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Microbial Hydrocarbon Formation from  m
Biomass ety

Adrie J.J. Straathof and Maria C. Cuellar

Abstract Fossil carbon sources mainly contain hydrocarbons, and these are used
on a huge scale as fuel and chemicals. Producing hydrocarbons from biomass
instead is receiving increased attention. Achievable yields are modest because
oxygen atoms need to be removed from biomass, keeping only the lighter carbon
and hydrogen atoms. Microorganisms can perform the required conversions, poten-
tially with high selectivity, using metabolic pathways that often end with decarbo-
xylation. Metabolic and protein engineering are used successfully to achieve
hydrocarbon production levels that are relevant in a biorefinery context. This has
led to pilot or demo processes for hydrocarbons such as isobutene, isoprene, and
farnesene. In addition, some non-hydrocarbon fermentation products are being
further converted into hydrocarbons using a final chemical step, for example,
ethanol into ethene. The main advantage of direct microbial production of hydro-
carbons, however, is their potentially easy recovery because they do not dissolve in
fermentation broth.
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1 Introduction

Hydrocarbons are organic compounds consisting entirely of hydrogen and carbon.
They are mostly used as combustion fuels, usually in hydrocarbon mixtures such as
gasoline, diesel, and jet fuel. They can also be used for the synthesis of other
chemicals, for the synthesis of polymers, as lubricants, as solvents, or as propellants
for aerosol sprays, for example.

The present industrial production of hydrocarbons and their mixtures is almost
entirely based on fossil resources such as natural gas, petroleum, and coal, which
largely consist of hydrocarbons. These can be used as fuel. Oil refineries are used on
a huge scale to split petroleum into more valuable and less valuable fractions, and to
convert the latter as much as possible into more useful components. Highly
selective catalysts are used to obtain transportation fuels, such as gasoline, kero-
sene, and diesel, which are mixtures of hydrocarbons with properties in a certain
range. Similarly, pure hydrocarbons are obtained, such as ethene, propene, and
styrene, the monomers of the most important synthetic polymers. Natural gas and
coal can also be processed instead of being directly combusted.

Hydrocarbons can also be produced from biomass. Currently, such renewable
production is only in exceptional cases competitive with petrochemical production,
but it can be assumed that the competitiveness will increase in the future.

This chapter treats the (potential) microbial production of hydrocarbons in a
biorefinery context, thus using biomass or one of its components as feed material.
For the most common types of biomass and upstream processing, the main micro-
bial feed components are carbohydrates, particularly glucose. However, micro-
organisms might also convert lipids and proteins into hydrocarbons. Microbial lignin
conversion is more difficult, requiring aerobic conditions and leading to degradation
into CO, and water rather than formation of hydrocarbons. Instead, products from
thermochemical processing of lignin-containing biomass, such as syngas and pyro-
lysis oil, may also be funneled into the central carbon metabolism of micro-
organisms and subsequently be converted into products such as hydrocarbons.
Phototrophic organisms can do the same, using CO, and water as feed components.
However, the metabolic pathways shown in this chapter are limited to the actual
formation reactions of hydrocarbons from central metabolites, assuming ferment-
able carbohydrates as the available feed material.

Many non-hydrocarbon products of microbial metabolism can be converted into
hydrocarbons using follow-up chemistry. This is largely left outside the scope of
this chapter, but a few such chemical conversions are mentioned.
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2 Achievable Reaction Yields

In the context of developing a biorefinery concept, upper limits for achievable
product yields should be made early on to determine the economic potential of such
a biorefinery. The price of fermentable biomass ($/kg) divided by the achievable
hydrocarbon mass yield on this biomass gives the minimum feedstock contribution
to the bio-hydrocarbon production costs, and this should be significantly lower than
the price of petrochemical hydrocarbon.

Biomass-based production, either (thermo)chemically or microbially, requires
conversions that remove oxygen and trace elements such as present in biomass
components. Biomass pretreatment and hydrolysis leads, for example, to glucose
(CgH,0¢). This consists of 0.53 g/g of oxygen, which obviously limits the max-
imum yield of hydrocarbon to 0.47 g/g. However, oxygen removal in the form of O,
is thermodynamically unfavorable at fermentation conditions if no sunlight (pho-
tosynthesis) or other external energy source is used. A situation that may be
thermodynamically feasible (depending on the hydrocarbon) is that oxygen atoms
are removed from glucose in the form of CO, and H,O. Then, stoichiometric
calculations [1] lead to maximum yields ranging from 0.27 g/g for methane
(CHy; the least oxidized hydrocarbon) to 0.36 g/g for naphthalene (C;oHg; an
example of a more oxidized hydrocarbon). For oxygen-containing fermentation
products, the maximum yields achievable with ideal stoichiometries are less
modest [1].

Real yields of hydrocarbon on glucose are even lower, because at least a small
portion of the glucose is used for cell growth, and because enzymatic reactions to
achieve stoichiometrically ideal metabolic pathways from glucose to hydrocarbon
are unknown or not yet in place, or such pathways are thermodynamically
constrained. A reaction that consumes O,, such as shown for some entries in
Table 1, may lead to a thermodynamically favorable pathway, but at the expense
of the maximum achievable yield.

If glucose is to be converted to transportation fuel, it is also important to consider
the fraction of the fuel value of glucose that can be retained in the hydrocarbon
products. As the co-products CO, and H,O have no fuel value, the fuel value of
glucose may be largely transferred to the hydrocarbon products, with some side-
product formation and small entropic losses [12].

