—"
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ABSTRACT

The ability to generate microorganisms that can produce biofoels zimilar ta petroleum-basad
tranzportacion fuels would allow the use of sxiating engines and infrastracture and would save an enormous
amount of capital required for replacing the cwrent mfrastructures to accommuodate biofuels that have
properties significantly different from petroleum-based fuels. Several groups have demonstrated the
feasibility of manipulating micrebes to produce malecules similar (o petroleum-derived produects, albeit at
relatively low productivity {&.g. maximum bulana] production is around 20 g/L). For cost-cffective
production of binfuels, the fuel-producing hosts and pathways nust be engineered and eptimized,
Advences in metabolic enginsering and synthetic biology will provide new tocls for metabolic engineers to
better understand how to rewire the cell in order to create the desired phenotypes for the production of
economicslly viable bisfuels.

INTRODUCTION

A lternative trangportation fuels are in high demand owing to concerns about climate changs, the
global petroleum supply, and energy security [ 1,2]). Cumrently, the most widely used biofuels are ethanol
penerated from starch (com) ot sugar cane and biodiessl produced from vegetable ail or animal fats [37).
However, sthancl ia not an ideal fuel molecule in that it is not compatible with the existing foel
infeastructure for distribution and storage owing 1o its corcosivity and high hygroscopicity [1.4+]. Also, it
contains only about 70%% of the energy content of gasoline. Bicdiesel has similar preblems (UBL:  http=fY
www bdpedia.com/biodicsel/all/all. htm I} it cannol be transported in pipelines because its clowd and pour
points ara higher than those for petroleum diesel (petrodiesel), and its energy content iz approximately 11%
lowes then that of pevodiesel. Furthermore, both ethanel and bio-diesel arg currently produced from limited
agricultural resources, even though there is a large, untapped resource of plant biomass {lignccellnloge) that
eould be utilizad a4 a renswable source of carbom-neutral, liquid fuels [ 5].

Microbial production of transportation fuele from renew-zble lignocellolozs hag geveral
advantages. First, the production is not reliant on agricultural resources commonty used for food, such s
corn, sugar cane, soybean, and palm oil. Second, lipnoceilulose is the most sbundant biopolymer on earth.
Third, new biosymithetic pathways con be engineered to produce fossil-fuel replacements, mcluding short-
chain, branched-chain, and cyclic alcohols, alkanes, alkenes, esters and aromatics. The development of
coat-effective and energy-efficient processes 1o convert lignocelulose into fuels is hampered by significant
roadblocks, including the lack of genstic enginsering tools for mative producer gnganisms (non-model
organ-isms), and difficulties in optimizing metabolic pathways and balancing the redex state in the
engineered microbes [ €], Furthonmors, production potentials are limited by the low activity of pathrway
enzymes and the inhibitory effect of fuels and byproducts from the upsiream biomass processing steps on
microorganisms responsible for producing fuels. Pecent advances in synthetic biclogy and metabelic
enginesring will make it possible to overcome thess hurdle: and engineer microotganiams for the cost-
effective production of biofosls from cellulosie biomass. Tn this review, wa sxamite the range of choices
available 2 patential biofuel candidates and production hosts, review the recent methods uged to produce
biofuels, and discuss how tools from ihe fields of metabolic engineering end synthetic biology can be
applisd to produce transportation fuels using penetically anginesred micro-organisma.

Liguid fuels and alternative binfuel molecules

An undecstanding of what makes a good fuel is importent in order to retool microorgenisms o
produca more useful alternative biofuels. The best fuel targets for the near term will be molecules that are
already found in or similar to components of fossil-based fuel in order to be compatible with existing
engines {apark ignition sngine for gasoline, compression ignition engine for dieze! fuel, and gas turbine for
jot fuel). There are several relevant Factors to consider whem designing biofuel candidates ( Tabls 1},
Energy contents, the combustion quality described by octang or cetane number, volatility, freezmg point,
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ador, and toxicity ave important factors to consider. In the following section, we will consider several

biofuz] candidates and their properties.

Table |

Types of liquid foels.

