
APPLIED GENETICS AND MOLECULAR BIOTECHNOLOGY

Improving alkane synthesis in Escherichia coli via
metabolic engineering

Xuejiao Song1,2 & Haiying Yu1
& Kun Zhu1

Received: 17 July 2015 /Revised: 6 September 2015 /Accepted: 20 September 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract Concerns about energy security and global petro-
leum supply have made the production of renewable biofuels
an industrial imperative. The ideal biofuels are n-alkanes in
that they are chemically and structurally identical to the fossil
fuels and can Bdrop in^ to the transportation infrastructure. In
this work, an Escherichia coli strain that produces n-alkanes
was constructed by heterologous expression of acyl-acyl car-
rier protein (ACP) reductase (AAR) and aldehyde
deformylating oxygenase (ADO) from Synechococcus
elongatus PCC7942. The accumulation of alkanes ranged
from 3.1 to 24.0 mg/L using different expressing strategies.
Deletion of yqhD, an inherent aldehyde reductase in E. coli, or
overexpression of fadR, an activator for fatty acid biosynthe-
sis, exhibited a nearly twofold increase in alkane titers, respec-
tively. Combining yqhD deletion and fadR overexpression
resulted in a production titer of 255.6 mg/L in E. coli, and
heptadecene was the most abundant product.

Keywords Alkane biosynthesis . Biofuels . Fatty acid
biosynthesis . Aldehyde reductase . fadR .Escherichia coli

Introduction

The combination of global environmental problems and
diminishing supplies of fossil fuels has excited strives to de-
velop biofuels, and many methods and fuel types are being
explored. Alkanes are of particular interest owing to their po-
tential to be used as Bdrop-in^ compatible fuels and their su-
periority to other biofuels in many aspects, including their
high energy density and hydrophobic property (Lennen et al.
2010; Schirmer et al. 2010; Zhang et al. 2012). Progress in
metabolic engineering and synthetic biology facilitates the
renewable synthesis of aliphatic hydrocarbons, and several
microbial alkane synthetic pathways have been identified or
reconstituted (Akhtar et al. 2013; Peralta-Yahya et al. 2012).
Schirmer et al. identified a cyanobacteria alkane biosynthesis
pathway in which alkanes were produced through
decarbonylation of fatty aldehydes derived from acyl-acyl car-
rier proteins (ACPs) (Schirmer et al. 2010). Recently, the car-
boxylic acid reductase (CAR) fromMycobacterium marinum
together with the phosphopantetheinyl transferase Sfp from
Bacillus subtilis (Akhtar et al. 2013) and fatty acid reductase
(FAR) complex encoded by the genes luxC, luxE, and luxD
from Photorhabdus luminescens (Howard et al. 2013) can
convert free fatty acids into corresponding fatty aldehydes.
The fatty aldehydes can be transformed into alkanes (C11–
C17) by aldehyde decarbonylase cloned from various
cyanobacteria. The introduction of certain thioesterase, lipase
(Akhtar et al. 2013), the branched-chain α-keto acid dehydro-
genase complex (Howard et al. 2013), and β-ketoacyl-ACP
synthase III from B. subtilis (Harger et al. 2013) helps to tailor
the fatty acid pool to synthesize even or odd numbered
straight-chain or branched-chain alkanes. Choi et al. reported
the production of short-chain alkanes, including nonane,
dodecane, and tetradecane, through acyl-ACP to fatty acid to
acyl-CoA pathway (Choi and Lee 2013). Long-chain alkane
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(>C28) synthesis pathway in Arabidopsis thaliana were ge-
netically characterized (Bernard et al. 2012). The mechanism
for the production of long-chain (C24–C31) alkenes by a
head-to-head condensation which requires four proteins
(OleABCD) has been elucidated (Beller et al. 2010;
Sukovich et al. 2010). Rude et al. found a cytochrome P450
that catalyzed the decarboxylation of fatty acid into terminal
alkenes (Rude et al. 2011), while Mendez-Perez et al. reported
the discovery of a polyketide synthase that produced terminal
alkenes through a sulphonation-assisted decarboxylation
(Mendez-Perez et al. 2011). Aside from biosynthesis of al-
kanes in vivo, catalytic conversion of fatty acids into alkanes
in vitro had also been demonstrated, yielding a titer of 0.44 g/
L (Lennen et al. 2010).

