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Abstract
Microbial production of solvents like acetone and butanol was a couple of the first industrial fermentation processes to gain
global importance. These solvents are important feedstocks for the chemical and biofuel industry. Ralstonia eutropha is a
facultatively chemolithoautotrophic bacterium able to grow with organic substrates or H2 and CO2 under aerobic conditions.
This bacterium is a natural producer of polyhydroxyalkanoate biopolymers. Recently, with the advances in the development of
genetic engineering tools, the range of metabolites R. eutropha can produce has enlarged. Its ability to utilize various carbon
sources renders it an interesting candidate host for synthesis of renewable biofuel and solvent production. This review focuses on
progress in metabolic engineering of R. eutropha for the production of alcohols, terpenes, methyl ketones, and alka(e)nes using
various resources. Biological synthesis of solvents still presents the challenge of high production costs and competition from
chemical synthesis. Better understanding of R. eutropha biology will support efforts to engineer and develop superior microbial
strains for solvent production. Continued research on multiple fronts is required to engineer R. eutropha for truly sustainable and
economical solvent production.
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Introduction

Ralstonia eutropha (also known as Cupriavidus necator) is a
betaproteobacterium that is known for its ability to intercon-
vert carbon and has been considered an ideal microbial chassis
for bioconversion of waste carbon to value-added product
compounds. R. eutropha was originally isolated from soil
and noted for two aspects of its growth: hydrogenase activity
and the ease of culturing of the organism (Schatz and Bovell
1952). It was also shown to grow robustly on a wide variety of
carbon sources, including carbon dioxide (CO2) (Wilde 1962).

R. eutropha is very well known for its ability to produce
intracellular polyhydroxyalkanoates (PHA) from many differ-
ent carbon sources. PHA synthesis in this case is a stress

response and occurs during non-carbon nutrient (e.g., nitro-
gen) starvation. Intracellular PHA is then mobilized as a car-
bon source when R. eutropha is present in carbon-deficient
conditions (Brigham et al. 2012). Wild-type R. eutropha pro-
duces polyhydroxybutyrate (PHB), a homopolymer in the
PHA family, under most conditions. PHB homeostasis has
been studied for decades in R. eutropha. We currently have a
thorough understanding of conditions necessary for polymer
synthesis and mobilization (Steinbuchel 1991; Jendrossek
2009; Jendrossek and Handrick 2002), as well as what en-
zymes and structural proteins are required to maximize PHB
synthesis. PHB is synthesized in organelle-like structures
called granules in the R. eutropha cytoplasm. There are many
different types of granule-associated proteins (PGAP) that are
involved in PHB synthesis, containment, and mobilization
(Jendrossek 2009; Pfeiffer et al. 2011; Sznaider et al. 2015).
Because so much is known about PHA synthesis in
R. eutropha, it has been rightly called the model organism
for study of PHA homeostasis. Many types of PHA have
thermal and mechanical properties that are similar to
petroleum-based plastics like polypropylene, polyethylene,
or polystyrene. Successful genetic manipulation efforts have
constructed strains of R. eutropha capable of synthesizing
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PHAwith a broader range of monomers, resulting in produc-
tion of biodegradable polymer with the potential for many
different applications.

Because of its robust growth, amenability to genetic ma-
nipulations and ability to interconvert relatively large amounts
of many types of carbon, R. eutropha is often considered an
industrially relevant organism. With the advent of metabolic
engineering, R. eutropha can be reconstructed to produce
more than just PHA. In recent years, production of biofuel
molecules has been of interest. The use of R. eutropha as a
biofuel-producing organism brings up an interesting consider-
ation: the use of a chemolithoautotrophic (i.e., growing solely
on CO2, H2, O2) biocatalyst could convert CO2 to biofuels,
suggesting that greenhouse gases can be reclaimed to make
value-added products. This review discusses the efforts that
have been made to convert R. eutropha from a PHA-
producing organism to a solvent (biofuel)-producing organ-
ism. Biofuel products examined include alcohols like ethanol
and isobutanol, ketones, alkanes, and alkenes, intermediates
for which wild-type R. eutropha has been shown to synthesize
as intermediates for other pathways. The implications of non-
photosynthetic biofuel production from CO2 are a driving fac-
tor for many, if not all, the research discussed below.

