations of glycerol (up to
60 g/L) into ethanol and hydrogen and ethanol and formate.

Another recent study utilized elementary mode analysis
to design an E. coli strain for the conversion of glycerol
into ethanol (Trinh and Srienc 2009). The functional space
of central carbon metabolism was reduced to a total of 28
glycerol utilizing pathways which supported cell function,
of which two main competing pathways (one for biomass
formation and one for ethanol production) were regulated
by the oxygen availability. This coupling between cell
growth and ethanol production enabled metabolic evolution
of the designed strain which resulted in an evolved strain
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capable of converting 40 g/L glycerol to ethanol at 90% of
the theoretical yield.

E. coli has recently been engineered for the production
of ethanol from fatty acid feedstocks, resulting in ethanol
yields much higher than the theoretical maximum
obtained from sugars (Dellomonaco and Gonzalez,
unpublished). In order to produce ethanol under the
respiro-fermentative conditions required for fatty acid
utilization, protein engineering was used to construct an
aerotolerant mutant of alcohol dehydrogenase (encoded
by adhE), an oxygen sensitive enzyme whose expression is
very low in the presence of oxygen. An aerobically
functional AdhE (AdhE*) was obtained by site-directed
mutagenesis of AdhE to substitute the residue at position
568 (Glu568Lys). Overexpression of AdhE* from an
oxygen-independent promoter in an E. coli strain engi-
neered for efficient and complete degradation of fatty acids
resulted in the production of ethanol with yields (1.08 g
ethanol/g FAs) two-times greater than the theoretical
maximum value than can be achieved with the use of
lignocellulosic sugars (0.51 g ethanol/g sugar; Dellomo-
naco and Gonzalez, unpublished).

Higher chain alcohols

While ethanol currently represents the first model biofuel to
reach commercial production, its high hygroscopicity and
corrosiveness result in incompatibility with current fuel
infrastructure posing a potential problem for its wide scale
use. For this reason, traditional fermentative pathways for
the production of higher chain alcohols have also been
examined to enable the production of compounds such as
isopropanol and 1-butanol. E. coli does not naturally
produce either of these compounds, however they are
natively produced by a number of Clostridium strains
(Chen and Hiu 1986; Jones and Woods 1986). The
maximum production of isopropanol from evaluation of
several Clostridium strains was found to be 30 mM (Chen
and Hiu 1986), while 1-butanol concentrations ranging
from 11.9 to 14.3 g/L produced by Clostridium beijerinckii
BA101 have been reported (Ezeji et al. 2005). In addition,
natural 1-butanol producing Clostridium strains have been
shown to suffer butanol toxcitiy and exhibit limited growth
in 2% butanol, an amount that is similar to that at which FE.
coli has been shown to exhibit butanol toxicity (Knoshaug
and Zhang 2009). Additional improvements on yields and
titers required for industrial production of these compounds
with these organisms is limited due to the lack of genetic
capabilities available for the optimization of their produc-
tivity. The use of synthetic biology and metabolic engi-
neering strategies for the production of these compounds in
E. coli has recently been investigated with promising
results.

Isopropanol production in E. coli was accomplished
through the expression of the acetone production pathway
of Clostridium acetobutylicum along with a secondary
alcohol dehydrogenase to convert acetone into isopropa-
nol (Fig. 2). The acetone production pathway consists of
four genes, thl, ctfAB, and adc, encoding acetyl-CoA
acetyltransferase, acetoacetyl-CoA acetyltransferase, and
acetoacetate decarboxylase (Bermejo et al. 1998). The
expression of this synthetic pathway in E. coli resulted in
a maximum production of 4.9 g/L isopropanol from
glucose, which represents production levels of isopropanol
higher than any seen in naturally producing organisms
(Hanai et al. 2007). E. coli has also been engineered to
produce isopropanol from fatty acids through the expres-
sion of a similar synthetic pathway. In this study, the
expression of the C. acetobutylicum acetone pathway
converting acetyl-CoA to acetone and a secondary alcohol
dehydrogenase (adh) from C. beijerinckii for the conver-
sion of acetone to isopropanol along with the over-
expression of the E. coli pathway that converts acetyl-
CoA to acetate (ack4, pta) in E. coli strains engineered for
efficient degradation of FAs resulted in isopropanol
production (Dellomonaco and Gonzalez, unpublished).