Although the production of tridecane, pentadecane, and
heptadecane has been demonstrated successfully in E. coli
through expression of the cyanobacteria alkane biosynthesis
pathway (Harger et al. 2013; Rahman et al. 2014; Schirmer
et al. 2010), efforts are needed to optimize both the pathways
and host to maximize fuel production and broaden product
profile. One stratagem to optimize production is to increase
the accumulation of metabolic precursors. In E. coli, the β-
ketoacyl-ACP synthase III (encoded by fabH) catalyzes the
first step in fatty acid synthesis pathway and controls the rate
of initiation of following acyl chains (Suzanne et al. 2002).
The E. coli FabH uses straight-chain acyl-CoA esters and
malonyl-ACP as substrates (Janßen and Steinbüchel 2014),
and overexpression of the E. coli fabH increases the overall
fatty acid synthesis rate, leading to enhanced production of
C14 and C16 fatty acids (Tsay et al. 1992). FabA catalyzes
the first reaction in the synthesis of unsaturated fatty acids,
isomerizing trans-2-decenoyl-ACP into cis-3-decenoyl-ACP
(Kass and Bloch 1967). FabB catalyzes the elongation of
cis-3-decenoyl-ACP which is the rate-limiting step in the syn-
thesis of unsaturated fatty acids (Marrakchi et al. 2002). It has
been shown that overexpression of fabB increased fatty acid
yields by threefold, while little increase in fatty acid yield was
achieved when fabAwas overexpressed, indicating that over-
expression of fabB is more effective in increasing unsaturated
fatty acid production than overexpression of fabA (Zhang
et al. 2012). FadR, a transcription factor that binds to specific
DNA sequences, controls the expression of several genes in-
volved in fatty acid biosynthesis, degradation, and transport
through the membrane (Cronan 1997; Zhang et al. 2012). A
previous study increased fatty acid titer by 7.5-fold via over-
expression of fadR, reaching 73% of the theoretical yield; this
study also pointed out that overexpression of any single genes,
like fabB, fabA, and fabF, did not result in a fatty acid yield as
high as fadR overexpression (Zhang et al. 2012). Thus, we aim
to overexpress fabH, fabB, and fadR to improve the accumu-
lation of precursors. Another stratagem to direct metabolic
flux toward the desired product is to block precursor
competing-pathways (Dellomonaco et al. 2011; Rodriguez

and Atsumi 2014). The presence of endogenous aldehyde re-
ductases (ALRs) that convert aldehydes to alcohols hinders
microbial accumulation of alkanes (Rodriguez and Atsumi
2014). YqhD is a well-known aldehyde reductase in E. coli
showing specificity for a wide range of aldehydes, such as
butanaldehyde, malondialdehyde, and acrolein that are de-
rived from lipid peroxidation, and can protect cell against
the toxic effect of aldehydes derived from lipid oxidation
(Atsumi et al. 2010; Perez et al. 2008). Therefore, yqhD-de-
leted strain is partly devoid of its ability to convert aldehydes
into corresponding alcohols, creating a less competing envi-
ronment for decarbonylase activity.

In the following work, we (i) reconstruct the cyanobacteria
alkane biosynthesis pathway in E. coli strains, (ii) demonstrate
that modifications in fatty acid biosynthesis system can affect
alkane profile and promote alkane production, and (iii) illus-
trate that removal of aldehyde competing pathways in the
engineered strains can divert metabolic flux toward alkane
synthesis (Fig. 1).

Materials and methods

Reagents

Restriction enzymes and T4 ligase were purchased from New
England Biolabs. Plasmid mini kits and gel extraction kits
were from OMEGA bio-tech. Oligonucleotide primers were
synthesized by Sangon Biotech (Beijing) Co., Ltd. All
chemicals were obtained from Sigma or TCI America.

Plasmids and strains

Bacterial strains, plasmids, and oligonucleotide primers used
in this study are listed in Tables 1 and S1. E. coli strain
BL21(DE3) was used for enzyme expression and as an alkane
producing host. Genomic modifications in BL21(DE3) were
performed via transduction, using P1 phage generated from an
appropriate Keio collection (Baba et al. 2006) knockout strain,
followed by FLP recombinase excision of the selective marker
(see below).

