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1. INTRODUCTION
1.1. Bio-based and biochemical production

Biomass can be classified broadly as all the matter on the
earth’s surface of recent biological origin.'" Biomass in-
cludes plant materials such as trees, grasses, agricultural
crops, algal biomass, and organic waste such as animal
manure. Recently, the interest in using biomass as a
source for energy and chemicals has increased because
fossil resources are assumed to become scarce and expen-
sive. Also, this use of renewable resources might reduce
greenhouse gas emission. Besides, establishing new value
chains from biomass to energy and chemicals should cre-
ate more economic activity, especially in agriculture, thus
leading to jobs.

This “bio-based production” is defined here as chemical
or biochemical production using a renewable biomass
feedstock. Biochemical production will be discussed, in-
cluding the chemical steps relevant to such routes, be-
cause hybrid routes frequently occur.

A biochemical route involves enzymatic or fermentative
conversions. These are not by definition bio-based, be-
cause such conversions are also used within a petrochem-
ical context. An example is the enzymatic hydration of
acrylonitrile to acrylamide.” Such fossil feedstock based



conversions are not discussed here, unless they can be-
come part of an alternative renewable route. Biochemical
routes using photosynthesis are not treated either, be-
cause they convert CO, rather than biomass.

Enzymes are nature’s main catalysts and have a wide
range of technical applications. Ribozymes?® also perform
biocatalysis but have much less synthetic power and val-
ue. When one or a few enzymes (or microorganisms con-
taining these enzymes) perform a specific modification of
a precursor to a defined product with structural similari-
ty, this is called a biotransformation or bioconversion.**
In longer pathways, involving many enzymatic steps, the
product may no longer structurally resemble the sub-
strate; and the probability increases that cofactor recy-
cling is required for one or more of the enzymatic steps.
Cofactor recycling will require additional enzymatic reac-
tions. Besides, the cofactors are required. Complicated
multi-enzyme systems have been successfully used on
laboratory scale. Cell-free synthetic enzymatic pathways,
for which the enzymes are obtained from a single micro-
organism, are also advocated.®”®

The established technology for longer enzymatic path-
ways, however, is to use a metabolic pathway of a living
microbial cell, either a wild type or an engineered type.
These cells are usually cultured in a fermentation vessel,
to prevent infection by undesired microorganisms, while
controlling O, level and pH. Since often many sequential
and parallel enzymatic reactions occur in fermentative
conversions, the product of metabolic activity usually
bears no structural resemblance to the compounds sup-
plied to the microorganism. The cells may grow, and syn-
thesize new enzymes and cofactors.

Whereas in chemistry each conversion may imply that a
factory is required for industrial production, in fermenta-
tion technology each conversion may simply imply an
enzymatic step within a microbial cell.

In-vitro single-enzyme or multi enzyme systems may
achieve higher volume-specific productivity than in-vivo
cell systems, because cells will require membrane
transport and contain many macromolecules and regula-
tion mechanisms not required for the actual conversion.®
Higher concentrations of enzymes can be used in-vitro
than in-vivo, and in many cases they are more resistant
than living cells to extreme conditions of temperature,
pH, organic solvent, and substrate and product concen-
trations. However, production of enzymes requires fer-
mentation; isolation from plant or animal tissue is rarely
used nowadays.

1.2. Scope of the review

Due to the natural metabolic diversity and the methods to
engineer the substrate spectrum of enzymes, the number
of chemical compounds that can be produced from bio-
mass using enzymes or cells is huge. From the perspective
of replacing large amounts of fossil feedstocks by renewa-
ble feedstocks, most potential products are not so rele-

vant. The focus of this review will be on compounds with
a large scale current production from fossil or renewable
carbon sources, and on compounds that might enter that
category in the future because of their assumed potential
to be produced from biomass using enzymes or cells at
large scale. To exclude fine chemicals, “large scale” is set
at approximately 50,000 t/a. Compounds that will be pro-
duced by follow up chemistry from precursors that are
treated in this review, will be excluded. For example, eth-
ene will be treated because fermentative routes from bi-
omass to ethene are known, but chloroethane production
from renewable ethene is not treated because only chemi-
cal ethene hydrochlorination is known.

The biochemical formation of commodity chemicals from
biomass has been reviewed before,”'>"" but the current
review covers a wider range of chemicals and the most
recent literature. The field that is covered shows signifi-
cant progress each month.

Biopolymers are kept outside the scope because the large
number of options that could lead to commodity-scale
polymers, with some options already being applied com-
mercially. Otherwise, several relevant manners to convert
biomass into biopolymers would be described in detail: (i)
Biomass components such as starch can be converted in
many ways into useful derivatives, by chemical but also by
biochemical reactions.” (ii) Commodity chemicals such as
hydroxyacids that can be produced from biomass as de-
scribed in this review can be polymerized using
enzymes." (iii) Microbial cells can convert sugars into
storage polymers such as poly-3-hydroxybutyrate® or into
excreted polymers such as xanthan.

1.3. Organization of the review

The reviewed literature has been organized on the basis
of the reaction products, ordered along increasing com-
plexity, thus starting with alkanes, such as in some tradi-
tional organic chemistry handbooks. The Figures summa-
rize most conversions.

Per commodity product, the status of biochemical pro-
duction is shortly described, with references to the best
literature found concerning product yield, productivity,
and achieved product concentration. Actual industrial
performance is usually not disclosed, and may be lower
than the best published performance because of addition-
al constraints such as impure (cheaper) biomass feed-
stock.

Productivities will be given in g/(L h), thus indicating
space-time yields, which are simply the achieved product
concentration divided by the time used for the conver-
sion. This leaves room to boost productivities by starting
production with high enzyme or cell concentrations, or
not counting the time of a cell growth stage preceding a
production stage. Still, such high productivities might
best represent what is achievable in an optimized process.



Unless otherwise indicated, product yields that are given
are overall yields on the basis of converted rather than of
supplied mass of feedstock. When reporting yields, au-
thors may or may not take into account feedstock used
for growing cells prior the production stage. The mass of
cells grown per mass of glucose may be about 0.5 g/g,”
but this is highly dependent on cell type and growth con-
ditions. Besides, the mass of cells produced per mass of
product produced may range from almost zero in opti-
mized conversions to several g/g in early research phases.

1.4. Biomass degradation

The most abundant type of biomass is lignocellulose, con-
taining the polymers cellulose, hemicellulose,® and lig-
nin.” These polymers can be used for chemicals produc-
tion instead of starch, sucrose, proteins, and triglycerides,
which may rather serve as human food source. Many oth-
er useful biomass components are available at specific
locations, for example pectin,* which is found in waste
from sugar beet, fruits, and vegetables production.

Biomass components can be degraded in many ways. Ta-
ble 1 shows degradation processes that lead to commodity
chemicals or to intermediates that can be used as feed-
stock for commodity chemicals production. Enzymatic
hydrolysis and anaerobic digestion are the processes that
involve biochemistry and are most relevant to this review.

Table 1. Biomass degradation processes for commod-
ity chemicals synthesis

review, although it is a major focus of current research on
bio-based chemicals. Also, the multitude of enzymes re-
quired for hydrolysis, despite being of large commercial
significance,” is only partly treated.

Table 2. Hydrolysable biomass

Biomass com-  Hydrolysis product (with section no.)

ponent
Starch D-Glucose (5.3.1)
Cellulose D-Glucose (5.3.1)

Hemicellulose ~ D-Xylose (5.3.3), L-arabinose, D-glucose
(5.3.1), L-fucose, D-galactose, D-mannose,
L-rhamnose, D-glucuronic acid, acetic acid

(9.1.2), ferulic acid

Pectin D-Galacturonic acid, L-rhamnose, D-
galactose, L-arabinose, D-xylose (5.3.3),
acetic acid (9.1.2), methanol (5.1.1)
Protein Proteinogenic amino acids (13.1)
Triglyceride Fatty acids (9.5), glycerol” (5.2.4)
Sucrose D-Glucose (5.3.1), D-fructose (5.3.2)

Process Products
Enzymatic hydrolysis See Table 2
Chemical hydrolysis See Table 2

Acid dehydration of mon-
osaccharides

Furans, levulinic acid, formic acid

Pyrolysis of polysaccha- Methanol, aldehydes, carboxylic
rides acids, anhydrosugars, ...
Gasification Syngas

Methane, acetic acid, ... (see sec-
tion 2.1)

Anaerobic digestion

Anaerobic digestion is mainly used for producing me-
thane and is treated together with methane in section 2.1.
Enzymatic hydrolysis can lead to a large variety of prod-
ucts (see Table 2), and many of these products are sepa-
rately described in this review. Enzymatic hydrolysis of
biomass components can be performed in a process step
separate from the subsequent use of the hydrolysis prod-
uct(s); or simultaneous. Besides, the hydrolysis reaction
can be catalyzed by enzyme(s) from a microorganism that
subsequently converts the hydrolysis product(s), or by
enzyme(s) from one of more other microorganisms; or
chemical hydrolysis can be used. Treatment of all the dif-
ferent possibilities is outside of the scope of the present

For all hydrolysis products that are mentioned in Table 2
there are metabolic routes that will allow their conversion
into central intermediates such as pyruvate of acetyl-CoA
and then further into other products. Microorganisms
that are able to form a desired product from glucose are
usually not naturally able to convert all other biomass
hydrolysate components into such a desired product.
Therefore, for all available hydrolysate components con-
version pathways are engineered into recombinant mi-
croorganisms to achieve high yields on biomass. The ex-
tensive literature on this topic will also not be treated
here. One of the challenges associated with utilization of
biomass-derived sugars, particularly those produced by
chemical hydrolysis, is the formation of degradation
products that may be inhibitory during fermentation.”

Generally, microbial cells are less productive when con-
suming crude mixtures of hydrolyzed monosaccharides
rather than glucose. With few exceptions, this review will
only give data for glucose, because glucose can be used as
benchmark substrate for many metabolic routes. The
main pathway for glucose conversion is the glycolysis, and
Figure 1 shows how this merges with pathways for conver-
sion of some other biomass monomers.
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Figure 1. Metabolic pathways of some major biomass monomers up to pyruvate. Glycolysis is the direct route from glucose to py-
ruvate. Formation and consumption of ADP, ATP, phosphate, and water have not been indicated. Electrons (¢’) are taken up by
NAD" or NADP*. Components in boldface are treated explicitly in the text.

Table 2 includes all biomass components that are highly
relevant for renewable chemicals synthesis, except lignin,
because lignin is not considered to be enzymatically hy-
drolysable. Lignin biosynthesis occurs by radical polymer-
ization of guaiacyl, syringyl, and p-hydroxyphenyl units
from the precursors coniferyl, sinapyl, and p-coumaryl
alcohol, respectively, all containing phenylpropenoid
building blocks.” The obtained network of aromatic
groups can be degraded by some fungi and bacteria using
enzymes such as peroxidases and laccase. In the presence
of O,, these enzymes generate oxidative radicals, leading
to substituted aromatic compounds that can be further
metabolized.” In the presence of H,O,, lipases have been
used to form peroxycarboxylic acids in situ that cause
lignin degradation.* The lignin catabolism of the proteo-
bacterium Sphingobium sp. SYK6, was recently proposed
to include a glutathione-dependent cleavage of a B-O-4
aryl ether linkage bond by an etherase.” With the aid of
enzymes, some components useful as fine chemicals have
been obtained from lignin, and a quest has begun to iden-
tify metabolic routes from lignin to commodity chemi-
cals.”

Chemical degradation of the lignin fraction of biomass is
more straightforward, and the degradation products may
be further converted using biochemical methods. In this
context, gasification of lignin (and other biomass) to syn-
gas, such as mentioned in Table 1, is particularly relevant.
This bio-syngas, a mixture of CO and H,, like syngas of
fossil origin, can be converted into commodity chemicals
not only by using chemical methods but also by some
microorganisms.” Amongst different syngas converting
pathways, the Wood-Ljungdahl pathway can be used to
produce acetyl-CoA from syngas.”®* In short, one CO is
reduced to a methyl group that is linked to another CO.
Subsequently, all kinds of metabolic routes can lead from
acetyl-CoA to commodity chemicals. The companies
LanzaTech, Coskata, and INEOS have produced ethanol

by fermentation of syngas on pilot scale and are moving
toward commercialization.” Syngas fermentation per-
formance does not yet seem to be at the level of carbohy-
drate fermentation performance, but has the advantage
that it also uses the noncarbohydrate (lignin) portion of
lignocellulosic biomass.

2. ALKANES
2.1. Methane

Methane from fossil sources is an important raw material
for the industrial production of acetylene, synthesis gas,
H,, methanol, and many other compounds. Biological
methane production is also well-known, and has been
applied since 1881.*°

Methane can be produced from acetic acid by methano-
genic bacteria (Figure 2). This occurs spontaneously dur-
ing biomethanation, a type of anaerobic digestion of bio-
mass. Mixed cultures of microorganisms first hydrolyze
complex organic molecules into simple sugars, amino
acids, and fatty acids. In the subsequent acidogenesis
stage, these are converted into carboxylic acids such as
acetic, propionic, butyric, and valeric acid, along with
ammonia, carbon dioxide, and hydrogen sulfide. In the
third stage, acetogenesis, products from acidogenesis are
further digested to produce carbon dioxide, hydrogen,
and organic acids, mainly acetic acid. Finally, acetic acid
is converted into methane and carbon dioxide during
methanogenesis. This final conversion involves several
intermediates with enzyme-catalyzed methyl transfers to
coenzymes M and B.* The maximum yield of methane per
glucose equivalent is 0.27 g/g, if the rest becomes CO,.
However, in practice the feedstock is heterogeneous,
leading to a different yield. Usually a part of the CO, will
dissolve in the liquid effluent, leading to biogas contain-
ing relatively much methane.



Advantages of anaerobic digestion for converting biomass
include the absence of requirement to work under sterile
conditions, and automatic product recovery by gas for-
mation. This leads to relatively simple equipment and
operations. A disadvantage of the process is the low
productivity. Typical values are below 0.03 g/(L h).*
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“see Figures pe
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Figure 2. Metabolic pathways to H, and some C,; compounds.

2.2. Long chain alkanes

C,-C,s alkanes obtained from fossil carbon sources are
used on large scale as main components of diesel fuel, but
they are also used in other fuels, as lubricants, and they
are catalytically dehydrogenated to alkenes, which serve
as intermediate to various other compounds.

O O
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Many organisms are able to produce long chain alkanes.
This requires biosynthesis of fatty aldehydes, which is
described in section 5.1.10. The key reaction is conversion
of fatty aldehydes into alkanes (Figure 3). Decarbonylases,
which release CO, have been shown in vertebrates, in-
sects, plants, and algae.® Ferritin-like nonheme dimetal-
carboxylate enzymes catalyze alkane formation from al-
dehyde in many cyanobacteria. Their coproduct was also
thought to be carbon monoxide, but O, consumption and
formate coproduction have recently been observed, sug-
gesting they are aldehyde-deformylating oxygenases.>**

Incorporating an alkane biosynthesis pathway from cya-
nobacteria in Escherichia coli has led to long chain al-
kanes.® The pathway coexpresses genes for acyl-ACP
(acyl carrier protein) reductase and an enzyme from the
cyanobacterium Synechococcus elongatus converting al-
dehyde to alkane. This has led to the secretion of 0.3 g/L
C,, to C,, mixtures. The process is currently under optimi-
zation, and pilot-plant fermentations (1000 L scale) have
already been performed.”

(m)ethanol glycerol
o id Fatty acid
Triglycerides (m)ethyl esters
H,O CoA
glycerol (m)ethanol
ATP CoA
Fatty acids Fatty acyl-CoA

H,0, 2e

CoA CO, + 2 H,0O

ACP Fatty aldehydes Terminal alkenes
Oz 2e CO; H,0O
2e

0, CO
4e
formate

Fatty alcohols H,0 Long-chain alkanes

Figure 3. Pathways to fatty acid and derivatives. Compounds in boldface are treated in the text.



3. ALKENES
3.1. Ethene

Ethene (ethylene) is a chemical intermediate used to pro-
duce many different products, such as polyethylene, eth-
ylene oxide, vinyl chloride, and styrene. In 2009 its pro-
duction capacity has been estimated at around 115 million
t/a, mainly (>98%) through petrochemical routes.?®

Due to the importance of ethene as bulk chemical, the
possibilities to produce it from biomass have received
considerable interest.

Ethene is secreted in small amounts by plants for signal-
ing functions such as stimulation of fruit-ripening.*® The
best-known biosynthesis relies on the enzyme 1-
aminocyclopropane-1-carboxylate oxygenase, which also
oxidizes L-ascorbate and forms cyanide.* The co-
produced L-dehydroascorbate can easily be recycled into
the consumed L-ascorbate. However, the 1-
aminocyclopropane-1-carboxylate synthesis consumes S-
adenosyl-L-methionine (SAM). This is a coenzyme used
for transmethylation, transsulfuration, and aminopropyla-
tion. For ethene biosynthesis, SAM must be recycled from
its side product 5'-methylthioadenosine by a large meta-
bolic effort.

In a second pathway, occurring in an engineered E. coli
strain, L-methionine is deaminated by a transaminase to
form (S)-2-o0x0-4-thiomethylbutyric acid. This is decom-
posed into ethene, methanethiol and CO,, in the presence
of an NADH-Fe(III) oxidoreductase, which activates O,.*

In a third pathway, ethene is produced from 2-
oxoglutarate by an enzyme that occurs in Penicillium digi-
tatum and Pseudomonas syringae. The overall enzymatic
reaction is a combination of two ethene-forming reac-
tions and one succinate-forming reaction:*

3 oxoglutarate + L-arginine + 3 O, = 2 ethene + succinate
+ guanidine + L-A'-pyrroline-5-carboxylate + 7 CO,

This ethene forming enzyme has been expressed in vari-
ous other organisms such as E. coli,”® Saccharomyces cere-
visiae** and Pseudomonas putida.*® However, the three
aforementioned pathways will lead to yields of ethene on
glucose below o0.12 g/g,** which is unattractive for large-
scale ethene synthesis.

Enzymatic decarboxylation of acrylic acid to ethene has
been suggested to occur in some organisms due to a side
activity of pyruvate decarboxylase,* but the proof for this
is considered to be weak.*’

Currently, the key option to approach a theoretical yield
of ethene on glucose of 2 mol/mol (0.31 g/g) is by using
acid-catalyzed dehydration of fermentation-derived etha-
nol to ethene. This is commercially applied as bio-based
route?® It would be attractive if enzymatic dehydration
would be possible, but such activity is only described in
patent applications.***

3.2. Propene

Propene (propylene) is one of the most important chemi-
cals. In 2002, about 53 million t was obtained from petro-
chemical processes for conversion into polymers and nu-
merous derivatives.*

Biological formation of traces of propene has been ob-
served in aerobic cultures of many different types of or-
ganisms, in particular Rhizopus strains, but the source
was not elucidated.””>* In other studies, rabbit cytochrome
P-450-catalyzed formation of propene from isobutyralde-
hyde has been demonstrated, with an activity of 98
mmol/min of product per mol of P-450.2 It is assumed
that by mono-oxygenase action, O, is activated using
NADPH as an electron source. One oxygen atom is then
reduced to water and the other atom is transferred to the
isobutyraldehyde, leading to propene and formic acid.**
Using such a reaction for bio-based propene production
does not seem to be pursued, although the required iso-
butyraldehyde can be produce from glucose (see section
7.4). It will be easier to use a route involving acid-
catalyzed dehydration of isopropanol (see section o) into
propene.” Besides, patent applications claim that this
dehydration can be enzyme-catalyzed.***

Commercial bio-based propene production is pursued by
Braskem, using fermentative ethanol production, fol-
lowed by chemical conversion into ethene, dimerization
and metathesis. >°



Isopropanol (see Figure 1)
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Figure 4. Pathways from pyruvate to a range of compounds, indicated in boldface.

3.3. Isobutene

Currently, more than 10 million t/a isobutene (2-
methylpropene) is produced via petrochemical routes.
Therefore, production from biomass via biocatalytic
pathways is of considerable interest.”

Biological isobutene formation is known since the 1970s.
The highest production rate, merely 0.45 mg/(L h), was
found for a strain of the yeast Rhodotorula minuta.>® Iso-
butene was formed by reductive decarboxylation of isova-
lerate, which is produced in the catabolic pathway of L-
leucine.®*® The reaction seems to be a side reaction of a
cytochrome P450 monooxygenase that is involved in hy-
droxylating benzoate.” Besides the low rate of isobutene
formation, the used pathway has no obvious potential to
approach a theoretical stoichiometry of 1 isobutene + 2
CO, + 2 H,O per mol of glucose.

Two recent developments may enable much higher yields,
although they do not describe reasonable isobutene pro-
duction levels yet. It has been shown that 3-
hydroxyisovalerate can be converted to isobutene as a
side-activity of mevalonate diphosphate decarboxylase
(Figure 4).°® Also, patent applications describe isobuta-
nol dehydration as a side activity of engineered oleate
hydratase and other hydratases.”*** Fermentative produc-
tion of isobutanol is described in section o. If a one-pot
biochemical conversion of carbohydrate to isobutene
would become possible, isobutene gas would be emitted
from a fermentor, and isobutanol recovery and its chemo-
catalytic dehydration could be bypassed.”

3.4. Butadiene

1,3-Butadiene is a very important monomer for synthetic
rubbers but also for some plastics. Besides, it is an inter-

mediate in the production of some important chemicals.
Production and of butadiene in 2009 was about 9.2 mil-
lion .4

Several metabolic pathways to 1,3-butadiene have been
claimed in a patent application of Genomatica,” but
without any information on actual formation of the com-
pound. The final reaction should be an elimination that
resembles the final reaction of isoprene pathways:

2-butenyl-4-diphosphate - 1,3-butadiene + diphosphate

However, this reaction is hypothetical. It will be very
challenging to achieve commercially viable results regard-
ing biosynthetic 1,3-butadiene production.

Other patent applications claim butadiene formation by
dehydration reactions from but-3-en-1-ol and but-3-en-2-
ol using homologues of known hydratases.*** Further-
more, E. coli bacteria are engineered to produce these
precursors from glucose (in a way not explained) and sub-
sequently engineered to convert the butenol isomers into
butadiene. A range of enzymatic butadiene formation
reactions, including the aforementioned ones and path-
ways to the required precursors, has been described in
another patent application.”® However, data on actual
butadiene production are not yet available.

3.5. Isoprene

Isoprene, or 2-methyl-1,3-butadiene, is suitable for addi-
tion polymerization. The polymer has traditionally been
extracted from rubber trees, but nowadays more than
800,000 t/a isoprene is produced via petrochemistry for
polymerization to synthetic rubber and elastomer.*”%

In nature, isoprene is formed by various microbial, plant,
and animal species. Plants emit it in massive amounts,



estimated at 6oo million t/a, into the atmosphere.69 The
known metabolic pathways are the mevalonate (MEV)
and the methylerythritol phosphate (MEP) pathway. In
plants, both pathways exist. The MEV pathway, shown in
Figure 5, is used by archaea, some bacteria and most eu-
karyotes (including the yeast S. cerevisiae), while the MEP
pathway is used in most bacteria (including E. coli) and
green algae. In either pathway, isoprene is formed by
elimination of pyrophosphate from 3,3-dimethylallyl py-
rophosphate by the key enzyme isoprene synthase. Since
the yield of isoprene from naturally-occurring organisms
is commercially unattractive, Genencor (now DuPont)
and Goodyear use genetically engineered E. coli for the
production of isoprene through fermentation of glu-
cose.””®® Although the MEP pathway might yield up to
0.30 g/g isoprene on glucose, they focused on the better
known MEV pathway, which has a maximum yield of 0.25
g/g according to the theoretical net overall reaction:*®

1.5 Glucose + 2 O, - Isoprene + 4 CO, + 5 H,O

This work resulted in the emission of isoprene with the
fermentor off-gas, from which it was collected with high
purity; the boiling point of isoprene is 34 °C and it is hard-
ly water soluble. The isoprene was recovered from the off-
gas and polymerized to rubber. The collected amount of
isoprene corresponded to 60 g/L in the fermentor broth.
The productivity was 2 g/(h L) and the yield on glucose
0.1 g/g.*® This has been used in the production of proto-
type tires.

3.6. Farnesene

Isoprenoids are hydrocarbons consisting of several iso-
prene units. Their biosynthesis resembles that of iso-
prene. The C,; hydrocarbon farnesene is the most relevant
isoprenoid with respect to large scale bio-based produc-
tion.

Farnesene is the name of a group of natural sesquiterpene
isomers, including  B-farnesene  (7,u-dimethyl-3-
methylene-1,6,10-dodecatriene). Their catalytic hydro-
genation leads to farnesane, which is being evaluated as
diesel fuel, using farnesene produced by Amyris in a
demonstration plant.” Heterologous E. coli and S. cere-
visiae strains have been developed. In S. cerevisiae, the
mevalonate pathway enzymes, converting acetyl-CoA into
farnesyl diphosphate, are overexpressed, and the latter
intermediate is converted into (E)-B-farnesene and di-
phosphate (see Figure 5). This final reaction is catalyzed
by a farnesene synthase, due to expression of the corre-
sponding gene sequence from Artesemia annua. Upon
improvement of the S. cerevisiae strain and the fermenta-
tion conditions, farnesene has been produced at a yield
on glucose of 0.12 g/g. The product has low water solubili-
ty which should facilitate separation from the culture
broth.” Production of up to 1.1 g/L farnesene at a produc-
tivity of 0.01 g/(L h) has been disclosed.”

The potential of engineering the mevalonate pathway for
sesquiterpene biosynthesis is more evident from results

published for amorpha-4,11-diene, a precursor of the an-

timalarial agent artemisinin: up to 41 g/L was produced at

a productivity of 0.35 g/(L h) using engineered S. cere-

visiae in aerobic fermentation with ethanol feeding.”
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Figure 5. Mevalonate pathway to isoprene and farnesene.

3.7. Terminal long chain alkenes

Linear C¢-C,, hydrocarbons with a terminal unsaturation
(a-olefins) are very useful as precursor for various sur-
face-active agents. Petrochemical production of terminal
long chain alkenes amounted to 2.15 million t in 1994.”

Natural linear alkene production such as occurring in
many bacteria proceeds by Claisen condensation and
yields nonterminal alkenes.”®” However, in some eukary-
otes and some bacteria, Jeotgalicoccus for example, fatty
acids are converted into terminal alkenes and CO,. The
responsible enzyme, OleT, is a cytochrome P450, which is
assumed to consume H,0, and to form two equivalents of
H,O when abstracting hydrogens from the o and P posi-
tions of the fatty acid.”

In insects, terminal alkenes are formed from fatty alde-

hydes using cytochrome P450 enzymes that consume
NADPH and O,, and release NADP*, CO, and water.”



4. AROMATIC HYDROCARBONS
.1. Toluene

Toluene is one of the best known petrochemicals, con-

sumed in amounts of about 20 million t/a for use in fuel
.. . 8

and for conversion into benzene and other chemicals.™

However, low concentrations of biogenic toluene have
been detected in freshwater lakes. This toluene originates
from anaerobic degradation of phenylalanine by bacteria
such as Tolumonas auensis.” The pathway is assumed to
involve oxidation of phenylalanine to phenylacetate,
which is then decarboxylated (cf. Figure 6).*” The respon-
sible enzymes are not known, and there are no publica-
tions on production of toluene from glucose using such
enzymes.
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4.2. Styrene

Styrene, also known as phenylethene, is petrochemically
produced at about 26 million t/a, especially as a monomer
for the synthesis of many useful polymers.*> It has been
demonstrated that styrene can also be formed by micro-
organisms from renewable substrates such as glucose.**
The conversion was achieved by the co-expression of
phenylalanine ammonia lyase from Arabidopsis thaliana
and trans-cinnamate decarboxylase from S. cerevisiae in
an L-phenylalanine over-producing E. coli host (Figure 6).
This led to the accumulation of up to 0.26 g/L in shake
flask cultures. This is close to the styrene toxicity thresh-
old (determined as 0.3 g/L). While genetic engineering
approaches will be required to obtain commercially at-
tractive productivities and yields, other approaches will
be required to address the toxicity threshold. Organic-
solvent resistant bacteria such as Pseudomonas putida Si2
could be used as host, like in the biosynthesis of p-
hydroxybenzoate® and p-hydroxystyrene,* and combined
with in-situ extraction of the product.®
o
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Figure 6. Pathways to toluene, phenol, and styrene. Only the key compounds are shown.