3 Product Recovery

In an industrial processing context, extracellular production is often preferred,
because it eliminates the need for cell disruption, hence enabling cell reuse and
product recovery during fermentation. Even recovery of extracellular microbial
products is often challenging because they need to be separated from a large amount
of water which contains numerous other solutes. For hydrocarbons the situation can
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Table 1 Enzymatic reactions leading to hydrocarbons

A.J.J. Straathof and M.C. Cuellar

Hydrocarbon
product
Enzymes Substrates Products examples References
Decarboxylase R-COOH R-H; CO, Styrene McKenna and
Nielsen [2]
Aldehyde Aldehyde; Oy; Alkane; For- Hydrocarbons | Schirmer et al. [3]
deformylase NADPH mate; H,O down to and Menon et al.
(ADO) propane [4]
P450 fatty acid | Fatty acid; H;O, | Terminal Heptadec-1- Rude et al. [5]
decarboxylase alkene; CO,; ene
(OleT) 2 H,0
Non-heme Fe!! Fatty acid; O,; Terminal Co—C;3 termi- | Rui et al. [6]
oxidase (UndA) |2e ;2 H" alkene; COy; nal alkenes
2 H,0

P450 oxidative | Fatty aldehyde; Hydrocarbon; Heptadecane Qiu et al. [7]
decarbonylase 0O,; NADPH CO,; H,O
(CYP4G)
Synthases Branched Branched-1,3- Isoprene, Whited et al. [8]

1-pyrophospho- alkadiene; farnesene and George et al.

2-alkene; Water | Pyrophosphate [9]
Mevalonate 3-Hydroxy-3- 2-Methylalkene; | Isobutene Gogerty and Bobik
diphosphate methylalkanoic CO,; ADP; [10] and Rossoni
decarboxylase® | acid; ATP Phosphate etal. [11]

#Actually a kinase phosphorylating the substrate to 3-methyl-3-phosphocarboxylic acid followed
by spontaneous decarboxylation [11]

Table 2 Aqueous solubilities

. Hydrocarbon Solubility (g/kg) Reference
(l)faltlgldrocarbons at25°C, Methane 0.023 Clever and Young [13]
Ethene 0.13 Hayduk [14]
Isoprene 0.61 Shaw [15]
Styrene 0.25 Shaw [16]
Dodecane 34 x 107 Shaw et al. [17]

be much simpler because the formed concentrations can easily surpass the aqueous
solubilities shown in Table 2 if a reasonable production organism is available.

Gaseous hydrocarbons escape from fermentation broth together with the formed
CO,, water vapor and other (trace) impurities, in many cases requiring further
processing steps. In the well-established biogas process, for example, H,S is
typically removed by (reactive) absorption, eventually followed by CO, removal
by absorption or pressure swing adsorption [18]. In the last few years, product
recovery through the gas phase has been showcased as one of the key features of
DuPont’s isoprene process [8].

If liquid hydrocarbons are formed by fermentation, the hydrocarbon amount
exceeding its solubility forms a (light) organic phase if the hydrocarbon is excreted
by the cells. Product extraction during fermentation by means of solvent addition
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has been of almost standard use — at least at laboratory scale — to overcome product
toxicity and volatility in the production of monoterpenes and short-chain alkanes
[19]. With or without solvent addition, however, emulsion formation is likely to
occur [20] as has been reported in the production of farnesene [21].

In the subsequent sections, the status of microbial production of specific hydro-
carbons is treated. This builds on previous reviews [1, 19, 22], but some significant
new developments have taken place.

4 Methane

Methane is the only hydrocarbon that is produced as primary metabolite by natural
microorganisms. During anaerobic digestion, mixed cultures of microorganisms
convert in several steps various biomass components into carbon dioxide, hydro-
gen, and organic acids, mainly acetic acid. Finally, acetic acid is converted into
equimolar amounts of methane and carbon dioxide during methanogenesis by
methanogenic archea. On the basis of theoretical stoichiometry, the maximum
yield of methane per glucose equivalent is 0.27 g/g, but a somewhat different
yield is obtained with biomass. The produced biogas also does not contain equi-
molar amounts of methane and carbon dioxide because some of the CO, dissolves
in the liquid effluent.

Anaerobic digestion can be used for converting biomass under nonsterile con-
ditions, whereas the produced gas can be easily recovered. Commercial operation
requires relatively simple equipment and operations, but the low productivity,
typically below 0.03 g/L/h), leads to large vessels. Biogas can be directly used as
fuel, or used for heat and electricity generation in a combined heat and power plant,
or upgraded to natural gas quality, that is, to a methane concentration of at least
90%. The state-of-the-art has recently been described [18].

5 Ethene

In a biorefinery context, producing ethene (ethylene) from biomass at commercial
levels would require a route that approaches the theoretical yield limit of ethene on
glucose of 2 mol/mol (0.31 g/g). Currently, this is achieved on a commercial scale
by using ethanol fermentation and subsequent acid-catalyzed dehydration of etha-
nol to ethene [23]. Such a process requires low biomass prices to be
competitive [24].

It has been claimed that the ethanol dehydration might be performed enzymati-
cally instead [25, 26]. Ideally, such an enzyme activity would be incorporated in an
ethanol-producing microorganism, potentially leading to a direct conversion of
1 mol glucose into 2 mol ethene. However, it is not clear whether the equilibrium
of the dehydration reaction would be favorable at fermentation conditions, and if
the pathway would be usable.
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Another hypothetical pathway leading potentially to the desired stoichiometry
would be via acrylic acid. Fermentative production of acrylic acid has been studied
[1], and enzymatic decarboxylation of acrylic acid to ethene has been suggested. In
some organisms this would be because of a side activity of pyruvate decarboxylase
Enzymatic decarboxylation of acrylic acid to ethene has been suggested to occur in
some organisms because of a side activity of pyruvate decarboxylase [27]. The
proof for this has been considered to be weak [28]. Besides, acrylic acid is more
valuable than ethene, which makes the decarboxylation unattractive.