Alcohol synthesis

Ethanol

The focus of rerouting R. eutropha metabolism to produce
biofuel molecules has only infrequently involved the most
commonly used and lower energy alcohol, ethanol. In one
recent study, genetically engineeredR. eutropha has been used
to produce ethanol from acetate (Lee et al. 2016). The
phaCAB operon encoding PHB metabolic pathway genes
was deleted in R. eutropha H16. The heterologous gene
adhE, encoding a bi-functional acetaldehyde-CoA dehydro-
genase and alcohol dehydrogenase from Escherichia coli
(Clark and Cronan 1980), was overexpressed for conversion
of acetyl-CoA to ethanol (Fig. 1). When cultivated in minimal
media batch cultures under microaerobic conditions supple-
mented with 5 mg/L of acetate as a sole source of carbon, the
engineered strain produced ethanol up to 170 mg/L. When
growth conditions were optimized by adjusting nitrogen
source (NH4Cl) content and employing fed-batch culturing
with periodic feeding of acetate, the engineered R. eutropha
strain produced up to 350 mg/L ethanol over 84 h (Lee et al.
2016). Another work examined a R. eutropha strain overex-
pressing a pyruvate decarboxylase and an alcohol dehydroge-
nase (Fig. 1). Cells were grown on glucose as the carbon
source, and ethanol was produced in an electrochemical reac-
tor, which electrically split water to provide R. eutropha with
reducing equivalents (i.e., H2). The molar yield of ethanol on
glucose (YPG) was shown to be approximately 1.4 mmol

ethanol/mmol glucose consumed, which was a 200% increase
compared to conventional (non-electrochemical) batch culti-
vation (Jeon et al. 2013). Table 1 summarizes the ethanol-
producing R. eutropha strains.

Could R. eutropha be engineered to produce large quan-
tities of ethanol biofuel? The studies discussed above sug-
gest the possibility of this. Indeed, R. eutropha is capable
of interconverting large amounts of carbon as part of nat-
ural metabolism. For example, a R. eutropha strain that is
incapable of synthesizing intracellular PHA will overpro-
duce and eventually secrete pyruvate (Steinbüchel and
Schlegel 1989), which can be used as a precursor molecule
for ethanol synthesis (Fig. 1). However, a model organism
like Saccharomyces cerevisiae, which has traditionally
produced ethanol in many beverages and, more recently
as biofuel from sugarcane juice and other carbon sources
(Macedo and Brigham 2014), is such an efficient producer
of the alcohol that more engineering and process design
efforts would be needed for other organisms to compete
with the product yield and efficiency of S. cerevisiae. In
recent years, focus has been on the engineering of
R. eutropha strains to produce higher alcohols.

Isopropanol

Isopropanol is an interesting biofuel molecule due to its high
research octane number (RON = 129). Indeed, isopropanol is
already being used as a gasoline and diesel fuel additive
(Peralta-Yahya and Keasling 2010). Isopropanol is used as
an industrial solvent and blending agent in products like paints
and inks. To add to its many uses, isopropanol is also a chem-
ical intermediate and is converted to the useful polymer pro-
pylene (Grousseau et al. 2014). Thus, isopropanol produced in
a sustainable manner (e.g., fermentatively) is a promising
Bgreen^ chemical target molecule for multiple industries and
applications.

The heterologous expression of engineered isopropanol
pathways was evaluated in R. eutropha strain Re2133,
which is incapable of producing PHB (Budde et al.
2011). Synthetic production pathways were designed and
expressed from plasmids to efficiently divert carbon flow
from PHB precursors (acetyl-CoA and acetoacetyl-CoA)
towards isopropanol. Among the constructed pathways,
strain Re2133/pEG7c (Table 1) overexpressing a native
β-ketothiolase (phaA) and CoA-transferase (ctfAB) genes,
respec t ive ly, and codon-opt imized Clos t r id ium
acetoacetate decarboxylase and alcohol dehydrogenase
genes (Fig. 2) produced up to 3.44 g/L isopropanol in
batch culture when the strain was grown on fructose as
the sole source of carbon. Examination of carbon distribu-
tion in Re2133/pEG7c showed that more carbon went
through the engineered isopropanol synthesis pathway in
this strain than in any other constructed strain. The overall
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yield of isopropanol (compared to substrate used) and the
overall specific productivity of isopropanol from this
strain were higher than the values reported in the literature
to date for other engineered isopropanol production strains
in batch culture (Grousseau et al. 2014).