Fuel b Mo esnbontnis Importsm property Biosyrithslic altamaties
Oasoline Ci=Cix hydrocatbons Oclane fimmber * Etbaodd, ni-tulatod and iso-bubariol
Linear, branched, cyclic, aromatics Energy content” Short chain alcahels
Amnfi-knock sddilives Tranaparabiliby Short chain alkangs
Diezel CvCo (avarage Cy) Cotans number Bidiesel (FAMES)
Livear, branched, cyelie, aromatic Low [ieezing tembtrslure Farty akcolials, alkanes
Anli-frecre addilivey Low vapor prcssura Lingar or cyelic isppronoids
Jet Foel Cr-Cis hydrocarbons Yery bow freazing (etoperaturs Alicanes
Linear, branchesd, cyolic, arcmatic Het heat of comibagition Bindiesel
Antt-freeze additives Dienaity Linzar or cyclie isopropoids

a A measurement of its resistance 0o knocking. Koocking occurs when 1he faslfair mixture spontaneouslty ignites before it rosches
b2 opimin pressire and terpersture Tar spatk ipnilon.

b The: amoumt of enency prodeced during combystion, The number of C-H and C-C bonds in 3 molecube iy & good ndication of
how much enetyy & pattcidar Tl will produce.

¢ A measurement of the combustion quadity of dicsel fusl during compression ignillen. A sborter ignition delay, the fime period
Batween fhe start of imjecton and stan of combustion of the Fuel i5 prefamed, and the igoition delgy 15 indexed by tha cetane nunbar.

Crazoline and ifs alternatives

Uasoline is a complex mixture of hydrocarbons including linear, branched, and cyclic alkenes
(40-60%), aromatic: (20—40%5), and oxygenates [ 7). The catbon number of hydrocarbons in gasoline
varies from 4 to 12 Ethanol, tha most popular additive to pasolins, bas an octane number of 129, but itz
energy content per gallon is about 70%% of that of gasoline. Ethand also has problems as a fuel owing o
high mizcibility with water, which makes it difficult to distill from the fermentation broth and to traneporc
through existing pipelines. Recently, n-butanol has received more attention as an alternative gasoline
additive. Butano] has two more carbons than ethanol, which resulis in an energy content of ahout 4%
higher than thet of ¢thanol, The octans number of butanol iz 96 [ §], which is somewhat lower than that of
ethanal but is still compatable to that of gasoline (91-9%). Unlike ethanol, butanol is less seluble in water
than ethanol. It can also be used not only az an additive 1o gasoline but also az a fuel by itzelf n
conventional engines (URL: http./fwww butanel.com).

In general, the octane number incresses when the molecule haz methyl branching and donble
bonds. Branched C, and T alcohwol:s are also considersd potential gasoline additives. Amang them,
isoburznol (2-methyl-1-propa-nol) has very similar properties to n-butangl with a higher octane number,
and is cwrrently under investigation as 2 new biofuel target (UBRL: httpwww gevo.com). Other short
chain alechols, such as igopentang! (3-methyl-1-butanol or isoamyl sleohol) and isopsntanol (3-methyl-3-
buten- -0l o1 3-methyl-2-buten=1-0l) are also attractive gasoline fuel additives. Their octane numbers range
slightly above 90, and they have higher energy contents than butanol. These alcohela can be produced from
the isoprenoid biosynthetic pathway [ 9] or by transformation of amino acids 8s reported recently [4+].
Branched, short-chain alkanes such as iscoctane ate & good gasoline replacement, but the biclogical
production of these molecules would requoirs significant chanpes to existing metabalic pathways and may
take significant effort to achieve.

Dhesel and s alternatives

Dizzel fuel is also a complex mixture of hydrocarbons including Tinzar, branched, and cyclic
alkanes (75%0) and aromatics (25%). The carbon number of bydrocarbons in petrodiesel varies from @ to
23, with an average of 16 { Table 1), Biodiese! is geneally compesed of faty acid methyl esters (FAMES),
and is mostly derived from vegeiable oil or animal fat, The fatty acids in FAMEs generally have a chain
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length from 12 w 22, conmaining zero to two double bonds. Bindisssl has a comparable cetane rating and
enargy content (o petrodiesel and additional advantages, such as higher lubrigity and less emission of
pollutants. Ancther source for bicdissel would be isoprenoids, which are naturally occurring branched o
cvelic hydeocarbons mestly synthesized in plants, They usually have methyl branches, double bonds, and
ring structures, which improve the Ruidity at lower tempetatures but lowet cotane ratings. Therefors, Imear
or eyclic monoterpanes (Crp} or sesquiterpenas (C|5) are potential targets for bicdiese] fuel, especially with
complete or partial reduction of double bonds, which would improve the cetane rating.