Proven pathways for biological ethene formation rely on the natural formation of
ethene by plants in small amounts for signaling functions such as stimulation of
fruit-ripening [29]. Three such pathways are known, but none are useful for
reaching yields of ethene on glucose above 0.12 g/g [30], and they can be consi-
dered unattractive for large-scale ethene synthesis. The final enzymatic steps of the
natural pathways might be considered for finding higher-yield synthetic pathways,
and are given here. 1-Aminocyclopropane-1-carboxylate is converted by an
oxygenase into ethene, cyanide, CO,, and water, using oxidation of L-ascorbate to
L-dehydroascorbate [31]. (S)-2-Oxo0-4-thiomethylbutyric acid is decomposed into
ethene, methanethiol, and CO, by an NADH-Fe(Ill) oxidoreductase, which acti-
vates O, [32]. The ethene-forming enzyme (EFE) occurring in Penicillium
digitatum and Pseudomonas syringae catalyzes several reactions, amongst others
a conversion of 2-oxoglutarate with O, into ethene, CO,, and water [33]. Hetero-
logous expression of the efe gene from P. syringae has led to ethene production in a
number of hosts [34].

6 Other Gaseous Hydrocarbons

Many gaseous hydrocarbons have been found to be formed by microorganisms
[22, 35]. For example, ethanogenesis can be carried out by methanogenic archaea
under the conditions required for methanogenesis, using enrichment cultures from
some deep lake sediments [36]. Small amounts of ethane have been detected. The
mechanisms of biogenic ethane formation and the biochemistry of the microorgan-
isms involved in this process have to be elucidated before any reasonable conver-
sion can be developed.

Traces of propane have been found with ethane under the same conditions [36],
and the propane metabolic pathways for natural biosynthesis are also not known.
However, cyanobacteria contain aldehyde deformylating oxygenases (ADOs; for-
merly aldehyde decarbonylases), which can be used to engineer metabolic path-
ways for alkane biosynthesis. ADO catalyzes O,-dependent conversion of aldehyde
into alkane and formate in the presence of an electron donor. Native aldehyde
carbon chain lengths range from C;¢ to Cyg, but with the shorter chain aldehydes
that are not encountered in native cyanobacteria, activity has also been observed
[3, 37]. Co-expression of ADO with a butyraldehyde-producing pathway in
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Escherichia coli led to accumulation of up to 32 mg/L of propane [4, 37]. This
proof-of-principle probably leads to significant follow-up activities on this topic.

Traces of propene (propylene) are formed in aerobic cultures of Rhizopus strains
of many different types of organisms. The responsible enzyme was not identified
[38, 39]. Aerobic formation of propene from isobutyraldehyde by rabbit cyto-
chrome P-450 has been demonstrated however [40]. It is assumed that mono-
oxygenase activity with NADPH as electron donor leads to propene and formic
acid [41]. The required isobutyraldehyde might be produced from glucose [1], but
no such propene pathway seems to be pursued.

Biological formation of isobutene (isobutylene; 2-methylpropene) has been
studied since the 1970s using strains such as the yeast Rhodotorula minuta
[42]. Isobutene is formed by reductive decarboxylation of isovalerate, which is
catabolically derived from L-leucine [43, 44]. Studies on the responsible enzyme
point to a cytochrome P450 monooxygenase that is involved in hydroxylating
benzoate [45]. The highest observed production was merely 0.45 mg/L/h, and it
is not clear how a pathway via isovalerate can be used to obtain a commercially
interesting yield of isobutene on glucose.

Dehydrative decarboxylation of 3-hydroxyisovalerate into isobutene is more
useful [46]. This conversion was reported as side-activity of mevalonate diphos-
phate decarboxylase, MVD [10, 47]. Variation of precursor and enzyme might lead
to various alkenes. The putative MVD from Picrophilus torridus is one of the most
efficient wild-type enzymes in the patent applications in this field. It turned out to be
no decarboxylase but a kinase, which uses ATP to phosphorylate mevalonate to
mevalonate-3-phosphate. At a much lower rate it can convert 3-hydroxyisovalerate
to an unstable 3-phosphate intermediate that undergoes consequent spontaneous
decarboxylation to form isobutene [11]. 3-Hydroxybutyrate was similarly phos-
phorylated, but the phosphorylated product seems too stable to decarboxylate into
propene. 3-Hydroxypropanoate was not converted by the kinase [11].

Using metabolic and protein engineering, such enzymatic activities are used to
obtain commercially interesting production of isobutene and other alkenes
[47, 48]. Other patent applications of Global Bioenergies describe isobutanol
dehydration to isobutene as a side activity of engineered oleate hydratase and
other hydratases [25, 26]. If feasible, an attractive metabolic pathway might be
obtained [46]. Similarly, isopropanol might be dehydrated to propene and but-3-en-
1-ol and but-3-en-2-ol might be dehydrated to butadiene.

Metabolic pathways to 1,3-butadiene have also been formulated in other patents
[49, 50]. The final reaction should again be dehydration of a butenol or butanediol
isomer, potentially via a phosphate intermediate. Pathways to the required pre-
cursors have been described in the same patent applications.

In November 2014, Global Bioenergies produced isobutene by direct fermenta-
tion for the first time in pilot scale (www.global-bioenergies.com). Moreover,
Global Bioenergies has announced successful lab-scale production of butadiene
by direct fermentation of glucose (www.global-bioenergies.com/communiques/
141126_pr_en.pdf). Other companies, however, focus on fermentative production
of alcohols, which can be very efficient [1], followed by acid-catalyzed dehydration
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to the corresponding alkenes. Acid-catalyzed dehydration of isopropanol to
propene, for example [51], is easy. Braskem pursues commercial bio-based propene
production using fermentative ethanol production, followed by chemical conver-
sion into ethene, dimerization, and metathesis [52].