Conversion of greenhouse gases like CO2 to useful
bioproducts has become a goal for many researchers in
recent years. The ability of R. eutropha to grow and syn-
thesize products chemolithoautotrophically is of interest
because engineered R. eutropha can then be used as a
biocatalyst for conversion of CO2, H2, and O2 to poly-
mers, biofuels, and other products, which serves as a
method of sustainable production and a potential method
for mitigating greenhouse gases. With this in mind, a
bioelectrochemical cell has been developed that uses a
cobalt phosphate catalyst to split water (2H2O) into O2

and protons (4H+) and then a nickel molybdenum zinc
(NiMoZn) or stainless-steel cathode to reduce protons to
make H2. The H2 produced in this manner is then used as
an energy source for autotrophically growing R. eutropha
cultures (Torella et al. 2015). To test the ability of this
bioelectrochemical cell to produce biofuel products,
engineered R. eutropha cells were used to make
isopropanol. The R. eutropha strain Re2133/pEG12
(Table 1) is unable to produce PHB and contains an
engineered pathway for isopropanol product ion
(Grousseau et al. 2014). The Re2133/pEG12 strain grew
robustly in this bioelectrochemical cell setup, produced up

to 216 mg/L isopropanol , which is the highest
bioelectrochemical fuel yield reported to date (Torella
et al. 2015).

Although Grousseau and coworkers demonstrated high
titers of isopropanol using an engineered R. eutropha strain
(Grousseau et al. 2014), further increase in production titer
was not possible for the engineered strain due to
isopropanol toxicity and subsequent growth inhibition.
Increasing expression of native chaperonin genes has been
shown to mitigate alcohol toxicity in production strains
(Tomas et al. 2003; Zingaro and Papoutsakis 2013). As
such, chaperonin genes groESL were identified in the ge-
nome of R. eutropha. The GroEL and GroES complex as-
sist in the folding of proteins and have been implicated in a
variety of bacterial stress responses (Vilasi et al. 2018). It
was seen that overexpression of native groEL and groES
genes in the engineered R. eutropha strain Re2133/pEG23
(also containing the isopropanol synthesis pathway) led to
a better tolerance of the strain towards exogenous
isopropanol. The final concentration of isopropanol pro-
duced by this strain was 9.8 g/L in a fed-batch culture
when fructose was the sole carbon source. This new strain
overexpressing the chaperonin genes also showed higher
enzyme activity levels of the two heterologous isopropanol
synthesis enzymes (acetoacetate carboxylase and alcohol
dehydrogenase), suggesting a higher specific production
rate of isopropanol at the expense of accumulation of the
metabolic intermediate acetone. It was observed that

Fig. 1 Ethanol biosynthesis pathways in engineered R. eutropha strains.
Two different pathways have been designed for ethanol production. One
pathway (Lee et al. 2016) is fed using acetate as the main carbon source
and involves the native acetyl-CoA synthase enzyme (1) and a heterolo-
gously expressed, bi-functional acetaldehyde-CoA dehydrogenase and
alcohol dehydrogenase enzyme (2, 3). Another pathway (Jeon et al.
2013) converts pyruvate to acetaldehyde using a heterologously

expressed pyruvate decarboxylase enzyme (4) and converts acetaldehyde
to ethanol by a heterologously expressed alcohol dehydrogenase. The
polyhydroxybutyrate biosynthesis pathway (PhaA, PhaB, PhaC) can be
a major carbon sink, as it shares a key intermediate, acetyl-CoA, with the
ethanol synthesis pathway. Genes encoding the PHB biosynthesis path-
way were deleted in (Lee et al. 2016)
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increasing expression of the native GroESL chaperonins
resulted in a 9–18% increase in the isopropanol yield on
fructose (Marc et al. 2017).