The engineered fermentative route for 1-butanol produc-
tion in E. coli follows a similar strategy to that of
isopropanol. The native pathway for 1-butanol production
in C. acetobutylicum was transferred into E. coli to enable
the conversion of acetyl-CoA to butanol (Fig. 2). The
expression of all the necessary genes for butanol production
from acetyl-CoA (thl, hbd, crt, bed, etfAB, and adhE2) in
E. coli resulted in the production of 14 mg/L of butanol
from glucose (Atsumi et al. 2008a). In an attempt to
optimize this pathway for 1-butanol production alternative
enzymes from other organisms were expressed, including
native E. coli AtoB (atoB). In addition, the native pathways
competing with the butanol pathway for acetyl-CoA and
NADH were disrupted to increase butanol yields, which
involved the deletion of ldhA, adhE, frdBC, pta, and fur.
The best combination of gene expression and competing
pathway disruption lead to a maximum butanol titer of
550 mg/L (Atsumi et al. 2008a). In another study, the
expression of the entire heterologous pathway from a single
plasmid resulted in the production of 1.2 g/L of 1-butanol
after 60 h (Inui et al. 2008). The effects of individual
expression, opposed to expression of polycistronic con-
structs, of key genes in the butanol pathway (thl, hbd, crt,
bcd, etfAB, and adhE1) has also recently been investigated
(Nielsen et al. 2009). Expression of these genes under a
T7lac promoter and ribosomal binding site in E. coli
resulted in a fivefold improvement over the butanol
production from the expression of polycistronic construct
containing the genes. Further increases in butanol produc-
tion were achieved through the expression of formate
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dehydrogenase (fdhl) from Saccharomyces cerevisiae,
which increases the availability of reducing equivalents
through the conversion of formate into CO, with the
generation of a NADH, and glyceraldehyde 3-phosphate
(gapA) from E. coli to increase glycolytic flux, resulting in
the production of 580 mg/L of butanol (Nielsen et al.
2009).

The production of butanol from fatty acids has also
been recently investigated through the expression of a
similar butanol pathway (E. coli atoB with C. acetobu-
tylicum hbd, crt, bed, etfAB, and adhE2) in an E. coli
strain engineered for efficient and complete fatty acid
degradation resulting in the production of 2.05 g/L butanol
which represents titers and yields between two- and threefold
higher than those discussed above for its production
from sugars in engineered E. coli (Dellomonaco and
Gonzalez, unpublished). While these results demon-
strate the feasibility of such an approach for the
production of 1-butanol in E. coli, higher levels of
optimization and productivity are required for a viable
industrial process.

Nonfermentative pathways for biofuel production

The traditional fermentative pathways exploited for
biofuel production have led to the synthesis of a variety
of alcohols viewed as candidate fuels. However, recent
efforts utilizing synthetic nonfermentative pathways have
yielded molecules closer in composition and structure to
those currently found in gasoline, which opens the door
for the continued use of current gasoline infrastructure.
These include higher carbon biofuels derived from fatty
acids and isoprenoid pathways, in addition to higher
chain alcohols derived from ketoacid pathways (Fig. 3).