7 Isoprene

Isoprene, or 2-methyl-1,3-butadiene, is naturally formed by various microorgan-
isms, plants, and animals. Massive amounts, estimated at 600 million tons/year, are
emitted by plants into the atmosphere [53]. Formation occurs via elimination of
pyrophosphate from 3,3-dimethylallyl pyrophosphate by the key enzyme isoprene
synthase. The precursor is formed in the mevalonate (MEV) and the methyl-
erythritol phosphate (MEP) pathways. The MEV pathway is used by archaea,
some bacteria, and most eukaryotes (including the yeast Saccharomyces cere-
visiae), whereas the MEP pathway is used in most bacteria (including E. coli) and
green algae. Both pathways occur in plants. Genencor (now DuPont) and Goodyear
have genetically engineered E. coli for the production of isoprene through ferment-
ation of glucose [8, 54]. The MEP pathway might have an isoprene yield on glucose
of up to 0.30 g/g, whereas the MEV pathway is limited to 0.25 g/g according to the
theoretical net overall reaction [8]:

1.5 Glucose + 20, — Isoprene + 4CO, + 5 H,O

Still, the better known MEV pathway was selected for strain development.
Isoprene has an atmospheric boiling point of 34 °C and it is hardly water soluble,
so it was emitted with the fermentor off-gas at a concentration of around 18%,
together with the formed CO,, and potentially with unconverted O,. Further
downstream processing was required for recovering isoprene with 99.5% purity
for polymerization to rubber [55]. The amount of isoprene that was collected
corresponded to 60 g/L in the fermentation broth, at a productivity of 2 g/L/h and
yield on glucose was 0.11 g/g [8]. Isoprene from such fermentation has been used
by Goodyear in the production of prototype tires. Various other companies are
active in this field [56]. A calculation indicated that costs for the bio-isoprene would
be slightly higher than the actual market price of its fossil counterpart, but might
become competitive [56].

8 Isoprenoids

Isoprenoids are a highly diverse set of compounds that are built from at least one Cs
isoprene unit via head-to-tail addition of the key intermediate isopentenyl diphos-
phate (IPP) [57], and hence their biosynthesis resembles that of isoprene. The last
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decade has seen fast developments in the metabolic engineering of this pathway.
This interest originated from medical applications, in particular through the devel-
opment of the antimalarial drug precursor artemisinic acid, leading to production on
industrial scale by Sanofi [58]. Currently, the pathway receives enormous attention
for its potential in the generation of replacements for diesel and jet fuel, as well as in
replacing plant based flavors and fragrances. The focus has been mainly on mono-
terpenes (C,g), sesquiterpenes (C;s), and a few higher terpenoids (>C,g). The state-
of-the-art has recently been comprehensively reviewed, for example, by Cuellar
and van de Wielen [19] and Schrader and Bohlmann [59]. Monoterpenes such as
pinene and limonene have been shown to have, after hydrogenation, properties
similar to the light end of traditional kerosene aviation fuel, making them suitable
as drop-in replacements or as enrichment for hydrogenated sesquiterpenes such as
farnesane [9, 60]. Limonene is also an important precursor to several pharmaceu-
tical and commodity chemicals. For example, hydroxylation of limonene results in
perillyl alcohol, a potential anti-cancer agent [61]. Monoterpenes have been
reported to be highly toxic to the microbial cell, interacting with cellular and
mitochondrial membranes and dismantling membrane integrity. This is currently
being overcome by engineered cell export systems and through extractive
fermentations.

Sesquiterpenes have seen important developments in the last few years. The
farnesene isomers, a group of natural sesquiterpenes including p-farnesene (7,11-
dimethyl-3-methylene-1,6,10-dodecatriene), lead to farnesane upon catalytic
hydrogenation. Farnesane is already being produced at commercial scale by
Amyris, and it has been certified as a diesel and jet fuel replacement in blends up
to 35% and 10%, respectively (www.amyris.com; [9]). In S. cerevisiae, the mevalo-
nate pathway enzymes, converting acetyl-CoA into farnesyl diphosphate, are
overexpressed, and the latter intermediate is converted into (E)-B-farnesene and
diphosphate. This final reaction is catalyzed by a farnesene synthase, because of
expression of the corresponding gene sequence from Artesemia annua. Improve-
ment of the S. cerevisiae strain and the fermentation conditions has led to titers of
104.3 g/L with a productivity of 0.70 g/L/h as disclosed by Amyris in 2010
[9]. Further developments are being made downstream in the pathway, broadening
the product spectrum. Several companies are currently active, in particular for
flavor and fragrance applications (e.g., Evolva, Firmenich, Amyris, and Isobionics).
Production of valencene, its derivative nootkatone, and santalene in the milligrams
per liter range has been reported [62, 63].

Higher isoprenoids or terpenoids (>C,() are currently applied in cosmetics,
pharmaceuticals, and nutraceuticals. Their (over)production has been demonstrated
in several microorganisms, resulting mostly in intracellular accumulation. Micro-
bial production of the triterpenoid (C3oHso) squalene has reached commercial scale
by Amyris and their first skin-care product was launched in May 2015 (www.
amirys.com).
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9 Liquid Linear Alkanes and Alkenes

Microbial formation of linear alkanes and alkenes often involves metabolic path-
ways to fatty acids. Such biosynthesis has been well-studied in bacteria and yeast,
in particular for the production of free fatty acids (FFAs), fatty acid alkyl esters, and
hydrocarbons. Recent advances in this area have been reviewed [19].

Fatty aldehydes are often the direct precursor of long-chain alkanes or alkenes.
Depending on the enzyme type, the carbonyl group can be released as formate, CO,
or CO».

Aldehyde-deformylating oxygenases (ADOs) are ferritin-like nonheme dimetal-
carboxylate enzymes that catalyze alkane formation from aldehyde in many cyano-
bacteria under O, consumption and formate formation [64, 65]. Incorporating an
alkane biosynthesis pathway from cyanobacteria in E. coli led to a mixture of
uneven Cy3 to Cy; alkanes and alkenes [3]. The pathway coexpresses genes for
acyl-ACP (acyl carrier protein) reductase and an ADO enzyme from the cyano-
bacterium Synechococcus elongatus converting aldehyde to alkane, up to 0.3 g/L,
mostly extracellular. The process is currently under optimization by REG Life
Sciences (formerly LS9; www.reglifesciences.com), and pilot-plant fermentations
(1,000 L scale) have already been performed [66]. By altering the FFA pool — either
by pathway engineering or medium supplementation — more recent studies [67, 68]
have resulted, respectively, in larger fractions of even alkanes (mostly C4 and C¢)
and a broader product spectrum, including linear and branched alkanes and alkenes.
The titers are, however, still in the order of a few milligrams per liter.