C4 alcohols: Butanol and Isobutanol

The alcohols n-butanol and isobutanol have been consid-
ered attractive biofuel targets. Both alcohols possess greater
energy density than ethanol or isopropanol, and isobutanol
has a Research Octane Number (RON) that is similar to that
of gasoline and liquefied petroleum gas (LPG) (Fei et al. 2013).
n-Butanol is produced by several wild-type strains of
Clostridium via the acetone-butanol-ethanol (ABE) process
(Richter et al. 2012; Schwarz et al. 2017), and several groups
have used E. coli as a microbial chassis for recombinant n-bu-
tanol production (Bond-Watts et al. 2011; Shen et al. 2011). The
most likely pathway that could be used for n-butanol synthesis
in R. eutropha is through 3-hydroxybutyryl-CoA and crotonyl-
CoA as intermediate molecules (Lan and Liao 2012; Shen et al.
2011). In a recent work, n-butanol was produced using crotonyl-
CoA intermediate. Heterologous genes, including enoyl-CoA
hydratase (phaJ) from Aeromonas caviae, trans-2-enoyl-CoA
reductase (ter) from Treponema denticola, CoA-acylating alde-
hyde dehyd rogena s e (b ldh ) f r om Clo s t r i d i um
saccharoperbutyacetonicum, and an aldehyde reductase/
alcohol dehydrogenase (yqhD) from E. coli, were introduced
into R. eutropha H16 (Fig. 3). The resulting engineered strain
was able to produce 30mg/L n-butanol from fructose as the sole
carbon source. The amount of n-butanol was increased to
80 mg/L upon overexpression of the native phaAB genes.
Placing the n-butanol biosynthesis operon under a stronger pro-
moter increased production even further to 200 mg/L using
fructose as the sole carbon source and allowed for 30 mg/L n-
butanol production using formic acid as the sole carbon source
(Black et al. 2018).

Isobutanol (2-butanol) is an alcohol biofuel that possesses
> 90% of the energy density of petroleum-based gasoline, is
compatible with the current fuel distribution infrastructure of
most countries, and can be used to run vehicles without gas-
oline blending (Brigham et al. 2013). Isobutanol is one fusel
alcohol that can be synthesized via the Ehrlich pathway. In
R. eutropha and other organisms, precursors for isobutanol
synthesis can come from branched-chain amino acid biosyn-
thesis pathways, specifically the valine synthesis pathway (Lu
et al. 2012). In R. eutropha, two additional enzyme activities
are needed to produce isobutanol and another fusel alcohol, 3-
methyl-1-butanol (3MB), from valine synthetic pathway pre-
cursors: ketoisovalerate decarboxylase (KIVD) and alcohol
dehydrogenase (ADH) (Brigham et al. 2013; Lu et al. 2012).
The kivd gene from Lactococcus lactis was heterologously
expressed in R. eutropha to impart the necessary decarboxyl-
ase activity. The KIVD gene product has been demonstrated to
possess broad-substrate-specificity, including the isobutanolT
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precursor ketoisovalerate (Atsumi et al. 2008; De la Plaza
et al. 2004). There are several genes present in the
R. eutropha H16 genome that are annotated as Bshort-chain
alcohol dehydrogenase^ (Pohlmann et al. 2006). However,
assays of extracts from aerobically grown cells demonstrate
that no alcohol dehydrogenase is present. Alcohol dehydroge-
nase activity is observed in anaerobically grown R. eutropha
cells, suggesting that ADH enzymes may only be active under
anoxic conditions (Brigham et al. 2013). Fortuitously, mutant
strains of R. eutropha H16 exhibiting constitutive alcohol de-
hydrogenase activity were previously characterized
(Steinbüchel et al. 1987; Jendrossek et al. 1990). These strains
were deleted of PHA synthesis genes and used in combination
with the overexpression of native branched-chain amino acid
biosynthesis pathway genes and the expression of the heterol-
ogous kivd gene for the biosynthesis of isobutanol. A sche-
matic of this isobutanol synthesis pathway is shown in Fig. 3.
Several potential pyruvate or ketoisovalerate Bsinks^ were
also removed from the isobutanol production strain in an ef-
fort to increase biofuel yield. The resulting engineered strain
was shown to produce 270 mg/L isobutanol and 40 mg/L
3MB when cultivated on fructose. In a semi-continuous cul-
ture, the engineered strain produced over 14 g/L total
branched-chain alcohols over the course of 50 days (Lu
et al. 2012). As all alcohols are toxic products for wild-type
or engineered R. eutropha strains, one method for increasing