Biojetfuels

Jet fumls {Jet A, Jot A-l, JP-8, and JP-5} are alzo a very complex mixpure of hydrocarbons with a
carbon number distribution of =14 and about 23% (viy) limit of aromatics { Table 1). Jet fuel i5 very
similar to kerosene or diesel fuel, but requires a lower freezing poiot since it is vsed under harsh conditions
such as extrerne cold (URL: hup/fwww. boeing.comfcommarcial/environ- mentpdGalt_fuels.pdf). Linear
cr branched hydrocarbons with medium carbon chain length produced from the fatty acid or isoprencid
bicsynthetic pathways are primary tacgets For biojetfucls. Recently, the use of isoprenoids as jet foel has
been investigated, as they have low freazing poinits potentlally owing to theit branching and eyehic structure
{(URL:htip://business, imesonline,co.ukficlbusiness/industry_sectors/natural
_respurcesfarticle] 844558 ece).

Production host

To convert lignocellnlosle hiomass into economically viabla Bofisels | 5], the production hosts
must natively have or be endowed with several cheracteristics { Figure 1). The user-friendly hosts
{Escherichia coll and Saccharomyces cerevislae) that bave well-character-ized genetics and the genetic
tools [ 6,10] for manipulating them are good starting points for development as production platformas.
Eecause these host organisms are also facultative anacrobes with fast growth rates, large-scale production
processes can be relatively simple and economically viable [ 11-131. The succeasful use of E. coli or 8,
cerevisiae to produce alternative biofuels will require a betier underetanding of their physielogy under a
variety of conditions and subsequent shain improvements [ 10]. Cottinuous advances in ‘omies’
techmalogies, computstional systems biology, and synthetic biology make it pogsibla to batter understand
and engineer fuel production hosts with desived phenotypes [ 6,14].

Microkes secreling enzymes
Gopnpolldatad process 1

Sunlight——Cellulose —Sugar ——-Fuels |

Planis Enzymes Microbes |
Marlzng Solm Ry Cecorginucling kedaiocks  Sugpane b Fusis [
conmm glon Lo chemleal o ge Lo sugaa i
Coacranan ponkant of mrotisl (oW Evchaeet arzymes mave Boved b pathmays ;
inhhors ag, areid proveal Kcterant o proceazing Tokerance o lugk :
Pronueion of calluinses by pants oMo Tobwrancs o comdise
Exeikin roducts

Cumimt Oginion in Bidschnalogy

Figuts 1

Enwle from sunfight to foels, Corversion of biomess 1o fels will involve the development of dedicatad energy plants thar nsximizs
polar cocrgy conversion to chemical storsge and minimize the use of woter and fedilizer, enzymes that depolymerize cellolose ond
homicollulose inte wseful sugars, aod micmorganisma thar pryduce advanced bisfuels that ane eompatible with sur xisting
Iransportation infresmuers, Te achicve coonamically viable biefucd production, all aspects of thesr progesscs mucl be optimized. In
particuler, produstion hosts must nanively bave o be sndowed with several important charscteristics: extension of e substrace range,
eliminanion of cellubyse hydrodysates and binfeel product weicity, and mprovenent of giobal reguletory funclions, Cne nvethod that
hie been praposed 1o aduce fuel production cost 15 to perform callulose hydrolysiz and farmentalion i one step, called consol idated
binprosessing {CBF: this altemative appreach avobds costs associamd with cellolase productlon [ 14],

Metabolic engineering of fuels synthesis pathways
The synthesis pathways of some potentizl biofuels wers rscently expressed in model organisms
(Table 2). For example, the genes involved in the aynthesis of isopropancl [ 16,17] and butanol [ 18] from
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Clostriduim were recently expressed in E. coli. Aside from producing ethancl during fermentation, 5.
cerevisiae is alto known to produce higher aleohols end esters from aming agids [ 19— 21]. Recently, a
similar pathway for higher alcohel production was expressed in E. coli to yield six different siraight and
branched-chain alcchols, and the same group has demonstrated production of 1.22 g/l of isopentancl by
increasing the fux through the desired pathway [ 22]. Other natural pathvways of interost includs those for
producing fatty acids in order to make biodiesel (Fatty acid methylethyl esters) [ 23] and those for
producing alkanas [ 24]. Whils biodiesel production fram misrobial cyganisms has focused on the fatty acid
biosynthesis pathways of E. cali and 8. cerevisiaz, there are efforta te expand production to explore the
fatty acid biosynthesiz pathway of other organisms, such s cyanobacteria and algae [ 25). Looking beyond
natural pathways, hybrid processes that combime both bological and chemical production tteps can also
lead to naw chamicals that could serve as biofels [27].