Decarbonylases that release CO from aldehydes, forming alkanes, have been
shown in vertebrates, insects, plants, and algae [69]. Arabidopsis thaliana fatty
aldehyde decarbonylase potentially releases CO [20]. Recently, it was engineered
with the pathway for fatty acid biosynthesis and fatty aldehyde formation in E. coli.
This led to titers up to 0.3 g/L of FFAs, ranging from Cg to C;¢, and to up to 0.6 g/L.
alkanes, mostly nonane and dodecane [70]. According to the authors, this mixture is
suitable for petrol replacement.

In some insects, hydrocarbons are formed from fatty aldehydes using cyto-
chrome P450 enzymes that consume NADPH and O,, and release NADP", CO,,
and water [7]. Unsaturation in the fatty aldehyde chain leads to alkenes rather than
alkanes.

Terminal linear alkenes (a-olefins, very useful as chemical intermediates) are
formed from fatty acids in some eukaryotes and bacteria. The enzyme from
Jeotgalicoccus sp. ATCC 8456, OleT, is a cytochrome P450, and consumes
H,0,. It forms CO, and 2 equiv. of H,O when abstracting hydrogens from the a
and P positions of the fatty acid [5]. Light-driven in situ generation of H,O,
improves the conversion [71]. In Pseudomonas aeruginosa, a non-heme oxidase
has been found that decarboxylates fatty acid to alkene (1-undecene). In this UndA
enzyme, O, forms an Fe'Y=0 species that needs to be regenerated to Fe"' using a
reducing agent [6].
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In many bacteria, linear alkene production occurs via condensation of two
carboxylic acids to a dione, followed by reductions and dehydrations. This yields
nonterminal alkenes such as 14-heptacosene [72, 73]. It is not yet clear how the final
step to alkene proceeds.

10 Aromatic Hydrocarbons

The aromatic hydrocarbon for which fermentative production from biomass is best
developed is styrene, also known as phenylethene [2]. In an L-phenylalanine over-
producing E. coli host, glucose conversion into styrene was achieved by the
co-expression of phenylalanine ammonia lyase from Arabidopsis thaliana and
trans-cinnamate decarboxylase from S. cerevisiae. In shake flask cultures, up to
0.26 g/L styrene accumulated, close to the styrene toxicity threshold (determined as
0.3 g/L). Upon periodic stripping, the equivalent of 0.56 g/L styrene was produced,
whereas 0.84 g/l was produced by in situ solvent extraction [74]. Genetic engi-
neering approaches are required to obtain commercially attractive productivities
and yields. The potential to use engineered S. cerevisiae instead of E coli for styrene
production has been shown [75]. A technoeconomic evaluation showed that styrene
production from sugars might be competitive in the case where styrene would form
its own organic phase which could be decanted [76]. Formation of traces of styrene
from forest waste biomass has been shown using wild type Penicillium
expansum [77].

Biosynthesis of other aromatic hydrocarbons might be possible. For example,
toluene is formed during anaerobic degradation of phenylalanine by bacteria such
as Tolumonas auensis [78]. Phenylalanine is assumed to be converted into phenyl-
acetate, which is then decarboxylated [79]. The responsible enzymes are not
known, and fermentative production of toluene from glucose does not seem to be
pursued.

Naphthalene, another aromatic hydrocarbon, is used by termites as fumigant
[80], and traces of naphthalene are emitted by the endophytic fungus Muscodor
vitigenus when grown on agar plates with glucose [81]. In neither case is it clear
how this naphthalene might be formed. Compounds such as benzene, toluene, and
o- and m-xylene are also excreted in traces by endophytic fungi [82, 83], and by
plants [84]. This has led to advocating the use of fungi for producing so-called
mycodiesel [85].