yield is the design of a two-stage fermentation strategy where
biomass is accumulated to high levels in the first stage, and
product is synthesized in the second stage. Fei and coworkers
performed two-stage fed batch cultivations where the
engineered R. eutropha strain was subjected to nitrogen limi-
tation during the second stage of cultivation. The total alcohol
production was shown to increase to 790 mg/L, with a product
yield of 0.03 g/g fructose consumed (Fei et al. 2013).

Li and coworkers also designed a strain capable of produc-
ing isobutanol and 3MB. A heterologous ketoisovalerate sup-
ply pathway, consisting of an acetohydroxyacid synthase gene
(alsS) from Bacillus subtilis and acetohydroxyacid
isomeroreductase and dihydroxyacid dehydratase genes
(ilvC and ilvD, respectively) from E. coli, was introduced into
the R. eutropha genome. In addition, the kivd gene from
L. lactis and the yqhD gene from E. coli were added to com-
plete the fusel alcohol production pathway. This engineered
R. eutropha strain produced 846mg/L isobutanol and 570mg/
L 3MB using formic acid as the main carbon and energy
source. Cell growth and biofuel production were also exam-
ined in an electrobioreactor. At the cathode of the
electrobioreactor CO2 was converted to formate, which was
then used as a carbon source for growth and production. Using
this electrochemical generation system to produce formate for
R. eutropha growth and production, over 140 mg/L combined
biofuels were produced (Li et al. 2012).

Fig. 2 Synthesis of isopropanol from acetyl-CoA in engineered
R. eutropha strains. Two molecules of acetyl-CoA form one molecule
of acetoacetyl-CoA using the β-ketothiolase enzyme (PhaA). The heter-
ologously expressed acetoacetyl-CoA transferase (1) exchanges the
Coenzyme A group with succinate to form succinyl-CoA and
acetoacetate. The heterologously expressed acetoacetate decarboxylase
(2) produces acetone and CO2. Lastly, a heterologously expressed alcohol

dehydrogenase (3) converts acetone to isopropanol . The
polyhydroxybutyrate biosynthesis pathway (PhaA, PhaB, PhaC) can be
a major carbon sink, as it shares key intermediates, acetyl-CoA, and
acetoacetyl-CoA, with the isopropanol synthesis pathway. Thus, the
phaB and phaC genes were deleted to maximize isopropanol yield
(Grousseau et al. 2014)
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Black and coworkers demonstrated a novel isobutanol bio-
synthesis pathway in R. eutropha (Fig. 3). Using the heterol-
ogous n-butanol biosynthesis pathway discussed above, a na-
tive, novel isobutyryl-CoA mutase, Sbm1, was overexpressed
to produce 32 mg/L isobutanol using fructose as the sole car-
bon source. The Sbm1 enzyme activity is highly dependent on
the presence of vitamin B12 in the cytoplasm, and the highest
levels of isobutanol production were observed when 1 mM of
vitamin B12 was added to the culture media. Concomitantly,
n-butanol was also produced by this engineered R. eutropha
strain (Black et al. 2018). Table 1 summarizes the n-butanol
and isobutanol-producing R. eutropha strains.

Synthesis of non-alcohol fuel molecules

Methyl ketones/terpenes

Methyl ketones have captured interest of biofuel researchers
for their potential relevance as a fuel molecule. The highly
reduced, aliphatic character of methyl ketones, coupled with
the ability to engineer organisms to produce these molecules,
makes them ideal candidates for biofuels. Methyl ketones can
be produced by incomplete β-oxidation of fatty acids (Goh

et al. 2012). R. eutropha has been engineered for the produc-
tion of fatty acid-derived methyl ketones. Using a strain that
was deficient in fatty acid β-oxidation and PHB synthesis,
overexpression of a cytoplasmic version of the TesA
thioesterase in R. eutropha led to > 150-fold increase in fatty
acid synthesis in defined media conditions. With an increase
in precursor supply demonstrated, the heterologous expres-
sion of three heterologous genes (acyl coenzyme A oxidase
gene from Micrococcus luteus and fadB and fadM from
E. coli) was expressed, which resulted in the production of
50–65 mg/L methyl ketones under heterotrophic growth con-
di t ions and 50–180 mg/L methyl ketones under
chemolithoautotrophic growth conditions (Muller et al. 2013).