Table 2

Examges of different metabolic shginesring stralsgies for increasing yields of vartons Mofuals,

Biofuel Sirategy Yield  Reference

Erhanot Enginsering of phosphoketolasa pathway to incresse the availabiliy of MATY during xylose 0.42 [29]
metaboliom in 5, cerevidiae
Modularion of redor metabolism by mod ifying ammoniom assimilation in order o morase 0. [30]
xyloss utilization by deleiing GDHL and oversxpressing GDHI In S, cerevisiae
T sl gene inserton predkied that hererologous expression of gaph would mcresse ethancl yield i [48]
and elimimate glyteral produclion in 5. ceravisiae duning growih on glocoes and xorloss
EM anatysis diracted knockout sirategy optinized ethaoo! productcon from pentose and haxose 1.3 F42]
and removed entrineous pathways in E_ coli

Butanol Expression of different pene combinations finr tuians] produetion n E. coli modeled after the 0056 [ 1E]
C. acctolutylicom patiyway; dobeton of competing pathways; ingreaesd NADH availubiliny
Expression of different gene combinations for isobutanal production in B, coli medeled afver the 0,35 L]
aminy acld catebolic pathway; deleton of conpeding pathwaye; vwerexpoession of valine
binsymhelic genes

Pentansl Expresaion of different gene comblraton: by gopentagd produstion in B, esll modeled afler The 411 [23]
minG &id catabolic pathway; daletion of compefing palhways; overexpressicn of lancine
biosymhetic genes

Propanol Exprasgion of different pene conblnations by propasc] prodectisn in B eol] modeled after .14 [17]

the C. beiferinckii pathovay
* Eeported yicld [ biofielie carbon 3ource].

Constructing biofizel synthesis pathways is only the first hurdle o making biofuels economically
viable, The expectations on yield and constraints on cost phae many challenges on bisfual production [1,3
,28-30]. Some of the ebsticles to achieving high yields are a resuit of the interdepéndence of metabolic
networks, which are strongly influenced by the glokal levels of a handful of metabolites: ATP/ADP,
NAD'/NADH, NADF'} NADPH, and aeyl-CoAs. Thesa central metabolites play an important role in
regulating multiple pathways in the cell, becauszea the cell uges the relative ratios of thess metabolites to
regulaie a patlvway s activity and ultimately the physiology of the cell. For example, the redox state of a
cell is essentially determined by the relative ratio of NAD" to NADH. The incorporation of new pathways
far biofuel synthesis can destabilize the balanos of thess important metabolites, leading to the produection of
undesirable bypraducts and a decrease in yield. Furthermore, the new metabolic pathway reguires amino
acids, redox cofactors, and energy for synthesis and function of its enzymes, which places a matabolic
burden on the cell that must be minimized to maximizs production of the final product.

One way to predict the impact of a new metabolic pathway on growth and product formation is
through the use of metabolic models. Over the years, bicchemical models of E. coli [ 31]) and §, cerevisias [
32] metabolism have become mote sophisticated. As a result, genome-secale models are playing a larget
rale in directing metabolic enginsering efforts with more rational and eystamatic approaches [ 33]. Many of
the in silico maodels are stoichiometric madels with large solution spaces, becouse the 2quations describing
tie models are usually underdetermined. However, the proper use of consiraints has achieved soms anccess
m producing madels that can link genctype to phenotype [ 34]. The stoichiomnetic models can also be
described by & set of determined equations using metabolic (lux analysis (MFA), where the exchange
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fluxes are measured ¢xperimentally, MEFA has been wseful in stdying the native metabolism of E. coli
under different growth conditions [ 35] and during recombinant protein production [ 36]. Many important
Iasights into mictobial metabolism have been schigved wsing metabolic models, such as peedicting the
phenctypic space of adaptive evolution in E. soli doring growth on diffsrent carbon sources [ 37] and the
topelogical organization of the high-flux reactions in E. coli"s metabolic aetwork [3§]. It was
demonstrated thet E. coli adapts to various growth conditlons by reorganizing the rates through a set of
high-flux reactions. Biofuel production siforts can benefit from genome-scale models, which provide a
systematic Framework for optimizing flux through the desired pathways, while balancing important
cofactor and energy metpbolites.