422 A.J.J. Straathof and M.C. Cuellar

References

1. Straathof AJJ (2014) Transformation of biomass into commodity chemicals using enzymes or
cells. Chem Rev 114:1871-1908
2. McKenna R, Nielsen DR (2011) Styrene biosynthesis from glucose by engineered E. coli.
Metab Eng 13:544-554
3. Schirmer A, Rude MA, Li XZ, Popova E, del Cardayre SB (2010) Microbial biosynthesis of
alkanes. Science 329:559-562
4. Menon N, Pasztor A, Menon BRK, Kallio P, Fisher K, Akhtar MK, Leys D, Jones PR,
Scrutton NS (2015) A microbial platform for renewable propane synthesis based on a fermenta-
tive butanol pathway. Biotechnol Biofuels 8:61
5.Rude MA, Baron TS, Brubaker S, Alibhai M, Del Cardayre SB, Schirmer A (2011)
Terminal olefin (1-alkene) biosynthesis by a novel P450 fatty acid decarboxylase from jeotgali-
coccus species. Appl Environ Microbiol 77:1718-1727
6. Rui Z, Li X, Zhu X]J, Liu J, Domigan B, Barr I, Cate JHD, Zhang WJ (2014) Microbial bio-
synthesis of medium-chain 1-alkenes by a nonheme iron oxidase. Proc Natl Acad Sci U S A
111:18237-18242
7. Qiu Y, Tittiger C, Wicker-Thomas C, Le Goff G, Young S, Wajnberg E, Fricaux T, Taquet N,
Blomgquist GJ, Feyereisen R (2012) An insect-specific P450 oxidative decarbonylase for cuti-
cular hydrocarbon biosynthesis. Proc Natl Acad Sci U S A 109:14858-14863
8. Whited GM, Feher FJ, Benko DA, Cervin MA, Chotani GK, McAuliffe JC, LaDuca RJ,
Ben-Shoshan EA, Sanford KJ (2011) Development of a gas-phase bioprocess for isoprene-
monomer production using metabolic pathway engineering. Ind Biotechnol 6:152-163
9. George KW, Alonso-Gutierrez J, Keasling JD, Lee TS (2015) Isoprenoid drugs, biofuels, and
chemicals-artemisinin, farnesene, and beyond. Adv Biochem Eng Biotechnol 148:355-389
10. Gogerty DS, Bobik TA (2010) Isobutene formation from 3-hydroxy-3-methylbutyrate by
diphosphomevalonate decarboxylase. Appl Environ Microbiol 76:8004—8010
11. Rossoni L, Hall SJ, Eastham G, Licence P, Stephens G (2015) The putative mevalonate di-
phosphate decarboxylase from picrophilus torridus is in reality a mevalonate-3-kinase with
high potential for bioproduction of isobutene. Appl Environ Microbiol 81:2625-2634
12. Cuellar MC, Straathof AJJ (2015) Biochemical conversion: biofuels by industrial fermentation.
In: de Jong W, van Ommen JR (eds) Biomass as a sustainable energy source for the future.
Wiley, Hoboken, pp. 403—440
13. Clever HL, Young CL (1987) IUPAC-NIST solubility database. Methane, vol 27/28.
Pergamon Press, Oxford
14. Hayduk W (1994) IUPAC-NIST solubility database. Ethene, vol 57. Oxford University Press,
Oxford
15. Shaw DG (1989) IUPAC-NIST solubility database. Hydrocarbons in water and seawater,
Part I, vol 37. Pergamon Press, Oxford
16. Shaw DG (1989) IUPAC-NIST solubility database. Hydrocarbons with water and seawater,
Part II, vol 38. Pergamon Press, Oxford
17. Shaw DG, Maczynski A, Goral M, Wisniewska-Goclowska B, Skrzecz A, Owczarek I,
Blazej K, Haulait-Pirson M-C, Hefter GT, Kapuku F, Maczynska Z, Szafranski A (2006)
TUPAC-NIST solubility data series. 81. Hydrocarbons with water and seawater—revised and
updated. Part 10. C11 and C12 hydrocarbons with water. J Phys Chem Ref Data 35:153-203
18. Kleerebezem R (2014) Biochemical conversion. In: Biomass as a sustainable energy source for
the future. Wiley, Hoboken, pp 441468
19. Cuellar MC, van der Wielen LAM (2015) Recent advances in the microbial production and
recovery of apolar molecules. Curr Opin Biotechnol 33:39-45
20. Heeres AS, Picone CSF, van der Wielen LAM, Cunha RL, Cuellar MC (2014) Microbial
advanced biofuels production: overcoming emulsification challenges for large-scale operation.
Trends Biotechnol 32:221-229



Microbial Hydrocarbon Formation from Biomass 423

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Tabur P, Dorin G 2012 Method for purifying bio-organic compounds from fermentation broth
containing surfactants by temperature-induced phase inversion

Ladygina N, Dedyukhina EG, Vainshtein MB (2006) A review on microbial synthesis of
hydrocarbons. Process Biochem 41:1001-1014

Morschbacker A (2009) Bio-ethanol based ethylene. Polym Rev 49:79-84

Althoft J, Biesheuvel K, De Kok A, Pelt H, Ruitenbeek M, Spork G, Tange J, Wevers R (2013)
Economic feasibility of the sugar beet-to-ethylene value chain. ChemSusChem 6:1625-1630
Marliére P (2011) Method for producing an alkene comprising step of converting an alcohol by
an enzymatic dehydration step. WO 2011076691

Marliere P (2011) Method for producing an alkene comprising the step of converting an
alcohol by an enzymatic dehydration step. Eur Pat Appl 2336340

Shimokawa K, Kasai Z (1970) Ethylene formation from acrylic acid by a banana pulp extract.
Agric Biol Chem 34:1646-1651

Abeles FB (1972) Biosynthesis and mechanism of action of ethylene. Annu Rev Plant Physiol
23:259-292

Fukuda H, Ogawa T, Tanase S (1993) Ethylene production by microorganisms. Adv Microb
Physiol 35:275-306

Larsson C, Snoep JL, Norbeck J, Albers E (2011) Flux balance analysis for ethylene formation
in genetically engineered Saccharomyces cerevisiae. IET Syst Biol 5:245-251

Lieberman M (1979) Biosynthesis and action of ethylene. Annu Rev Plant Physiol Plant Mol
Biol 30:533-591

Ogawa T, Takahashi M, Fujii T, Tazaki M, Fukuda H (1990) The role of NADH-Fe(III)EDTA
oxidoreductase in ethylene formation from 2-keto-4-methylthiobutyrate. J Ferment Bioeng 69:
287-291

Fukuda H, Ogawa T, Tazaki M, Nagahama K, Fujii T, Tanase S, Morino Y (1992) 2 Reactions
are simultaneously catalyzed by a single enzyme - the arginine-dependent simultaneous form-
ation of 2 products, ethylene and succinate, from 2-oxoglutarate by an enzyme from Pseudo-
monas syringae. Biochem Biophys Res Commun 188:483—489

Eckert C, Xu W, Xiong W, Lynch S, Ungerer J, Tao L, Gill R, Maness P-C, Yu J (2014)
Ethylene-forming enzyme and bioethylene production. Biotechnol Biofuels 7:1-11

Davis JB, Squires RM (1954) Detection of microbially produced gaseous hydrocarbons other than
methane. Science 119:381-382

Pavlova ON, Bukin SV, Lomakina AV, Kalmychkov GV, Ivanov VG, Morozov IV,
Pogodaeva TV, Pimenov NV, Zemskaya TI (2014) Production of gaseous hydrocarbons by
microbial communities of Lake Baikal bottom sediments. Microbiology 83:798-804