Recently, a R. eutropha-based process was developed to
produce terpenes, specifically the sesquiterpene α-humulene.
This was achieved by heterologous expression of the
mevalonate pathway (from Myxococcus xanthus) and α-
humulene synthase (from Zingiber zerumbet). Humulene
yields of up to 10 mg/g cell dry weight (CDW) were produced
under heterotrophic conditions. Under chemolithoautotrophic
conditions in a bioelectrochemical system, humulene yields
were shown to be 17 mg/g CDW. This is the first reported
chemolithoautotrophic production of a terpene from CO2, H2,

Fig. 3 n-butanol, isobutanol, and 3-methyl-1-butanol (3MB) biosynthe-
sis pathways in engineered R. eutropha strains. Isobutanol produced by
the Ehrlich pathway shares intermediates with the native valine biosyn-
thesis pathway (i.e., pyruvate conversion to 2-ketoisovalerate). A heter-
ologous keto acid decarboxylase (1) converts 2-ketoisovalerate to
isobutyraldehyde. An alcohol dehydrogenase enzyme (2) converts
isobutyraldehyde to isobutanol. The alcohol dehydrogenase could be a
constitutively expressed native enzyme (Lu et al. 2012) or a heterologous-
ly expressed enzyme (Li et al. 2012). An alternative isobutanol synthesis

pathway involves the conversion of acetyl-CoA to crotonyl-CoA, which
can be done by native PHA pathway enzymes (Eggers and Steinbuchel
2013; Kawashima et al. 2012). Crotonyl-CoA is converted to butyryl-
CoA by a heterologously expressed CoA-acylating aldehyde dehydroge-
nase (3). Butyryl-CoA is converted to isobutyryl-CoA by an
overexpressed, native isobutyryl-CoA mutase (4). Heterologously
expressed CoA-acylating aldehyde dehydrogenase and alcohol dehydro-
genase enzymes (5) convert isobutyryl-CoA to isobutanol. These en-
zymes also convert butyryl-CoA to n-butanol
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and O2 and represents a promising starting point for high-
value terpene production for different biological functions
and applications (Krieg et al. 2018).

Alkanes/alkenes

Biologically produced alkanes and alkenes can serve as drop-
in alternatives to petroleum-based fuels and have been of re-
cent interest as metabolic pathways have been designed to
allow for engineering of microorganisms to produce these
molecules. Bi and coworkers developed a synthetic biology
toolkit for bioproduction and demonstrated the synthesis of
the hydrocarbons pentadecane and heptadecane by overex-
pressing synthetic acyl-ACP reductase (aar) and aldehyde
decarbonylase (adc, Fig. 4) genes in engineered R. eutropha.
Resulting strains were able to produce up to 6 mg/L of total
hydrocarbons (Bi et al. 2013). Recently, a cyanobacterial al-
kane synthesis pathway was expressed in R. eutropha in the
form of acyl-ACP reductase and aldehyde deformylating ox-
ygenase (ADO, Fig. 4). Tridecane (C13), pentadecane (C15),
heptadecane (C17), heptadecane (C17:1), and hexadecanal
(C16) were produced in cultures grown on fructose, yielding
12 mg total hydrocarbon/g CDW. Growth and production
were also tested in autotrophic cultures, with pentadecane,
heptadecane, and heptadecane being produced with a yield
of ~ 1 mg total hydrocarbon/g CDW. This is the first know
attempt at autotrophic alkane/alkene production using
engineered R. eutropha (Crepin et al. 2016).