Plasmids pET28(a)93, pBAD94, pET28(a)9394,
pBAD9394, pKEG9394, pDT9394, pDT9493, pB-fadR, and
pA-fadRwere constructed by conventional restriction cloning.
G e n e s PCC7 9 4 2 _ o r f 1 5 9 3 (YP _ 4 0 0 6 1 0 ) a n d
PCC7942_orf1594 (YP_400611) were amplified using the
Synechococcus elongatus genomic DNA as a template and
cloned into the NdeI/BamHI sites of pET28(a) vector and
the NdeI/HindIII sites of pBAD43 vector to generate
pET28(a)93 and pBAD94, respectively. The fragment con-
taining PCC7942_orf1593 and orf1594 was amplified and
inserted into the NdeI/HindIII sites of pET28(a) to generate
pET28(a)9394, into the KpnI/HindIII sites of pBAD43 to
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generate pBAD9394, and into the NcoI/HindIII sites of
pKEG-KG to generate pKEG9394. The fragment containing
PCC7942_orf1593 was amplified and inserted into the EcoRI/
HindIII sites of pETDuet-1, and the fragment containing
PCC7942_orf1594 was amplified and inserted into the NdeI/
KpnI sites of pETDuet-1 to generate pDT9394. The fragment
containing PCC7942_orf1594 was amplified and inserted into
the EcoRI/HindIII sites of pETDuet-1, and the fragment con-
taining PCC7942_orf1593 was amplified and inserted into the
NdeI/KpnI sites of pETDuet-1 to generate pDT9493.

The fadR gene was amplified from E. coli genomic DNA
by PCR using primers KpnI-FadR-F and HindIII-FadR-R.
The PCR product was purified and digested with KpnI and
HindIII and cloned behind the araBAD promoter (pBAD) of
pBAD43, resulting in pB-fadR. To generate a medium copy
vector harboring the fadR gene, the fadR was amplified using
primers NcoI-fadR-F and NdeI-fadR-R. The resulting PCR
product was inserted into the NcoI/NdeI si tes of
pACYCDuet-1 vector under the control of T7 promoter to
create pA-fadR. All genomic integrations were verified via
DNA sequencing. Transformations were performed using
the DH5α competent cell.

SDS-PAGE analysis of the aar and ado gene expression
in E. coli strains

For gene expression, the E. coli strains were grown in 20 mL
of LB medium in 100-mL flasks. Plasmid pDT9394,
pDT9493, pKEG9394, pET28(a)9394, and pET28(a)93 were
induced by 0.2 mM isopropyl-β-D-thiogalactopyranoside
(IPTG), while plasmid pBAD94 and pBAD9394 were in-
duced by 0.2 % L-arabinose at OD600 of 0.6–0.8. The cultures
were grown at 24 °C for 48 h. The cell pellet of 1 mL culture
was resuspended in 300 μL of distilled water. Twenty micro-
liters of sample was mixed with 20 μL of 2× Protein Loading

Buffer and then boiled for 5 min. The supernatant was collect-
ed by centrifugation at 13,000×g for 2 min and analyzed by
sodium dodecyl sulfate polyacrylamide (SDS-PAGE) gel
electrophoresis.

Cell growth and induction

Alkane production experiments were performed in shake
flasks. For shake flask cultures, individual colonies were
grown overnight in 5 mL LB in a 15-mL falcon tube at
37 °C, then diluted 1:100 into 20 mL 2× LB + 3 % glucose
medium supplemented with appropriate antibiotics (100 mg/L
ampicillin, 12.5 mg/L chloramphenicol, 100 mg/L spectino-
mycin, and 50 mg/L kanamycin) in a 100-mL flask, grown at
37 °C with 200 rpm shaking until an OD600 of 0.6 was
reached, and induced with 20 μM IPTG. The cultures were
allowed to grow for 48 h at 24 °Cwith 200 rpm shaking before
harvesting and analysis. One liter of 2× LB + 3 % glucose
medium contains 20 g tryptone, 10 g yeast extract, 10 g NaCl,
and 30 g glucose. One titer of M9 medium contains 17.18 g
Na2HPO4·12H2O, 3.0 g KH2PO4, 2.0 g NH4Cl, 0.5 g NaCl,
0.25 g MgSO4·7H2O, and 0.01 g CaCl2.