Alcohols via nonfermentative pathways

In contrast to the fermentative pathways for alcohol
production, which take advantage of naturally occurring
pathways in E. coli and other organisms, the nonfermen-
tative route to similar products is not naturally occurring.
This approach exploits the amino acid biosynthetic path-
ways in E. coli to generate 2-ketoacid precursors for
higher chain alcohol production through the last two steps
of the Ehrlich degradation pathway (Atsumi and Liao
2008b). The Ehrlich degradation pathway consists of
the two-step conversion of 2-ketoacids to an alcohol, with
an aldehyde as an intermediate, through the action of a
2-ketoacid decarboxylase (KDC) and an alcohol dehydro-
genase (ADH; Fig. 3). The 2-ketoacid decarboxylase from
Lactococcus lactis and the alcohol dehydrogenase Adh2
from S. cerevisiae where shown to have broad substrate
activity toward and variety of 2-ketoacids and their
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expression in E. coli resulted in the production of 1-
propanol, isobutanol, 1-butanol, 2-methyl-1-butanol, 3-
methyl-1-butanol, and 2-phenylethanol were produced
(Atsumi et al. 2008b; Fig. 3). In order to improve yields
and productivity during the production of these com-
pounds, efforts to increase the production of the 2-
ketoacid intermediates were undertaken. For isobutanol
production, the expression of alsS (Bacillus subtilis) and
ilvCD (E. coli) to generate 2-ketoisovalerate was com-
bined with the expression of the aforementioned KDC and
ADH (Fig. 3). The engineered strain was able to produce
~22 g/L of isobutanol after 110 h at a yield of 86% of
the theoretical maximum (Atsumi et al. 2008b). The
efficiency of isobutanol production through the ketoacid
pathway in E. coli opened the possibility of similar
efficiency for the production of higher alcohols. The
production of I-propanol and I-butanol, which share
the common intermediate threonine, was investigated in
E. coli by utilizing norvaline biosynthesis with the leucine
biosynthesis operon (leuABCD) for the production of 1-
butanol (Fig. 3). It was demonstrated that threonine
production was the bottleneck for 1-propanol and 1-
butanol production, and the increased production of
threonine through the expression of a feedback resistant
thrA""BC mutant and the deletion of competing pathways
resulted in a total alcohol titer of 1.8 g/L with nearly a 1:1
ratio of 1-propanol and 1-butanol (Shen and Liao 2008).
An alternative route for the production of 2-ketobutyrate
(2-KB), a precursor for both 1-propanol and I-butanol
produced from threonine in the previous strategy, provided
by the citramalate pathway was also recently investigated
(Atsumi and Liao 2008a). In E. coli, the production of 2-
KB takes place through the deamination of threonine,
which is produced from oxaloacetate in six enzymatic
steps. The citramalate pathway provides a much shorter
route to 2-KB, with the expression of citramalate synthase
from Methanococcus jannaschii resulting in the ability
synthesize citramalate directly from pyruvate and acetyl-
CoA. Citramalate can then be converted into 2-KB in two
enzymatic steps catalyzed by LeuBCD from E. coli.
Directed evolution of citramalate synthase was used to
develop a mutant with higher catalytic activity and
insensitivity to isoleucine feedback inhibition, which
resulted in a mutant showing a 9-fold (1-propanol) and
22-fold (1-butanol) increase in production over the wild-
type CimA after 40 h. Using this strategy, the maximum
production of 3.5 g/L of 1-propanol and ~500 mg/L of 1-
butanol after 92 h was observed (Atsumi and Liao 2008a).

These natural amino acid pathways were also utilized to
produce the 5-carbon alcohols, 2-methyl-1-butanol (2-MB),
and 3-methyl-1-butanol (3-MB; Fig. 3). The pathway for
2-MB production begins with the synthesis of 2-keto-3-
methylvalerate (KMV) from a combination of the threonine
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(aspC-asd-thrABC) and isoleucine (ilvGMCD) biosynthetic
pathways. KMV synthesis begins with the carboligation of
pyruvate and 2-ketobutyrate catalyzed by acetohydroxyacid
synthase (AHAS) (Connor and Liao 2009). Evaluation of
select isozymes for the production of KMV from threonine
yielded an AHAS 1II encoded by Salmonella typhimurium
ilvGM and a threonine deaminase encoded by Corynebac-
terium glutamicum ilvA4 that improved 2-MB production the
most. Increasing threonine production by overexpression
thrABC along with deletion of met4 and tdh to minimize
the consumption of precursors led to the production of
1.25 g/L of 2-MB in 24 h (Cann and Liao 2008).
Alternatively, the pathway for the production of 3-MB
makes use of the valine (ilv/HCD), which generates the
valine and isobutanol precursor 2-ketoisovalerate (KIV),
and leucine (leudBCD) biosynthetic pathways, which
converts KIV into 2-ketoisocaproate (KIC) with the
addition of acetyl-CoA. Initial 3-MB production with the
expression of these genes was low due to the low activity of
isoproylmalate synthase (IPMS, encoded by leud). Elimi-
nation of feedback inhibition on IPMS and expression of a
feedback resistant mutant of LeuA resulted in the produc-
tion of 1.28 g/L 3-MB in 28 h (Connor and Liao 2008).