Overcoming biofuel product toxicity to engineered
R. eutropha strains

R. eutropha can be engineered to produce many different
types of biofuel molecules. This is advantageous because
R. eutropha is proficient at converting carbon into value-
added products, in part because of its amenability to genetic
engineering. However, one caveat is the toxicity of even low
levels (< 2.0% v/v) of biofuel molecules, especially alcohols,
to R. eutropha (Bernardi et al. 2016). Engineering a stable
R. eutropha biofuel production platform will most definitely

involve overcoming this toxicity, either by metabolic engi-
neering or by fermentation and recovery strategy, or a combi-
nation of both. Experimental evolution of R. eutropha cells in
the presence of increasing concentrations of isobutanol has
been examined. A prior, similar study had been performed
using E. coli strains, which identified some genetic determi-
nants for isobutanol tolerance (Minty et al. 2011). Mutations
in two genes, acrA and acrA6, were shown to affect tolerance
to isobutanol in R. eutropha. In-frame deletions of these genes
were shown to improve survival of R. eutropha cells in the
presence of the alcohol (Bernardi et al. 2016).

Another option for mitigation of biofuel molecule toxicity
to R. eutropha is the removal of the molecule from the pro-
duction media concomitant with its production. Keeping
levels of alcohol or other biofuel molecules below the toxic
level would allow for increased cell survival and provide more
optimal conditions for continued biofuel production. In a
semi-continuous culture experiment, engineered R. eutropha
cells were recovered from the production medium and placed
in fresh medium every 24 h. Under these conditions,
isobutanol was produced by the culture continuously for
50 days (Lu et al. 2012). In fermenter cultures, simultaneous
fermentation and biofuel product removal has been examined
using engineered E. coli. Recovery techniques like liquid-
liquid extraction and pervaporation were shown to increase
biofuel molecule production in E. coli cultures (see (Zheng
et al. 2009) and references therein). To the best of our knowl-
edge, there have been no published works on the effect of
simultaneous fermentation and recovery in R. eutropha
cultures.

Chemolithoautotrophic growth and production
by R. eutropha

One of the principal attractions of R. eutropha as a microbial
chassis for production of biofuel is the ability of the organism
to grow and synthesize product chemolithoautotrophically.
This suggests that CO2, a greenhouse gas, could be collected
and used as a source of carbon to produce biomass and a
value-added compound, thus potentially producing a fuel with
a diminished Bcarbon footprint.^ Indeed, wild-type
R. eutropha has been shown to synthesize PHB under
chemolithoautotrophic conditions (Ishizaki et al. 2001;
Volova and Kalacheva 2005). R. eutropha uses the Calvin-
Benson-Bassham cycle to grow using CO2 as a carbon source,
H2 as a source of reducing equivalents and O2 as a terminal
electron acceptor. The genome of R. eutropha contains two
cbb operons that contain the genes necessary for
chemolithoautotrophic growth. Both operons, one present on
the chromosome and the other on the megaplasmid pHG1, are
under the strict control of the regulator CbbR, and are
expressed during growth on CO2, H2, and O2 (Schwartz
et al. 2009; Bowien and Kusian 2002).

Fig. 4 Aldehyde decarbonylases (ADs) are key enzymes for heterolo-
gous alkane synthesis in engineered R. eutropha strains. ADs, such as
the ADO enzyme (Crepin et al. 2014) and Adc enzyme (Bi et al. 2013),
convert aldehydes to equimolar amounts of alkane and formate. The
alkanes can then be collected for use as biofuels
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R. eutropha also expresses O2-tolerant hydrogenase en-
zymes, which allow robust autotrophic growth and produc-
tion, due to their ability to keep the NAD+/NADH ratios
balanced in the presence of O2. There are two O2-tolerant
hydrogenases in R. eutropha, each with a critical role to
play in hydrogen metabolism. The membrane-bound hy-
drogenase feeds electrons derived from the oxidation of
H2 into the respiratory chain, and the cytoplasmic soluble
hydrogenase connects H2 oxidation directly to the reduc-
tion of NAD+ to form NADH (Burgdorf et al. 2005; Lenz
et al. 2010). Because these hydrogenase enzyme com-
plexes are resistant to inhibition by oxygen, H2 oxidation
can be coupled to the reduction of O2, which allows for
bioproduct synthesis by engineered R. eutropha using H2

and O2 produced from electrically split water along with
CO2 as the carbon source (Brigham et al. 2013).