P1 transduction

EachKeio collection knockout strain contains an insertion in a
given gene, replacing most of its coding sequence with a
kanamycin cassette, bracketed by FRTsites. Phages generated
from a given Keio mutation strains were used to transduce the
desired strain as previously described (Thomason et al. 2007).
Successfully transduced strains were streaked out serially four
times on LB + 10mM sodium citrate plates to eliminate phage
contamination. These strains were then transformed with the
temperature-sensitive FLP recombinase plasmid pCP20
(Cherepanov and Wackernagel 1995) and plated at 30 °C on

Fig. 1 The alkane biosynthesis
pathway in E. coli. ACP acyl
carrier protein; AAR acyl-ACP
reductase; ADO aldehyde
deformylating oxygenase; TesA
acyl-ACP thioesterase; FadD
acyl-CoA synthase; FadE acyl-
CoA dehydrogenase; ALR alde-
hyde reductase. Alkane was pro-
duced by introduction of a
cyanobacteria alkane biosynthesis
pathway (aar and ado). Flux
through the E. coli fatty acid
pathway was increased to im-
prove production of acyl-ACP by
overexpressing fadR. X represents
a disruption of the indicated
pathway by gene deletion
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LB + Amp plates. Restreaking the transformants at 37 °C on
LB simultaneously cured the plasmid and induced expression

of FLP recombinase, excising the kanamycin cassette as pre-
viously described (Cherepanov and Wackernagel 1995).

Table 1 Bacterial strains and plasmids used in this study

Relevant genotype/property Source

E. coli strains

DH5α endA1, recA1, gyrA96, thi-1,hsdR17, relA1, supE44ΔlacU169, Φ80d lacZΔM15 Invitrogen

BL21(DE3) F-ompT gal dcm lon hsdSB(rB−mB−) λ(DE3) Invitrogen

BL21(DE3)-ΔfadD E. coli BL21(DE3)-ΔfadD
(Liu et al. 2015)

BL21(DE3)-ΔfadE E. coli BL21(DE3)-ΔfadE
(Liu et al. 2015)

BW25113 rrnBT14 ΔlacZWJ16hsdR514 ΔaraBADAH33 ΔrhaBADLD78 (Datsenko and Wanner 2000)

BW25113-Δyqhd E. coli BW25113-ΔyqhD (yqhD::KanR)
(Baba et al. 2006).

BL21(DE3)-Δyqhd E. coli BL21(DE3)-ΔyqhD This report

SXJ-1 BL21(DE3)/pDT9394 This report

SXJ-2 BL21(DE3)/pDT9493 This report

SXJ-3 BL21(DE3)/pKEG9394 This report

SXJ-4 DH5α/pKEG9394 This report

SXJ-5 BL21(DE3)/pBAD9394 This report

SXJ-6 BW25113/pBAD9394 This report

SXJ-7 BL21(DE3)/pET28(a)9394 This report

SXJ-8 BL21(DE3)/pET28(a)93+ pBAD94 This report

SXJ-9 BL21(DE3)-ΔfadD/pDT9394 This report

SXJ-10 BL21(DE3)-ΔfadE/pDT9394 This report

SXJ-11 BL21(DE3)-Δyqhd/pDT9394 This report

SXJ-12 BL21(DE3)/pDT9394 + pB-fadR This report

SXJ-13 BL21(DE3)/pDT9394 + pB-fabH This report

SXJ-14 BL21(DE3)/pDT9394 + pB-fabB This report

SXJ-15 BL21(DE3)/pDT9394 + pA-fadR This report

SXJ-16 BL21(DE3)-Δyqhd/pDT9394 + pA-fadR This report

Plasmids

pCP20 Carries yeast FLP recombinase under constitutive promoter, pSC101
origin, lcI857þ, lpR Repts, Ampr, Cmr

(Cherepanov and Wackernagel 1995)

pETDuet-1 T7 promoter, pBR322 origin, Ampr Novagen

pKEG-KG Tac promoter, pBR322 origin, Ampr
(Yeung et al. 1999)

pBAD43 PBAD promoter, pSC101 origin, Spcr
(Guzman et al. 1995)

pACYCDuet-1 T7 promoter, P15A origin, Cmr Novagen

pDT9394 pETDuet-1 harboring aar and ado under T7 promoter control, Ampr This report

pDT9493 pETDuet-1 harboring ad aond aar under T7 promoter control, Ampr This report

pKEG9394 pKEG-KG harboring aar and ado under Tac promoter control, Ampr This report

pBAD9394 pBAD43 harboring aar and ado under pBAD control, Spcr This report

pET28(a)9394 pET28(a) harboring aar and ado under T7 promoter control, Kmr This report

pET28(a)93 pET28(a) harboring ado under T7 promoter control, Kmr This report

pBAD94 pBAD43 harboring aar under pBAD control, Spcr This report

pB-fadR PBAD43 harboring fadR under pBAD control, pSC101 origin, Spcr This report

pB-fabH PBAD43 harboring fabH under pBAD control, pSC101 origin, Spcr This report

pB-fabB PBAD43 harboring fabB under pBAD control, pSC101 origin, Spcr This report

pA-fadR pACYCDuet-1 harboring fadR under T7 promoter control, P15A origin, Cmr This report
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Strains streaked out at 37 °C were restreaked on both LB +
Kan and LB + Amp plates to test for retention of either the
kanamycin cassette or the pCP20 plasmid; colonies with nei-
ther resistance marker were then PCR amplified at the appro-
priate locus, and the PCR products were sequenced to ensure
successful knockout or allelic replacement.