4.3. Naphthalene

Naphthalene was produced at about one million t in 1987,
for use as precursor of various chemicals.”” The current
production level might be very different but will still be at
commodity scale level. Besides this fossil carbon based
production, biosynthesis might be possible. Naphthalene
has been found, for example, in termite nests, where it is
used by termites as fumigant.?® The endophytic fungus
Muscodor vitigenus emits traces of naphthalene when
grown of agar plates with glucose.”” The origin of this
naphthalene is not clear yet. Similarly, there is some evi-
dence for biogenic emission of traces of many other vola-
tile organic compounds, including benzene, toluene, and
o- and m-xylene, by endophytic fungi®*® and plants.”* The
lack of identification of any biosynthetic pathway pre-
cludes that they might be engineered into microorgan-
isms for bio-based production of these aromatic com-
pounds. On the other hand, it also becomes very obvious
that nature’s biocatalytic potential could be explored
much further. For example, the number of different spe-
cies of fungal endophytes has been estimated at at least
one million, and their biosynthetic capability is still a field
very open for exploration.”

5. ALCOHOLS
5.1. Aliphatic monoalcohols

5.1.1. Methanol

Methanol has historically been obtained by distillation of
wood. Currently, it is produced from fossil carbon sources
such as methane gas by chemical processes, at a scale of
46 million t/a in 2010.°* About 85% of the methanol pro-
duced is used as a starting material or solvent for synthe-
sis. The remainder is used in the fuel and energy sector;
this use is increasing.

Bio-based methanol can be obtained from bio-based me-
thane using chemical catalysis, but biocatalysis is an al-
ternative. In microbial ecology, oxidation of methane to
methanol is widely known as part of the global carbon
cycle.”” Many bacteria perform such oxidation, using in
some cases soluble methane monooxygenase containing a
di-iron center but in most cases a membrane-bound en-
zyme believed to contain copper and iron. The soluble
enzyme has been studied best. It consists of three com-
ponents: a hydroxylase that houses the active site, a re-
ductase that shuttles electrons from NADH to the active
site, and a regulatory protein.*®

The reaction stoichiometry is:
Methane + NAD(P)H + O, © methanol + NAD(P)" + H,O

So despite the oxidation, NAD(P)H has to be added as
reducing agent (see Figure 2) and this requires a regen-
eration reaction. Formate and formate dehydrogenase
have been used in case of immobilized cells of Methylosi-
nus trichosporium that displayed methane monooxygen-
ase activity in batch and continuous reactors during some

11

days.”” Only small amounts of methanol were produced,
and not much recent work has been done in this field.

5.1.2. Ethanol

Ethanol fermentation is known since ancient times, and
currently it is the most important industrial fermentation
process. For several decades, petrochemical production of
ethanol from ethene has been important, but nowadays
the reverse reaction, ethene production by dehydration of
fermentative ethanol, is gaining importance.® Ethanol
production has been estimated at g9 million t/a in 2010.
It is mostly used as fuel,* but also as solvent, as chemical
intermediate, and in beverages.

During anaerobic fermentation, ethanol is produced from
glucose or other carbohydrates via pyruvate (Figure 4).
Pyruvate decarboxylase converts pyruvate to acetalde-
hyde, and alcohol dehydrogenase reduces the acetalde-
hyde to ethanol, consuming the NADH that had been
produced during pyruvate formation. This simple path-
way is commonly exploited in the yeasts such as S. cere-
visiae, which is the default organism, but also in bacteria
such as Zymomonas mobilis or recombinant E. coli. The
overall reaction with glucose is:

CsH,,O6 2 2 C,HO +2 CO,

This reaction also generates ATP, and cells will multiply if
ATP, glucose, and nutrients are available in sufficient
amounts. Cell formation is usually accompanied by for-
mation of small amounts of side product such as glycerol.
This reduces the ethanol yield, but can be minimized by
glucose feeding, and retaining cells in the fermentor using
centrifugation, flocculation, membranes, or immobiliza-
tion."” The resulting high cell concentrations favor high
productivities. When also removing ethanol in-situ using
vacuum, 82 g/(L h) has been achieved using S.
cerevisiae.” At high levels of inoculation and nutrient
supply, up to 21.5 % (v/v) ethanol (~170 g/L) has been
produced.'” Ethanol yields on glucose often approach the
theoretical maximum of 0.51 g/g.

The current focus of ethanol research is on fermenting all
kinds of nonfood carbohydrates™'* and even bio-based
syngas.*>*” The cells are selected for or adapted to condi-
tions of high stress due to high ethanol
concentration,*® high temperature,”**® and presence
of toxic components in the carbohydrate feed.”*"

5.1.3.

Industrially, 1-propanol is obtained via propanal from
ethene, to be used as solvent or chemical intermediate.™

1-Propanol

Small quantities of 1-propanol are formed during tradi-
tional ethanolic fermentation if the starch source contains
protein. The biodegradation of threonine leads to this 1-
propanol.”® The metabolic pathway runs via 2-
oxobutyrate (Figure 7).
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Figure 7. Pathways to 1-propanol, propanal and some amino acids.

Upon introduction of the promiscuous 2-oxoacid decar-
boxylase from Lactococcus lactis and alcohol dehydro-
genase 2 from S. cerevisiae into E. coli, 2-oxobutyrate was
converted via propanal into 1-propanol.”*™* This approach
was improved when starting form a threonine hyper-
producing E. coli strain.” In aerobic fed-batch culture,
glucose was converted into 10.8 g/L of 1-propanol with 0.1
g/g yield and o0.14 g/(L h) productivity. Using glycerol, 10.3
g/L of 1-propanol was obtained with 0.26 g/g yield and
0.083 g/(L h) productivity.

The most direct route to 2-oxobutyrate does not involve
transamination followed by deamination of threonine,
but runs via (R)-citramalate, a Cy dicarboxylate that can
be formed from pyruvate and acetyl-CoA by citramalate
synthase. Citramalate is dehydrated to citraconate, which
is rehydrated to (2R,3S)-3-methylmalate. An oxidative
decarboxylation yields 2-oxobutyrate (Figure 7). These
last three steps are performed by native enzymes involved
in leucine biosynthesis, which can run via this pathway.
To take advantage of the pathway via citramalate, the
specific activity of (R)-citramalate synthase from Meth-
anococcus jannaschii was improved using directed evolu-
tion and the improved enzyme was expressed in E.
coli.”>"® After knocking out competing pathways and evo-
lutionary engineering, the best strain produced more than
3.5 g/L 1-propanol in 92 h with a yield on glucose of about
0.18 g/g.

Another approach for the biosynthesis of 1-propanol ex-
tended the well-known 1,2-propanediol pathway, as de-
scribed in section s5.2.2. The dehydration of 1,2-
propanediol into propanal was achieved upon introducing
in E. coli also a coenzyme B-12 dependent propanediol
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dehydratase from K. oxytoca. Dehydrogenases native to E.
coli will reduce propanal into 1-propanol. After 48 h fer-
mentation using 20 g/L glucose, 1-propanol was produced
at 0.25 g/L, with 0.46 g/L 1,2-propanediol remaining un-
converted and with L-lactate as major product.””

5.1.4.lsopropanol

Isopropanol, also called isopropyl alcohol or 2-propanol,
is industrially produced from propylene, at a scale of
more than 2.3 million t/a in 2003." It is used primarily as
a solvent in inks and surfactants, but aso as chemical in-
termediate.

Isopropanol is a fermentation product of many species of
Clostridium beijerinckii. A screen of 52 strains of C. bei-
jerinckii showed a maximum production of isopropanol of
1.8 g/L."® Although such isopropanol production has been
improved using immobilized cells in continuous systems,
the formation of acetone and 1-butanol via related path-
ways (see sections 8.1 and 5.1.5) complicates the process."
To prevent such co-production, the isopropanol pathway
(Figure 4) has been introduced in E. coli.**" Two mole-
cules of acetyl-CoA, obtained via glycolysis, are con-
densed by acetyl-CoA acetyltransferase to one molecule of
acetoacetyl-CoA. Acetoacetyl-CoA transferase transfers
CoA from acetoacetyl-CoA to acetate or to butyrate, form-
ing acetoacetate, which is then converted to acetone and
CO, by an acetoacetate decarboxylase. Finally, an NADPH
dependent alcohol dehydrogenase reduces acetone to
isopropanol. Isopropanol production of 4.9 g/L has been
achieved in 30 h using an E. coli strain with C. acetobu-
tylicum acetyl-CoA acetyltransferase, E. coli acetoacetyl-



CoA transferase, C. acetobutylicum acetoacetate decar-
boxylase, and C. beijerinckii secondary alcohol dehydro-
genase.”™

Using a pH-controlled fed-batch culture with the inter-
mittent addition of glucose, a recombinant E. coli strain
formed 40 g/L isopropanol with a productivity of 0.67
g/(L h) and a yield on glucose of 0.24 g/g. To overcome
the toxicity of isopropanol for E. coli, a gas stripping re-
covery method was incorporated into the fed-batch cul-
ture system. Using this approach an amount of isopropa-
nol was produced equivalent to 143 g/L in the fermentor,
with only a slightly lower productivity and yield.”

The theoretical yield of the used pathway is 1 mol propa-
nol per glucose, equal to 0.33 g/g and indicating room for
improvement.

5.1.5.

Already in 1861, Pasteur observed 1-butanol production by
anaerobic fermentation.” The so-called ABE (acetone-
butanol-ethanol) fermentation using Clostridium bacteria
gives three products in a molar ratio of about 3:6:1 using
starch or another glucose source. An industrial process
was developed in the beginning of the 2oth century,
which became the main source of 1-butanol and acetone.
These were used as solvent and chemical building

block.”

In the early 1960s, petrochemical production methods led
to the decline of the ABE fermentation industry. The pet-
rochemical production has been estimated at 2.8 million
t/a in 2008.%°

1-Butanol

Nowadays, there is a renewed attention for ABE fermenta-
tion because of interest in sustainability, and economic
opportunities due to increasing oil prices. On a mass basis
1-butanol has a 31 % higher combustion value than etha-
nol, and it can be used as “drop-in” fuel.

ABE fermentation is performed by a large variety of Clos-
tridia strains. When only butanol is desired, the ideal
stoichiometry from hexose sugars is:

C¢H,,06 2 C,H,,0 + 2 CO, + H,O

This overall reaction can be coupled to the formation of
ATP, thus enabling cell growth and maintenance.” Brief-
ly, the pathway from sugars involves formation of acetyl-
CoA via pyruvate. Acetyl-CoA is dimerized to acetoacetyl-
CoA, which is reduced to butyryl-CoA, and then further
via butanal to 1-butanol (Figure 4). The actual biosynthe-
sis in Clostridia involves some deviations. Initially, acetate
and butyrate are released from their CoA derivatives, but
when this leads to a too low pH these acids are assimilat-
ed again and ABE formation starts. The cells can gain
some more ATP from this conversion, until toxic butanol
levels are reached.
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Metabolic engineering of Clostridia and many other mi-
croorganisms is used to adapt the original butanol fer-
mentation in order to:***

- maximize butanol yield on carbohydrate (by minimizing
acetate, butyrate, acetone, and ethanol formation, and
minimizing the need for cell disposal and re-growth)

- ferment lignocellulosic sugars and other feedstocks into
butanol

- increase the rate of butanol production by the used mi-
croorganism

- increase the tolerance of the used microorganism to
butanol.

Using engineered E. coli, achieved yields on glucose are
up to 0.36 g/g.*® A very high ABE productivity, more 16
g/(L h), has been achieved upon immobilizing C. bei-
jerinckii.”” The most challenging issue remains the buta-
nol concentrations achieved in fermentors, which remain
limited to 14-20 g/L.”>*7"%**9 The low final butanol con-
centration leads to relatively short batch fermentations
and relatively long downtimes after each batch, thus inef-
ficient fermentor use and high investments. Moreover, for
both batch and continuous fermentation, the recovery of
butanol from dilute aqueous solution is energy intensive,
which is expensive and also energetically unfavorable, in
particular if the butanol is to be used as fuel.”?® In-situ
stripping can prolong production and lead to higher bu-
tanol concentration in the condensed vapor than in the
fermentor.">*

Because of the more difficult fermentation, 1-butanol does
not yet seem to be competitive with ethanol as biofuel,
despite it much better properties. Nevertheless, commer-
cial fermentative 1-butanol production has started again,
especially in China. It uses Clostridia and may amount
about 500,000 t/a by now.” This butanol is probably used
as chemical rather than as fuel.

An alternative to the Clostridial pathway from glucose to
1-butanol proceeds via citramalate and 2-oxobutyrate,
which are shown in Figure 7. 2-Oxobutyrate can be re-
duced to 1-butanol. Upon introducing this pathway in E.
coli, 0.5 g/L 1-butanol has been obtained.” Finally, the
potential of the hyperthermophile Pyrococcus furiosus to
reduce butyric acid (see section 9.3.1) to 1-butanol at 5 bar
H, has been demonstrated.”

5.1.6.

Presently 2-butanol is produced at about 5 million t/a by
petrochemical methods.”™ It can be used as solvent and as
precursor of amines, esters, and other valuable deriva-
tives.

2-Butanol

The occurrence of small amounts of 2-butanol in some
fermented products is well known. Distillates of ferment-
ed wine residues can contain up to 3 g per liter ethanol.?*
The background is the well-known pathway to 2,3-
butanediol (see section 5.2.6), which involves decarboxy-
lative dimerization of pyruvate to 2-acetolactate, and



which is performed by S. cerevisiae, for example. Certain
strains of Lactobacillus can dehydrate 2,3-butanediol to
an enol, which isomerizes spontaneously to 2-butanone.
Subsequent enzymatic reduction by NAD-dependent al-
cohol dehydrogenase yields 2-butanol (Figure 8).%>3°

Patents of DuPont describe E. coli strains which have
been metabolically engineered for 2-butanol production
according to the aforementioned pathway.”**” The high-
est reported concentration of 2-butanol is only 0.034 g/L,
with a yield on glucose below o.01 g/g and a productivity
of 1.4 mg/(L h). This demonstrates the concept but also
suggests that industrial application is still very remote.
The potential of the pathway, however, is indicated by the
theoretical stoichiometry of 0.41 g/g, identical to the one
given for 1-butanol. A modified pathway involving phos-
phorylated intermediates instead of 2,3-butanediol can
also be used.”"’

 (see Figure 1)
\J

(e} 0 fe) (e}
o
Ao A —- A
o co; OH CO; OH
(2) Pyruvate 2-Acetolactate Acetoin
26-# 28'#
(@] OH
HO
o
OH OH
2,3-Dihydroxyisovalerate 2,3-Butanediol

o o
Ao

HO NH; 2¢e
NH, : ¥ o Butanone
Valine 2-Oxoisovalerate
2¢
co,
OH
J\%O
Isobutyraldehyde 2-Butanol

2e'\i

/]\/OH

Isobutanol

Figure 8. Pathways via acetolactate. Compounds in boldface
are treated in the text.

A very different route to 2-butanol has been described in
a patent application of Toyota.?® An E. coli strain in which
the pathway to isopropanol was introduced (see section
0), formed up to 0.23 g/L 2-butanol after 48 h. The patent
application suggests promiscuity of enzymes involved in
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the pathway from acetyl-CoA to isopropanol but does not
clarify this. A patent application of Genomatica® de-
scribes a comparable route but focuses on microbial bu-
tanone formation (see section 8.2).

5.1.7.Isobutanol

The fields of application of isobutanol (2-methyl-1-
propanol) closely resemble those of 1-butanol. Its indus-
trial production from fossil carbon sources has been esti-
mated at 500,000 t/a.?®

Following 1-butanol, isobutanol production from biomass
using recombinant microorganisms is approaching large
scale commercialization. Plans of Gevo to build a 55,000
t/a isobutanol plant'*® were halted shortly later, however.

E. coli is the main organism that has been described for
isobutanol production.”™*""**' Many alternatives are cur-
rently being studied because of their robustness or ability
to deal with lignocellulosic sugars, for example S. cere-
visiae,"**' C. glutamicum,“‘ﬁ’147 B. subtilis,"*® and Clostridi-
um cellulyticum."® The metabolic pathway generally used
is a modification of the pathway to L-valine (see Figure 8).
After conversion of carbohydrates to pyruvate, two mole-
cules of pyruvate are coupled to acetolactate by acetolac-
tate synthase, releasing CO,. Using NAD(P)H, this is re-
duced to 2,3-dihydroxyisovalerate, which is then dehy-
drated to 2-oxoisovalerate. A subsequent decarboxylation
yields isobutyraldehyde, which is reduced to isobutanol
using NAD(P)H. Thus, a maximum of 1 mol isobutanol
per mol of glucose (0.41 g/g) can be achieved if competing
reactions are blocked. Another requirement is that the
type of reduced cofactor (NADH or NADPH) formed dur-
ing pyruvate formation corresponds to the type required
for the subsequent reduction steps. By choosing suitable
enzymes, the pathway’s dependency on NADPH was re-
moved and the maximum yield was achieved, using an-
aerobic conditions."

The highest published isobutanol concentrations are
about 22 g/L, achieved at yield on glucose of about 0.35
g/g and with a productivity of about 0.2 g/(L h).">'® The
toxicity of isobutanol to E. coli limits the production. Us-
ing in-situ stripping with gas at nontoxic isobutanol con-
centrations, a productivity of 0.69 g/(L h) was maintained
during 72 h.”® This approach also facilitates product re-
covery.

5.1.8. Pentanols

Besides stereoisomers, there are eight alcohol isomers
with the formula C.H,,0. The individual alcohols and also
their mixtures are also known as amyl alcohol and can be
used as solvent, fuel component, and ester precursor.
Amyl alcohol production was estimated at 50,000 t/a in
2008.%°

Amyl alcohol is the main component of fusel alcohol, a
byproduct of industrial ethanol fermentation, and is
formed through three enzymatic steps: Amino acids are
transaminated; the formed 2-oxoacids are decarboxylated;



and the resulting aldehydes are reduced to alcohols using
NADH-dependent enzymes.™

By genetically modifying amino acid metabolic pathways
in E. coli, pentanol production has been increased. Broad-
range 2-oxoacid decarboxylase from Lactococcus lactis
and alcohol dehydrogenase from S. cerevisiae were intro-
duced, besides upregulating the pathway for production
of the 2-oxoacid precursor and blocking alternative path-
ways. Using the isoleucine pathway, 1.25 g/L 2-methyl-1-
butanol was obtained at a yield on glucose of 0.17 g/g and
a productivity of 0.05 g/(L h).”* Using the valine pathway,
1.28 g/L 3-methyl-1-butanol (isopentanol) was obtained at
a yield on glucose of o1 g/g.” Further engineering in
combination with in-situ extraction by 50 % (v/v) oleylal-
cohol prolonged the production of 3-methyl-1-butanol
while maintaining the yield of o1 g/g.”* The aqueous
concentration reached 0.8 g/L but the organic phase con-
centration became 8.8 g/L, so the overall concentration
was 4.8 g/L, and the productivity based on aqueous fer-
mentation volume was 0.16 g/(L h).

2-Oxohexanoate, the 2-oxoacid that would be converted
to 1-pentanol, is not normally found in microorganisms.
However, an enzyme involved in 2-oxoisovalerate 3-step
chain elongation to 2-oxoisocaproate was engineered and
became sufficiently promiscuous to also elongate 2-
oxopentanoate to 2-oxohexanoate.” Besides, the enzyme
for subsequent decarboxylation was engineered. This al-
lowed production of 0.75 g/L of 1-pentanol by E. coli at a
yield on glucose of 0.04 g/g and a productivity of o0.02
g/(Lh).

The aforementioned production levels have not been op-
timized and are not yet commercially interesting, but
they demonstrate the principle.

5.1.9. 1-Hexanol

1-Hexanol is used as a solvent, as a basic material for the
perfume industry, and for the production of plasticizers.
It is prepared at modest scale from ethene or from natural
products.®®

Biosynthesis of small amounts of 1-hexanol from glucose
has been achieved in E. coli,”*" for example by extending
the 2-oxoacid pathway that was previously described for 1-
butanol production.” In this pathway, one acetyl-CoA
was used to extend the chain length by one carbon unit.
An alternative pathway should be able to achieve a higher
carbon yield.™® As discussed before, Clostridial 1-butanol
biosynthesis proceeds via coupling of two acetyl-CoA to
acetoacetyl-CoA, which is reduced to butyryl-CoA (see
Figure 4). Addition of a third acetyl-CoA can lead to hex-
anoyl-CoA and subsequently to 1-hexanol, using enzymes
with the proper selectivity. The feasibility of 1-hexanol
synthesis using E. coli has been demonstrated by incorpo-
rating such a pathway. Several optimizations including
directed evolution by random mutagenesis improved 1-
hexanol production to almost 0.5 g/L.**" Interestingly,
hexanoic acid (see section 9.4.2) is completely hydrogen-
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ated to 1-hexanol by the hyperthermophile Pyrococcus
furiosus at 5 bar H,.**

5.1.10. Fatty alcohols

Fatty alcohols are aliphatic alcohols with chain lengths
between Cy4 and C,,. They can be unsaturated. Natural
fatty alcohols are derived from renewable resources such
as fats, oils, and waxes of plant, animal or microbial
origin, whereas synthetic fatty alcohols are produced from
petrochemicals such as olefins and paraffins. The produc-
tion capacity of fatty alcohols was estimated to be 2.8 mil-
lion t/a in 2007, nearly equally distributed between petro-
chemical and natural feedstocks. The production of natu-
ral fatty alcohols proceeds by catalytic hydrogenation of
fatty acids or their methyl esters.'>®

Recently, biochemical alternatives have been shown to be
possible (Figure 3). In engineered E. coli, glucose was
converted to fatty acid, from which the CoA derivative
was formed. Subsequently, a fatty acyl-CoA reductase and
a native aldehyde reductase led to o0.06 g/L fatty
alcohol.™ The intermediate fatty aldehydes can also be
formed from fatty acids using a broad specificity carbox-
ylic acid reductase.'™ Such an enzyme was expressed in E.
coli using a putative carboxylic acid reductase sequence
that had been seen in the genome of Mycobacterium
marinum. The enzyme consumes ATP and NADPH and
has as prosthetic group covalently linked 4'-
phosphopantetheine. In this case fatty alcohols were
formed from fatty aldehydes using aldehyde reductases
such as obtained from the cyanobacterium Synechocystis
species PCC 680.* The achieved fatty alcohol concentra-
tion was 0.35 g/L. Since fatty acyl CoA reductase from
Marinobacter aquaeolei has been found to catalyze
NADPH-dependent four-electron reduction of fatty acyl-
CoA to fatty alcohol, the intermediate free fatty aldehyde
might be bypassed.'®

5.2. Aliphatic diols and triols

5.2.1. Ethylene glycol

Ethylene glycol or 1,2-ethanediol is used mainly as anti-
freeze agent and as a raw material for the manufacture of
polyester. Global demand was estimated at ca. 18 million
t/a.® It is produced via thermal hydrolysis of ethylene
oxide."* Biocatalytic hydrolysis is possible as well when
using a suitable epoxide hydrolase,® but this would pose
no clear advantage and is not pursued.

Besides using ethylene oxide such as described in Section
6.1, bio-based routes to ethylene glycol might use direct
fermentation of carbohydrates. Figure 9 shows that eth-
ylene glycol formation is linked to the central metabolism
via glyoxylate, which could be reduced in three steps to
ethylene glycol. The final reduction is catalyzed by lactal-
dehyde reductase. Its natural reaction is the oxidation of
(S)-propane-1,2-diol with NAD" to (S)-lactaldehyde. The
E. coli enzyme will at almost the same rate also convert



ethylene glycol to glycolaldehyde and the other way
around.*® Recently, it has been claimed that mutants of
the NADP dependent alcohol dehydrogenase YqhD can
also be used for ethylene glycol production.”” Also, a
metabolic route to ethylene glycol has been assembled in
E. coli® It relies on D-xylose, which is oxidized to D-
xylonate by D-xylonate dehydrogenase; then a dehydra-
tase forms 2-dehydro-3-deoxy-D-xylonate, which is split
by an aldolase into pyruvate and glycolaldehyde (Figure
9). While glycolaldehyde is reduced to ethylene glycol,
pyruvate is converted into side products, which limits the
maximum yield on xylose of the pathway to 0.41 g/g. The
authors of this first attempt achieved 0.29 g/g, and a final
ethylene glycol concentration of 12 g/L at a productivity of
0.24 g/(L h). These promising results should stimulate
follow up work.
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Figure 9. Pathways to ethylene glycol and glycolate.

5.2.2

1,2-Propanediol is a commodity chemical with global de-
mand estimated around 1.4 million t/a. It is produced via
petrochemistry and has a major role in applications such
as antifreeze and heat-transfer fluids, plasticizers and
thermoset plastics, and cosmetics.'®

1,2-Propanediol

In wild-type Clostridium thermosaccharolyticum, glyc-
erone phosphate (dihydroxyacetone phosphate) is con-
verted to methylglyoxal, which is then reduced to (R)-1,2-
propanediol via hydroxyacetone (Figure 10). A fraction of
the methylglyoxal is also converted to D-lactate. In an
anaerobic batch fermentation at 60 °C this led to 9.05 g/L
(R)-1,2-propanediol, with a yield on glucose of 0.20 g/g
and a productivity of 0.36 g/L."*® More recently, pathways
from glucose to (R)-1,2-propanediol have been introduced
in E. coli”®" and S. cerevisiae,”'” but so far not with im-
proved results. Also, glycerol has been used as starting
compound. Glycerol is more reduced than glucose and
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can potentially lead to a higher yield, but achieved yields
are still modest."®

see Figure 1
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Figure 10. Pathways to glycerol, propanediols and 3-
hydroxypropionate. If glycerol is used as starting compound,
reactions in reverse direction can be used.

5.2.3.

The main use of 1,3-propanediol is as monomer, for ex-
ample to obtain a polyester with terephthalic acid. It has
traditionally been produced via petrochemical routes, at a
scale much smaller than for 1,2-propanediol, but recently
1,3-propanediol production by fermentation of glucose
and glycerol has been developed.

1,3-Propanediol

Glycerol fermentation to 1,3-propanediol is performed by
many natural organisms. The pathway involves merely
two steps, and requires anaerobic conditions (Figure 10).
Firstly, coenzyme Bi2-dependent glycerol dehydratase is
used to obtain 3-hydroxypropionaldehyde, which is then
reduced to 1,3-propanediol by an NADH-dependent oxi-
doreductase. This pathway is used, for example, by Clos-
tridium butyricum AKR102a.”* In fed-batch fermentations
on 1-L and 200-L scale the strain reached 94 g/L 1,3-
propanediol with an overall productivity of 3.3 g/(L h).
The yield was o0.52 g/g, because the requirement for
NADH implies that part of glycerol is oxidized to side
products such as carboxylic acids and CO,. Using a meta-
bolically engineered C. acetobutylicum strain, 0.54 g/g has
been achieved.”

Glucose fermentation to 1,3-propanediol requires a path-
way that directs glucose towards glycerol, which is then
further converted as mentioned before. For this, the gly-
colysis is performed up to glycerone phosphate (dihy-
droxyacetone phosphate), which is then reduced and
dephosphorylated to glycerol (Figure 10).”® Such a path-
way has been introduced in E. coli. However, E. coli lacks
coenzyme Bi2, which is required by glycerol dehydratase.
Therefore, the pathway to synthesize coenzyme Bi2 was
introduced in E. coli, including a reactivation enzyme.”*””
In a patent of DuPont,” the highest final 1,3-propanediol
concentration is 141 g/L, with a yield on glucose of 0.44
g/g. A higher yield, o.51 g/g, is mentioned for a fermenta-



tion that led to 135 g/L 1,3-propanediol and a productivity
of 3.5 g/(L h).”°

The fermentative production of 1,3-propanediol is per-
formed at 45,000 t/a scale by a joint venture of DuPont
and Tate & Lyle. Metabolic Explorer is currently building
a plant for 1,3-propanediol based on glycerol.

5.2.4. Glycerol

Glycerol is the trivial name of propane-i,2,3-triol. For
some time it has been produced from petrochemical
sources, but currently it is produced from natural fats and
oils. These consist of fatty acid esters of glycerol, which
are converted into biodiesel, leading to glycerol as co-
product, as mentioned in Table 2. On the basis of the
proportionality to biodiesel production (section 10.1),
about 2 million t/a glycerol is produced. Many new pro-
cesses, including fermentations,” are in development to
use this currently so abundant and cheap glycerol as car-
bon source. Considering Figure 1, it requires only a few
metabolic steps to form the same products as from glu-
cose.

Consequently, glycerol might also easily be produced by
fermentation of carbohydrates, although this is economi-
cally unattractive. For example, 302 g/L glycerol has been
obtained at a yield on glucose of 0.70 g/g using engi-
neered E. coli.”” The pathway is described in Section 5.2.3.