Carbonic anhydrase enzymes are responsible for the inter-
conversion of CO2 to bicarbonate ion (HCO3

−), which can be
instrumental for CO2 transport in a chemolithoautotrophically
growing cell. R. eutropha is unique in that it expresses multi-
ple carbonic anhydrase enzymes, each with its own specific
role in cellular metabolism. One of the four carbonic
anhydrases, the periplasm-located Caa, converts CO2 to
bicarbonate, which is then transported into the cell cyto-
plasm (Gai et al. 2014). The role of Caa could be critical
if R. eutropha is growing and synthesizing bioproduct
chemolithoautotrophically, using CO2 as the sole carbon
source. The carbonic anhydrase enzyme Can has been
demonstrated to be required for growth of R. eutropha
under ambient CO2 conditions. Can could be responsible
for providing CO2 to key carboxylation reactions that take
place in the R. eutropha cell under heterotrophic condi-
tions (Kusian et al. 2002). Another carbonic anhydrase,
Cag, could be playing a similar role to Can, perhaps sup-
plying CO2 to the enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO), a key enzyme in the
Calvin-Benson-Bassham cycle. It is thought that the car-
bonic anhydrase Can2 could use the interconversion of
CO2 to bicarbonate to regulate cytoplasmic pH (Gai
et al. 2014). The interplay of these four enzymes can give
us a glimpse of the importance of CO2 metabolism in
R. eutropha.

Outlook

It has been said that, while microbial conversion of CO2 is
possible, Bwill it make a difference?^ (E. Toone, personal
communication). The rationale behind this question is that
we have shown that R. eutropha can produce a variety of
solvent molecules that can be used as biofuels, but if the
productivity (space time yield) of these fuel molecules is
not significant (i.e., > 2.0 g product/L/h), then biofuels
made in this way will not be competitive with petroleum-

based fuels. To increase biofuel productivity of R. eutropha
strains, further strain engineering must be performed.
RuBisCO assimilates CO2 and is the key enzyme in the
Calvin-Benson-Bassham cycle. Unfortunately, O2 is a
competing substrate for active sites in RuBisCO (Klein
et al. 2009), which is a problem for growth and production
using CO2, H2, and O2. Carboxysomes are multi-protein
microcompartment structures found in many cyanobacteria
that can act as an Bair lock^ to selectively exclude certain
molecules, such as O2. These microcompartments contain
RuBisCO and carbonic anhydrase, and key steps in carbon
fixation take place there in relatively high-CO2, low-O2

environments (Bonacci et al. 2012; Klein et al. 2009).
This serves to make carbon fixation by RuBisCO more
efficient by decreasing the likelihood of the enzyme en-
countering a competing substrate. A heterologous
carboxysome operon from Halothiobacillus neapolitanus
was expressed under an arabinose-inducible promoter in
R. eutropha. Induction of gene expression demonstrated
increase in overall RuBisCO and carbonic anhydrase ac-
tivities (Li et al. 2015). However, the assembly of
carboxysome-like microstructures in the R. eutropha cyto-
plasm has yet to be observed. Expression of functioning
carboxysomes in R. eutropha and demonstration of O2 ex-
clusion could increase efficiency of carbon fixation for
growth and biofuel production.

One concern about chemolithoautotrophic fermentation is
the use of H2 and O2 gases, which, in certain conditions,
represents an explosion hazard. To mitigate this issue, a novel
bioreactor has been designed that separates the two incompat-
ible gases, decreasing the risk of an explosion. R. eutropha
cells would grow on the wall of the hollow fiber and have
access to H2 and O2 for growth and production, one gas
transported through the lumen of the hollow fiber, the other
will diffuse across the fiber wall to reach the cells. This type of
reactor setup also has the added benefit to be able to transport
any secreted biofuel product away from the cells, thus also
mitigating product toxicity (Brigham et al. 2013). Successful
scale-up of this type of bioreactor could help revolutionize the
CO2-to-biofuel space.

At this point in time, biofuels remain a conscious choice of
alternative fuel, as opposed to a necessity. The positive aspects
of biofuels make for a viable and exciting field of study.
Robust biofuel research and development adds needed diver-
sity to the overall fuel portfolio of companies and nations.
R. eutropha, as a versatile organism able to interconvert and
reclaim Bwaste^ carbon, is an attractive biocatalyst.
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