In addition, the amino acid biosynthetic pathways for the
production of alcohols has been expanded to produce
nonnatural five to eight carbon higher alcohols derived from
isoleucine biosynthesis. Protein engineering was used to
expand the product chain length of LeuA and substrate chain
length of 2-ketoacid decarboxylase (KIVD) resulting in
higher chain length nonnatural ketoacids that were subse-
quently converted into higher chain alcohols such as
I-pentanol, 1-hexanol, (S)-3-methyl-1-pentanol, 4-methyl-1-
pentanol, (S)-4-methyl-1-hexanol, and (S)-5-methyl-heptanol
(Zhang et al. 2008).

Isoprenoid-derived biofuels

Isoprenoids, a group of compounds synthesized naturally
in plants, animals, and bacteria, have been produced for
many years for their pharmaceutical and nutritional value
(Rude and Schirmer 2009). In recent years however, there
has been an interest in producing isoprenoid-derived
biofuels. Isoprenoids are synthesized from the precursor
metabolites isopentenyl pyrophosphate (IPP) and dime-
thylallyl pyrophosphate (DMAPP), for which two differ-
ent pathways have been utilized to over produce them
(Fig. 3). The mevalonate pathway produces these pre-
cursors using acetyl-CoA, while they are produced from
glyceraldehyde-3-phosphate and pyruvate by the methyl-
erythritol phosphate pathway (Dewick 2002). IPP and
DMAPP are then linked to one another to form the
activated monoterpene (C10), sesquiterpene (C15), and
diterpene precursors geranyl pyrophosphate (GPP), farne-

syl phosphate (FPP), and geranylgeranyl pyrophosphate
(GGPP; Rude and Schirmer 2009). Fuel-like molecules
such as isoprenoid alcohols and olefins can then be
synthesized from IPP, GPP, FPP, or GGPP in just one
step through the actions of phosphatases, pyrophospha-
tases, and terpene synthases (Christianson 2008; Rude and
Schirmer 2009). Isopentenol has recently been produced
in an E. coli strain engineered to overproduce IPP and
DMAPP via the mevalonate pathway (Martin et al. 2003;
Withers et al. 2007). Key to this pathway was the
discovery of the isopentenol biosynthetic genes yifR and
nudF from B. subtilis through screening a genomic library
and enriching the clones with a restored growth phenotype
(Withers et al. 2007). The production of 112 mg/L of
isopentenol after 43 h was observed upon expression of
the B. subtilis nudF gene along with the full mevalonate
pathway from acetyl-CoA to IPP and GMAPP (Withers et
al. 2007). Although these engineering efforts are still in
their early stage, these compounds than can potentially be
produced in E. coli represent a promising avenue for the
production of precursor components of diesel fuel or next
generation jet fuels (Fortman et al. 2008; Lee et al. 2008).

Fatty acid-derived biofuels

The high energy content and wide array of chain length and
degree of saturation of microbially produced fatty acids
provide the potential to produce numerous candidate
biofuels similar in structure and composition to molecules
currently found in petroleum-based fuels. Fatty acids
activated as thioesters with coenzyme A (fatty acyl-CoAs)
or acyl carrier proteins (fatty acyl-ACPs) are key inter-
mediates in the biosynthesis of fatty acid-derived fuels
(Fig. 3). The most common biofuel belonging to this class
of fuels is biodiesel, which consists of fatty acid methyl
esters and fatty acid ethyl esters (FAEEs) generally
produced from renewable biomass through the alkali-
catalyzed transesterification of triacylglycerols from plant
oils (Ma and Hanna 1999). However, biodiesel production
via this route faces several problems including limited
supply and land yield and challenging economics due to the
generation of by-products and the cost of separation. While
biodiesel produced from microalgal oil (Chisti 2007) and
the microbial production of fuels and chemicals from by-
products formed during the transesterification process
(Yazdani and Gonzalez 2007) have been proposed as
potential solutions to some of these issues, metabolic
engineering and synthetic biology approaches have also
been utilized to provide another route to biodiesel produc-
tion which could alleviate these problems. A recent report
demonstrates one strategy to engineer E. coli for the
microbial production of fatty acid ethyl esters utilizing the
esterification of acyl moieties with ethanol produced from
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glucose (Kalscheuer et al. 2006). Key to this strategy is
the expression of the ethanol production pathway from
Z. mobilis (pyruvate decarboxylase (pdc) and alcohol
dehydrogenase (adh)) in combination with a broad
substrate range acyltransferase (atf4) from Acinetobacter
baylyi. The resulting E. coli strain was able to produce
1.3 g/L of FAEE, consisting mostly of ethyl oleate,
through the esterification of acyl moieties generated from
supplied oleic acid with ethanol produced from glucose
(Kalscheuer et al. 2006). This type of approach could
potentially be combined with engineering efforts to
overproduce free fatty acids in £. coli (Lu et al. 2008) to
eliminate the requirement for externally supplied fatty
acids and increase FAEE yields.