Kallio P, Pasztor A, Thiel K, Akhtar MK, Jones PR (2014) An engineered pathway for the
biosynthesis of renewable propane. Nat Commun 5

Fukuda H, Fujii T, Ogawa T (1984) Microbial production of C3- and C4-hydrocarbons under
aerobic conditions. Agric Biol Chem 48:1679-1682

Fukuda H, Kawaoka Y, Fujii T, Ogawa T (1987) Production of a gaseous saturated hydrocar-
bon mixture by Rhizopus japonicus under aerobic conditions. Agric Biol Chem 51:1529-1534
Roberts ES, Vaz AD, Coon MJ (1991) Catalysis by cytochrome P-450 of an oxidative reaction in
xenobiotic aldehyde metabolism: deformylation with olefin formation. Proc Natl Acad Sci 88:
8963-8966

Nishida Y, Itoh H, Yamazaki A (1994) On the chemical mechanism of aldehyde metabolism by
cytochrome P-450. Polyhedron 13:2473-2476

Fujii T, Ogawa T, Fukuda H (1987) Isobutene production by Rhodotorula minuta. Appl Micro-
biol Biotechnol 25:430-433

Fujii T, Ogawa T, Fukuda H (1985) Production of isobutene by Rhodotorula yeasts. Agric Biol
Chem 49:1541-1543

Fukuda H, Fujii T, Sukita E, Tazaki M, Nagahama S, Ogawa T (1994) Reconstitution of the
isobutene-forming reaction catalyzed by cytochrome P450 and P450 reductase from



424 A.J.J. Straathof and M.C. Cuellar

Rhodotorula minuta: decarboxylation with the formation of isobutene. Biochem Biophys Res
Commun 201:516-522

45. Shimaya C, Fujii T (2000) Cytochrome P450rm of Rhodotorula functions in the p-ketoadipate
pathway for dissimilation of L-phenylalanine. J Biosci Bioeng 90:465-467

46. van Leeuwen BNM, van der Wulp AM, Duijnstee I, van Maris AJA, Straathof AJJ (2012)
Fermentative production of isobutene. Appl Microbiol Biotechnol 93:1377-1387

47. Marliére P (2010) Production of alkenes by enzymatic decarboxylation of 3-hydroxyalkanoic
acids. WO 2010001078

48. Mazaleyrat S, Delcourt M, Anissimova M, Marliere P (2015) Mevalonate diphosphate decarbo-
xylase variants. WO2015004211 (A3)

49. Burk MJ, Burgard AP, Osterhout RE, Sun J, Pharkya P (2012) Microorganisms for producing
butadiene and methods related thereto. WO2012177710

50. Pearlman PS, Chen C, Botes AL (2012) Methods of producing four carbon molecules.
Pat Appl WO2012174439

51. Araujo AS, Souza MIJB, Fernandes VJ, Diniz JC (1999) Kinetic study of isopropanol dehy-
dration over silicoaluminophosphate catalyst. React Kinet Catal Lett 66:141-146

52. McCoy M (2010) Braskem plans green propylene. Chem Eng News 88:11-11

53. Guenther A, Karl T, Harley P, Wiedinmyer C, Palmer PI, Geron C (2006) Estimates of
global terrestrial isoprene emissions using MEGAN (model of emissions of gases and aerosols
from nature). Atmos Chem Phys 6:3181-3210

54. Singh R (2010) Facts, growth, and opportunities in industrial biotechnology. Org Process Res
Dev 15:175-179

55. Feher FJ, Kan JK, MacAuliffe JC, McCall TF, Rodewald S, Sabo TA, Wong TH, Ploetz CD,
Pickert LJ (2011) Purification of isoprene from renewable resources. US20110178261 (A1)

56. Morais ARC, Dworakowska S, Reis A, Gouveia L, Matos CT, Bogdal D, Bogel-Lukasik R
(2015) Chemical and biological-based isoprene production: green metrics. Catal Today 239:
38-43

57. Rabinovitch-Deere CA, Oliver JW, Rodriguez GM, Atsumi S (2013) Synthetic biology and
metabolic engineering approaches to produce biofuels. Chem Rev 113:4611-4632

58. Paddon CJ, Westfall PJ, Pitera DJ, Benjamin K, Fisher K, McPhee D, Leavell MD, Tai A,
Main A, Eng D, Polichuk DR, Teoh KH, Reed DW, Treynor T, Lenihan J, Fleck M, Bajad S,
Dang G, Dengrove D, Diola D, Dorin G, Ellens KW, Fickes S, Galazzo J, Gaucher SP,
Geistlinger T, Henry R, Hepp M, Horning T, Igbal T, Jiang H, Kizer L, Lieu B, Melis D,
Moss N, Regentin R, Secrest S, Tsuruta H, Vazquez R, Westblade LF, Xu L, Yu M, Zhang Y,
Zhao L, Lievense J, Covello PS, Keasling JD, Reiling KK, Renninger NS, Newman JD (2013)
High-level semi-synthetic production of the potent antimalarial artemisinin. Nature 496:
528-532

59. Schrader J, Bohlmann J (2015) Biotechnology of isoprenoids. Advances in biochemical engi-
neering/biotechnology, vol 148. Springer International Publishing

60. Brennan TCR, Turner CD, Kromer JO, Nielsen LK (2012) Alleviating monoterpene toxicity
using a two-phase extractive fermentation for the bioproduction of jet fuel mixtures in
Saccharomyces cerevisiae. Biotechnol Bioeng 109:2513-2522

61. Alonso-Gutierrez J, Chan R, Batth TS, Adams PD, Keasling JD, Petzold CJ, Lee TS (2013)
Metabolic engineering of Escherichia coli for limonene and perillyl alcohol production.
Metab Eng 19:33-41

62. Frohwitter J, Heider SA, Peters-Wendisch P, Beekwilder J, Wendisch VF (2014) Production of
the sesquiterpene (+)-valencene by metabolically engineered Corynebacterium glutamicum.
J Biotechnol 191:205-213

63. Wriessnegger T, Augustin P, Engleder M, Leitner E, Muller M, Kaluzna I, Schurmann M,
Mink D, Zellnig G, Schwab H, Pichler H (2014) Production of the sesquiterpenoid (+)-
nootkatone by metabolic engineering of Pichia pastoris. Metab Eng 24:18-29



Microbial Hydrocarbon Formation from Biomass 425

64.