5.2.5. 1,4-Butanediol

1,4-Butanediol is produced via petrochemistry at a scale of
about 1.3 million t/a.”® It is converted into polyesters, pol-
yurethanes, and other polymers. Recently, a fermentation
route to 1,4-butanediol has been developed by engineer-
ing E. coli.”” The metabolic route selected branches off
from the citrate cycle at 2-oxoglutarate (Figure 11). This is
decarboxylated by 2-oxoglutarate decarboxylase to suc-
cinate semialdehyde, which is then reduced by 4-
hydroxybutyrate dehydrogenase. The next reduction, of
the carboxylic acid group, is thermodynamically difficult
and was therefore done after CoA activation by 4-
hydroxybutyryl-CoA reductase. In the final step, 4-
hydroxybutyraldehyde is reduced using an alcohol dehy-
drogenase.

This led to production of 18 g/L 1,4-butanediol from glu-
cose in 5 days.” Side products were still at too high lev-
els, and the theoretical yield of the pathway of 0.5 g/g was
not approached. However, this is a good basis for the fur-
ther development that is currently being carried out to
achieve commercially attractive levels. Genomatica re-
searchers used evolutionary engineering methods to in-
crease the tolerance of E. coli to 1,4-butanediol to more
than 100 g/L, thus overcoming a potential major hurdle to
commercialization.”® Upon engineering the final three
enzymes of the pathway, ns5 g/L 1,4-butanediol was
achieved with a productivity of 3.3 g/(L h). Using lignocel-
lulosic feedstock somewhat lower numbers are achieved,
and production has been tested already on a scale of
thousands of tonnes.
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5.2.6. 2,3-Butanediol

This diol has no history as petrochemical platform chemi-
cal, but its biochemical production is relatively easy and
might become important. The dehydration of 2,3-
butanediol yields the industrial solvent 2-butanone, and
further dehydration produces 1,3-butadiene for the manu-
facture of synthetic rubber.® For polymerization it is
much less desired than 1,4-butanediol, but its microbial
production is relatively easy because it is a natural fer-
mentation product of several bacteria. In the 1940s, pilot
scale operation was performed, and also now industrial
fermentation is considered.™

The used pathway is shown in Figure 8, and has a maxi-
mum yield on glucose to 1 mol/mol (0.50 g/g). The path-
way needs some O,, or leads to more oxidized fermenta-
tion byproducts such as acetoin, to close the redox bal-
ance. The dehydrogenases responsible for reduction of
diacetyl determine which enantiomer of 2,3-butanediol is
obtained, but chirality is not a major research issue if the
main anticipated destination of 2,3-butanediol is chemical
conversion into butadiene or butanone.

The highest fermentation concentration obtained for 2,3-
butanediol is 152 g/L, using aerobic fed-batch fermenta-
tion with a mutant of Serratia marcescens.”®> The yield on
sucrose was 0.49 g/g, whereas the theoretical yield on
sucrose is 2 mol/mol, corresponding to 0.53 g/g. The
productivity was 2.7 g/(L h). Almost the same titer (150
g/L) has been achieved from glucose with Klebsiella
pneumonia, but with a relatively higher yield (0.48 g/g as
compared with the maximum of 0.50 g/g on glucose) and
higher productivity (4.2 g/(L h))."®?



Recovery of 2,3-butanediol from aqueous solution is rela-
tively difficult because of its hydrophilicity and low vola-
tility.

5.3. Carbohydrates

5.3.1. Glucose

D-Glucose is the hydrolysis product of many polysaccha-
rides. To obtain it in pure form, homopolymers of glucose
are desired. The B-1,4 polymer cellulose is the most abun-
dant one, but difficult to hydrolyze.” Starch, which con-
tains the a-(1,4) polymers amylose and amylopectin, with
amylopectin having a-(1,6) branches, are relatively easy to
convert into glucose. First an a-amylase is used for hy-
drolysis at ~100 °C into shorter chains and subsequently
glucoamylase hydrolyses the remaining oligosaccharides
at more modest temperatures. Additional enzymes can be
added with specificity for debranching amylopectin, for
example.® Considering merely the US production of eth-
anol by fermentation of hydrolyzed starch, the capacity of
glucose production by starch hydrolysis will exceed 60
million t/a. World-wide production of glucose for various
fermentation or food related purposes will be significantly
larger.

5.3.2. Fructose

In 2005, D-fructose was produced on a scale of about 6.5
million t in mixtures with D-glucose.”®> The advantage of
fructose is that it is sweeter. Packed beds of immobilized
glucose isomerase are used to continuously isomerize the
more available glucose into a mixture containing 42%
fructose (~200 g/L), close to the equilibrium composition
of about 50%. Chromatographic enrichment to higher
fructose contents is used. The productivity is very high,
about 800 g/(L h)™®"°

Instead, the disaccharide sucrose can also be hydrolyzed
into 11 mixtures of glucose and fructose, using the en-
zyme invertase, which is excreted by S. cerevisiae, for ex-
ample. During sucrose fermentation to ethanol by this
yeast, the hydrolyzed monosaccharides are directly taken
up by the cells for further conversion.

Fructose homopolymers such as inulin are, upon enzy-

matic hydrolysis, also a source of fructose, but this pro-
. . . 8

cess does not have much economic significance yet."

5.3.3. Xylose

The C; monosaccharide D-xylose is one of the most im-
portant constituents of hemicellulose, which makes up
20-35% of lignocellulosic materials such as wood. Hemi-
cellulose is relatively easily hydrolyzed by chemical meth-
ods, and this is the main method for industrial production
of xylose. However, enzymatic methods are also consid-
ered because they lead to less degradation products. The
xylanases that cleave B-(1,4) glycosidic bonds of a xylan
backbone are blended with arabinofuranosidases, man-
nanases, hemicellulolytic esterases, and glucuronidases,
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for example to synergistically hydrolyze hemicellulose
completely.”*”

5.3.4.Isomaltulose

Isomaltulose, also called palatinose and 6-O-a-D-
glucopyranosylfructose, is an isomer of sucrose. Isomaltu-
lose and its hydrogenated derivative replace sucrose as
sweetener in some applications. In 2011, the production of
isomaltulose has been estimated at 120,000 t/a.®® This
occurs by transglucosidation of sucrose catalyzed by im-
mobilized Protaminobacter rubrum cells that contain an
a-glucosyl transferase. Productivities of 40 g/(L h) have
been achieved in continuous reactors, leading to about
200 g/L isomaltulose. Yields on sucrose can reach 99%."

5.4. Sugar alcohols

5.4.1. Erythritol

Erythritol is a polyol ((2R,3R)-butane-1,2,3,4-tetraol) and
widely distributed in nature. It can be safely used as a
noncariogenic sweetener in foods as it cannot be fer-
mented by the bacteria that cause dental caries. In 2006,
the world market was 20,000 t."°

Erythritol is formed from glucose by yeasts and other fun-
gal species via the pentose phosphate pathway, which has
D-erytrose-4-phosphate as intermediate (see Figure 1).
This is dephosphorylated by a kinase and subsequently
reduced by erythrose reductase using NAD(P)H."° Such a
pathway can lead theoretically to 1 mol of erythritol per
mol of glucose (0.68 g/g), and requires aeration for
NAD(P)H regeneration. Some bacteria use a slightly dif-
ferent pathway. However, osmophilic yeasts are preferred
for production, and these have been subjected to classical
mutation to improve their performance.

Some of the best results have been obtained using
Pseudozyma tsukubaensis KN75." In a fed-batch culture,
an erythritol yield on glucose of 0.60 g/g was obtained at
a final erythritol concentration of 241 g/L and at a produc-
tivity of 2.8 g/(L h). Such good results were not only ob-
tained at laboratory scale but also at 50 m® scale. For in-
dustrial production, other strains have been described.
For example, using Trichosporonoides megachiliensis, the
yield on glucose, product titer, and productivity reached
0.47 g/g, 192 g/L, and 2.0 g/(L h), respectively, in a 100 m?
fermentation tank.”"

5.4.2. Xylitol

Xylitol is an optically inactive Cs5 polyol. It is industrially
produced by reducing pure D-xylose, obtained from
hardwood hydrolysate, using H, and a nickel catalyst.*”
The annual production has been estimated in 2006 to lie
between 20,000 and 40,000 t/a.”” It has sweetening power
as high as sucrose but prevents caries.

To be able to use impure D-xylose, mixed with other sug-
ars obtained from wood hemicellulose hydrolysate, bio-



technologicial production has been pursued. This involves
NAD(P)H dependent xylose reductase. For example, xyli-
tol has been produced in the presence of significant
amounts of yeast extract during cell recycling of Candida
tropicalis ATCC 13803. The yield of xylitol on xylose was
0.83 g/g, at a productivity of 4.0 g/(L h) and final xylitol
concentration of 244 g/L."® Using recombinant S. cere-
visiae, almost quantitative yields on xylose have been ob-
tained while using glucose as co-substrate.”*'*

5.4.3. Sorbitol

Sorbitol is a C6-sugar alcohol obtained by reduction of
the aldehyde group of L-sorbose or D-glucose, and is
therefore also called D-glucitol. The reduction of glucose
can efficiently be done with H, using nickel catalysts. This
has led to industrial production amounting to 500,000 t/a
in 1994, for use of sorbitol in food products, as polymeric
building block, and in the classical vitamin C synthesis."®
Recently, the production has been estimated at 700,000
t/a.”’

Nevertheless, biochemical production has also received
considerable interest. Most research has focused on using
the potential of the bacterium Zymomonas mobilis to co-
produce sorbitol and D-gluconic acid from sucrose or 1:1
glucose-fructose mixtures. A single enzyme, glucose-
fructose oxidoreductase, a tetrameric protein with tightly
coupled NADP, is responsible for both the reduction of
fructose to sorbitol and the dehydrogenation of glucose to
glucono-3-lactone. Additionally, glucono-8-lactonase is
present to speed up the (otherwise spontaneous) hydroly-
sis of glucono-8-lactone to gluconic acid.*'%°

Although systems with isolated enzymes and with immo-
bilized cells have been developed,196 the best results seem
to have been obtained with free, untreated, Z. mobilis
ATCC 29191 in a batch system. The use of up to 650 g/L of
an equimolar mixture of glucose and fructose resulted in
an almost complete conversion to sorbitol and gluconic
acid, with final concentrations of 300 and 320 g/L, respec-
tively, without ethanol formation. Yields were 0.91 g/g for
both products, in 8 h of operation.”* However, commer-
cial operation was not achieved."

5.4.4. D-Mannitol

Mannitol is a C6-sugar alcohol naturally produced by
many organisms to protect cells and proteins against heat
and osmotic changes. It is used as low-caloric and low-
cariogenic sweetener in food for diabetic patients, and is
widely used as filler in pharmaceutical applications.*”
Industrial production of mannitol has been performed by
reduction of glucose-fructose mixtures with hydrogen
using nickel as a catalyst. However, this mainly leads to
sorbitol.***

Therefore  biochemical alternatives have  been
developed.”” These rely on NAD(P)H dependent reduc-
tion of fructose, obtained by isomerization of glucose.
Alternatively, glucose is phosphorylated to glucose 1-
phosphate, which is isomerized to fructose 1-phosphate
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before reduction to mannitol 1-phosphate and
dephosphorylation. Consequently, the yield on glucose
can be 1 mol/mol (1.01 g/g) if a reducing agent would be
available. Wild-type lactic acid bacteria use 1/3 of the glu-
cose for NAD(P)H generation, limiting the yield to 0.67
g/g.*" Theoretically, 0.93 g/g might be obtained if the
glucose carbons used for NAD(P)H generation would all
end up as CO,. Such approaches have been studied with
yeasts, for example. Using classical mutagenesis, mutants
of the yeast Candida magnoliae NCIM 3470 were generat-
ed that produced in a two-stage fermentation mannitol
up to 240 g/L, at a yield of 0.81 g/g and a productivity of 4
g/(L h) without formation of any by-product.*” The first
stage was aerobic growth and the second stage anaerobic
conversion of fructose rather than glucose.

Similar as for sorbitol, an elegant enzymatic cofactor re-
generation system has been developed to produce manni-
tol simultaneously with gluconic acid (a compound treat-
ed in section 9.4.6) at 50-60 g/L.*****> This starts with a
glucose/fructose mixture (1:1) such as obtained from glu-
cose using glucose isomerase or sucrose using invertase. A
glucose dehydrogenase converts glucose to gluconic acid,
using NAD" and generating NADH. Mannitol dehydro-
genase uses NADH to convert fructose to mannitol and
regenerates NAD™.

5.5. Phenol

Production of phenol from fossil resources amounts to
about 9 million t/a, mostly for the production of polycar-
bonates and resins.”*®

Using a solvent-tolerant Pseudomonas putida Si2 strain,
glucose has been converted into phenol with a yield of
0.035 g/g. The pathway (Figure 6) follows formation of L-
tyrosine, and its conversion with water into phenol, py-
ruvate and ammonia, using a tyrosine-phenol lyase en-
coded by a gene from Pantoea agglomerans. The P. putida
strain produced 0.14 g/L of phenol in 24 h in a shake flask
using mineral medium supplemented with glucose and
some salicylate. In a fed-batch culture, 0.47 g/L phenol
was achieved. To overcome the product toxicity, 1-octanol
was used in-situ as extractant. The phenol concentration
in the octanol phase reached 5.5 g/L and the productivity
was doubled as compared to the single phase fed-batch.*””
Further improvements will be required to achieve com-
mercial significance.

6. ETHERS

6.1. Epoxyethane
Epoxyethane, also known as ethylene oxide and as
oxirane, is a simple cyclic ether. World production of
epoxyethane was ca. 15 million t/a in 2000. The most im-
portant application is production of ethylene glycol.”*®

Bio-based epoxyethane will require bio-based ethene (see
section 3.1). Although epoxidation of ethene is conven-



iently carried out on industrial scale using chemical catal-
ysis, biocatalytic epoxidation has been studied as well.**
The reason for this was probably that production of epox-
yethane was a model system for production of other epox-
ides, such as styrene oxide, where the biocatalysis can be
used to obtain enantiopure products. Epoxidations have
been performed using immobilized Mycobacterium Py:.
An NAD(P)H-consuming monooxygenase used O, for the
epoxidation, thus allowing gas phase supply of reactants if
this gas phase also contained propanal as cosubstrate for
NAD(P)H regeneration.**

The biocatalytic epoxidation of ethene is a very slow reac-
tion compared to the chemocatalytic epoxidation and
does not offer a clear advantage. Introducing the enzyme
for epoxidation in a hypothetical ethene-emitting micro-
organism would require aerobic conditions for epoxida-
tion activity. This might easily conflict with the condi-
tions required for biochemical ethene formation.

6.2. Epoxypropane

Epoxypropane, also called propylene oxide or
methyloxirane, is produced at about ¢ million t/a. It is the
starting material for a broad spectrum of polymers (poly-
urethanes, polyesters) and liquid chemicals (propylene
glycol, polyglycols, propylene glycol ethers).*

The chemistry and biochemistry of epoxypropane resem-
ble those of epoxyethane. An important difference is that
in case of propene epoxidation, enantioselectivity may
play a role. The biocatalytic approach is usually R-
selective.™ Bio-based (R)-epoxypropane production will
require bio-based propene (see section 3.2), which is not
yet available.

6.3. Other ethers

For other ethers that are currently produced at significant
scale by petrochemistry, such as methyl-tert-butyl ether,
ethyl-tert-butyl ether, and tetrahydrofuran, biocatalytic
routes have not yet been proposed. Biosynthetic ether
formation is not a focal area in bio-based production.
However, an analysis of the occurrence of ethers in natu-
ral products showed that there are many types of enzy-
matic ether formation known, so this is actually a rich
field of biochemistry.**

7. ALDEHYDES
7.1. Formaldehyde

Formaldehyde has numerous applications, in particular
for producing resins. In 1996, the production capacity of
formaldehyde was about 9 million t/a.”® Besides this fos-
sil-carbon based production, biochemical production has
received some interest. It is based on oxidation of metha-
nol, so it would require bio-based methanol to become
bio-based (cf. Figure 2). Using an alcohol oxidase-
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enhanced mutant strain of the methylotrophic yeast Can-
dida boidinii, 35 g/L formaldehyde has been produced at
aerobic conditions. The productivity was high, about 5
g/(L h), but the yield on methanol was only 0.36 g/g,
probably due to further oxidation. Under appropriate
culture conditions, alcohol oxidase comprised nearly 50%
of the cells’ total soluble proteins. *+*>

7.2. Acetaldehyde

Acetaldehyde is produced from fossil resources at a scale
of about 1 million t/a, although Brazilian production is
bio-based, using catalytic bioethanol oxidation.”® Acetal-
dehyde is an important intermediate in the production of
many chemicals.

Acetaldehyde is the precursor of ethanol in fermentations
(see Figure 4), and usually its formation is minimized. S.
cerevisiae strains that were used for wine production
formed o.01-0.09 g/L of acetaldehyde, although certain
wines contain 0.3 g/L.*7 The toxicity of acetaldehyde to
the producing microorganisms, in combination with the
ease of petrochemical production, has limited the devel-
opment of dedicated fermentation processes for acetalde-
hyde. Heat-treated (nonviable) cells of Candida boidinii,
however, have produced 75 g/L acetaldehyde by aerobic
oxidation of ethanol.”® The yield on ethanol was almost
quantitative, 0.98 mol/mol, corresponding to 0.94 g/g,
whereas the productivity was 4.2 g/(L h).

Engineered E. coli has been used for the following overall
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reaction:
glucose - 2 acetaldehyde + 2 H, + 2 CO,

This was done by deleting some native pathways, and
introducing an exogenous acetyl-CoA reductase, which
converts acetyl-CoA with NADH into acetaldehyde. The
achieved molar yield was 86%, corresponding to a mass
yield of acetaldehyde on glucose of o0.42 g/g, with a
productivity of 0.03 g/(L h). In addition, the process is
anaerobic and produces H, as a valuable coproduct. The
achieved acetaldehyde concentration was only 0.7 g/L,
because it is toxic to the cells, but its high volatility will
enable in-situ removal by stripping.

7.3. Propanal

Propanal, often called propionaldehyde, is used as inter-
mediate in chemical synthesis of a variety of compounds.
World production was estimated at 154000 t/a in 1988.*°
Production uses fossil resources.

Fermentative 1-propanol production proceeds via pro-
panal (see section 5.1.3 and Figure 7). On the other hand,
propanal has also been produced from 1-propanol using
heat-treated (nonviable) cells of Candida boidinii contain-
ing alcohol oxidase.” In some cases the yield was quanti-
tative, but it dropped to 0.82 g/g at conditions leading to
the highest propanol concentration (16 g/L). The produc-
tivity was 0.9 - 3.2 g/(L h).



7.4. Butanal and isobutyraldehyde

These C, aldehydes are jointly produced by catalytic con-
version of propene, at a scale of about 6 and 1 million t/a,
respectively. They are used for production of a range of
other chemicals, such as their alcohols.**°

Also in metabolic routes, formation of butanal and isobu-
tyraldehyde precedes the formation of the corresponding
alcohols, as shown in Figure 4 and Figure 8, respectively.
Small amounts are excreted by several microorganisms.*
A mutant of C. acetobutylicum was found to produce up
to 1.7 g/L butanal during ABE fermentation, and it was
mentioned that due to its low boiling point (75 °C) recov-
ery should be easier than for 1-butanol (b.p 17 °C).***

A recent study focused on maximizing aldehyde produc-
tion. Deleting all genes expected to be involved in isobu-
tyraldehyde reduction to isobutanol from a isobutanol
producing E. coli strain led to formation on mainly isobu-
tyraldehyde from glucose, with a yield of 018 g/g.*® The
productivity was about 0.29 g/L, and this was maintained
during 120 h using in-situ product removal by gas strip-
ping. Although the dissolved concentration was kept at
about 1 g/L, the amount produced in this way corre-
sponded to about 35 g/L in the fermentor, which other-
wise would have been toxic to the cells.

8. KETONES
8.1. Acetone

Acetone is a chemical intermediate and an excellent sol-
vent for a wide range of industrial materials. Data collect-
ed from some major countries indicate a world produc-
tion capacity in excess of 3 million t/a.”** As co-product of
the more valuable phenol, acetone is not under high de-
mand. Replacement of petrochemical by bio-based pro-
duction is economically challenging. Technically, howev-
er, it would be relatively easy. During the first part of the
20™ century, large scale industrial fermentation using
Clostridium strains was used to produce acetone together
with 1-butanol and some ethanol from carbohydrates.”
This acetone-butanol-ethanol (ABE) fermentation was
developed during the First World War because of a high
need for acetone, which was solvent in the manufacture
of gun powder.

As explained for 1-butanol in section 5.1.5, acetone is
formed during the solventogenic phase of the ABE fer-
mentation. Acetic and butyric acid, which are formed
during the acidogenic phase, are taken up again in the
solventogenic phase by the bacteria and converted into
acetyl-CoA or butyryl-CoA. This involves simultaneous
conversion of acetoacetyl-CoA into acetoacetic acid
(Figure 4). The resulting acetoacetic acid is converted into
acetone by acetoacetate decarboxylase, so that the pH of
the solution moves toward more neutral levels and the
bacteria can continue to grow. According to this route,
the molar amount of acetone produced is limited by the
molar amount of butyric and acetic acid at the end of the
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acidogenic phase.” However, additional uptake mecha-
nisms recently found for butyric acid complicate this pic-
ture.”

It has been shown that nonenzymatic decarboxylation of
acetoacetate occurs in vitro, under conditions similar to in
vivo ABE fermentation.”® This explains why knocking out
the acetoacetate decarboxylase does not eliminate ace-
tone formation.

Currently, commercial acetone production using the ABE
process is mostly in China.” The acetone capacity will be
about 150,000 t/a. Continuous fermentation is performed
using C. acetobutylicum mutants obtained via chemi-
cal/physical mutagenesis and selection during the fer-
mentation process. According to data from Chinese ABE
fermentation industry,” the isolated yield of acetone
produced from starch is o1 g/g. The achieved acetone
concentration in the fermentation is about 2 g/L. Proba-
bly this could be improved if desired. In the 1990s, over-
expressing the acetone-forming enzymes in a Clostridium
acetobutylicum strain led to 8.7 g/L,”® and expressing an
acetone pathway in E. coli led to 8.9 g/L,*® but recent
metabolic engineering studies focus on maximizing 1-
butanol formation.

8.2. Butanone

Butanone, also known as 2-butanone and as methyl ethyl
ketone, is produced via petrochemical routes at a scale of
about 1 million t/a.® It is mainly used as solvent for coat-
ings, adhesives, and inks, as well as a chemical building
block.

Butanone is an intermediate in the pathway to 2-butanol
described in section 5.1.6 and Figure 8. Using the studied
recombinant E. coli strains, the formation of up 0.032 g/L
of butanone from glucose has been claimed. %>’
Coupling of acetyl-CoA with propionyl-CoA can give, de-
pending on the enzyme used, 3-oxopentanoyl-CoA or 3-
oxo-2-methyl-butanoyl-CoA. Subsequent release of the
CoA group and decarboxylation have been suggested by
researchers from Genomatica as pathways to butanone.™
The highest concentration of butanone, 0.14 g/L, was ob-
tained using in an E. coli strain a route which combined
genes of succinyl-CoA transferase from Heliobacter pylori,
of thiolase from an Acinetobacter strain, and of decarbox-
ylase from C. acetobutylicum. The strain had been over-
produced for succinate production to improve the carbon
flux toward propionyl-CoA.

Bio-based levulinic acid®® (4-oxopentanoic acid; see Fig-
ure 12) is used for another route to butanone. Levulinic
acid decarboxylation by a side activity of acetoacetate
decarboxylase has been found in Clostridium acetobutyli-
cum and expressed in E. coli.”® The molar yield of buta-
none on initial levulinic acid was 90%, reaching 0.32 g/L
butanone without byproduct at a productivity of 0.1 g/L.
It is obvious that this interesting route should be devel-
oped further.



8.3. Cyclohexanone

Cyclohexanone is produced together with cyclohexanol
from fossil carbon sources, as precursor for adipic acid
and caprolactam.

A patent application describes metabolic pathway from
glucose to cyclohexanone.” It involves hypothetical en-
zymatic reactions. No actual biosynthesis of cyclohexa-
none has been shown, though.
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pounds in boldface are treated in the text. Dashed arrows are
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9. CARBOXYLIC ACIDS

As shown subsequently, many carboxylic acids can be
produced using biochemical methods. The applications
usually require the undissociated acid form, whereas the
production methods usually are performed using con-
comitant titration with base to keep neutral pH, because
the pK, values of the carboxylic acids are typically 3-5. The
result is usually a carboxylate solution. To obtain the un-
dissociated acid in reasonable concentration, a pH below
about 3 is required. To simplify the overall production
process, and in particular the product recovery, acid-
tolerant microorganisms such as the yeast S. cerevisiae are
often developed for carboxylic acid production,™** as
alternative to carboxylate-producing bacteria such as E.
coli.
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9.1. C;and C; carboxylic acids

9.1.1. Formic acid

Formic acid is industrially produced primarily from
methanol and CO via methyl formate, which is then hy-
drolyzed. In 2009 the formic acid production capacity has
been estimated at 720,000 t/a. Among many applications,
its use in silaging is prominent.”>**

It is well-known that formate is an anaerobic fermenta-
tion product of E. coli and other bacteria.”” Usually the
research focus is on another fermentation product, and
formate formation is minimized.”® Formate is derived
together with acetyl-CoA from pyruvate in a radical-based
homolytic cleavage reaction catalyzed by pyruvate for-
mate lyase (Figure 2). Subsequently, formate can be
cleaved into H, and CO,, so it is an intermediate in the
pathway from glucose to H,. For fermentative H, produc-
tion from glucose, formate formation and conversion are

23

jointly optimized, and low formate concentrations are
desired.*

9.1.2. Acetic acid

Acetic acid has a wide variety of uses, including conver-
sion to vinyl acetate, acetic anhydride, acetate salts, acetic
esters, and monochloroacetic acid. In 2008, 10.6 million t
was produced by petrochemical processes, using mainly
methanol carbonylation.**

However, acetic acid was historically made and still is
made by the fermentation of ethanol, to be used in solu-
tion as vinegar. Vinegar production with acetic acid bac-
teria is very efficient,” but the acetic acid thus produced
is more expensive than petrochemical acetic acid, due to
the ethanol costs. The produced amount of acetic acid in
vinegar has been estimated in 2000 at 0.19 million t/a.***

Acetic acid bacteria oxidize ethanol to acetate in two con-
secutive steps using membrane-bound quinoproteins
(ethanol dehydrogenase and acetaldehyde dehydrogen-
ase). Molar yields on ethanol can exceed 98%. Using an



industrial Acetobacter strain in an aerated repeated fed-
batch system, optimization of several operation variables
using fuzzy control techniques led to up to 203 g/L acetic
acid at productivities up to 1.6 g/(L h).** Using immobi-
lized Acetobacter in continuous fluidized bed reactors,
productivities of 9 g/(L h) could be maintained, albeit at
40 g/L acetic acid. The conversion was also done at pilot
scale, and aeration at this high productivity required pure
02'241

Instead of ethanol fermentation to acetic acid, carbohy-
drates can be used. Then, microorganisms will generally
produce not only acetic acid. Exceptions are strictly an-
aerobic homoacetogens such as Moorella thermoacetica.
Via glycolysis, these organisms convert glucose into two
molecules of pyruvate, which are decarboxylated into two
acetyl-CoA and two CO,. Acetyl-CoA is converted into
two acetate equivalents. The aforementioned reactions
produce eight reducing equivalents, which are utilized to
reduce the produced two molecules of CO, to an addi-
tional acetate equivalent via the Wood-Ljungdahl path-
way. Thus, the net product formation reaction would be:

glucose > 3 acetic acid

In this way yields on glucose of ~0.8 g/g have been
achieved, leading to acetate concentrations up to 100 g/L
at productivities of 0.8 g/(L h).*** However, such concen-
trations can only be achieved at neutral pH, whereas the
ethanol oxidation proceeds at uncontrolled pH (reaching
~2) and yields the desired acetic acid rather than an ace-
tate salt.

Acetic acid is also formed by the anaerobic digestion of
biomass. The four stages of anaerobic fermentation are
explained when treating methane in section 2.. The
fourth stage of methane formation can be prevented, for
example by adding inhibitors. Then, acetic acid, hydro-
gen, and carbon dioxide are produced. This production of
acetic acid has been advocated as a way to access various
commodity chemicals via anaerobic digestion of waste.*®

Besides all aforementioned microbial conversions, acetate
can also be directly liberated from acetylated biomass
components such as hemicellulose, by the action of en-
zymes such as acetyl xylan esterase.” However, this will
probably lead to relatively low concentrations of acetate
and does not seem to be considered as acetic acid produc-
tion method.