While microbial esterification represents one method of
converting fatty acids into usable fuels, several other
pathways for the synthesis of fatty acid derivatives have
also been investigated as a means of producing biofuels
such as fatty alcohols and olefins (Fig. 3). For example, the
expression of several different Arabidopsis fatty acyl-CoA
reductases in E. coli resulted in the synthesis of low titers of
fatty alcohols from endogenous E. coli fatty acids (Doan et
al. 2009). The production of fatty acid derivatives as
biofuels has also been reported in recent patents. Keasling
et al. (2007) harnessed the existing fatty acid synthesis
pathways in E. coli as a means of producing fatty alcohols.
Disruption of the fadE gene resulted in a strain not capable
of degrading fatty acids and fatty acyl-CoAs. Small
amounts of fatty alcohols (0.2-0.5 mg/L) were produced
in the constructed strain, which was increased through the
overexpression of the acyl-CoA reductase gene acrl from
A. baylyi ADPI and the acyl-CoA synthetase gene fadD
from E. coli. Coexpression of E. coli accABCD and tesA
(acetyl-CoA carboxylase and thioesterase, respectively)
resulted in an additional increase of fatty alcohol produc-
tion. In addition, pathways for the production of fatty acid
derivatives with defined carbon chain length, saturation
points, and branch points were proposed through the
selection of various thioesterases and modulation of fatty
acid biosynthesis. Friedman and Rude (2008) report the
production of olefins after the identification of four genes
(oled, oleB, oleC, and oleD) from Stenotrophomonas
maltophilia encoding proteins involved in the biosynthesis
of hydrocarbons by shunting fatty acid biosynthesis. Over-
expression of these genes in E. coli resulted in 7.5 mg/L
olefin production ranging in carbon chain length from 27 to
31. The titer was increased to 32 mg/L with the over-
expression of fadD and tesA and the deletion of fadFE.
While the production levels of these fatty acid-derived
biofuels are well below the level required for viable
industrial production, the feasibility of these approaches
represents an exciting prospect for the synthesis of
advanced biofuels from renewable feedstocks.
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Conclusions and future directions

As the above examples show, engineering efforts employ-
ing E. coli as the host organism have enabled the
production of a wide variety of candidate biofuel com-
pounds while also highlighting the vast array of renewable
feedstock constituents that can be utilized by E. coli for the
production of these fuels. While many of these results
simply demonstrate the feasibility of approach for the
production of fuels from diverse starting materials, further
improvements of both areas (feedstock/carbon-source utili-
zation and biofuel synthesis/biosynthesis pathways) should
facilitate the development of efficient, energy-effective, and
cost-effective processes viable for the industrial production
of biofuel compounds. Key to these current and future
developments is the large knowledge base of the metabo-
lism, physiology, and genetics of E. coli resulting in an
assortment of tools available for the effective manipulation
and engineering of E. coli. Advancements in the fields of
metabolic engineering, synthetic biology, and systems
biology have further increased the ability to successfully
implement and analyze different strategies to engineer E.
coli for the production of a broad range of novel biofuels
through the exploitation of various metabolic pathways.
The continued development of synthetic biology tools that
both reduce the time required to make genetic constructs as
well as increasing their predictability and reliability should
greatly improve metabolic engineering techniques for the
effective production of a wide variety of fuels (Lee et al.
2008) and chemicals (Carothers et al. 2009). In addition,
the use of system biology tools such as genomics,
transcriptomics, proteomics, metabolomics, and fluxo-
mics will help facilitate the design, characterization,
and integration of new metabolic pathways for biofuel
production (Rodriguez-Moya and Gonzalez 2009;
Mukhopadhyay et al. 2008). The continued use and
development of strategies and tools from these fields can
only serve to further increase the yield, titer, and productivity
of an even greater variety of biofuels from various feedstocks
representing a promising path for the viable industrial
production of renewable fuels critical to lessening our
dependence on fossil fuels.
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