65.

66.

67.

68.

69.

70.
71.
72.

73.

74.

75

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

Li N, Chang WC, Warui DM, Booker SJ, Krebs C, Bollinger JM (2012) Evidence for only
oxygenative cleavage of aldehydes to alk(a/e)nes and formate by cyanobacterial aldehyde
decarbonylases. Biochemistry 51:7908-7916

Warui DM, Li N, Norgaard H, Krebs C, Bollinger JM, Booker SJ (2011) Detection of formate,
rather than carbon monoxide, as the stoichiometric coproduct in conversion of fatty aldehydes
to alkanes by a cyanobacterial aldehyde decarbonylase. ] Am Chem Soc 133:3316-3319
Dominguez de Maria P (2011) Recent developments in the biotechnological production of
hydrocarbons: paving the way for bio-based platform chemicals. ChemSusChem 4:327-329
Harger M, Zheng L, Moon A, Ager C, An JH, Choe C, Lai Y-L, Mo B, Zong D, Smith MD,
Egbert RG, Mills JH, Baker D, Pultz IS, Siegel JB (2013) Expanding the product profile of a
microbial alkane biosynthetic pathway. ACS Synth Biol 2:59-62

Howard TP, Middelhaufe S, Moore K, Edner C, Kolak DM, Taylor GN, Parker DA, Lee R,
Smirnoff N, Aves SJ, Love J (2013) Synthesis of customized petroleum-replica fuel molecules by
targeted modification of free fatty acid pools in Escherichia coli. Proc Natl Acad Sci 110:
7636-7641

Schneider-Belhaddad F, Kolattukudy P (2000) Solubilization, partial purification, and char-
acterization of a fatty aldehyde decarbonylase from a higher plant, Pisum sativum. Arch
Biochem Biophys 377:341-349

Choi YJ, Lee SY (2013) Microbial production of short-chain alkanes. Nature 502:571-574
Zachos I, Gassmeyer SK, Bauer D, Sieber V, Hollmann F, Kourist R (2015) Photobiocatalytic
decarboxylation for olefin synthesis. Chem Commun (Cambridge, England) 51:1918-1921
Beller HR, Goh EB, Keasling JD (2010) Genes involved in long-chain alkene biosynthesis in
micrococcus luteus. Appl Environ Microbiol 76:1212-1223

Frias JA, Richman JE, Erickson JS, Wackett LP (2011) Purification and characterization of
OleA from Xanthomonas campestris and demonstration of a non-decarboxylative Claisen
condensation reaction. J Biol Chem 286:10930-10938

McKenna R, Moya L, McDaniel M, Nielsen DR (2015) Comparing in situ removal strategies for
improving styrene bioproduction. Bioprocess Biosyst Eng 38:165-174

. McKenna R, Thompson B, Pugh S, Nielsen DR (2014) Rational and combinatorial approaches

to engineering styrene production by Saccharomyces cerevisiae. Microb Cell Factories 13
Claypool JT, Raman DR, Jarboe LR, Nielsen DR (2014) Technoeconomic evaluation of
bio-based styrene production by engineered Escherichia coli. J Ind Microbiol Biotechnol 41:
1211-1216

Azeem M, Borg-Karlson AK, Rajarao GK (2013) Sustainable bio-production of styrene from
forest waste. Bioresour Technol 144:684—688

Fischer-Romero C, Tindall BJ, Jiittner F (1996) Tolumonas auensis gen. nov., sp. nov., a
toluene-producing bacterium from anoxic sediments of a freshwater lake. Int J Syst Bacteriol
46:183-188

Heider J, Spormann AM, Beller HR, Widdel F (1998) Anaerobic bacterial metabolism of
hydrocarbons. FEMS Microbiol Rev 22:459-473

ChenJ, Henderson G, Grimm CC, Lloyd SW, Laine RA (1998) Termites fumigate their nests with
naphthalene. Nature 392:558-559

Daisy BH, Strobel GA, Castillo U, Ezra D, Sears J, Weaver DK, Runyon JB (2002) Naphthalene,
an insect repellent, is produced by Muscodor vitigenus, a novel endophytic fungus. Microbio-
logy 148:3737-3741

Ahamed A, Ahring BK (2011) Production of hydrocarbon compounds by endophytic fungi
Gliocladium species grown on cellulose. Bioresour Technol 102:9718-9722

Bick J, Aaltonen H, Hellen H, Kajos MK, Patokoski J, Taipale R, Pumpanen J, Heinonsalo J
(2010) Variable emissions of microbial volatile organic compounds (MVOCs) from root-
associated fungi isolated from Scots pine. Atmos Environ 44:3651-3659

Heiden AC, Kobel K, Komenda M, Koppmann R, Shao M, Wildt J (1999) Toluene emissions
from plants. Geophys Res Lett 26:1283—-1286

Strobel GA (2015) Bioprospecting-fuels from fungi. Biotechnol Lett 37:973-982



	Microbial Hydrocarbon Formation from Biomass
	1 Introduction
	2 Achievable Reaction Yields
	3 Product Recovery
	4 Methane
	5 Ethene
	6 Other Gaseous Hydrocarbons
	7 Isoprene
	8 Isoprenoids
	9 Liquid Linear Alkanes and Alkenes
	10 Aromatic Hydrocarbons
	References