9.1.3. Glycolic acid

Glycolic acid, also known as 2-hydroxyacetic acid, is cur-
rently not an important compound despite its simple
structure. Annual consumption in the USA of 15000 t has
been mentioned*® but also worldwide production of
about 2000 t/a.**’ Some higher plants, eukaryotic algae,
and phototrophic bacteria, but also chemolithoauto-
trophs can synthesize it.***** Oxygenolytic cleavage of D-
ribulose 1,5-diphosphate (RuDP) produces phosphoglyco-
late which is then hydrolyzed to glycolate. The oxygena-
tion reaction is catalyzed by RuDP carboxylase. Using
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Alcaligenes eutrophus, productivities of 16 pg/(h.L) have
been obtained from bicarbonate without optimization.***
No attempt, however, seems to be made to produce bio-
based glycolic acid in this way.

However, it is known that ethylene glycol can be efficient-
ly oxidized via glycolaldehyde to glycolic acid using Glu-
conobacter oxidans (cf. Figure 9).”° Recent patent appli-
cations of Roquette Freres describe engineering of E. coli
to obtain a metabolic route from glucose via pyruvate to
glyoxylate and subsequently to glycolic acid.***' The
highest yield on glucose was 0.36 g/g, with a glycolic acid
concentration of 55 g/L and a productivity of 1.23 g/(L h).

9.2. G;carboxylic acids

9.2.1. Propionic acid

The production in 2006 of propionic acid (propanoic ac-
id) was 377,000 t. Food and feed preservation accounted
for ca. 78% of the propionic acid consumption in 2009.*
Commercial production of propionic acid is entirely by
petrochemical routes, although a number of pilot plants
has been designed and built to produce it by fermenta-
tion.”>

In the 19" century, studies of the anaerobic propionic acid
fermentation already resulted in the formulation of the
so-called Fitz equation:*?

3 lactic acid >
2 propionic acid + 1 acetic acid + 1 CO, + 1 H,O

However, dependent on the bacterial species, one out of
several different pathways (see Figure 14) is used to
achieve this stoichiometry. In the dicarboxylate pathway,
glucose is converted into pyruvate or phosphoenolpy-
ruvate, which are carboxylated with CO, to oxaloacetate.
This is reduced and rearranged in a number of steps to
(S)-methylmalonate-CoA, which is then decarboxylated
to propionyl-CoA, to lead to propionate. Figure 14 shows
also the methylcitrate cycle for conversion of pyruvate to
propionate. The acrylate pathway is similar until py-
ruvate. After reduction to lactate, 2-phospholactoyl-CoA
is formed to enable dehydration to acrylyl-CoA. Finally
this is reduced to propionyl-CoA, which is then hydro-
lyzed.” In each pathway, acetate production leads to
NADH required for the reduction in the propionate
branch. Obviously, the acetate production constrains the
achievable propionic acid yield. According to the given
equation, the theoretical propionic acid yield on lactic
acid (or glucose) is 0.55 g/g. Elimination of the acetate-
forming pathway has been studied,* but an alternative
NADH supply route will be required instead.

Another problem is the toxicity of propionic acid to the
bacteria. However, a high propionic acid-tolerant strain
has been developed by adapting a metabolically engi-
neered Propionibacterium acidipropionici with gradually
increased propionic acid concentration in the fermenta-
tion broth via fed-batch fermentation. The adapted mu-



tant grew faster than its parental strain and produced 97
and 104 g/L propionic acid from glucose and lactate, re-
spectively.” Productivities were 0.07 and o.12 g/(L h).
The average propionic acid yield on glucose was 0.53 g/g,
close to the maximum. Using glycerol, 106 g/L propionic
acid has been achieved, but at the expense of yield and

productivity.*®
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9.2.2. Acrylic acid duction, because cultivation of R. erythropolis LG12 with
40 g/L of acrylic acid resulted in 44% conversion into 3-

Acrylic acid, also known as 2-propenoic acid, is produced . p
hydroxypropionate.*”

at about 4.2 million t/a by petrochemistry. Its major utili-
zation is in polymers.*’ The metabolic pathway from lactate to propionate as
catalyzed by C. propionicum proceeds via acrylyl-CoA
(Figure 14) and has been reversed for acrylate production.
Resting cells of C. propionicum converted up to 18.5% of
propionate into acrylate when methylene blue was used
as an electron acceptor.*® The acrylate concentration
reached up to 2.2 g/L. To obtain renewable propionate
from sugars, these authors had fermented lactose into a
mixture of propionate, acetate and lactate, using a cocul-
ture of Lactobacillus bulgaricus and Propionibacterium
shermanii. This route suffers from some of the same prob-
lems as the aforementioned route from lactate, namely
the requirement of an external electron acceptor and the
formation of several other fermentation products from

In nature, free acrylate only seems to play a role in the
degradation of dimethylsulfoniopropanoate (DMSP).
DMSP is an abundant osmolyte in marine environments.
It is made by many single-celled marine phytoplankton,
marine macroalgae, and a few angiosperms. DMSP is a
potential energy and carbon source for marine bacteria,
and for several bacteria the first step in the degradation of
DMSP is its cleavage into dimethylsulfide and acrylate by
the enzyme DMSP lyase.”**¥ This pathway is not of in-
terest for commercial production of acrylic acid from bi-
omass.”” More promising routes involve propionic, lactic,
and 3-hydroxypropionic acid. The routes to these com-
pounds are explained elsewhere in section 9.2. Enzymatic

dehydration of lactic acid or its CoA derivative suffers the sugar.

from a poor equilibrium position at ambient conditions. Thus, so far it is not clear how to obtain a high yield of
The equilibrium ratio [acrylyl-CoA]/[lactoyl-CoA] is only acrylate on sugars using enzymes.

about 0.005.2° The molar ratio [acrylate]/[lactate] was

found to be approximately 0.03 at equilibrium.*” 9.2.3. Lactic acid

Equilibrium limitations will also play a role if 3- Lactic acid (2-hydroxypropanoic acid) and its salts have
hydroxypropionate is used for enzymatic acrylic acid pro- traditionally been used widely in food, cosmetic, pharma-
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ceutical, and leather industries. The main current applica-
tion of lactic acid is as building block for polylactic acid
(PLA). PLA is considered to be one of the most promising
biodegradable polymers that can be applied to textiles,
packaging materials, and films, for example. PLA was tra-
ditionally produced from optically pure L-lactic acid, and
has desirable properties such as good processability, bio-
compatibility, and biodegradability. Its application is lim-
ited by its low melting temperature (180 °C), but poly-L-
lactic acid and poly-D-lactic acid can form a racemic
complex with a melting point of 230 °C.*** Therefore, ste-
reocomplexation improves the mechanical performance,
thermal resistance, and hydrolysis resistance of PLA-
based materials.

Fermentative lactic acid production from biomass was
industrially performed already in 1881. There has also
been petrochemical production, but this has disappeared
again.’® In 20m, the fermentative lactic acid production
has been estimated at 370,000 t/a.”

The metabolic pathway from glucose to lactic acid is
straightforward: glycolysis to pyruvate, which is reduced
using NADH by D- or L-lactate dehydrogenase (Figure
14). Theoretically, this could overall lead to splitting of 1
mol glucose into 2 mol lactic acid, corresponding to a
mass yield of 1 g/g, which has indeed been achieved.”*®
Numerous studies has been performed on strain and fer-
mentation development to achieve efficient processes, not
only using glucose but also from cheaper carbohydrate
sources.’®>*?%7 Here only some of the best results using
glucose are given.

Using immobilized Rhizopus oryzae in a fed-batch cul-
ture, 280 g/L partly soluble calcium lactate has been
achieved, which corresponds to 231 g/L L-lactic acid.”®®
The L-lactic acid yield on glucose was 0.92 g/g and the
productivity was 1.83 g/(L h). Fewer studies have been
published on D-lactic acid production. Using Sporolacto-
bacillus sp. strain CASD, which is a homofermentative D-
lactic acid producer, an amount of calcium D-lactate cor-
responding to 207 g/L lactic acid has been achieved in
fed-batch cultivation.*® The productivity was 4.4 g/(L h)
and the yield on glucose was 0.84 g/g; using different
feeding the yield was 0.93 g/g, somewhat at the expense
of achieved concentration and productivity.

With respect to optimizing the lactate productivity using
cell recycling, an impressive 150 g/(L h) has been
achieved.””

9.24.

Despite its simple structure, 3-hydroxypropionic acid has
never been a significant petrochemical product. Its devel-
opment as a platform chemical took off when Cargill
identified the possibility to produce it efficiently by bio-
chemical methods from biomass, and its potential as pol-
ymer building block.*” 3-Hydroxypropionic acid might be
used directly in polyesters, but its potential as precursor
of acrylic acid might be more interesting, because acrylic
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acid has an existing market. This implies that biocatalytic
conversion of acrylic acid to 3-hydroxypropionic acid*”
has no clear commercial production value. Dehydration
of 3-hydroxypropionic acid may be used to obtain acrylic
acid (see section 9.2.2).

3-Hydroxypropionate has several roles in microbial me-
tabolism. This has allowed the formulation of a range of
pathways, which could be potentially constructed for 3-
hydroxypropionic acid production from glucose or glyc-
erol.”” The pathway from glycerol is simple, involving
only two enzymatic steps (Figure 10). So far, the highest
published level of production for this pathway is 39 g/L at
35 % yield using recombinant E. coli SH-BGK1.*”* This
strain required (expensive) coenzyme Bi2 supplementa-
tion for activity of glycerol dehydratase, in the first step in
the pathway. The dehydration leads to 3-hydroxypropanal
upon keto-enol tautomerization, and subsequent reduc-
tion yields 3-hydroxypropionate. Several enzymes have
been used for the reduction, and strains constitutive in
coenzyme Bi2 are advocated.””

For starting from glucose, many pathways have been pro-
posed, including pathways with hypothetical enzymatic
conversions.””® These pathways have been analyzed
with respect to thermodynamic feasibility and achievable
yield. One of the pathways involves isomerization of L-
alanine to B-alanine (2-aminopropionic acid). Interesting-
ly, this was a hypothetical conversion at the time of the
conception of the pathway, but later a gene of Bacillus
subtilis lysine 2,3-aminomutase was mutated to obtain the
desired alanine mutase activity.”””

Experimental implementation of a metabolic pathway
from glucose to 3-hydroxypropionate has been published
for an E. coli strain.””® After glycolysis, pyruvate was con-
verted into acetyl-CoA. Overexpression of acetyl-CoA
carboxylase led to malonyl-CoA, which was converted
into 0.4 g/L 3-hydroxypropionate using NADPH-
dependent malonyl-CoA reductase originating from
Chloroflexus aurantiacus. This leaves much room for fur-
ther optimization. A recent patent application of
OPXBIO™ describes extensive genetic engineering of E.
coli. Using the best strain in aerated fed-batch fermenta-
tion, a yield on glucose of 0.53 g/g has been achieved with
a final 3-hydroxypropionate concentration of 48 g/L. Pilot
scale experiments have already been performed.

9.2.5. Pyruvic acid

Pyruvic acid, which has the systematic name 2-
oxopropanoic acid, is currently merely a fine-chemical.
However, it can be produced from glucose very efficiently,
and might become more important.”****'

Pyruvate is at important metabolic intermediate between
glycolysis and citrate cycle, and a metabolic precursor for
ethanol and lactic acid. The pathways to pyruvate are
shown in Figure 1. Many pyruvate-overproducing strains
have been developed, such as a S. cerevisiae strain that
produced 135 g/L pyruvate with a productivity of 1.4 g/(L
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h) and an overall yield on glucose of 0.54 g/g.*** Using a
recombinant E. coli, 0.87 g/g has been achieved at a
productivity of 6.0 g/(L h).*® Prolonged production of
pyruvate could be achieved by maintaining the concentra-
tion in the reactor below 55 g/L.

Lactic acid is currently available at a much lower price
than pyruvic acid, and therefore enzymatic oxidation of
D- and L-lactic to pyruvic acid has also been pursued.
Efficient production at almost quantitative yields has
been obtained.”®***> Being the metabolic precursor of lac-
tic acid, such pyruvic acid production from lactic acid is
not likely to become the prevailing process if pyruvic acid
becomes a commodity chemical like lactic acid.

9.3. C,carboxylic acids

9.3.1. Butyric acid

Butyric acid, with the systematic name butanoic acid, is
produced by petrochemistry at a scale of about 500,000
t/a.”®® It is mainly applied in cellulose acetate butyrate
plastics, but also in numerous other products.”

Butyric acid is a common metabolite produced under an-
aerobic conditions by bacteria from various genera. The
most important strains studied for industrial application
are all Clostridia, namely Clostridium butyricum, C. ty-
robutyricum, and C. thermobutyricum.*>*

The metabolic pathway from glucose to butyric acid has
been described for 1-butanol (see section 5.1.5 and Figure
4). Strains producing butyric acid are not able to reassimi-
late this butyric acid when the medium becomes too acid-
ic and they do not convert it to 1-butanol. The pathway up

to butyric acid also leads to production of H,:***

glucose - butyric acid + 2 H, + 2 CO, + 3 ATP

The competing pathway to acetic acid, which produces 4
ATP per glucose but leads to more acidification, has to be
minimized to maximize butyric acid formation. Since ATP
is required to support cell growth, the best results have
been obtained using cell retention. Repeated fed-batch
fermentation of glucose using an immobilized butyric-
acid-tolerant strain C. tyrobutyricum increased its toler-
ance to butyric acid in the course of several months, to
reach finally a fermentation with a concentration of 87
g/L.>* The yield on glucose was 0.46 g/g, which is close to
the maximum for the applied pathway (0.49 g/g for the
equation shown). A reasonable volume-specific produc-
tivity of 1.1 g/(L h) was reached.

In Sweden, production has been tested at 10 m? scale us-
ing C. tyrobutyricum.”®

9.3.2.

3-Hydroxybutyric acid is the monomer of the well-known
bacterial storage polymer polyhydroxybutyrate (PHB).
Strains of Cupriavidus necator (at that time called Alcali-
genes eutrophus) produced PHB concentrations up to 180
g/L with productivities up to 3.8 g/(L h).”° Therefore, also
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biosynthesis of the monomer is relatively simple, and alt-
hough current industrial production of 3-hydroxybutyric
acid is only for fine-chemicals applications, commercial
production of the polymer is growing, and the monomer
might also become more important.”

The metabolic pathway from glucose follows acetyl-CoA
formation. Two molecules of acetyl-CoA are condensed
by B-ketothiolase to acetoacetyl-CoA. This product is
then reduced to 3-hydroxybutyryl-CoA by acetoacetyl-
CoA reductase. A synthase catalyzes the polymerization
(Figure 4). Accumulated PHB has been intracellularly
hydrolyzed by PHB hydrolase leading to excretion of (R)-
3-hydroxybutyric acid up to 15 g/L using a Halomonas
strain, for example.®" A much higher concentration, 18
g/L, was achieved using Azohydromonas lata.** In this
case, cells that had accumulated PHB were transferred to
an anaerobic vessel at pH 4, which promoted hydrolysis.
This allowed a high overall productivity of (R)-3-
hydroxybutyric acid of 4.9 g/(L h) with a yield on sucrose
of about 0.43 g/g.

In similar ways, (S)-3-hydroxybutyric acid was produced
to a level of 10 g/L, using recombinant E. coli expressing
the required (S)-enzymes.*

9.3.3. Methacrylic acid / 2-hydroxyisobutyric
acid

Methacrylic acid (2-methyl-2-propenoic acid) and espe-
cially its methyl ester are important precursors for acrylic
polymers. In 2007, production of methyl methacrylate
was 2.7 million t, with significant extensions planned.***
This makes methacrylic acid by far the most important C,
carboxylic acid. Nevertheless, biochemical production has
not been published. Only a number of hypothetical path-
ways has been claimed in a patent application.*” The fo-
cus of bio-based research is on precursors of methacrylic
acid, such as itaconic acid (see section 9.4.1), isobutene
(see section 3.3) and 2-hydroxyisobutyric acid.”*® The lat-
ter compound can be obtained from 3-hydroxybutyryl-
CoA (Figure 4) by the action of a cobalamin dependent 2-
hydroxyisobutyryl-CoA mutase found in Aquincola ter-
tiaricarbonis. This enzyme has been expressed in a re-
combinant Cupriavidus necator strain which otherwise
was used for production of PHB (see section 9.3.2). By
deleting the gene for PHB synthase, up to 6.4 g/L 2-
hydroxyisobutyric acid was obtained from fructose.”” The
productivity was 0.13 g/(L h).

9.3.4. Succinic acid

In the past years, succinic acid, also called butanedioic
acid, has been produced from petrochemicals at a scale of
about 30,000 t/a.”%® Currently, there is a transition toward
a much larger scale using bio-based production. This suc-
cinic acid will become cheaper and should not only be
used as intermediate for various fine chemicals but espe-
cially as building block for polymers.



Succinic acid occurs in most organisms as intermediate of
the citrate cycle (Figure 13). It can be excreted as major
fermentation end-product by microorganisms like Ac-
tinobacillus  succinogenes,  Anaerobiospirillum  suc-
ciniciproducens, Mannheimia succiniciproducens and
some recombinant E. coli and Corynebacterium glutami-
cum strains. Much research has been done on maximizing
the yield. Anaerobic conversion is preferred. When using
only glucose as electron donor, and supplementing addi-
tional carbon using CO, or carbonate salt, the achievable
yield on glucose would be 1.12 g/g according to:**

7/6 glucose + CO, = 2 succinic acid + H,O

To approach this overall reaction stoichiometry, a path-
way consisting of various parallel portions is required. In
short, via glycolysis carbohydrates should be converted
into pyruvate or phosphoenolpyruvate. These C, interme-
diates should be converted into succinate via the oxida-
tive and reductive branch of the citrate cycle, with the
glyoxylate shunt in operation to provide the proper bal-
ance of some metabolic intermediates between both
branches.**3°°

The theoretical yield of ~ 1.1 g/g has been achieved using
pre-grown engineered E. coli.>™ After an aerobic cultiva-
tion stage, anaerobic production occurred up to 99 g/L
succinic acid with a productivity of 1.3 g/(L h).

The highest final succinic acid concentration published is
146 g/L, using fed-batch production using C. glutamicum.
A yield of 0.92 g/g was achieved and the productivity was
3.2 g/(L h).>** Continuous anaerobic production with An-
aerobiospirillum succinoproducens that was retained by a
membrane led to a very high productivity of 15 g/(L h).3*
In this case, integrated succinate removal by electrodialyis
was used to keep the succinate concentration low. The
yield was 0.76 g/g because the strain formed side prod-
ucts such as acetate.

Commercial fermentative production of succinic acid has
been announced by several companies, using different
microorganisms: Myriant, 13,600 t/a using E. coli; Bioam-
ber with Mitsui, 17,000 t/a; BASF with Purac, 10,000 or
30,000 t/a using Basfia succiniciproducens; DSM with Ro-
quette, 10,000 t/a using S. cerevisiae.>** In the latter case
the fermentation pH is kept low to facilitate product re-
covery.

9.3.5. Malic acid

Malic acid is the trivial name of 2-hydroxybutanedioic
acid. It is widely used in the food industry as an acidulant.
Racemic malic acid is prepared commercially by hydra-
tion of maleic anhydride, at 5000 t/a in the USA.** Bio-
catalytic hydration of fumaric using fumarase is used in
industry for obtaining (S)-malic acid.>* Neither process
uses renewable carbon sources, but bio-based processes
are being developed. These involve the citrate cycle to
produce malate from glucose (Figure 13). Fermentation
using engineered Aspergillus flavus led to 113 g/L malate at
a productivity of 0.59 g/(L h) and a yield of 0.94 g/g.>*
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9.3.6. Fumaric acid

Fumaric acid, also known as (E)-2-butenedioic acid or
trans-1,2-ethylenedicarboxylic acid, is another key inter-
mediate in the citrate cycle and therefore present in a
very wide range of organisms. Some fungi, in particular
Rhizopus oryzae and arrhizus strains, excrete fumaric acid
as fermentation product and during the 1940s this has
been used at industrial scale to produce fumaric acid.>”
Later this process was discontinued and replaced by pet-
rochemical synthesis. Current production is about 90,000
t/a, mostly for use in polymers and food.>*®

The metabolic pathways to fumaric acid are closely relat-
ed to those of the aforementioned succinic and L-malic
acid (Figure 13). The best fumaric acid fermentations have
been obtained using R. arrhizus.>* A concentration of 107
g/L and a yield on glucose of 0.86 g/g were reached after
53 h fermentation in a stirred vessel. The fumaric acid was
present as precipitated calcium salt in mixture with fun-
gal pellets, complicating product recovery. Therefore,
heterologous production is being developed using recom-
binant E. coli and S. cerevisiae3*®

9.4. Csand Cs carboxylic acids

9.4.1. Itaconic acid

Itaconic acid, an unsaturated C; diacid also known as 2-
methylenebutanedioic acid and as methylenesuccinic
acid, is used worldwide in the industrial synthesis of res-
ins and fine-chemicals.***" Since 1955, commercial fer-
mentation is performed and current production is about
80,000 t/a."

Itaconic acid is a product of Aspergillus terreus strains
and some other fungi. The key reaction is a decarboxyla-
tion of aconitate, an intermediate of the citrate cycle, by
cis-aconitate decarboxylase (Figure 13). This pathway al-
lows a yield of 1 mol/mol glucose, corresponding to a yield
of 0.72 g/g>”

Good results have been published for A. terreus. In aerat-
ed 15-L fermentors, an itaconic acid concentration of 86
g/L was achieved with an overall productivity of 0.51 g/(L
h) and a yield on glucose of 0.62 g/g.>® The recent discov-
ery of the A. terreus gene for cis-aconitase
decarboxylase® has led to attempts to achieve itaconic
acid production using recombinant strains. For example,
there is a report of engineered Pseudozyma tsukubaensis
producing 13 g/L itaconic acid with a yield of 0.45 g/g and
a productivity of 0.18 g/(L h).>* In the latter case the pH is
neutral, whereas A. terreus produces at low pH, which is
favorable for itaconic acid recovery.

9.4.2. Hexanoic acid

Hexanoic acid (caproic acid) is currently only a fine-
chemical and produced from petrochemicals, but bio-
based production shows an interesting potential.



Hexanoate (caproate) has been found together with some
octanoate (caprylate) as elongation product of acetate,
the main intermediate of anaerobic digestion under
methanogenesis-suppressed conditions (see section 2.1).>*°
Mixed microbial communities produced 8.2 g/L hexano-
ate in a stable batch reactor run from equimolar ethanol
and acetate. The highest hexanoate production rate was
0.5 g/(L h) with a yield of 0.65 g/g. The ethanol is first
converted to acetate, while producing NADH and ATP.
Acetate is then converted to acetyl-CoA, which is coupled
to butyryl-CoA.>” Another acetyl-CoA is required for fur-
ther elongation to hexanoyl-CoA, which is converted to
hexanoate. Microbial populations were found to be domi-

nated by relatives of Clostridium kluyveri*®

9.4.3. Adipic acid

Adipic acid, also known as hexanedioic acid, is the most
important dicarboxylic acid and currently produced at
about 2.6 million t/a using petrochemical methods.>®** It
is applied in the synthesis of polymers such as Nylon 6,6.

To achieve bio-based adipic acid production, a recombi-
nant E. coli strain has been developed that synthesized
from glucose 37 g/L of cis,cis-muconic acid, an adipic acid
precursor having two C=C bonds in the chain. The yield
was 0.17 g/g after 48 h of culturing under fed-batch fer-
mentor conditions. Optimization of this synthesis re-
quired adaptation of the shikimate pathway (see Figure
6), which is normally used for biosynthesis or aromatic
amino acids, by expression of three heterologous en-
zymes: 3-dehydroshikimate dehydratase, protocatechuic
acid decarboxylase, and catechol 1,2-dioxygenase. Hydro-
genation of the resulting cis,cis-muconic solution with
10% Pt on carbon resulted in a 97% conversion (mol/mol)
into adipic acid.*® There are no enzymes known yet for
reducing cis, cis-muconic acid to adipic acid.>*®

Alternative pathways to adipic acid have been reviewed
recently.>® After producing D-gluconic acid (see section
9.4.6), further oxidation to D-glucaric acid (a stereoiso-
mer of 2,3,4,5-tetrahydroxyhexanedioic acid) can take
place, either chemically or biochemically; or glucaric acid
can be produced via alternative routes from glucose. For
glucaric acid reduction to adipic acid no enzymes are
known yet. Another proposed pathway follows a lysine
pathway up to 2-oxoadipate, and then uses a series of five
enzymatic steps up to adipate. Alternatively, hexanoic
acid (see section 9.4.2) can be w-oxidized to adipic acid.
Finally, benzoate (see section 9.6) might be enzymatically
degraded up to cis,cis-muconate and this might be hy-
drogenated as mentioned before. When feeding benzoate
to an Arthrobacter strain in an aerated 15 L vessel, 44 g/L
cis,cis-muconate accumulated, with a quantitative yield
on benzoate. > The productivity was 0.92 g/(L h), but 5.5
g/(L h) has been achieved in a cell recycling system with a
P. putida strain.>
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9.4.4.

Biochemical production of this compound relies on the
availability of 5-hydroxymethylfurfural (HMF) by acid-
catalyzed dehydration of hexoses.”* Oxidation of both the
aldehyde and hydroxymethyl group of HMF to carboxylic
acid groups leads to 2,5-furandicarboxylic acid (Figure 12).
This diacid is seen as a bio-based alternative to petro-
chemically produced terephthalic acid, which is used in
formation of polyesters.> Oxidation of HMF may be done
using heterogeneous or electrochemical catalysis,****> but
biochemical oxidation has become an alternative. An
HMEF/furfural oxidoreductase from a Cupriavidus basilen-
sis strain has been introduced into Pseudomonas putida
$12.3° The resulting whole-cell biocatalyst produced 30
g/L of 2,5-furandicarboxylic acid from HMF with a yield of
0.97 mol/mol and a productivity of 0.21 g/(L h) under
aerobic fed-batch conditions.*” No residual furan deriva-
tives were found, which is highly beneficial for subse-
quent purification and polymerization.

2,5-Furandicarboxylic acid

To achieve the same oxidation of HMF, the use of chlo-
roperoxidase and C. antarctica lipase B has also been ex-
plored 3*%3*

9.4.5. Citric acid

Citric acid or 2-hydroxy-i,2,3-propanetricarboxylic acid
was first isolated from lemon juice by Scheele in 1784. In
the 19" century this led to natural isolation processes, but
in the 20™ century fermentation of carbohydrates became
the dominant industrial process. Alternative chemical
routes have been developed, on basis of petroleum con-
version, and even yeast fermentation of alkanes has been
applied, but such processes have only briefly been in op-
eration.”® Industrial citric acid production in 2007 was
estimated at 1.7 million t, and about 70% is used by the
food and beverages industry.

The current industrial production relies on the fungus
Aspergillus niger. Through the glycolytic pathway, py-
ruvate is formed from carbohydrates. Pyruvate is convert-
ed to acetyl-CoA and CO,, and an equimolar amount of
pyruvate should be carboxylated with CO, to oxaloace-
tate. Then, citrate synthase condenses acetyl-CoA with
oxaloacetate to citrate, while releasing CoA (Figure 13).
The pathway consumes O, to regenerate the NADH that
is formed during glycolysis to NAD", thus generating ATP.
Besides this ATP, the overall pathway reaction is:

glucose + 1.5 O, = citric acid + 2 H,O

This leads to a maximum yield on glucose of 1.07 g/g, but
yields up to 0.88 g/g have been reported.®* Final concen-
trations up to 240 g/L has been achieved in aerated fed-
batch fermentations using A. niger, at a productivity of 1.4
g/(L h).> In this case no yield was reported, though.

A major advantage of A. niger is that pH 2 can be main-
tained, where citric acid is mostly undissociated. This
facilitates product recovery.