Recenily, in silico models have playad an importent rele in engineering microorganisms to utilize
new substrates to produce bicfuel: more efficiently. The ability to use a wider array of the biomass
feedstocks would halp to de¢rease cost by mducing the number of upstream processing steps and by turning
more of the biontags into bicfuel. For example, 5. cerevisiae has been engineered with the genes encodity
xuylose reductase (Xyllp) and xylitol dehydrogenase (Xyl2p) from Pichia stipitis to enable it 1o utilize
ayloss, the second mozst abundant carbobydrate in naturs, as a carbon source for ethanol production [ 39].
However, simply overexpressing the genes lod to low growth and fenmestation rates due o redox
imbalance. Xylose reductase from P. stipitis has a higher affinity for NADFH than NADH, while xylitol
dehydrogenase uses only NAD". Oversxpression of both genes leads to an accumulation of NADH and a
shortage of MADPH, Metabolic models suggested that the cofactors could be balanced by deleting NADP-
dependent glitemate dehydrogenase {GDH1) and overexpressing NAD -dependent GIDVH2 to increase the
apecific activity of Xyllp for NADH. This strategy led to an increase in ethanol production and a reduction
in byproduct syn-thesiz [ 40], Interestingly, aversxpreszion of the P. atipitis xyloze reductaze also increased
tolerance to lighocellulosic hydrolysate [ 41].

Elementary mode {EM} analysis was glso used to engineer a sitrain of E. coli that can
simultamesusly utilize both glocose and xyloze as carbon sources to prodece ethano] [ 42]. EM analysis was
used to identify & minimum set of metabolic pathways that would support growth end ethanal production
on hexoaes and pentoges, by removing reactions thet supported meaximum ethanal and high biomass yiekds
bt whose removal led to the lowest nember of mmalning EMa. Using this strategy, the bur-den from
eatraneous pathways was reduced in the knockout mutants, so more cellular résoorces could be dirscted
wward biofuel synthesis. In another example of metabolic engineering, byproduct formation was
minimized in B. coli during fermentation by disrupting the tricarboxylic acid cycle in order to reduce
oxygen demand for NADH oxidation and eliminating pathways for NADH oxidation other than the
electron trangpott gystern [ 43]. Other methods for cofacter balancing include overaxpressing proteing to
increase NADH [ 44] or NADPH [ 45) availability, interconverting NADH and WADPH [ 46), and
changing the coenzyme specificity of specific proteins [ 47]. In silico genome-seale models have also been
extended beyond gene delslion or overexpression strategies (o include gene insertion sirategies for redox
balaring. The in silico gepe insertion strategy was uzed to improve sthanol prodoction and decrease the
production of the byproducts glyeerol and xylitel. The result was a 58% reduction in glycerol, a 33%
reduction in xaylitol, and a 24% increase in ethanol production when glyceralde-hyde-3-phosphate
dehydropenase was introduced into 5. cerevisine [48°]. These techniques demonsiraie the imponance of
monitoring and balancing the levels of varions important metabolites in order to achieve optimal produoct
titer=. Therefore, metabolic engineering will play an important role in enginesring efficient microbial
pathways far the production of economically sustainable biofuels.

The role of symthetic biolagy In metabolic engineering for bicfaels prodpction

Synthetic biology is an emerging field that aims to bring such engineering principles as
modularization and componentization (@ the manipulation of genetic circuitry m microorganisms, so that
enginesring an arganism for fuel production is as easy ag assembling a computer [4599], Unlike high-value,
rare products like pharmaceuticals or enzymes, fuels are commodity materials that are extremely cost
sensitive. Biofuels can only ba competitive when the production costs are less than or equivalent ta drilling
and refining petrolsum, and thus the viabality of biofuel: depends absolutely on reducing production costs,
In order to achieve this goal., any extraneous cellular processes that reduce production must be
systematically controlled. To do this, technologies that enable rapid prototyping, testing, and optimization
of pathways and the host organisms are crucial.