9.4.6. D-Gluconic acid

Oxidation of the aldehyde group of D-glucose yields D-
gluconic acid. Gluconic acid and in particular its sodium
salt are produced at a scale of about 60,000-90,000 t/a for
numerous applications. Usually the capacity of gluconic
acid to dissolve multivalent cations such as calcium is
used 3*353° Catalytic, electrochemical, enzymatic, and
microbial oxidation of D-glucose can be used to produce
D-gluconic acid. Large scale production using fungal or
bacterial cells is well established. Gluconobacter subox-
ydans uses membrane-bound glucose dehydrogenase with
quinoprotein and heme cofactors, and co-produces H,O
from O,. Aspergillus niger has an FAD-dependent glucose
oxidase with co-produces hydrogen peroxide. A catalase
decomposes the peroxide to water and O,. Both routes
lead to glucono-1,5-lactone, which can spontaneously hy-
drolyze to gluconic acid, but this hydrolysis is accelerated
by a lactonase.®

This simple biotransformation of glucose is among the
most efficient ones described in this review. The highest
product concentration, 504 g/L gluconic acid, has been
described for fed-batch fermentation of concentrated glu-
cose solution using wild-type Aureobasidium pullulans, a
yeast-like fungus.®” The productivity was 4.5 g/(L h) in
this case, but in continuous fermentations with cell reten-
tion up to 19 g/(L h) was achieved.®® To achieve such
rates, pure oxygen rather than air was used. Up to 98% of
the glucose was converted into gluconic acid, correspond-
ing to a yield of 1.07 g/g.

9.4.7. L-Ascorbic acid / 2-Keto-L-gulonic acid

L-Ascorbic acid, also known as vitamin C, has always been
a bio-based product. The traditional Reichstein-Griissner
synthesis®® has been performed industrially since the
1930s. It begins with D-glucose and includes an enantiose-
lective microbial dehydrogenation of D-sorbitol to L-
sorbose. A Gluconobacter oxydans mutant and fermenta-
tion protocol have been developed that gave a theoretical-
ly maximal productivity of 200 g/L of L-sorbose from 200
g/L of D-sorbitol in 28 h of fermentation.>** The other
steps in the Reichstein-Griissner synthesis are chemical,
and require some protection/deprotection steps. The
overall yield is ~50%.3*

To increase the yield and avoid the protec-
tion/deprotection steps, many biocatalytic options have
been considered, for each individual step and for the
whole synthesis.>*>* This has led to development of an
innovative process for the production of 2-keto-L-gulonic
acid (2-KGA). In a first fermentation stage, L-sorbose is
produced from D-sorbitol by batch culture of Acetobacter
melanogenum with a molar yield of about 96%. In a sec-
ond stage, a mixed culture is used in which Ketogulonige-
nium vulgare is responsible for the conversion of L-
sorbose into 2-KGA, while Bacillus megaterium turned out
to be just a supplier of a growth factor>*® The 2-KGA is
chemically converted into L-ascorbic acid. By now, this
process  dominates  industrial = L-ascorbic  acid
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production.>** The annual production has been estimated
at 80,000 t/a. 3434

Two-stage continuous fermentation using the aforemen-
tioned mixed culture gave an overall 2-KGA productivity
of 2.15 g/(L h) at 13 g/L and a molar yield of 90.1%.3*

9.5. Fatty acids

Fatty acids are C4-C,, linear aliphatic carboxylic acids,
either saturated or unsaturated, occurring is esterified
form in fats or oils. World production of fatty acids in
2005-2006 was estimated at 6.5-8.1 million t.3*

Fatty acids are produced by hydrolysis of natural fats and
oils. Glycerol is the co-product of this reaction. To simpli-
fy recovery, modern industrial processes operate at 210-
260 °C and 19-60 bar without catalyst.>*” Thus, immobi-
lized or free lipases are not used as catalyst for bulk fatty
acid production, although their mild operation conditions
might save energy costs, and might reduce coloration
resulting from degradation of fatty acids at high tempera-
ture. Therefore, lipases are more likely to be useful for
regioselective hydrolysis of triglycerides to obtain special-
ty fatty acids with heat labile groups, such as polyunsatu-
rated fatty acids.>*® Besides, lipases can be used for pro-
ducing related products such as fatty acid methyl esters
(section 10.1).

As alternative to the aforementioned lipid biomass, car-
bohydrate biomass can be used as source of fatty acids,
after fermentative conversion (Figure 3). The metabolic
route involves formation of acetyl-CoA. In E. coli, for ex-
ample, the obtained acetyl groups are used for condensa-
tion with a growing acyl chain that is bound as thioester
to ACP. After each condensation, the grown chain con-
tains a B-oxo group, which is reduced in three enzymatic
steps to a saturated acyl chain. The process is terminated
by thioester hydrolysis to obtain free fatty acid. Many
recombinant E. coli strains have been developed for such
conversions.>* Up to 6.6 g/L fatty acid has been obtained,
using shake flask cultures, at a yield on glucose of 0.28 g/g
and a productivity of 0.1 g/(L h).”*®

9.6. Benzoic acid

Benzoic acid and its derivatives are widely distributed in
nature. For example, gum benzoin contains 12 - 18% ben-
zoic acid in free and esterified forms.*** Historically, ex-
traction processes have been used to produce benzoic
acid, but nowadays oxidation of toluene, originating from
fossil carbon sources, is industrially applied. The main
destination of benzoic acid is as intermediate for phenol,
followed by use of sodium and potassium benzoate as
food or beverage ingredient.

Recently, the first fermentative formation of benzoic acid
was published® Through a pathway involving L-
phenylalanine, cinnamoyl-CoA and benzoyl-CoA, the
aerobic bacterium Streptomyces maritimus produced
benzoic acid (see Figure 15). The highest concentration of



benzoate obtained using 3% starch as feedstock was 0.46
g/L after 6 days of cultivation, and the estimated yield
was 0.02 g/g.

see Figure 6
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Figure 15. Proposed pathway to benzoic acid.

10. ESTERS AND LACTONES

Obviously, bio-based esters can be obtained by esterifica-
tion of the alcohols and carboxylic acids that have been
treated earlier in this review. This esterification can be
catalyzed by mineral acids or by enzymes such as lipases
or esterases. Commodity esters that may be enzymatically
obtained are ethyl acetate’® and dimethyl adipate,® for
example. The latter case was optimized using immobi-
lized Candida antarctica Lipase B in hexane with excess
methanol to obtain 98% yield. However, acid-catalyzed
esterification is usually cheaper. Potential advantages of
enzymatic esterification are enantio- and regioselectivity,
the decreased risk of substrate and product degradation
reactions at the mild reaction conditions used, and the
possibility of including the ester formation reaction in
metabolic pathways. Some examples are given subse-
quently.

10.1.Fatty acid (m)ethyl esters

Fatty acid methyl esters (FAMEs) and fatty acid ethyl es-
ters (FAEEs) were used as “biodiesel” at a scale of more
than 12 million t/a in 2008,>** but at about 20 million t/a
in 2013.°® They are made from fatty acid triesters of glyc-
erol, by transesterification using methanol derived from
fossil resources or bioethanol from renewable resources.
Generally, chemical catalysts are used because enzymes
are too costly. However, many studies have been per-
formed to improve this situation.®***3 With combined
use of more expensive Lipozyme TL IM (immobilized
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Thermomyces lanuginose lipase) and more active Novo-
zym 435 (immobilized Candida antarctica lipase) in mix-
tures of rape oil, tert-butanol, and a slight excess of meth-
anol, a FAME yield of 95% was obtained at a concentra-
tion of about 400 g/L and a productivity of about 35 g/(L
h). There was no obvious loss in lipase activity during 200
batches of 12 h, because tert-butanol eliminated the tox-
icity of methanol.>® Such a technology has been applied
to achieve industrial biodiesel production in China, at a
scale of 20,000 t/a.>**

FAAEs are naturally produced by some eukaryotes, but
this is not well understood.** E. coli has been engineered
to produce FAEE by esterifying exogenously added oleic
acid with ethanol endogenously produced from glucose.®
This involved incorporating an ethanol formation path-
way and a low-specificity acyltransferase. Pilot cultivation
yielded 1 g/L FAEE with a productivity of 0.24 g/(L h). E.
coli has also been engineered to produce FAEE directly
from glucose via fatty acid and ethanol formation path-
ways. The achieved FAEE concentration was 0.67 g/L, at
9.4% of the theoretical yield.™

Related biochemical routes to FAEE are being developed
for commercialization by the company LS9.3*

10.2.y-Butyrolactone

y-Butyrolactone is the cyclic ester of 4-hydroxybutyric
acid. It is one of the most valuable alternatives to envi-
ronmentally harmful chlorinated solvents, and is an im-
portant intermediate in fine chemistry.> It is commer-
cially produced at a scale of 100,000 t/a via petrochemical
processes >

Enzymatic synthesis of y-butyrolactone has been explored
using lactonization of 4-hydroxybutyrate, which itself
might obtained by fermentation (Figure 11).3® C. antarcti-
ca Lipase B showed good lactonization rates, but this re-
quires a low pH and therefore it was argued that it cannot
be used in-vivo. However, the next section shows a solu-
tion to this problem for a related compound.

10.3.y-Valerolactone

y-Valerolactone is the cyclic ester of 4-hydroxyvaleric ac-
id. The chemical synthesis of y-valerolactone from bio-
based levulinic acid®® is receiving increased attention
because of the potential of y-valerolactone as transporta-
tion fuel and chemical building block.3**3* Alternatively,
biotransformation might be used. Pseudomonas putida is
capable of producing high titers of 4-hydroxyvalerate
from levulinic acid.>* This proceeds via the CoA deriva-
tive of 4-hydroxyvalerate using unknown enzymes (Figure
12). Lactonization would only be achieved at acidic pH
due to equilibrium restrictions, and this pH would not be
tolerated by the cells. Therefore, human paraoxonase I, a
lactonizing enzyme, was expressed extracytosolically in P.
putida?”” When using an acidic external pH in a shake
flask experiment, lactonization of 4-hydroxyvalerate to y-



valerolactone was enhanced to 2.1 g/L as compared to
<0.2 g/L when using an intracellular lactonase. Subse-
quently, in a 2-liter bioreactor fed with levulinate, 27 g/L
4-hydroxyvalerate and 8.2 g/L y-valerolactone were ob-
tained after 115 h. Yields on levulinate were below 30%,
indicating substantial room for improvement, for example
by decreasing the external pH below 6 and by selective in-
situ removal of the lactone.

11. NITRILES

Several nitriles, are produced at large scale by petrochem-
ical methods. For acrylonitrile, for example, the produc-
tion capacity is 5 million t/a, for use in a range of fibers
and resins.*® Bio-based alternatives including biochemi-
cal steps are under development. Glutamic acid can be
oxidatively decarboxylated into 3-cyanopropanoic acid
using vanadium chloroperoxidase in the presence of two
equivalents of H,0O, and a catalytic amount of Br">* The
obtained yield was 1 mol/mol at a final product concen-
tration of 0.5 g/L and a productivity of 0.1 g/(L h). Follow-
up chemistry can convert 3-cyanopropanoic acid into the
desired acrylonitrile.”

If bio-based aldehydes become available, they might be
converted into the corresponding nitriles by using an ap-
proach that has been demonstrated for 3-
phenylpropionitrile, butyronitrile, and others>” Alde-
hydes were chemically converted with hydroxylamine to
oximes. The oximes were not isolated but converted, of-
ten quantitatively, into nitriles by using E. coli containing
heterologous phenylacetaldoxime hydratase. Such aldox-
ime dehydratases are widespread in microorganisms.>”

12. AMINES

Many amines are metabolites of living organisms. At
physiological pH, they usually will be in the ammonium
form, whereas it requires pH values above the pK, (often
pH > 10) to have unprotonated amine as prevalent spe-
cies. For most applications unprotonated amine is re-
quired. A high pH and a high free amine concentration
will be toxic for the most common microorganisms; find-
ing stable free enzymes may be easier. Otherwise amine
formation should be done under conditions of control of
pH at neutral values, leading to ammonium salt for-
mation and significant recovery costs to isolate amines.
This situation is analogous to the biochemical formation
of carboxylic acids as described in the beginning of chap-
ter 9.

12.1.

2-Aminoethanol is also known as (mono)ethanolamine
and is used extensively in gas sweetening, as anticorro-
sive, detergent and as precursor for the production of
ethylene amines. Currently it is industrially produced by

2-Aminoethanol
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reaction of ethylene oxide and ammonia. Therefore it
might become bio-based in the future (see section 6.1 on
ethylene oxide).

Another approach is also considered®” (see Figure 16). L-
Serine, which may be obtained from sugars by fermenta-
tion,** can be decarboxylated to 2-aminoethanol. The
required decarboxylases are pyridoxal 5-phosphate de-
pendent and have been found in some plants, for exam-
ple.”>37° Expression in E. coli has led to small amounts of
product from L-serine.’” Expression in P. putida also led
to some formation of 2-aminoethanol from glucose, but
this was severely constrained by intracellular availability
of serine.’”®
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Figure 16. Pathway to ethanolamine.

12.2.

1,4-Diaminobutane, which bears the trivial name putres-
cine, is being produced via petrochemistry, especially for
conversion into nylon-4,6. It is a common metabolite,
being the biological degradation product of the amino
acid ornithine. The pathway is shown in Figure 17.

1,4-Diaminobutane

Overexpression of this pathway in E. coli and deletion of
competitive pathways has led to a strain producing 24 g/L
putrescine from glucose in a fed-batch culture. The
productivity was 0.75 g/(L h) and the yield on glucose was
0.17 g/g.>” Using a similar approach, fed-batch cultivation
with C. glutamicum PUT21 was carried out. A putrescine
titer of 19 g/L at a volumetric productivity of 0.55 g/(L h)
and a yield of 0.16 g/g glucose were achieved.*®

Assuming the availability of bio-based arginine (see sec-
tion 13.1.3), arginase-catalyzed hydrolysis to ornithine has
been developed,® which can be combined with subse-
quent enzymatic decarboxylation®® to obtain putrescine
(Figure 17). For B. subtilis arginase, a remarkably good
operational stability (total turnover number, TTN =
1.13:10°) at the pH of arginine free base (pH 11.0) was ob-
served,”” which should simplify product recovery.
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12.3.1,5-Diaminopentane

Also 1,5-diaminopentane, which is often called cadaver-
ine, can be used in the production of polyamides. In vivo,
it is formed in the decarboxylation of L-lysine by lysine
decarboxylase (Figure 18). Fermentative lysine production
is an established industrial process (see section 13.1.5), and
this has triggered interest in bio-based 1,5-
diaminopentane production®*  Formation of 1,5-
diaminopentane from crude lysine solutions has been
studied using free or immobilized lysine decarbox-
ylase 3% Using immobilized enzyme was calculated to
be a basis for economically feasible production.3** Howev-
er, to avoid having to produce the (immobilized) enzyme,
microbial production from glucose is being pursued using
genetically engineered microorganisms such as C. glu-
tamicum®¥*3% or E. coli?*° The latter led to a yield on
glucose of 0.2 g/g and a production of 9.6 g/L 1,5-
diaminopentane with a productivity of 0.32 g (L h) in a
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fed-batch fermentation. A higher yield, o.17 g/g, is de-
scribed using C. glutamicum.3* Under optimized condi-
tions in a 5 m? aerated pilot fermentor, BASF has pro-
duced 72 g/L at a productivity of 0.9 g/(L h) with another
C. glutamicum strain. Byproducts levels were significant:
15 g/L lysine.HCl and 10 g/L acetyl-diaminopentane.

see Figure 7
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13. AMINO ACIDS

Amino acids are generally used in nutrition and as pre-
cursor for a wide range of fine chemicals.

13.1. Proteinogenic amino acids

13.1.1.

In 2012, the production of L-threonine has been estimated
at 230,000 t/a.” It is produced using randomly mutagen-
ized E. coli strains. In the metabolic pathway (Figure 7),
biomass is converted into oxaloacetate, which is further
converted via aspartate and homoserine, a. o. The final
reaction is a conversion of homoserine phosphate into
threonine by threonine synthase. This PLP-dependent
enzyme eliminates phosphate and adds water to shift the
C-O bond from the C, to the C; position.

L-Threonine

In an optimized fed-bed fermentation with E. coli, a thre-
onine concentration of 18 g/L was achieved at a yield on
glucose of 0.30 g/g and a productivity of 3.1 g/(L h).>*
Higher yields, 0.39 g/g, have been achieved upon meta-
bolic engineering of E. coli.*®* The achievable theoretical
yield of L-threonine has been calculated to be 0.81 g/g, if



there would be no biomass formation. This shows that
there is still room for improvement.

13.1.2. L-Valine

About 1100 t of L-valine (2-amino-3-methylbutanoic acid)
has been produced in 2005,**> making it insignificant in
the field of commodity chemicals. However, efficient for-
mation of L-valine has been achieved using C. glutami-
cum, which may be a basis for larger scale production in
the future.

L-Valine is synthesized in C. glutamicum from glucose via
pyruvate in a series of reactions that parallel the pathway
to isobutanol up to 2-oxoisovalerate, and is described in
section o and Figure 8. Finally, a reductive amination is
required to obtain valine. The theoretical yield on glucose
of this pathway is 1 mol/mol, corresponding to 0.65 g/g.
For the final step to valine, instead of the natural NADPH
dependent reductive transaminase, an NADH-dependent
leucine dehydrogenase has been used, in order to elimi-
nate the NADPH dependency of the pathway. In this way
a titer of 2277 g/L has been achieved with a productivity of
4.7 g/(L h) with yields up to o0.41 g/g.>** By further elimi-
nating side-reactions, the yield has been increased to 0.57
g/g, at a titer of 150 g/L and a productivity 6.3 g/(L h).>

13.1.3. L-Aspartic acid and L-Arginine

The production of L-aspartic acid and L-arginine have
been estimated at 15,000 and 3,000 t/a, respectively, in
2005.3% Potentially, they could be easily produced in the
future and become more important. Their structures are
shown in Figure 7 and Figure 17, respectively.

L-Aspartic acid is currently industrially produced from
ammonia and fumaric acid using immobilized aspartase
(L-aspartate ammonia lyase) from E. coli or suspended
cells of Brevibacterium bravum.3*® To become bio-based,
renewable rather than fossil-based fumaric acid would
have to be used. A fermentative route directly from glu-
cose to aspartic acid cannot simply rely on using aspartase
with a fumarate-producing strain, because a favorable
equilibrium of the aspartase-catalyzed reaction might
require intracellular ammonia and fumaric concentra-
tions that are toxic.

An interesting source for L-aspartic acid and also for L-
arginine is the polypeptide cyanophycin. This consists of a
poly(L-aspartic acid) backbone with at the B-carboxy
group of each L-aspartic acid a branch of one L-arginine,
which is bound at its a-amino group. It is a nitrogen stor-
age polymer in cyanobacteria and some other bacteria,
but heterologous expression of cyanophycin has been
taken up. Using E. coli DH1 harboring the cyanophycin
synthetase gene from a Synechocystis sp., production of
cyanophycin at 500 L has been established. Maximum
cyanophycin cell content of up to 0.24 g/g of cellular dry
matter was obtained. Synthesis of cyanophycin was found
to be strongly dependent on the presence of complex or-
ganic nutrients such as protein hydrolysate.*’ Subsequent
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hydrolysis can be done using cyanophycinase, an exopep-
tidase producing B-Asp-Arg dipeptide, and a peptidase

hydrolyzing this peptide to its amino acid monomers.3%®
13.1.4. L-Glutamic acid
The systematic name of glutamic acid is 2-

aminopentadioic acid. The industrial production of L-
glutamate is by fermentation. In 2012 it has been estimat-
ed at 2.5 million t/a.” Most is used as monosodium glu-
tamate, a flavoring agent and component of some fer-
mented food. In the mid-1950s, the bacterium C. glutami-
cum was isolated in Japan. It excreted large quantities of
L-glutamate into the culture medium. The key precursor
is 2-oxoglutarate, which is formed in the citrate cycle. It is
converted into L-glutamate by a reductive amination,
catalyzed by NADP-dependent glutamate dehydrogenase
(Figure 13). Commercial strains have a very low activity
for competing pathways.

The overall reaction for L-glutamic acid production from
glucose is:
C¢H,,O6 + NH; + 1.5 O, » C.H,O,N + CO, +3 H,O

The corresponding maximum yield on glucose is 0.82 g/g.
Sufficient aeration and ammonia addition (also used to
control pH) are critical factors in industrial production.
The yield of L-glutamic acid is up to 0.6 g/g of the sugar
supplied, and the final concentration is approximately 100
g/L with a productivity of about 2 g/(L h).*° Using fed-
batch fermentation, 141 g/L glutamate has been obtained

with a C. glutamicum strain at a productivity of 3.8 g/(L
h).*°

13.1.5. L-Lysine

Lysine is an amino acid required by all organisms, but not
all produce it. For animal feed more than 1.4 million t/a of
L-lysine.HCl is produced by fermentation processes using
strains of C. glutamicum and E. coli from sugar sources
such as molasses, sucrose, or glucose.318

The metabolic pathway from glucose to lysine follows
that of aspartate. In two steps, this is converted to aspar-
tate semialdehyde, which is condensed with pyruvate to
obtain a C, compound, L-2,3-dihydrodipicolinate. After
two reductions to meso-diaminopimelate a final decar-
boxylation yields lysine (Figure 18). A pathway optimized
toward redox equivalents is more complicated though,
and leads to a theoretical yield of lysine (not its hydro-
chloride) on glucose of 0.60 g/g.*" Using C. glutamicum,
u2 g/L lysine was produced in fed-batch fermentation
with a yield on glucose of 0.44 g/g and a productivity of
3.2 g/(L h). This was achieved by implementation of
twelve changes in genes of a wild-type strain. These
changes redirected carbon fluxes toward the optimal
pathway predicted by metabolic modeling. The introduc-
tion of foreign DNA was avoided, so that the obtained
strains are considered nongenetically modified organisms
by industrial classification.*”



13.2. Nonproteinogenic amino acids

13.2.1. B-Alanine

B-Alanine is also known as 3-aminopropanoic acid. It has
been envisioned as intermediate in the production of ni-
trogen containing base chemicals such as acrylamide and
acrylonitrile.** Decarboxylation of the a-carboxylic acid
group of L-aspartate leads to B-alanine (Figure 7). E. coli
L-aspartate o-decarboxylase has successfully been used
for this.*** However, irreversible deactivation caused by
transamination of the catalytically essential pyruvoyl
group necessitates stabilization by protein engineering
before the enzyme can be applied industrially.

13.2.2. y-Aminobutyric acid

This compound is often abbreviated as GABA, and its sys-
tematic name is 4-aminobutanoic acid. Currently, it has
fine-chemical applications only. It might be converted to
its lactam, 2-pyrrolidone, which has important applica-
tions** and might also be used to produce Nylon-4, alt-
hough that is not a polymer of significant current interest.

Nevertheless, GABA is a well-known metabolite,*** and

decarboxylation of L-glutamate gives direct access to bio-
based GABA (see Figure 17). Using 40 g/L glucose and 214
g/L glutamate, a wild-type Lactococcus brevis strain pro-
duced 104 g/L GABA during 72 h fed-batch
fermentation.*” Immobilized glutamate decarboxylase,
obtained from recombinant E. coli cell lysate, converted
glutamate almost quantitatively into 224 g/L GABA in
about 1 h, implying a huge productivity.*® Maintaining
the activity of the enzyme’s cofactor pyridoxal-5-
phosphate (PLP) is an important issue in research on
GABA production.

13.2.3.

6-Aminohexanoic acid is also known as 6-aminocaproic
acid. Upon ring closure it will lead to caprolactam, which
is the monomer for Nylon 6. Caprolactam is currently
produced by petrochemical routes at a scale of about
500,000 t/a.*”” Production of 6-aminohexanoic acid by
microbial conversion of carbohydrates would lead to a
bio-based route.

6-Aminohexanoic acid / Caprolactam

The first suggested route is based on lysine production
from biomass (see section 13.1.5). Lysine can be converted
into 6-amino-2-hydroxyhexanoate by chemical methods.
6-Amino-2-hydroxyhexanoate can be dehydrated into 6-
aminohex-2-enoate. This has been converted into 6-
aminohexanoate using E. coli containing a 3-enoate re-
ductase gene from C. tyrobutyricum or Moorella thermo-
acetica.*”® However, during the reduction, a severely
competing cyclization to P-homoproline occurs, and
therefore another pathway is also being patented.*** 2-
Oxoheptanedioate can be converted into 6-
aminohexanoate via (i) decarboxylation to 5-
formylpentanoate, which can be transaminated, or (ii) via
transamination to 2-aminoheptanedioate, which can be
decarboxylated.
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To obtain 2-oxoheptanedionate, it has been suggested to
perform twice C-elongation, from the C; compound 2-
oxoglutarate, which is an intermediate of the citrate cycle
and can be produced from glucose, via the C4 compound
2-oxoadipate.”" However, direct biochemical formation of
6-aminoadipate from glucose was not yet reported.

Although there will be enzymes in nature capable of cata-
lyzing the interconversion between 6-aminohexanoate
and caprolactam,** the reaction equilibrium under physi-
ological conditions will not lead to ring closure, because
6-aminohexanoate will be zwitterionic at neutral pH.
Thus, lactam formation will require a separate conversion
step.

14. HALOGEN DERIVATIVES

Enzymatic chlorination and bromination of organic com-
pounds occur widely in nature, and this has inspired nu-
merous studies on the mechanism on such halogena-
tions.*® Halogenating enzymes have been divided into
hydrogen peroxide-requiring haloperoxidases (heme-
dependent or vanadium-dependent), O,-dependent halo-
genases (FADH,-dependent or nonheme iron-dependent),
and nucleophilic halogenases using chloride, for exam-
ple.** Unfortunately, the widely studied haloperoxidases
catalyze the formation of hypohalous acid (HOCI or
HOBr) but have no control on the regioselectivity of the
subsequent halogenation, which occurs outside the en-
zyme. Chlorination of acetic acid using chloroperoxidase
led to dichloroacetic rather than monochloroacetic
acid.*> FADH,-dependent halogenases also form hypo-
halous acid, but in the best studied cases this does not
leave the active site, leading to regioselectivity. The net
reaction involves NADH:

RH + X + NADH + O, 2 RX + NAD" + 2 OH

Modest protein engineering of these enzymes has been
done, leading to halogenating activity with compounds
closely resembling the natural substrate, but not yet with
precursors of commodity chemicals.*®

The nonheme iron dependent halogenases consume 2-
oxoglutarate:

RH + X" + oxoglutarate + O, = RX + succinate + HCO;’

Nucleophic halogenases have been discovered only re-
cently and seem to be more useful as fluorinases than as
chlorinases.*”

Thus, bio-based commodity chemicals cannot yet be
made using the aforementioned enzymes.

14.1.Methyl chloride

Methyl chloride (chloromethane) can be produced from
HCl and methanol. The order of magnitude of annual
production is 1 million t/a. It is mostly used for produc-
tion of silicones.*® The used methanol might be bio-based
(see section 5.1.1).



Another possibility to produce bio-based methyl chloride
has been demonstrated using methyl halide
transferases.*® These enzymes occur in number of organ-
isms, including marine algae, fungi, and halophytic
plants, and are responsible for the natural production of
methyl chloride from CI'.*** The methyl group originates
from SAM. In a metagenomic screen, methyl halide trans-
ferase from Batis maritima, a halophytic plant, displayed
the highest activity; ten-fold higher for iodide than for
chloride, and only methyl iodide activity was checked
after expression in S. cerevisiae, which was further meta-
bolically engineered. Production of 0.19 g/(L h) of methyl
iodide from glucose was achieved at a low yield.*?

15. INORGANIC COMPOUNDS
15.1.Hydrogen

In industry, most H, is produced from natural gas by a
combination of steam reforming and water shift reac-
tions, accompanied by net release of CO, to the atmos-
phere. Current production is about 48 million t/a, of
which half is used for amrnonia synthesis.* Reforming of
bio-based methane could become an important alterna-
tive.

A biochemical alternative using biomass is anaerobic hy-
drogen fermentation. In the so-called dark fermentation,
different anaerobic bacteria use different reactions to re-
lease two e equivalents to form H, using two H* equiva-
lents. Strict anaerobes obtain the electrons from pyruvate
oxidation. These are then transferred to ferrodoxin and
further on to a hydrogenase that catalyzes H, formation.
Facultative H,-producers primarily use formate oxidation
(Figure 2), which is catalyzed by a formate-hydrogen ly-
ase.” The achieved H, yield on glucose is 0.022 g/g, cor-
responding to 2 mol/mol, which is about half of the max-
imum of the pathway used. Reasonable productivities,
about 0.6 g/(L h), are achieved, however, and product
recovery is easy because of the gas formation.**

To increase the low yield, bioelectrochemically assisted
microbial fuel cell reactors are being used. So far these
consume relatively much electricity, and require further
development.**

Cell-free synthetic enzymatic pathways are also studied to
produce H,. Using the enzymes of the oxidative pentose
phosphate cycle and hydrogenase purified from the bacte-
rium Pyrococcus furiosus, 1.6 mol H, was generated per
mol glucose-6-phosphate.*® Polyphosphate can be used
as alternative to ATP to obtain glucose-6-phosphate from
glucose.***

15.2.Carbon monoxide

The final step in alkane biosynthesis involves loss of CO
from a fatty aldehyde (Figure 3). This decarbonylation is
catalyzed by microsomes from the green alga Botyrococ-
cus braunii.**> Although this could be used for production
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of CO from biomass, such a pathway would have a much
lower mass yield of CO than catalytic conversion of bio-
mass into syngas.

16. SUMMARY AND OUTLOOK

Already 21 of the commodity products treated in this re-
view are commercially produced and at least 9 others
have been tested at pilot scale (Figure 19). In particular,
carboxylic acids, alcohols, and amino acids are produced.
About 5 of the commercial production processes and all 9
pilot tests date back to the past 10 years. It is expected
that production of chemicals from biomass will become
more important in the near future, and that biochemical
methods will play a prominent role in this field. Compari-
son of the 2" and 3™ column of Table 3 shows that bio-
based biochemical production is already relevant with
respect to production tonnage. To get an overall picture,
all major commodity products should have been included
in the table. Still, that could give a distorted picture. Re-
placement of petrochemical synthesis by fermentation of
renewable resources would decrease total commodity
chemicals production in such statistics. For example, fer-
mentative production of 100,000 t/a of 1,4-butanediol
would eliminate the requirement of several petrochemis-
try-based precursors of 1,4-butanediol: ~110,000 t/a maleic
anhydride, ~63,000 t/a butane/butene mixture and
~11,000 t/a H,.

Amongst many issues that play a role before a product
can be commercialized,”® a few will be addressed in the
next sections.

Hydrocarbons
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Figure 19. Commerical and pilot production of commodity

chemicals from biomass using enzymes or cells according to
data in this review.



Table 3. Industrial production and biochemical yield data for formation of some major commodity chemicals from glucose.

Product Product- Biochemical  xin (Equation yin (Equation Theoretical Theoretical Achieved

ion (mil-  production 1 (mol/mol) 1 (mol/mol) yield based on  yield of used yield (g/g)

lions t/a) (millions t/a) (Equation 1 pathway (g/g)

(s/8)

Methane >200 >1 3 3 0.27 0.27 0.27
Ethene 115 Research 2 0.31 0.12 <o.01
Ethanol 99 99 0.51 0.51 0.50
Hydrogen 48 Research 6 6 0.13 0.04 0.02
Ethylene glycol 18 Research 2.4 12 0.83 0.41 0.27
Acetic acid 1 0.19 3 o 1.00 1.00 0.8
Isobutene 10 Research 1 2 0.31 0.31 <0.01
Phenol 9 Research 0.86 0.86 0.45 0.035
Fatty acids 8 Research 0.26 1.91 0.37 0.28
Fructose 6.5 6.5 1 o 1.00 1.00 1.00
2-Butanol 5 Research 1 2 0.41 0.41 0.01
Acrylic acid 4.5 Research 2 2 0.80 0.80 <0.03
Acetone 3 0.15 15 15 0.48 0.32 0.1
1-Butanol 2.8 0.5 1 2 0.41 0.41 0.36
Isopropanol 2.3 Research 133 2 0.44 0.33 0.24
L-Glutamate 2.5 2.5 1.33 -0.67 1.09 0.82 0.6
Citric acid 1.7 1.7 1.33 -2 1.42 1.07 0.88
L-Lysine 1.4 1.4 0.86 0.86 0.70 0.60 0.44
1,2-Propanediol 1.4 Research 15 15 0.63 0.51 0.20
1,4-Butanediol 13 Pilot 1.09 1.64 0.55 0.5
Acetaldehyde 10 Research 2.4 12 0.59 0.49 0.42
Butanone 1.0 Research 1.09 1.64 0.55 0.40 <0.01
Isobutyraldehyde 1 Research .09 1.64 0.55 0.40 0.18
Isoprene 0.8 Pilot 0.85 1.71 0.32 0.25 0.1
Isobutanol 0.5 Pilot 1 2 0.41 0.41 0.35
Butyric acid 0.5 Pilot 1.2 1.2 0.59 0.49 0.46
Lactic acid 0.37 0.37 2 o 1.00 1.00 1.00

16.1.Feasible yields

In a bio-based economy, there will be competition be-
tween product routes based on their ecologic, social, and
economic value. For a fixed raw material and product, the
highest yield of product on feedstock is likely to favor all
these values. For commodity products that are produced
by fermentation, the carbohydrate feedstock is the main
cost contributor.*” So when discussing biochemical
routes from carbohydrate to commodity products, it is
useful to know which overall reaction yields would be
achievable according to stoichiometry calculations in case
that no side products are formed.

For simplicity, glucose is taken as C-source and, in case
the product contains nitrogen, ammonia as N-source.
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Side-products considered are CO, and H,O. For each
product with the formula C,H,N.Og, the stoichiometric
coefficients w, x, y, and z can be calculated in a reaction
equation from glucose that does not involve other com-
pounds than indicated in (Equation 1:

Glucose + w NH; 2 x C,H,N.O4 +y CO, +z H,0
(Equation 1)

The calculation of the four coefficients can be done using
the four elemental balances of C, H, N, and O. For the
product and CO,, the resulting values (x and y) are shown
in Table 3 for a number of products, and the values of x
are recalculated into mass yields of product on glucose.



The first entry, for example, indicates that 1 mol glucose
might lead to 3 mol methane and 3 mol carbon dioxide.
No ammonia is consumed or water is produced, so w = o
and z = o, but for brevity w and z values are not included
in Table 3. Due to the low molar mass of methane as
compared to carbon dioxide, a maximum yield of only
0.27 g per g of glucose is found, and such a yield can in-
deed be achieved. For some products, a much higher yield
can be theoretically achieved, in particular when negative
values of z are found, implying carbon dioxide incorpora-
tion rather than production. For succinic acid this has
indeed been achieved (see section 9.3.4). For other com-
pounds, the yield calculated using Equation 1 is not ap-
proached. The first reason is that no pathway has been
formulated yet that might lead to such a yield.

For a pathway to a desired product to be feasible, the bio-
chemistry of each enzymatic conversion in the pathway
has to be feasible. This review illustrates the large syn-
thetic potential of natural enzymes, and also the potential
to engineer enzymes in order to achieve nonnatural reac-
tions using biocatalysis. Reaction databases have been
constructed of known enzymatic reactions,*®#94° and
these databases can be used to generate biochemically
feasible candidate pathways from biomass to a desired
product. This set of known reactions can be supplement-
ed by hypothetical enzymatic reactions, which are, for
example, homologous to known enzymatic reactions with
respect to functional groups in substrate and
product.®"*#* Obviously, candidate pathways need to in-
clude cofactor regeneration, and may require that NAD-
dependent enzymes are replaced by NADP-dependent
enzymes, for example. Too many candidate high-yield
pathways may result, and methods are being developed to
determine the likeliness that a known enzyme will cata-
lyze a hypothetical reaction upon protein engineering.
These methods include molecular modeling to assess the
binding affinity and catalytic efficacy of the hypothetical
reaction, and calculating the optimized performance of
candidate enzymes if they would be rationally re-
engineered.”* A limitation of such an approach is the lack
of structural and mechanistic knowledge of some enzyme
types.

If the desired biochemistry (enzymes, cofactors, transport
proteins, etc.) is in place and active, the desired product
yield will still be unachievable if the thermodynamics of
the pathway are unfavorable. Methods are being devel-
oped to check this before any experimental work is start-
ed.” For many enzyme-catalyzed reactions, equilibrium
positions have been measured at physiological or near-
physiological conditions.®* Group contribution methods
allow the estimation of equilibrium constants of reactions
that have not been thermodynamically analyzed.”> Using
corrections of equilibrium constants to a specific physio-
logical pH, temperature, and ionic strength, equilibrium
positions of individual reactions and of whole pathways
can be determined. Occasionally it is found that part of
the available carbohydrate has to be converted by other
routes in order to generate sufficient ATP to drive the
product pathway and drive reactions required for cell
maintenance. This will be at the expense of the achievable

product yield. Such additional ATP generating routes lead
to undesired side-products or they require aerobic condi-
tions, with part of the carbohydrate being fully oxidized
into CO, and H,O.

Once an optimized metabolic route to the product has
been formulated that obeys biochemical and thermody-
namic constraints, implementation of the pathway and
achieving the assumed maximum yield sometimes in-
volves very large efforts on metabolic engineering®®,%’
and protein engineering.*® This is outside the scope of
this review. The last columns of Table 3 indicate that for
some products there is still a lot of room for improvement
of the yield.

Table 4. High product concentrations achieved ac-
cording to data in this review.

Product Concentration Fermentative
(g/L) (mol/L) ©f enzymatic
conversion

gluconate 504 2.57 F
FAME 400 13 E
glycerol 302 3.28 F
sorbitol 300 1.65 F
xylitol 244 1.60 F
erythritol 241 197 F
citric acid 240 125 F
mannitol 240 132 F
L-lactate 231 257 F
valine 227 1.94 F
GABA 224 217 E
D-lactate 207  2.30 F
acetic acid 203 3.38 F
fructose 200 LI E
isomaltulose 200 0.58 E
ethanol 170 3.70 F
2,3-butanediol 152 1.69 F
succinate 146 124 F
1,3-propanediol 141 185 F
glutamate 141 0.96 F
pyruvate 135 153 F
threonine 18 0.99 F
3- u8 113 F
hydroxybutyrate

1,4-butanediol 15 128 F
itaconate 13 0.87 F
malate 13 0.84 F
2-KGA 113 0.41 F
lysine 12 0.76 F
fumarate 107 0.92 F
propionate 106 1.43 F
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16.2.Feasible product concentrations

Table 4 convincingly shows that high product concentra-
tions are no exception for enzymatic and fermentative
conversions. In some cases not much optimization was
performed but in other cases a lot of effort was required
to find or develop cells that would tolerate these concen-
trations. A notorious, so far unsuccessful case is 1-butanol
fermentation, where final product concentrations remain
below 20 g/L despite all efforts to increase this. In con-
trast to the fermentative products in Table 4, 1-butanol is
only slightly soluble in water and will therefore have rela-
tively much tendency to interact with hydrophobic por-
tions of cell membranes and proteins, thereby destabiliz-
ing these structures. By analogy, one cannot expect that it
will be easy to achieve high product concentrations for
the other butanols, for phenol, and for some undissociat-
ed carboxylic acids, for example. Full understanding of
stabilizing cells against such toxic products is still lacking,
though. Recovering toxic or inhibiting products in-situ
can partly circumvent the associated problems.”° In-situ
product recovery may also improve conversions that are
constrained by the occurrence of product degradation or
by the enzymatic reaction equilibrium.

Table 5. Highest productivities cited in this review.

Product Productivity Methods used
[g/(L h)]
fructose 8oo immobilized enzyme, packed
bed
lactic acid 150 cell recycling
ethanol 82 ISPR, cell recycling

isomaltulose 40 immobilized cells, packed bed

FAME 35 immobilized enzyme, packed
bed

sorbitol 38 -

gluconate 19 cell retention, pure O,

succinate 15 cell retention, ISPR

1-butanol ~10 immobilized cells

valine 6.3 metabolic engineering

16.3.Feasible productivities

It is estimated that productivities below 2 g/(L h) are un-
commercializable for commodity chemicals because this
leads to too high capital costs for bioreactors.**® Higher
values were indeed found, except for citric acid and ita-
conic acid. These traditional products require aerobic
fermentations, but the achievable productivities may easi-
ly be limited by oxygen transfer rates in the used fungal
pellets.

It is interesting to review the most productive conver-
sions mentioned (Table 5). Some involve simple conver-
sions catalyzed by highly active enzymes. When using the
enzyme immobilized in a packed bed reactor, high en-

zyme concentrations are used. For cells, immobilization
but also cell retention by membranes and cell recycling
are used to maximize cell concentration and hence
productivity. If O, is consumed, the productivity can be
increased by supplying it as pure O, rather than via air. If
the product becomes inhibiting, ISPR (in-situ product
removal) can be applied. All these process options be-
come important if enzyme and strain development have
led to sufficiently fast product pathways. For valine, the
last entry of Table 5, rate-limiting metabolic steps were
addressed using metabolic engineering.

16.4.0utlook

Transformation of biomass into commodity chemicals
using enzymes or cells will be successful if the production
process is more attractive than for alternative options to
produce these chemicals. Competition is on production
costs, but a constraint is that the results of life cycle anal-
ysis should not favor the traditional nonrenewable pro-
cesses.

There are several critical factors:

- Sufficient second generation biomass should be
available for a reasonable price; the price will not
only be dictated by the biomass production but
also by competitive uses of this biomass such as
combustion for energy generation.

- All biomass components should be convertible
into product, or otherwise into valuable co-
product.

- There should be a large margin between cost of
biomass and revenues from product, considering
the anticipated yield of product on biomass.

- Too high bioreactor investments, due to high O,
requirements or too low productivities, should
be avoided.

- Product recovery should not be too complicated.
Prerequisites are high product concentrations
and low contaminant concentrations, in particu-
lar when the product is nonvolatile and highly
soluble in water.

- Biochemical processes compete with chemical
processes that aim at similar routes from bio-
mass to product. The biochemical process should
be more selective or should avoid production
and isolation of intermediate chemicals.

- Although the potential of many biochemical
routes is high, approaching this potential for a
particular product often requires a larger effort
than anticipated. Vision, dedication, and capabil-
ity to build a team that can develop the whole
value chain around the product are key require-
ments.

Scientific discoveries and method development have been
very important to increase the rate of development of
biochemical routes; and they will continue to do so. This
should be accompanied by increased understanding of
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the position of biochemical routes within a bio-based
economy.

AUTHOR INFORMATION
Corresponding Author

* Phone: +31-15-2782330. E-mail: a.j.j.straathof@tudelft.nl.
The author declares no competing financial interest.
Biography
Adrie Straathof is Associate Professor in the Bioprocess
Engineering group of the Department of Biotechnology of
the Delft University of Technology. Previously he was
Assistant Professor and PhD student in the Biokinetics
and Organic Chemistry groups, respectively, at the same
university. He was visiting professor at UNICAMP, Cam-
pinas (Brazil) and at ETH Zurich (Switzerland). He was
programme leader of the Bulk Chemicals program in the
B-BASIC (Bio-based sustainable industrial chemicals)
consortium. His research interests are (a) enzymatic and
microbial manufacturing of fine chemicals, bulk chemi-
cals, and biofuels; (b) in situ bioproduct recovery using
crystallization, adsorption, extraction, membrane perme-
ation; (c) model-based and experimental bioprocess inte-
gration; and (d) kinetics and thermodynamics for bio-
technological processes.

ABBREVIATIONS

ABE acetone-butanol-ethanol; ACP acyl carrier protein; ATP
adenosine triphosphate; CoA coenzyme A; FAEE fatty acid
ethyl ester; FAME fatty acid methyl ester; GABA y-
aminobutyric acid; KGA keto-L-gulonic acid; NADH nicotin-
amide adenine dinucleotide; NADPH nicotinamide adenine
dinucleotide phosphate; P; phosphate; PHB polyhydroxy-
butyrate; PLA polylactic acid; PLP pyridoxal-5’-phosphate;
PP, pyrophosphate; SAM S-adenosyl methionine.

REFERENCES

(1) Sengupta, D.; Pike, R. W. Chemicals from
biomass; Integrating bioprocesses into chemical
production complexes for sustainable
development; CRC Press: Boca Raton, 2012.

2 Ashina, Y.; Suto, M. In Industrial application of
immobilized biocatalysts; Tanaka, A., Tosa, T.,
Kobayashi, T., Eds.; Marcel Dekker: New York,
1993, 91.

3) Doudna, J. A.; Cech, T. R. Nature 2002, 418, 222.

4) Lilly, M. D. Chem. Eng. Sci. 1994, 49, 151.

5 Collins, A. M.; Kennedy, M. J. Australasian
Biotechnology 1999, 9, 86.

(6)
(M

®)

)
(10)

(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)

(19)
(20)

21)
(22)

(23)
24)

(25)

(26)

27)
(28)
(29)

(30)

31

Zhang, Y. H. P. Biotechnol. Bioeng. 2010, 105,
663.

Bujara, M.; Schumperli, M.; Billerbeek, S.;
Heinemann, M.; Panke, S. Biotechnol. Bioeng.
2010, 106, 376.

Guterl, J. K.; Garbe, D.; Carsten, J.; Steffler, F.;
Sommer, B.; Reisse, S.; Philipp, A.; Haack, M.;
Ruhmann, B.; Koltermann, A.; Kettling, U.;
Bruck, T.; Sieber, V. ChemSusChem 2012, 5,
2165.

Danner, H.; Braun, R. Chem. Soc. Rev. 1999, 28,
395.

Jang, Y. S.; Kim, B.; Shin, J. H.; Choi, Y. J;
Choi, S.; Song, C. W.; Lee, J.; Park, H. G.; Lee, S.
Y. Biotechnol. Bioeng. 2012, 109, 2437.

Lee, J. W.; Kim, H. U.; Choi, S.; Yi, J.; Lee, S. Y.
Curr. Opin. Biotechnol. 2011, 3, 1.
Rabinovitch-Deere, C. A.; Oliver, J. W. K,
Rodriguez, G. M.; Atsumi, S. Chem. Rev. 2013,
113, 4611.

Cheng, H. N.; Gu, Q. M. Polymers 2012, 4, 1311.
Kobayashi, S.; Makino, A. Chem. Rev. 2009, 109,
5288.

Gao, X.; Chen, J. C.; Wu, Q.; Chen, G. Q. Curr.
Opin. Biotechnol. 2011, 22, 768.

Donot, F.; Fontana, A.; Baccou, J. C.; Schorr-
Galindo, S. Carbohydr. Polym. 2012, 87, 951.
Becker, J.; Wittmann, C. Curr. Opin. Biotechnol.
2012, 23, 718.

Scheller, H. V.; Ulvskov, P. In Annual Review of
Plant Biology; Merchant, S., Briggs, W. R., Ort,
D., Eds.; Annual Reviews: Palo Alto, 2010; Vol.
61, 263.

Bugg, T. D. H.; Ahmad, M.; Hardiman, E. M.;
Rahmanpour, R. Nat. Prod. Rep. 2011, 28, 1883.
Xiao, C.; Anderson, C. T. Frontiers in Plant
Science 2013, 4, 1.

Sweeney, M. D.; Xu, F. Catalysts 2012, 2, 244.
Clomburg, J. M.; Gonzalez, R. Trends Biotechnol.
2013, 31, 20.

Jarboe, L. R.; Liu, P.; Royce, L. Curr Opin Chem
Eng 2011, 1, 38.

Wiermans, L.; Perez-Sanchez, M.; de Maria, P. D.
ChemSusChem 2013, 6, 251.

Reiter, J.; Strittmatter, H.; Wiemann, L. O,
Schieder, D.; Sieber, V. Green Chem. 2013, 15,
1373.

Taylor, C. R.; Hardiman, E. M.; Ahmad, M.;
Sainsbury, P. D.; Norris, P. R.; Bugg, T. D. H. J.
Appl. Microbiol. 2012, 113, 521.

Munasinghe, P. C.; Khanal, S. K. Bioresour.
Technol. 2010, 101, 5013.

Henstra, A. M.; Sipma, J.; Rinzema, A.; Stams, A.
J. M. Curr. Opin. Biotechnol. 2007, 18, 200.
Abubackar, H. N.; Veiga, M. C.; Kennes, C.
Biofuels Bioprod. Biorefining 2011, 5, 93.

Nyns, E.-J. In Ullmann's Encyclopedia of
Industrial Chemistry; Wiley-VCH: Weinheim,
2000; Vol. 23, 13.

Ferry, J. G. Planet Space Sci. 2010, 58, 1775.

40



(32)
(33)

(34)

(35)

(36)
(37

(38)
(39

(40)
(41

(42)

(43)
(44)
(45)
(46)
47
(43)
(49)

(50)

()
(52)

(33)
(54)
(35
(56)
(57
(58)

(39

Krishania, M.; Kumar, V.; Vijay, V. K.; Malik, A.
Fuel 2013, 106, 1.

Schneider-Belhaddad, F.; Kolattukudy, P. Arch.
Biochem. Biophys. 2000, 377, 341.

Warui, D. M.; Li, N.; Norgaard, H.; Krebs, C.;
Bollinger, J. M.; Booker, S. J. J. Am. Chem. Soc.
2011, 133, 3316.

Li, N.; Chang, W. C.; Warui, D. M.; Booker, S. J.;
Krebs, C.; Bollinger, J. M. Biochemistry 2012, 51,
7908.

Schirmer, A.; Rude, M. A.; Li, X. Z.; Popova, E.;
del Cardayre, S. B. Science 2010, 329, 559.
Dominguez de Maria, P. ChemSusChem 2011, 4,
327.

Morschbacker, A. Polym. Rev. 2009, 49, 79.
Fukuda, H.; Ogawa, T.; Tanase, S. Adv. Microb.
Physiol. 1993, 35, 275.

Lieberman, M. Annu. Rev. Plant Physiol. Plant
Molec. Biol. 1979, 30, 533.

Ogawa, T.; Takahashi, M.; Fujii, T.; Tazaki, M.;
Fukuda, H. J. Ferment. Bioeng. 1990, 69, 287.
Fukuda, H.; Ogawa, T.; Tazaki, M.; Nagahama,
K.; Fujii, T.; Tanase, S.; Morino, Y. Biochem.
Biophys. Res. Commun. 1992, 188, 483.

Guerrero, F.; Carbonell, V.; Cossu, M.; Correddu,
D.; Jones, P. R. PLoS One 2012, 7.

Larsson, C.; Snoep, J. L.; Norbeck, J.; Albers, E.
IET Syst. Biol. 2011, 5, 245.

Wang, J. P.; Wu, L. X.; Xu, F.; Lv, J.; Jin, H. J.;
Chen, S. F. Bioresour. Technol. 2010, 101, 6404.
Shimokawa, K.; Kasai, Z. Agricultural and
Biological Chemistry 1970, 34, 1646.

Abeles, F. B. Annual Review of Plant Physiology
1972, 23, 259.

Marliere, P. Eur. Pat. Appl. 2336340, June 22,
2011.

Marliére, P. Eur. Pat. Appl. 2336341, June 22,
2011.

Eisele, P.; Killpack, R. In Ullmann's Encyclopedia
of Industrial Chemistry; Wiley-VCH Verlag
Weinheim, 2011; Vol. 30, 281.

Fukuda, H.; Fujii, T.; Ogawa, T. Agric Biol Chem
1984, 48, 1679.

Fukuda, H.; Kawaoka, Y.; Fujii, T.; Ogawa, T.
Agricultural and Biological Chemistry 1987, 51,
1529.

Roberts, E. S.; Vaz, A. D.; Coon, M. J. Proc Natl
Acad Sci 1991, 88, 8963.

Nishida, Y.; Itoh, H.; Yamazaki, A. Polyhedron
1994, 13, 2473.

Araujo, A. S.; Souza, M. J. B.; Fernandes, V. J.;
Diniz, J. C. React. Kinet. Catal. Lett. 1999, 66,
141.

McCoy, M. Chem. Eng. News 2010, 88, 11.

van Leeuwen, B. N. M.; van der Wulp, A. M.;
Duijnstee, 1.; van Maris, A. J. A.; Straathof, A. J.
J. Appl. Microbiol. Biotechnol. 2012, 93, 1377.
Fujii, T.; Ogawa, T.; Fukuda, H. Appl Microbiol
Biotechnol 1987, 25, 430.

Fujii, T.; Ogawa, T.; Fukuda, H. Agric Biol Chem
1985, 49, 1541.

(60)

(61)
(62)
(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)
(71
(72)

(73)

(74

(75)
(76)
(77

(78)

(79)

(80)

Fukuda, H.; Fujii, T.; Sukita, E.; Tazaki, M.;
Nagahama, S.; Ogawa, T. Biochem Biophys Res
Commun 1994, 201, 516.

Shimaya, C.; Fujii, T. J Biosci Bioeng 2000, 90,
465.

Gogerty, D. S.; Bobik, T. A. Appl. Environ.
Microbiol. 2010, 76, 8004.

Marliere, P. Pat. Appl. WO2010001078, January
7, 2010.

Grub, J.; Loser, E. In Ullmann's Encyclopedia of
Industrial Chemistry; Wiley-VCH: Weinheim,
2011; Vol. 6, 381.

Burk, M. J.; Burgard, A. P.; Osterhout, R. E.; Sun,
J.; Pharkya, P. Pat. Appl. WO02012177710,
December 27, 2012.

Pearlman, P. S.; Chen, C.; Botes, A. L. Pat, Appl.
WO02012174439, December 20, 2012.

Cervin, M. A.; Whited, G. M.; Chotani, G. K_;
Valle, F.; Fioresi, C.; Sanford, K. J.; Mcauliffe, J.
C.; Feher, F. J.; Puhala, A. S.; Miasnikov, A.;
Aldor, 1. S. US Pat. Appl. 2009203102, August
13, 2009.

Whited, G. M.; Feher, F. J.; Benko, D. A.; Cervin,
M. A.; Chotani, G. K.; McAuliffe, J. C.; LaDuca,
R. J.; Ben-Shoshan, E. A.; Sanford, K. J. Ind.
Biotechnol. 2011, 6, 152.

Guenther, A.; Karl, T.; Harley, P.; Wiedinmyer,
C.; Palmer, P. I.; Geron, C. Atmos. Chem. Phys.
2006, 6, 3181.

Singh, R. Org. Process Res. Dev. 2010, 15, 175.
Peralta-Yahya, P. P.; Zhang, F. Z.; del Cardayre,
S. B.; Keasling, J. D. Nature 2012, 488, 320.
Chandran, S. S.; Kealey, J. T.; Reeves, C. D.
Process Biochem. 2011, 46, 1703.

Renninger, N. S.; Newman, J.; Rolling, K. K;
Regentin, R.; Paddon, C. J. US Patent 7659097
(B2), September 2, 2010.

Westfall, P. J.; Pitera, D. J.; Lenihan, J. R.; Eng,
D.; Woolard, F. X.; Regentin, R.; Horning, T.;
Tsuruta, H.; Melis, D. J.; Owens, A.; Fickes, S.;
Diola, D.; Benjamin, K. R.; Keasling, J. D
Leavell, M. D.; McPhee, D. J.; Renninger, N. S.;
Newman, J. D.; Paddon, C. J. Proc. Natl. Acad.
Sci. U. S. A. 2012, 109, 111.

Weissermel, K.; Arpe, H.-J. Industrial Organic
Chemistry; 3rd ed.; VCH: Weinheim, 1997.
Beller, H. R.; Goh, E. B.; Keasling, J. D. Appl.
Environ. Microbiol. 2010, 76, 1212.

Frias, J. A.; Richman, J. E.; Erickson, J. S.;
Wackett, L. P. J. Biol. Chem. 2011, 286, 10930.
Rude, M. A.; Baron, T. S.; Brubaker, S.; Alibhai,
M.; Del Cardayre, S. B.; Schirmer, A. Appl.
Environ. Microbiol. 2011, 77, 1718.

Qiu, Y.; Tittiger, C.; Wicker-Thomas, C.; Le Goff,
G.; Young, S.; Wajnberg, E.; Fricaux, T.; Taquet,
N.; Blomquist, G. J.; Feyereisen, R. Proc. Natl.
Acad. Sci. U. S. A. 2012, 109, 14858.

Fabri, J.; Graeser, U.; Simo, T. A. In Ullmann's
Encyclopedia of Industrial Chemistry; Wiley-
VCH: Weinheim, 2008; Vol. 37, 109.

41



81
(82)

(83)

(84
(85)

(86)

(87)

(88)

(89)

(90)

oD

92)

93)

4

95)

(96)

7

9%)

%9)

(100)
(101)
(102)
(103)

(104)

Fischer-Romero, C.; Tindall, B. J.; Jiittner, F. Int.
J. Syst. Bacteriol. 1996, 46, 183.

Heider, J.; Spormann, A. M.; Beller, H. R.;
Widdel, F. Fems Microbiol. Rev. 1998, 22, 459.
James, D. H.; Castor, W. M. In Ullmann's
Encyclopedia of Industrial Chemistry; Wiley-
VCH: Weinheim, 2011; Vol. 34, 529.

McKenna, R.; Nielsen, D. R. Metab. Eng. 2011,
13, 544.

Verhoef, S.; Ruijssenaars, H. J.; de Bont, J. A. M.;
Wery, J. J. Biotechnol. 2007, 132, 49.

Verhoef, S.; Wierckx, N.; Westerhof, R. G. M.; de
Winde, J. H.; Ruijssenaars, H. J. Appl. Environ.
Microbiol. 2009, 75, 931.