Some of the key thrusts of synthstic biclogy are teducing the time required to make penetic
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constructs and incressing their predictability and reliability. The construction of many pathway variations
and permutations [ 50] can be more efficiently handled by better aszembly techniques rather than through
synthetiz of each permutation. For example, techniques such as ligation-free sssembly [ 51,52] and
BioEricks [ 33] are epabling rapid construction of operonz and pathways from existing DNA fragments or
genee. The BioBrick method, in particular, has the interesting property that the end reanlt of azsembly hes
the same restriction sites as at the start of the assembly—that is, sach siage of assembly uses the enzymes
and processes idemtical to the previous stape. This repetitive and cyclic nature of the method is ripe for
autoration, facilitating the creation of large pemmutation libraries quickly. Ancther thrust of synthetic
biclogy is the creation of reusable parts that have useful and predictable behavior. The development of a
diverse aray of regulatable expression systems [ 54,55] that can be uged to fine-tuns expression iz very
uzeful in enginezring metabolic pathways. Also, switches that semse and respond to environmentsl changes
[ 56,57] and can subsequently initiate down-siream regulation have exciting opportunitizs for biafuels
production. For example, It may be possible to design bacteria thal gwitch from a cellulose digastion mode
to fuel production mode by sensing the surrounding environment. Such advanced signal processes and
decision-making capabilities have already been demonstrated in a remarkable way — for example, the tumor
sensing bacteria that can semse and selectively invade anasrobic enviromments in 2 tumor [ 58] — and
adopting these technologies for metabolic enginesring may have froitful results. Funthezmore, tha
development of intra-cellular and intercellular signal processing abilities in miceobes [ 539] as well as fine
control over pathway expression are opening wp the potential for coordinated gene expression and
tegulation for optimum produstion.

One of the maore difficelt challenges of metabolie enpiteering is the intspration of several parts or

enzymatic pathway fragments inte a foncHoning device (*functional composition® in synthetic biology
parlance). For exampls, Ro et al. [ 60] were able to teke the elready optimized mevalonaie pathway [ 41]
and extend it to peoduce artemisinic acid. As the number of biologically produced molecules increases, the
nead 10 reuse and mix enzymaatic pathways or subpathways will increase as well [ 62]. Creation of modular
subpathways that can be easily interconnected is an area of active tesearch with much potential. To achieve
this goal, a strong framework for characterization and standardization is being sought. Recent efforts in
standardizing measurements [631] are encouraging. but further refinements of the methods by which these
pants are teatad and characterized as well as indusiry-wide agreament on those methods is necessary. Sl
the development of synthetic gene tepulation netwaorks from scratch [ 64) and methods for analyzing them
in gilico [ 63] iz extremsiy encouraging. Looking forward, the development of a ‘chassis’ organism for
synthatic biology iz a difficul and ongoing endeavor. For metabolic engineers, transferring 2 working
pathway from one organism o another is & difficult but sometimes necessary manenver for greater product
ylelds. Synthetic biologists are looking to either modify existing organisma or create from scraich
micrecrganisns with mininal genomes and therefore with a minimal set of metabolic pathways [ 66). The
hope is that such an organiam will lead 1o more predictable behaviors when a foreign gene or a pathway is
intreduced, as any potential side pathways are known andfor controllable. In the similar vein, in vivo
mutagenesis and screening techniques hold promise in whole genome enginesrmg.
The prospect of assernbling new matabelic pathways by simply putting together sub pathways into & well-
dafined chassis is very exciting. The rapid recent advances in synthetic biology tachniques have brought
new tools for asgembly and control that move the entirs field claser to this goal. Many of the techniques in
synthetic biology ars readily adaptable to metabolic engineering of microorganisms to fuels production,
and already strong relationships are being forged berween metabolic engineering and synthetic biclopy
com-muynities. Quick adoption of the ever-sxpanding sets of tools in synthetic biclogy will be enormonsly
beneficial in tackling challenging metabolic engineering projects, such as biofuels production.

CONCLUSION

Recent increases in energy and fuels costs have resulted in increased attention to findmg
alternatives to fossil fuels. However, unlike the previous efforts to develop biofoels in the 19705 and sarly
1980z, we are armed with better tools to nanipulate cellular metabalism in order to produce these fuels,
Even more, with the advanced tools of synthetic biology, it is possible to produce biofuel candidates that
ars il naturally produced, enabling ug to use cor existing transportation infiastroeture rather then replace it
in order to use ‘natural’ binfuels like ethanol. Tn any case, metabelic enginesring and synthetic biology will
be central actors in the biofuels revalution, and the molecules: and the technigqoes covered in this article will
surely play important roles in itz evolution.
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