Collin, G.; Hoke, H.; Greim, H. In Ullmann's
Encyclopedia of Industrial Chemistry; Wiley-
VCH: Weinheim, 2003; Vol. 23, 661.

Chen, J.; Henderson, G.; Grimm, C. C.; Lloyd, S.
W.; Laine, R. A. Nature 1998, 392, 558.

Daisy, B. H.; Strobel, G. A.; Castillo, U.; Ezra, D.;
Sears, J.; Weaver, D. K. Runyon, J. B.
Microbiology-(UK) 2002, 148, 3737.

Bick, J.; Aaltonen, H.; Hellen, H.; Kajos, M. K.;
Patokoski, J.; Taipale, R.; Pumpanen, J;
Heinonsalo, J. Atmos. Environ. 2010, 44, 3651.
Ahamed, A.; Ahring, B. K. Bioresour. Technol.
2011, 102, 9718.

Heiden, A. C.; Kobel, K., Komenda, M.
Koppmann, R.; Shao, M.; Wildt, J. Geophys. Res.
Lett. 1999, 26, 1283.

Yuan, Z. L.; Chen, Y. C.; Xu, B. G.; Zhang, C. L.
Crit. Rev. Biotechnol. 2012, 32, 363.

Ott, J.; Gronemann, V.; Pontzen, F.; Fiedler, E.;
Grossmann, G.; Kersebohm, D. B.; Weiss, G.;
Witte, C. In Ullmann's Encyclopedia of Industrial
Chemistry; Wiley-VCH: Weinheim, 2012, 1.
Redmond, M. C.; Valentine, D. L.; Sessions, A. L.
Appl. Environ. Microbiol. 2010, 76, 6412.
Hakemian, A. S.; Rosenzweig, A. C. In Annual
Review of Biochemistry; Annual Reviews: Palo
Alto, 2007; Vol. 76, 223.

Mehta, P. K.; Mishra, S.; Ghose, T. K. Biotechnol.
Bioeng. 1991, 37, 551.

Falbe, J.; Bahrmann, H.; Lipps, W.; Mayer, D.;
Frey, G. D. In Ullmann's Encyclopedia of
Industrial Chemistry; Wiley-VCH: Weinheim,
2013, 1.

Walker, G. M. J. Inst. Brew. 2011, 117, 3.
Brandberg, T.; Karimi, K.; Taherzadeh, M. J.;
Franzen, C. J.; Grustafsson, L. Biotechnol.
Bioeng. 2007, 98, 80.

Cysewski, G. R.; Wilke, C. R. Biotechnol. Bioeng.
1977, 19, 1125.

Thomas, K. C.; Ingledew, W. M. J. Indust.
Microbiol. 1992, 10, 61.

Hasunuma, T.; Rondo, A. Biotechnol. Adv. 2012,
30, 1207.

Wisselink, H. W.; Toirkens, M. J.; Wu, Q.; Pronk,
J. T.; van Maris, A. J. A. Appl. Environ.
Microbiol. 2009, 75, 907.

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

(113)
(114)
(115)
(116)

(117)
(118)

(119)

(120)
(121)
(122)
(123)
(124)
(125)

(126)

(127)
(128)

(129)

Stanley, D.; Bandara, A.; Fraser, S.; Chambers, P.
J.; Stanley, G. A. J. Appl. Microbiol. 2010, 109,
13.

Teixeira, M. C.; Godinho, C. P.; Cabrito, T. R.;
Mira, N. P.; Sa-Correia, 1. Microb. Cell. Fact.
2012, 11, 98.

Taylor, M. P.; Eley, K. L.; Martin, S.; Tuffin, M.
I.; Burton, S. G.; Cowan, D. A. Trends Biotechnol.
2009, 27, 398.

Abdel-Banat, B. M. A.; Hoshida, H.; Ano, A.;
Nonklang, S.; Akada, R. Appl. Microbiol.
Biotechnol. 2010, 85, 861.

Almeida, J. R. M.; Modig, T.; Petersson, A.;
Hahn-Hagerdal, B.; Liden, G.; Gorwa-Grauslund,
M. F. J. Chem. Technol. Biotechnol. 2007, 82,
340.

Koppram, R.; Albers, E.; Olsson, L. Biotechnol.
Biofuels 2012, 5.

Papa, A. J. In Ullmann's Encyclopedia of
Industrial Chemistry; Wiley-VCH: Weinheim,
2011; Vol. 30, 243.

Eden, A.; Van Nedervelde, L.; Drukker, M.;
Benvenisty, N.; Debourg, A. Appl. Microbiol.
Biotechnol. 2001, 55, 296.

Atsumi, S.; Hanai, T.; Liao, J. C. Nature 2008,
451, 86.

Shen, C. R.; Liao, J. C. Metab. Eng. 2008, 10,
312.

Choi, Y. J; Park, J. H.; Kim, T. Y.; Lee, S. Y.
Metab. Eng. 2012, 14, 477.

Atsumi, S.; Liao, J. C. Appl. Environ. Microbiol.
2008, 74, 7802.

Jain, R.; Yan, Y. J. Microb. Cell. Fact. 2011, 10.
Chen, J. S.; Hiu, S. F. Biotechnol. Lett. 1986, 8,
371.

Krouwel, P. G.; Groot, W. J.; Kossen, N. W. F.;
Vanderlaan, W. F. M. Enzyme Microb. Technol.
1983, 5, 46.

Jojima, T.; Inui, M.; Yukawa, H. Appl. Microbiol.
Biotechnol. 2008, 77, 1219.

Hanai, T.; Atsumi, S.; Liao, J. C. Appl. Environ.
Microbiol. 2007, 73, 7814.

Inokuma, K.; Liao, J. C.; Okamoto, M.; Hanai, T.
J. Biosci. Bioeng. 2010, 110, 696.

Jones, D. T.; Woods, D. R. Microbiol. Rev. 1986,
50, 484.

Jang, Y. S.; Lee, J.; Malaviya, A.; Seung, D. Y.;
Cho, J. H.; Lee, S. Y. Biotechnol. J. 2012, 7, 186.
Green, E. M. Curr. Opin. Biotechnol. 2011, 22,
337.

Shen, C. R.; Lan, E. I.; Dekishima, Y.; Baez, A.;
Cho, K. M.; Liao, J. C. Appl. Environ. Microbiol.
2011, 77, 2905.

Ezeji, T. C.; Qureshi, N.; Blaschek, H. P. Curr.
Opin. Biotechnol. 2007, 18, 220.

Dellomonaco, C.; Clomburg, J. M.; Miller, E. N.;
Gonzalez, R. Nature 2011, 476, 355.

Berezina, O. V.; Zakharova, N. V.; Yarotsky, C.
V.; Zverlov, V. V. Appl. Biochem. Microbiol.
2012, 48, 625.

42



(130)

(131)
(132)

(133)

(134)

(135)

(136)

(137)

(138)
(139)
(140)
(141)

(142)

(143)

(144)

(145)
(146)

(147)

(148)
(149)
(150)

(151)

(152)
(153)

(154)

Oudshoorn, A.; van der Wielen, L. A. M,
Straathof, A. J. J. Ind. Eng. Chem. Res. 2009, 48,
7325.

Ezeji, T. C.; Qureshi, N.; Blaschek, H. P. Appl.
Microbiol. Biotechnol. 2004, 63, 653.

Ni, Y.; Hagedoorn, P. L.; Xu, J. H.; Arends, L;
Hollmann, F. Chem. Commun. 2012, 48, 12056.
Donaldson, G. K.; Eliot, A. C.; Huang, L. L.;
Nagarajan, V.; Nakamura, C. E. Pat. Appl.
W02007130518, November 15, 2007.

Manitto, P.; Chialva, F.; Speranza, G.; Rinaldo, C.
J. Agric. Food Chem. 1994, 42, 886.

Speranza, G.; Corti, S.; Fontana, G.; Manitto, P.;
Galli, A.; Scarpellini, M.; Chialva, F. J. Agric.
Food Chem. 1997, 45, 3476.

Speranza, G.; Morelli, C. F.; Orlandi, M.;
Scarpellini, M.; Manitto, P. Helv. Chim. Acta
2001, 84, 335.

Donaldson, G. K.; Eliot, A. C.; Maggio-Hall, L.
A.; Nagarajan, V.; Nakamura, C. E.; Tomb, J. F.
Pat. Appl. W0O2009134276, November 5, 2009.
Muramatsu, M.; Suzuki, K. US Pat. Appl
2011281315, November 17, 2011.

Burk, M. J.; Pharkya, P.; Burgard, A. P. Pat. Appl.
W02010057022, May 20, 2010.

Kolodziej, R.; Scheib, J. Hydrocarbon Processing
2012, September, 79.

Trinh, C. T.; Li, J.; Blanch, H. W.; Clark, D. S.
Appl. Environ. Microbiol. 2011, 77, 4894.
Bastian, S.; Liu, X.; Meyerowitz, J. T.; Snow, C.
D.; Chen, M. M. Y.; Arnold, F. H. Metab. Eng.
2011, 13, 345.

Smith, K. M.; Liao, J. C. Metab. Eng. 2011, 13,
674.

Kondo, T.; Tezuka, H.; Ishii, J.; Matsuda, F.;
Ogino, C.; Kondo, A. J. Biotechnol. 2012, 159,
32.

Brat, D.; Weber, C.; Lorenzen, W.; Bode, H. B.;
Boles, E. Biotechnol. Biofuels 2012, 5, 65.

Smith, K.; Cho, K.-M.; Liao, J. Appl Microbiol
Biotechnol 2010, 87, 1045.

Blombach, B.; Riester, T.; Wieschalka, S.; Ziert,
C.; Youn, J. W.; Wendisch, V. F.; Eikmanns, B. J.
Appl. Environ. Microbiol. 2011, 77, 3300.

Jia, X. Q.; Li, S. S.; Xie, S.; Wen, J. P. Appl.
Biochem. Biotechnol. 2012, 168, 1.

Higashide, W.; Li, Y. C.; Yang, Y. F.; Liao, J. C.
Appl. Environ. Microbiol. 2011, 77, 2727.

Baez, A.; Cho, K.-M.; Liao, J. Appl. Microbiol.
Biotechnol. 2011, 90, 1681.

Hazelwood, L. A.; Daran, J.-M.; van Maris, A. J.
A.; Pronk, J. T.; Dickinson, J. R. Appl. Environ.
Microbiol. 2008, 74, 2259.

Cann, A. F.; Liao, J. C. Appl.
Biotechnol. 2008, 81, 89.

Connor, M. R.; Liao, J. C. Appl. Environ.
Microbiol. 2008, 74, 5769.

Connor, M. R.; Cann, A. F.; Liao, J. C. Appl.
Microbiol. Biotechnol. 2010, 86, 1155.

Microbiol.

(155)

(156)

(157)

(158)

(159)

(160)
(161)
(162)

(163)

(164)

(165)
(166)
(167)
(168)
(169)
(170)
(171)
(172)
(173)
(174)

(175)

(176)
(177)

(178)
(179)

Zhang, K. C.; Sawaya, M. R.; Eisenberg, D. S.;
Liao, J. C. Proc. Natl. Acad. Sci. U. S. A. 2008,
105, 20653.

Dekishima, Y.; Lan, E. I.; Shen, C. R.; Cho, K.
M.; Liao, J. C. J. Am. Chem. Soc. 2011, 133,
11399.

Machado, H. B.; Dekishima, Y.; Luo, H.; Lan, E.
I.; Liao, J. C. Metab. Eng. 2012, 14, 504.

Noweck, K.; Grafahrend, W. In Ullmann's
Encyclopedia of Industrial Chemistry; Wiley-
VCH: Weinheim, 2006; Vol. 14, 117.

Steen, E. J.; Kang, Y. S.; Bokinsky, G.; Hu, Z. H.;
Schirmer, A.; McClure, A.; del Cardayre, S. B.;
Keasling, J. D. Nature 2010, 463, 559.

Akhtar, M. K.; Turner, N. J.; Jones, P. R. Proc.
Natl. Acad. Sci. U. S. A. 2013, 110, 87.

Vidal, R.; Lopez-Maury, L.; Guerrero, M. G.;
Florencio, F. J. J. Bacteriol. 2009, 191, 4383.
Willis, R. M.; Wahlen, B. D.; Seefeldt, L. C.;
Barney, B. M. Biochemistry 2011, 50, 10550.

Liu, H.; Ramos, K. R. M.; Valdehuesa, K. N. G.;
Nisola, G. M.; Lee, W.-K.; Chung, W.-J. Appl.
Microbiol. Biotechnol. 2013, 97, 3409.

Rebsdat, S.; Mayer, D. In Ullmann's Encyclopedia
of Industrial Chemistry; Wiley-VCH, 2000; Vol.
13, 531.

Widersten, M.; Gurell, A.; Lindberg, D. Biochim.
Biophys. Acta-Gen. Subj. 2010, 1800, 316.
Boronat, A.; Aguilar, J. J. Bacteriol. 1979, 140,
320.

Voelker, F.; Dumon-Seignovert, L.; Soucaille, P.
US Pat. Appl. 2012122169, May 17, 2012.
Clomburg, J. M.; Gonzalez, R. Biotechnol.
Bioeng. 2011, 108, 867.

Sanchez-Riera, F.; Cameron, D. C.; Cooney, C. L.
Biotechnol. Lett. 1987, 9, 449.

Altaras, N. E.; Cameron, D. C. Biotechnol. Prog.
2000, 16, 940.

Berrios-Rivera, S. J.; San, K. Y.; Bennett, G. N. J.
Ind. Microbiol. Biotechnol. 2003, 30, 34.

Jung, J. Y.; Choi, E. S.; Oh, M. K. J. Microbiol.
Biotechnol. 2008, 18, 1797.

Lee, W.; DaSilva, N. A. Metab. Eng. 2006, 8, 58.
Wilkens, E.; Ringel, A. K.; Hortig, D.; Willke, T.;
Vorlop, K. D. Appl. Microbiol. Biotechnol. 2012,
93, 1057.

Gonzalez-Pajuelo, M.;  Meynial-Salles, 1.;
Mendes, F.; Andrade, J. C.; Vasconcelos, I;
Soucaille, P. Metab. Eng. 2005, 7, 329.
Nakamura, C. E.; Whited, G. M. Curr. Opin.
Biotechnol. 2003, 14, 454.

Cervin, M. A.; Soucaille, P.; Valle, F. US Patent
7745184 (B2), June 29, 2010.

Burk, M. J. Int. Sugar J. 2010, 1123, 30.

Yim, H.; Haselbeck, R.; Niu, W.; Pujol-Baxley,
C.; Burgard, A.; Boldt, J.; Khandurina, J;
Trawick, J. D.; Osterhout, R. E.; Stephen, R.;
Estadilla, J.; Teisan, S.; Schreyer, H. B.; Andrae,
S.; Yang, T. H.; Lee, S. Y.; Burk, M. J.; Van Dien,
S. Nat. Chem. Biol. 2011, 7, 445.

43



(180)
(181)

(182)

(183)

(184)

(185)

(186)

(187)

(188)

(189)
(190)

(191)

(192)
(193)

(194)

(195)
(196)

(197)
(198)

(199)

(200)

(201)

(202)

(203)

van Haveren, J.; Scott, E. L.; Sanders, J. Biofuels
Bioprod. Biorefining 2008, 2, 41.

Ji, X. J.; Huang, H.; Ouyang, P. K. Biotechnol.
Adv. 2011, 29, 351.

Zhang, L. Y.; Sun, J. A.; Hao, Y. L.; Zhu, J. W.;
Chu, J.; Wei, D. Z.; Shen, Y. L. J. Ind. Microbiol.
Biotechnol. 2010, 37, 857.

Ma, C. Q.; Wang, A. L.; Qin, J. Y.; Li, L. X.; Ai,
X. L.; Jiang, T. Y.; Tang, H. Z.; Xu, P. Appl.
Microbiol. Biotechnol. 2009, 82, 49.

Dziedzic, S. Z.; Kearsley, M. W. Handbook of
starch hydrolysis products and their derivatives;
Chapman and Hall: London, 1995.

Schenck, F. W. In Ullmann's Encyclopedia of
Industrial Chemistry; Wiley-VCH Weinheim,
2006; Vol. 17, 45.

Pedersen, S. In Industrial application of
immobilized biocatalysts; Tanaka, A., Tosa, T.,
Kobayashi, T., Eds.; Marcel Dekker: New York,
1993, 185.

Rafiqul, I. S. M.; Sakinah, A. M. M. Food Rev.
Int. 2013, 29, 127.

Schiweck, H.; Bir, A.; Vogel, R.; Schwarz, E.;
Kunz, M.; Dusautois, C.; Clement, A.; Lefranc,
C.; Liissem, B.; Moser, M.; Peters, S. In
Ullmann's Encyclopedia of Industrial Chemistry;
Wiley-VCH: Weinheim, 2012, 1.

Cheetham, P. S. J. Methods in Enzymology 1987,
136, 432.

Moon, H. J.; Jeya, M.; Kim, I. W.; Lee, J. K. Appl.
Microbiol. Biotechnol. 2010, 86, 1017.

Jeya, M.; Lee, K. M.; Tiwari, M. K.; Kim, J. S.;
Gunasekaran, P.; Kim, S. Y.; Kim, I. W.; Lee, J.
K. Appl. Microbiol. Biotechnol. 2009, 83, 225.
Granstrom, T. B.; Izumori, K.; Leisola, M. Appl.
Microbiol. Biotechnol. 2007, 74, 273.

Choi, J. H.; Moon, K. H.; Ryu, Y. W.; Seo, J. H.
Biotechnol. Lett. 2000, 22, 1625.

Hallborn, J.; Walfridsson, M.; Airaksinen, U.;
Ojamo, H.; Hahn-Higerdal, B.; Penttili, M.;
Kerisnen, S. Bio/Technology 1991, 9, 1090.

Lee, W. J.; Ryu, Y. W.; Seo, J. H. Process
Biochem. 2000, 35, 1199.

Silveira, M. M.; Jonas, R. Appl. Microbiol.
Biotechnol. 2002, 59, 400.

Gallezot, P. Chem. Soc. Rev. 2012, 41, 1538.
Leigh, D.; Scopes, R. K.; Rogers, P. L. Appl.
Microbiol. Biotechnol. 1984, 20, 413.

Zachariou, M.; Scopes, R. K. J. Bacteriol. 1986,
167, 863.

Silveira, M. M.; Wisbeck, E.; Lemmel, C.;
Erzinger, G.; da Costa, J. P. L.; Bertasso, M.;
Jonas, R. J. Biotechnol. 1999, 75, 99.

Savergave, L. S.; Gadre, R. V.; Vaidya, B. K
Jogdand, V. V. Bioprocess. Biosyst. Eng. 2013,
36, 193.

Makkee, M.; Kieboom, A. P. G.; van Bekkum, H.
Starch/Starke 1985, 37, 136.

Saha, B. C.; Racine, F. M. Appl. Microbiol.
Biotechnol. 2011, 89, 879.

(204)

(205)

(206)

(207)

(208)

(209)

(210)

211)

(212)

(213)

(214)

(215)

(216)

(217)
(218)

(219)

(220)

(221)

(222)
(223)

(224)

(225)

Kulbe, K. D.; Schwab, U.; Howaldt, M. Ann. N.Y.
Acad. Sci. 1987, 501, 216.

Nidetzky, B.; Haltrich, D.; Schmidt, K.; Schmidt,
H.; Weber, A.; Kulbe, K. D. Biocatal.
Biotransform. 1996, 14, 47.

Weber, M.; Weber, M.; Kleine-Boymann, M. In
Ullmann's Encyclopedia of Industrial Chemistry;
Wiley-VCH: Weinheim, 2004; Vol. 26, 503.
Wierckx, N. J. P.; Ballerstedt, H.; de Bont, J. A.
M.; Wery, J. Appl. Environ. Microbiol. 2005, 71,
8221.

Rebsdat, S.; Mayer, D. In Ullmann's Encyclopedia
of Industrial Chemistry; Wiley-VCH Weinheim,
2000; Vol. 13, 547.

de Bont, J. A. M.; van Ginkel, C. G.; Tramper, J.;
Luyben, K. C. A. M. Enzyme Microb. Technol.
1983, 5, 55.

Baer, H.; Bergamo, M.; Forlin, A.; Pottenger, L.
H.; Lindner, J. In Ullmann's Encyclopedia of
Industrial Chemistry; Wiley-VCH: Weinheim,
2012, 1.

Leak, D. J.; Aikens, P. J.; Seyedmahmoudian, M.
Trends Biotechnol. 1992, 10, 256.

Dominguez de Maria, P.; van Gemert, R. W.;
Straathof, A. J. J.; Hanefeld, U. Nat. Prod. Rep.
2010, 27, 370.

Reuss, G.; Disteldorf, W.; Gamer, A. O.; Hilt, A.
In Ullmann's Encyclopedia of Industrial
Chemistry; Wiley-VCH: Weinheim, 2000; Vol.
15, 735.

Sakai, Y.; Tani, Y. Journal of Fermentation
Technology 1987, 65, 489.

Tani, Y.; Yamada, K.; Sakai, Y.; Vongsuvanlert,
V. Fems Microbiol. Rev. 1990, 87, 285.

Eckert, M.; Fleischmann, G.; Jira, R.; Bolt, H. M.;
Golka, K. In Ullmann's Encyclopedia of Industrial
Chemistry; Wiley-VCH Weinheim, 2006; Vol. 1,
191.

Romano, P.; Suzzi, G.; Turbanti, L.; Polsinelli, M.
FEMS Microbiol. Lett. 1994, 118, 213.

Zhu, H. L.; Gonzalez, R.; Bobik, T. A. Appl.
Environ. Microbiol. 2011, 77, 6441.

Papa, A. J. In Ullmann's Encyclopedia of
Industrial Chemistry; Wiley-VCH Weinheim,
2012; Vol. 30, 227.

Raff, D. K. In Ullmann's Encyclopedia of
Industrial Chemistry; Wiley-VCH: Weinheim,
2013, 1.

Pospisil, S.; Sedmera, P.; Havlicek, V.;
Prikrylova, V. FEMS Microbiol. Lett. 1994, 119,
95.

Rogers, P.; Palosaari,
Microbiol. 1987, 53, 2761.
Rodriguez, G. M.; Atsumi, S. Microb. Cell. Fact.
2012, 11.

Sifniades, S.; Levy, A. B.; Bahl, H. In Ullmann's
Encyclopedia of Industrial Chemistry; Wiley-
VCH: Weinheim, 2011; Vol. 1, 257.

Lehmann, D.; Radomski, N.; Lutke-Eversloh, T.
Appl. Microbiol. Biotechnol. 2012, 96, 1325.

N. Appl. Environ.

44



(226)
(227)

(228)

(229)
(230)

(231)

(232)

(233)

(234)

(235)

(236)
(237)
(238)
(239)

(240)

(241)

(242)

(243)

(244)

(245)
(246)

(247)

(248)
(249)

(250)

Han, B.; Gopalan, V.; Ezeji, T. C. Appl.
Microbiol. Biotechnol. 2011, 91, 565.

Ni, Y.; Sun, Z. H. Appl. Microbiol. Biotechnol.
2009, 83, 415.

Mermelstein, L. D.; Papoutsakis, E. T.; Petersen,
D. J.; Bennett, G. N. Biotechnol. Bioeng. 1993,
42, 1053.

Bermejo, L. L.; Welker, N. E.; Papoutsakis, E. T.
Appl. Environ. Microbiol. 1998, 64, 1079.
Rackemann, D. W.; Doherty, W. O. S. Biofuels
Bioprod. Bioref. 2011, 5, 198.

Min, K.; Kim, S.; Yum, T.; Kim, Y.; Sang, B.-L;
Um, Y. Appl. Microbiol. Biotechnol. 2013,
http://dx.doi.org/10.1007/s00253-013-4879-9.
Osterhout, R. E.; Burgard, A. P.; Burk, M. J;
Pharkya, P. Pat. Appl. WO02010132845,
November 18, 2010.

Miller, C.; Fosmer, A.; Rush, B.; McMullin, T.;
Beacom, D.; Suominen, P. In Comprehensive
Biotechnology (second edition); Elsevier, 2011;
Vol. 3, 179.

Curran, K. A.; Leavitt, J.; Karim, A.; Alper, H. S.
Metab. Eng. 2013, 15, 55.

Reutemann, W.; Kieczka, H. In Ullmann's
Encyclopedia of Industrial Chemistry; Wiley-
VCH: Weinheim, 2011; Vol. 16, 13.

Anonymous; Wikipedia, 2013.

Sawers, R. G. Biochem. Soc. Trans. 2005, 33, 42.
Munjal, N.; Mattam, A. J.; Pramanik, D.;
Srivastava, P. S.; Yazdani, S. S. Microb. Cell.
Fact. 2012, 11.

Fan, Z. M.; Yuan, L.; Chatterjee, R. PLoS One
2009, 4, e4432.

Cheung, H.; Tanke, R. S.; Torrence, G. P. In
Ullmann's Encyclopedia of Industrial Chemistry;
Wiley-VCH: Weinheim, 2011; Vol. 1, 209.

Mori, A. In Industrial application of immobilized
biocatalysts; Tanaka, A., Tosa, T., Kobayashi, T.,
Eds.; Marcel Dekker: New York, 1993, 291.
Ebner, H.; Follmann, H.; Sellmer, S. In Ullmann's
Encyclopedia of Industrial Chemistry; Wiley-
VCH: Weinheim, 2000; Vol. 38, 89.

Arnold, S.; Becker, T.; Delgado, A.; Emde, F.;
Enenkel, A. J. Biotechnol. 2002, 97, 133.

Xu, Z.; Shi, Z.; Jiang, L. In Comprehensive
Biotechnology (second edition); Elsevier, 2011;
Vol. 3, 189.

Agler, M. T.; Wrenn, B. A.; Zinder, S. H.;
Angenent, L. T. Trends Biotechnol. 2011, 29, 70.
Dischert, W.; Colomb, C.; Soucaille, P. US Pat.
Appl. 2012178136, July 12, 2012.

Miltenberger, K. In Ullmann's Encyclopedia of
Industrial Chemistry; Wiley-VCH: Weinheim,
2000; Vol. 18, 481.

Codd, G. A.; Bowien, B.; Schlegel, H. G. Arch.
Microbiol. 1976, 110, 167.

Nancucheo, 1.; Johnson, D. B. Appl. Environ.
Microbiol. 2010, 76, 461.

Wei, G. D.; Yang, X. P.; Gan, T. L.; Zhou, W. Y;
Lin, J. P; Wei, D. Z. J. Ind. Microbiol.
Biotechnol. 2009, 36, 1029.

(251)

(252)

(253)

(254)
(255)
(256)

(257)

(258)

(259)

(260)
(261)
(262)
(263)
(264)
(265)

(266)

(267)

(268)

(269)

(270)
71)

(272)

(273)
(274)

(275)

Dischert, W.; Soucaille, P. US Pat.
2012315682, December 13, 2012.

Samel, U.-R.; Kohler, W.; Gamer, A. O.; Keuser,
U. In Ullmann's Encyclopedia of Industrial
Chemistry; Wiley-VCH: Weinheim, 2011; Vol.
30, 296.

Playne, M. J. In Comprehensive Biotechnology,
1st edition; Moo Young, M., Ed.; Pergamon Press:
Oxford, 1985; Vol. 3, 731.

Suwannakham, S.; Huang, Y.; Yang, S. T.
Biotechnol. Bioeng. 2006, 94, 383.

Zhang, A.; Yang, S. T. Biotechnol. Bioeng. 2009,
104, 766.

Zhang, A.; Yang, S. T. Process Biochem. 2009,
44, 1346.

Straathof, A. J. J.; Sie, S.; Franco, T. T.; van der
Wielen, L. A. M. Appl. Microbiol. Biotechnol.
2005, 67, 727.

Ansede, J. H.; Pellechia, P. J.; Yoch, D. C. Appl.
Environ. Microbiol. 1999, 65, 5075.

Curson, A. R. J.; Todd, J. D.; Sullivan, M. J;
Johnston, A. W. B. Nat. Rev. Microbiol. 2011, 9,
849.

Schweiger, G.; Buckel, W. FEBS Lett. 1985, 185,
253.

Akedo, M.; Cooney, C. L.; Sinskey, A. J.
Bio/Technology 1983, 1, 791.

Lee, S. H.; Park, S. J.; Park, O. J.; Cho, J.; Rhee,
J. W. J. Microbiol. Biotechnol. 2009, 19, 474.
O'Brien, D. J.; Panzer, C. C.; Eisele, W. P.
Biotechnol. Prog. 1990, 6, 237.

Ikada, Y.; Jamshidi, K.; Tsuji, H.; Hyon, S. H.
Macromolecules 1987, 20, 904.
Datta, R.; Henry, M. J.
Biotechnol. 2006, 81, 1119.
Litchfield, J. H. In Advances in Applied
Microbiology, Vol 42; Neidleman, S. L., Laskin,
A. 1., Eds.; Elsevier Academic Press Inc: San
Diego, 1996; Vol. 42, 45.

Okano, K.; Tanaka, T.; Ogino, C.; Fukuda, H.;
Kondo, A. Appl. Microbiol. Biotechnol. 2010, 85,
413.

Yamane, T.; Tanaka, R. J. Biosci. Bioeng. 2013,
115, 90.

Wang, L. M.; Zhao, B.; Li, F. S.; Xu, K.; Ma, C.
Q.; Tao, F.; Li, Q. G.; Xu, P. Appl. Microbiol.
Biotechnol. 2011, 89, 1009.

Ohleyer, E.; Blanch, H. W.; Wilke, C. R. Appl.
Biochem. Biotechnol. 1985, 11, 317.

Suthers, P. F.; Cameron, D. C. US Patent 6852517
(B1), August 2, 2005.

Takamizawa, K.; Horitsu, H.; Ichikawa, T.;
Kawai, K.; Suzuki, T. Appl. Microbiol.
Biotechnol. 1993, 40, 196.

Jiang, X. L.; Meng, X.; Xian, M. Appl. Microbiol.
Biotechnol. 2009, 82, 995.

Rathnasingh, C.; Raj, S. M.; Jo, J. E.; Park, S.
Biotechnol. Bioeng. 2009, 104, 729.

Luo, L. H.; Kim, C. H.; Heo, S. Y.; Oh, B. R;
Hong, W. K.; Kim, S.; Kim, D. H.; Seo, J. W.
Bioresour. Technol. 2012, 103, 1.

Appl.

Chem. Technol.

45



(276)

@277)

(278)

(279)
(280)
(281)

(282)

(283)

(284)
(285)

(286)

(287)
(288)

(289)

(290)

(291)
(292)
(293)

(294)

(295)

(296)

(297)

(298)

(299)

Henry, C. S.; Broadbelt, L. J.; Hatzimanikatis, V.
Biotechnol. Bioeng. 2010, 106, 462.

Liao, H. H.; Gokarn, R. R.; Gort, S. J.; Jessen, H.
J.; Selifonova, O. US Patent 8043841 (B2),
October 25, 2011.

Rathnasingh, C.; Raj, S. M.; Lee, Y.; Catherine,
C.; Ashoka, S.; Park, S. J. Biotechnol. 2012, 157,
633.

Lynch, M. D.; Gill, R. T.; Lipscomb, T. E. W. US
Pat. Appl. 2013071893, March 21, 2013.

Li, Y.; Chen, J.; Lun, S. Y. Appl. Microbiol.
Biotechnol. 2001, 57, 451.

Xu, P.; Qiu, J. H.; Gao, C.; Ma, C. Q. J. Biosci.
Bioeng. 2008, 105, 169.

van Maris, A. J. A.; Geertman, J. M. A,
Vermeulen, A.; Groothuizen, M. K.; Winkler, A.
A.; Piper, M. D. W.; van Dijken, J. P.; Pronk, J. T.
Appl. Environ. Microbiol. 2004, 70, 159.

Zelic, B.; Gostovic, S.; Vuorilehto, K.; Vasic-
Racki, B.; Takors, R. Biotechnol. Bioeng. 2004,
85, 638.

Ma, C. Q.; Xu, P; Dou, Y. M.; Qu, Y. B.
Biotechnol. Prog. 2003, 19, 1672.

Gao, C.; Qiu, J. H.; Ma, C. Q.; Xu, P. PLoS One
2012, 7, ¢40755.

Jiang, L.; Wang, J. F.; Liang, S. Z.; Cai, J.; Xu, Z.
N.; Cen, P. L.; Yang, S. T.; Li, S. A. Biotechnol.
Bioeng. 2011, 108, 31.

Zhang, C. H.; Yang, H.; Yang, F. X.; Ma, Y. J.
Curr. Microbiol. 2009, 59, 656.

Dwidar, M.; Park, J. Y.; Mitchell, R. J.; Sang, B.
1. Sci. World J. 2012.

Sjoblom, M.; Rova, U.; Jaros, A.; Berglund, K.
A., 2013;
http://sim.confex.com/sim/35th/webprogram/Pape
r23848.html.

Ryu, H. W.; Cho, K. S.; Kim, B. S.; Chang, Y. K.;
Chang, H. N.; Shim, H. J. J. Microbiol.
Biotechnol. 1999, 9, 751.

Kawata, Y.; Kawasaki, K.; Shigeri, Y. Appl.
Microbiol. Biotechnol. 2012, 96, 913.

Lee, S. Y.; Lee, Y.; Wang, F. L. Biotechnol.
Bioeng. 1999, 65, 363.

Lee, S. H.; Park, S. J.; Lee, S. Y.; Hong, S. H.
Appl. Micrabiol. Biotechnol. 2008, 79, 633.
Bauer, W. In Ullmann's Encyclopedia of
Industrial Chemistry; Wiley-VCH: Weinheim,
2011; Vol. 23, 1.

Burk, M. J.; Burgard, A. P.; Osterhout, R. E.;
Pharkya, P. Eur. Pat. Appl. 2285973, February 23,
2011.

Rohwerder, T.; Muller, R. H. Microb. Cell. Fact.
2010, 9.

Hoefel, T.; Wittmann, E.; Reinecke, L.; Weuster-
Botz, D. Appl. Microbiol. Biotechnol. 2010, 88,
4717.

Cheng, K. K.; Zhao, X. B.; Zeng, J.; Zhang, J. A.
Biofuels Bioprod. Biorefining 2012, 6, 302.

Lin, H.; Bennett, G. N.; San, K. Y. Biotechnol.
Bioeng. 2005, 90, 775.

(300)
(301)
(302)
(303)
(304)

(305)

(306)

(307)

(308)

(309)

(310)
(311)
(312)

(313)

(314)

(315)

(316)

(317)

(318)

(319)

(320)

(321)

Beauprez, J. J.; De Mey, M.; Soetaert, W. K.
Process Biochem. 2010, 45, 1103.

Vemuri, G. N.; Eiteman, M. A.; Altman, E. J. Ind.
Microbiol. Biotechnol. 2002, 28, 325.

Okino, S.; Inui, M.; Yukawa, H. Appl. Microbiol.
Biotechnol. 2005, 68, 475.

Meynial-Salles, 1.; Dorotyn, S.; Soucaille, P.
Biotechnol. Bioeng. 2008, 99, 129.

Dijkgraaf, A. In C2W; Beta Publishers: The
Hague, 2013.

Takata, 1.; Tosa, T. In Industrial application of
immobilized biocatalysts; Tanaka, A., Tosa, T.,
Kobayashi, T., Eds.; Marcel Dekker: New York,
1993, 53.

Battat, E.; Peleg, Y.; Bercovitz, A.; Rokem, J. S.;
Goldberg, 1. Biotechnol. Bioeng. 1991, 37, 1108.
Goldberg, I.; Rokem, J. S.; Pines, O. J. Chem.
Technol. Biotechnol. 2006, 81, 1601.

Straathof, A. J. J.; Van Gulik, W. M. In
Reprogramming microbial metabolic pathways;
Wang, X., Chen, J., Quinn, P., Eds.; Springer:
Dordrecht, 2012, 225.

Ng, T. K.; Hesser, R. J.; Stieglitz, B.; Griffiths, B.
S.; Ling, L. B. Biotechnol. Bioeng. Symp. 1986,
17, 355.

Willke, T.; Vorlop, K. D. Appl.
Biotechnol. 2001, 56, 289.

Okabe, M.; Lies, D.; Kanamasa, S.; Park, E. Y.
Appl. Microbiol. Biotechnol. 2009, 84, 597.
Klement, T.; Biichs, J. Bioresour. Technol. 2013,
135, 422.

Kuenz, A.; Gallenmiiller, Y.; Willke, T.; Vorlop,
K. D. Appl. Microbiol. Biotechnol. 2012, 96,
1209.

Kanamasa, S.; Dwiarti, L.; Okabe, M.; Park, E. Y.
Appl. Microbiol. Biotechnol. 2008, 80, 223.

Barth, G.; Bodinus, C. “Entwicklung eines
biotechnologischen Verfahrens zur Herstellung
von Itaconsdure mit genetisch verdnderten Hefen
der Gattung Pseudozyma aus nachwachsenden
Rohstoffen * Institut fiir Mikrobiologie Dresden,
2011.

Steinbusch, K. J. J.; Hamelers, H. V. M.; Plugge,
C. M.; Buisman, C. J. N. Energy Environ. Sci.
2011, 4, 216.

Seedorf, H.; Fricke, W. F.; Veith, B,
Bruggemann, H.; Liesegang, H.; Strittimatter, A.;
Miethke, M.; Buckel, W.; Hinderberger, J.; Li, F.
L.; Hagemeier, C.; Thauer, R. K.; Gottschalk, G.
Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 2128.
Polen, T.; Spelberg, M.; Bott, M. J. Biotechnol.
2013,
http://dx.doi.org/10.1016/j.jbiotec.2012.07.008.
Niu, W.; Draths, K. M.; Frost, J. W. Biotechnol.
Prog. 2002, 18, 201.

Mizuno, S.; Yoshikawa, N.; Seki, M.; Mikawa, T.;
Imada, Y. Appl. Microbiol. Biotechnol. 1988, 28,
20.

Choi, W. J.; Lee, E. Y.; Cho, M. H.; Choi, C. Y. J.
Ferment. Bioeng. 1997, 84, 70.

Microbiol.

46



(322)

(323)

(324)
(325)

(326)

(327)

(328)
(329)

(330)

(331)

(332)

(333)

(334)

(335)

(336)
(337)
(338)
(339)
(340)
(341)
(342)
(343)
(344)
(345)
(346)

(347)

Rosatella, A. A.; Simeonov, S. P.; Frade, R. F. M.;
Afonso, C. A. M. Green Chem. 2011, 13, 754.
Sousa, A. F.; Matos, M.; Freire, C. S. R,
Silvestre, A. J. D.; Coelho, J. F. J. Polymer 2013,
54, 513.

Casanova, O.; Iborra, S.;
ChemSusChem 2009, 2, 1138.
Vuyyuru, K. R.; Strasser, P. Catal. Today 2012,
195, 144.

Koopman, F.; Wierckx, N.; de Winde, J. H.;
Ruijssenaars, H. J. Proc. Natl. Acad. Sci. U. S. A.
2010, 107, 4919.

Koopman, F.; Wierckx, N.; de Winde, J. H.;
Ruijssenaars, H. J. Bioresour. Technol. 2010, 101,
6291.

van Deurzen, M. P. J.; van Rantwijk, F.; Sheldon,
R. A. J. Carbohydr. Chem. 1997, 16, 299.
Krystof, M.; Perez-Sanchez, M.; de Maria, P. D.
ChemSusChem 2013, 6, 826.

Milsom, P. E.; Meers, J. L. In Comprehensive
Biotechnology, 1st edition; Moo Young, M., Ed.;
Pergamon Press: Oxford, 1985; Vol. 3, 665.
Dhillon, G. S.; Brar, S. K.; Verma, M.; Tyagi, R.
D. Food Bioprocess Technol. 2011, 4, 505.
Soccol, C. R.; Vandenberghe, L. P. S.; Rodrigues,
C.; Pandey, A. Food Technol. Biotechnol. 2006,
44, 141.

Papagianni, M.; Mattey, M.; Kristiansen, B.
Enzyme Microb. Technol. 1999, 25, 710.

Hustede, H.; Haberstroh, H.-J.; Schinzig, E. In
Ullmann's Encyclopedia of Industrial Chemistry;
Wiley-VCH: Weinheim, 2000; Vol. 17, 37.
Rogers, P.; Chen, J.-S.; Zidwick, M. J. In The
Prokaryotes (3rd edition); Rosenberg, E.,
Stackebrandt, E., Thompson, F., DeLong, E.,
Lory, S., Eds.; Springer: Berlin, 2006; Vol. 1, 511.
Singh, O. V.; Kumar, R. Appl. Microbiol.
Biotechnol. 2007, 75, 713.

Anastassiadis, S.; Aivasidis, A.; Wandrey, C. US
Pat. Appl. 5962286, May 10, 1999.

Anastassiadis, S.; Aivasidis, A.; Wandrey, C.
Appl. Micrabiol. Biotechnol. 2003, 61, 110.
Reichstein, T.; Griissner, A. Helv. Chim. Acta
1934, 17, 311.

De Wulf, P.; Soetaert, W.; Vandamme, E. J.
Biotechnol. Bioeng. 2000, 69, 339.

Boudrant, J. Enzyme Microb. Technol. 1990, 12,
322.

Hancock, R. D.; Viola, R. Trends Biotechnol.
2002, 20, 299.

Takagi, Y.; Sugisawa, T.; Hoshino, T. Appl.
Microbiol. Biotechnol. 2010, 86, 469.

Cui, L.; Xie, P.; Sun, J. W.; Yu, T.; Yuan, J. Q.
Comput. Chem. Eng. 2012, 36, 386.

Sauer, M.; Porro, D.; Mattanovich, D.;
Branduardi, P. Trends Biotechnol. 2008, 26, 100.
Buchholz, K.; Seibel, J. Carbohydr. Res. 2008,
343, 1966.

Anneken, D. J.; Both, S.; Christoph, R.; Fieg, G.;
Steinberner, U.; Westfechtel, A. In Ullmann's

Corma, A.

(348)
(349)

(350)

(351)
(352)

(353)

(354)

(355)

(356)
(357)
(358)
(359)
(360)
(361)
(362)
(363)
(364)
(365)
(366)
(367)

(368)

(369)
(370)
(371)
(372)
(373)

(374)

Encyclopedia of Industrial Chemistry; Wiley-
VCH Weinheim, 2006; Vol. 14, 73.

Schorken, U.; Kempers, P. Eur. J. Lipid Sci.
Technol. 2009, 111, 627.

Lennen, R. M.; Pfleger, B. F. Trends Biotechnol.
2012, 30, 659.

Maki, T.; Takeda, K. In Ullmann's Encyclopedia
of Industrial Chemistry; Wiley-VCH Weinheim,
2000; Vol. 5, 329.

Noda, S.; Kitazono, E.; Tanaka, T.; Ogino, C.;
Kondo, A. Microb. Cell. Fact. 2012, 11, 49.

Pires, E. L.; Miranda, E. A.; Valenca, G. P. Appl.
Biochem. Biotechnol. 2002, 98, 963.

Chaibakhsh, N.; Rahman, M. B. A.; Basri, M.;
Salleh, A. B.; Abd-Aziz, S. Biotechnol. J. 2010, 5,
848.

Rottig, A.; Wenning, L.; Broker, D.; Steinbiichel,
A. Appl. Micraobiol. Biotechnol. 2010, 85, 1713.
OECD/FAO “The OECD/FAO agricultural
outlook 2012-2021,” OECD Publishing and FAO,
2012.

Du, W.; Li, W.; Sun, T.; Chen, X.; Liu, D. H.
Appl. Microbiol. Biotechnol. 2008, 79, 331.
Zhang, B. H.; Weng, Y. Q.; Xu, H.; Mao, Z. P.
Appl. Microbiol. Biotechnol. 2012, 93, 61.

Li, L. L.; Du, W.; Liu, D. H.; Wang, L.; Li, Z. B.
J. Mol. Catal. B-Enzym. 2006, 43, 58.

Elbahloul, Y.; Steinbuchel, A. Appl. Environ.
Microbiol. 2010, 76, 4560.

Voith, M. Chem. Eng. News 2010, 88, 28.

Zhu, Y. L.; Yang, J.; Dong, G. Q.; Zheng, H. Y ;
Zhang, H. H.; Xiang, H. W.; Li, Y. W. Appl.
Catal. B-Environ. 2005, 57, 183.

Varadarajan, S.; Miller, D. J. Biotechnol. Prog.
1999, 15, 845.

Efe, C.; Straathof, A. 1. J.; van der Wielen, L. A.
M. Biotechnol. Bioeng. 2008, 99, 1392.

Horvath, 1. T.; Mehdi, H.; Fabos, V.; Boda, L.;
Mika, L. T. Green Chem. 2008, 10, 238.

Lange, J. P.; Vestering, J. Z.; Haan, R. J. Chem.
Commun. 2007, 3488.

Martin, C. H.; Prather, K. L. J. J. Biotechnol.
2009, 139, 61.

Martin, C. H.; Wu, D. Y.; Prather, K. L. J. Appl.
Environ. Microbiol. 2010, 76, 417.

Brazdil, J. F. In Ullmann's Encyclopedia of
Industrial Chemistry; Wiley-VCH Weinheim,
2012, 1.

But, A.; Le Notre, J.; Scott, E. L.; Wever, R.;
Sanders, J. P. M. ChemSusChem 2012, 5, 1199.

Le Notre, J.; Scott, E. L.; Franssen, M. C. R.;
Sanders, J. P. M. Green Chem. 2011, 13, 807.

Xie, S. X.; Kato, Y.; Asano, Y. Biosci. Biotechnol.
Biochem. 2001, 65, 2666.

Kato, Y.; Ooi, R.; Asano, Y. Appl. Environ.
Microbiol. 2000, 66, 2290.

Soucaille, P.; Figge, R. Pat.
W02007144346, December 21, 2007.
Peters-Wendisch, P.; Stolz, M.; Etterich, H.;
Kennerknecht, N.; Sahm, H.; Eggeling, L. Appl.
Environ. Microbiol. 2005, 71, 7139.

Appl.

47



(375)

(376)

(377)

(378)

(379)
(380)
(381)
(382)

(383)

(384)
(385)
(386)
(387)

(388)

(389)
(390)

(391)

(392)

(393)

(394)

(395)

(396)

(397)

Rontein, D.; Nishida, I.; Tashiro, G.; Yoshioka,
K.; Wu, W. I.; Voelker, D. R.; Basset, G.; Hanson,
A.D. J. Biol. Chem. 2001, 276, 35523.

Rontein, D.; Rhodes, D.; Hanson, A. D. Plant Cell
Physiol. 2003, 44, 1185.

Medici, R.; de Maria, P. D.; Otten, L. G
Straathof, A. J. J. Adv. Synth. Catal. 2011, 353,
2369.

Foti, M.; Médici, R.; Ruijssenaars, H. J. J
Biotechnol 2013,
http://dx.doi.org/10.1016/j.jbiotec.2013.07.013.
Qian, Z. G.; Xia, X. X.; Lee, S. Y. Biotechnol.
Bioeng. 2009, 104, 651.

Schneider, J.; Eberhardt, D.; Wendisch, V. F.
Appl. Micrabiol. Biotechnol. 2012, 95, 169.
Bommarius, A. S.; Drauz, K. Bioorganic &
medicinal chemistry 1994, 2, 617.

Konst, P. M.; Franssen, M. C. R.; Scott, E. L.;
Sanders, J. P. M. Green Chem. 2011, 13, 1167.
Konst, P. M.; Turras, P.; Franssen, M. C. R,
Scott, E. L.; Sanders, J. P. M. Adv. Synth. Catal.
2010, 352, 1493.

Kind, S.; Wittmann, C. Appl. Microbiol.
Biotechnol. 2011, 91, 1287.
Mimizuka, T.; Kazami, J. Jap. Pat. Appl.

2002223771, August 13, 2002.

Teng, Y. L.; Scott, E. L.; van Zeeland, A. N. T.;
Sanders, J. P. M. Green Chem. 2011, 13, 624.
Mimitsuka, T.; Sawai, H.; Hatsu, M.; Yamada, K.
Biosci. Biotechnol. Biochem. 2007, 71, 2130.
Tateno, T.; Okada, Y.; Tsuchidate, T.; Tanaka, T.;
Fukuda, H.; Kondo, A. Appl. Microbiol.
Biotechnol. 2009, 82, 115.

Kind, S.; Jeong, W. K.; Schroder, H.; Wittmann,
C. Metab. Eng. 2010, 12, 341.

Qian, Z. G.; Xia, X. X.; Lee, S. Y. Biotechnol.
Bioeng. 2011, 108, 93.

Chen, N.; Huang, J.; Feng, Z. B.; Yu, L.; Xu, Q.
Y.; Wen, T. Y. Appl. Biochem. Biotechnol. 2009,
158, 595.

Lee, K. H.; Park, J. H.; Kim, T. Y.; Kim, H. U.;
Lee, S. Y. Mol. Syst. Biol. 2007, 3.

Drauz, K.; Grayson, I.; Kleemann, A.; Krimmer,
H.-P.; Leuchtenberger, W.; Weckbecker, C. In
Ullmann's Encyclopedia of Industrial Chemistry;
Wiley-VCH: Weinheim, 2007; Vol. 3, 1.
Hasegawa, S.; Uematsu, K.; Natsuma, Y.; Suda,
M.; Hiraga, K.; Jojima, T.; Inui, M.; Yukawa, H.
Appl. Environ. Microbiol. 2012, 78, 865.
Hasegawa, S.; Suda, M.; Uematsu, K.; Natsuma,
Y.; Hiraga, K.; Jojima, T.; Inui, M.; Yukawa, H.
Appl. Environ. Microbiol. 2013, 79, 1250.

Liese, A.; Seelbach, K.; Buchholz, A.; Haberland,
J. In Industrial Biotransformations; Liese, A.,
Seelbach, K., Wandrey, C., Eds.; Wiley-VCH:
Weinheim, 2006, 147.

Frey, K. M.; Oppermann-Sanio, F. B.; Schmidt,
H.; Steinbuchel, A. Appl. Environ. Microbiol.
2002, 68, 3377.

(398)
(399)
(400)
(401)
(402)

(403)

(404)
(405)
(4006)

(407)

(408)

(409)

(410)

411)
(412)

(413)

(414)

(415)

(416)

417)

(418)

(419)

(420)

(421)

Abd-El-Karem, Y.; Elbers, T.; Reichelt, R.;
Steinbuchel, A. Appl. Microbiol. Biotechnol.
2011, 89, 1177.

Ault, A. J. Chem. Educ. 2004, 81, 347.

Chen, N.; Du, J.; Liu, H.; Xu, Q. Y. Ann.
Microbiol. 2009, 59, 317.

Becker, J.; Zelder, O.; Hafner, S.; Schroder, H.;
Wittmann, C. Metab. Eng. 2011, 13, 159.

Konst, P. M.; Franssen, M. C. R.; Scott, E. L.;
Sanders, J. P. M. Green Chem. 2009, 11, 1646.
Lammens, T. M.; De Biase, D.; Franssen, M. C.
R.; Scott, E. L.; Sanders, J. P. M. Green Chem.
2009, 11, 1562.

Dhakal, R.; Bajpai, V. K.; Baek, K. H. Braz. J.
Microbiol. 2012, 43, 1230.

Li, H. X.; Qiu, T.; Huang, G. D.; Cao, Y. S.
Microb. Cell. Fact. 2010, 9.

Lee, S.; Ahn, J.; Kim, Y. G.; Jung, J. K.; Lee, H.;
Lee, E. G. Int. J. Mol. Sci. 2013, 14, 1728.

Ritz, J.; Fuchs, H.; Kieczka, H.; Moran, W. C. In
Ullmann's Encyclopedia of Industrial Chemistry;
Wiley-VCH Weinheim, 2011; Vol. 00, 1.
Raemakers-Franken, P. C.; Nossin, P. M. M.;
Brandts, P. M.; Wubbolts, M. G.; Peeters, W. P.
H.; Emnste, S.; De Wildeman, S. M. A,
Schuermann, M. US Patent 7491520 (B2),
February 17, 2009.

Raemakers-Franken, P. C.; Schuermann, M.;
Trefzer, A. C.; De Wildeman, S. M. A. Pat. Appl.
W02009113855, September 17, 2009.

Turk, S. C. H.; Schuermann, M.; Trefzer, A. C.;
Raemakers-Franken, P. C.; Menke, H. H. Pat.
Appl. WO2012031911, March 15, 2012.

Trefzer, A. C.; Turk, S. C. H. J. Pat. Appl.
W02012031910, March 15, 2012.

Fortmann, L.; Rosenberg, A. Chemosphere 1984,
13, 53.

van Pee, K. H. In Natural Product Biosynthesis by
Microorganisms and Plants, Pt B; Hopwood, D.
A., Ed.; Elsevier Academic Press Inc: San Diego,
2012; Vol. 516, 237.

Blasiak, L. C.; Drennan, C. L. Accounts Chem.
Res. 2009, 42, 147.

Matucha, M.; Gryndler, M.; Forczek, S. T.;
Uhlirova, H.; Fuksova, K.; Schroder, P. Environ.
Chem. Lett. 2003, 1, 127.

van Pee, K. H. Curr. Org. Chem. 2012, 16, 2583.
Deng, H.; O'Hagan, D. Curr. Opin. Chem. Biol.
2008, 12, 582.

Rossberg, M.; Lendle, W.; Pfleiderer, G.; Togel,
A.; Torkelson, T. R.; Beutel, K. K. In Ullmann's
Encyclopedia of Industrial Chemistry; Wiley-
VCH: Weinheim, 2011; Vol. 9, 15.

Bayer, T. S.; Widmaier, D. M.; Temme, K.;
Mirsky, E. A.; Santi, D. V.; Voigt, C. A. J. Am.
Chem. Soc. 2009, 131, 6508.

Ni, X. H.; Hager, L. P. Proc. Natl. Acad. Sci. U. S.
A. 1999, 96, 3611.

Navarro, R. M.; Pena, M. A.; Fierro, J. L. G.
Chem. Rev. 2007, 107, 3952.

48



(422)
(423)

(424)

(425)
(426)

(427)

(428)

(429)

(430)
(431)

(432)

(433)
(434)
(435)
(436)

(437)

(438)

(439)

Lee, H. S.; Vermaas, W. F. J.; Rittmann, B. E.
Trends Biotechnol. 2010, 28, 262.

Woodward, J.; Orr, M.; Cordray, K.; Greenbaum,
E. Nature 2000, 405, 1014.

Martin del Campo, J. S.; Rollin, J.; Myung, S.;
Chun, Y.; Chandrayan, S.; Patifio, R.; Adams, M.
W. W.; Zhang, Y. H. P. Angew. Chem. Int. Ed.
2013, 52, 4587.

Dennis, M.; Kolattukudy, P. E. Proc. Natl. Acad.
Sci. U. S. A. 1992, 89, 5306.

Van Dien, S. Curr Opin Biotechnol 2013,
http://dx.doi.org/10.1016/j.copbio.2013.03.002.
Straathof, A. J. J. In Comprehensive
Biotechnology; 2nd ed.; Moo-Young, M., Ed,;
Elsevier, 2011; Vol. 2, 811.

Ellis, L. B. M.; Roe, D.; Wackett, L. P. Nucleic
Acids Res. 2006, 34, D517.

Schomburg, I.; Chang, A. J.; Hofmann, O.;
Ebeling, C.; Ehrentreich, F.; Schomburg, D.
Trends in Biochemical Sciences 2002, 27, 54.
Kanehisa, M.; Goto, S.; Kawashima, S.; Nakaya,
A. Nucleic Acids Res. 2002, 30, 42.

Cho, A.; Yun, H.; Park, J. H.; Lee, S. Y.; Park, S.
BMC Syst. Biol. 2010, 4.

Brunk, E.; Neri, M.; Tavernelli, 1I;
Hatzimanikatis, V.; Rothlisberger, U. Biotechnol.
Bioeng. 2012, 109, 572.

Soh, K. C.; Hatzimanikatis, V. Curr. Opin.
Microbiol. 2010, 13, 350.

Goldberg, R. N.; Tewari, Y. B.; Bhat, T. N.
Bioinformatics 2004, 20, 2874.

Jankowski, M. D.; Henry, C. S.; Broadbelt, L. J.;
Hatzimanikatis, V. Biophys. J. 2008, 95, 1487.
Blank, L. M.; Ebert, B. E. Curr. Opin. Biotechnol.
2013, 24, 13.

Jang, Y. S.; Park, J. M.; Choi, S.; Choi, Y. J.;
Seung, D. Y.; Cho, J. H.; Lee, S. Y. Biotechnol.
Adv. 2012, 30, 989.

Fisher, M. A.; Tullman-Ercek, D. Curr. Opin.
Biotechnol. 2013,
http://dx.doi.org/10.1016/j.copbio.2013.02.027.
Woodley, J. M.; Bisschops, M.; Straathof, A. J. J.;
Ottens, M. J. Chem. Technol. Biotechnol. 2008,
83, 121.

49