Alkane identification and quantification

Hydrocarbons were extracted from 10 mL of culture using an
equal volume of ethyl acetate for 2.5 h as described previously
(Bernard et al. 2012), dried under nitrogen, and dissolved in
hexane. In some experiments, cells and supernatant were sep-
arated by centrifugation (4000g at room temperature for
10 min) and extracted separately.

To confirm the identity of alkanes, samples and authen-
tic references obtained from either Sigma or TCI America
were analyzed via gas chromatography/mass spectrometry
(GC/MS) (electron impact). The samples were analyzed
on a 30-m DP-5 capillary column (0.25 mm internal di-
ameter) using the following method: after 1 μL splitless
injection (inlet temperature held at 300 °C) onto the GC/
MS column, the oven was held at 80 °C for 3 min. The
temperature was ramped up to 300 °C at a rate of
20 °C/min and was then held at 300 °C for an additional
3 min. The flow rate of the carrier gas helium was
1.3 mL/min. The MS quadrupole scanned from 50 to
550 m/z. Retention times and fragmentation patterns of
product peaks were compared with authentic references
to confirm peak identity. The retention time and fragmen-
tation patterns of the experimental samples matched those
of the authentic references. The match quality based on
National Institute of Standards and Technology (NIST)
library electron impact fragmentation pattern searches
yielded values of 97 % or above for all compounds. The
concentrations of alkanes were quantitatively determined
by calibration curve using linear regression. The external
standard method was used to get the regression equations.

Alkane tolerance assay

The alkane tolerance of strain SXJ-16 determined the final
alkane production; thus, the alkane tolerance of strain
SXJ-16 was analyzed according to the effect of different
concentrations of alkanes on cell growth. Strain SXJ-16
was cultured in the 2× LB + 3 % glucose medium with 0,
1, 2.5, 5, 10, and 20 g/L of heptadecane, respectively, and
all the six cultures were performed in triplicate. Then, the
cell growth of strain SXJ-16 was monitored by UV/VIS
spectrophotometer (DSH-UV-5200; METASH, Inc.,
Shanghai, China) at OD 600 nm.

Results

Expression of cyanobacteria alkane biosynthesis pathway
in E.coli

Cyanobacteria alkane biosynthesis pathway employed in this
study consisted of acyl-ACP reductase (AAR) encoded by S.
elongatus PCC7942_orf 1594 and aldehyde deformylating
oxygenase (ADO) encoded by S. elongatus PCC7942_orf
1593 (Schirmer et al. 2010; Zhang et al. 2013). AAR reduced
acyl-ACPs to the corresponding aldehydes, which were then
decarbonylated by ADO to produce alkanes that were one
carbon shorter than the original acyl-ACPs (Fig. 1).

The two genes, aar and ado, were cloned into two vectors
or into one single vector (either under one promoter or under
two independent promoters) and transformed into different E.
coli host strains to obtain diverse engineered strains. The E.
coli host strains were BL21(DE3), BW25113, and DH5α. The
four selected plasmids were pBAD43 (araBAD promoter),
pET28a (T7 promoter), pKEG-KG (Tac promoter), and
pETDuet-1 (T7 promoter). These plasmids varied in copy
numbers (medium: pET28a, pKEG-KG, pETDuet-1; low:
pBAD43). The alkane titers in all these strains were deter-
mined after 48 h of growth. Firstly, we cloned aar and ado
into two different vectors to form pET28(a)93 and pBAD94
and transformed them into BL21(DE3) to obtain strain SXJ-8.
Although the SDS-PAGE protein analysis revealed the ex-
pression of AAR and ADO in strain SXJ-8, little alkane was
detected in strain SXJ-8 (not shown). Then, aar and ado were
constructed into several single vectors and assembled in oper-
on form, in which the two genes were under the control of a
single regulatory signal (one promoter, one terminator).
Plasmid pBAD43 seemed to be not proper to initiate effective
expression of AAR and ADO because hydrocarbons were not
detected in strain SXJ-5 (BL21(DE3) expressing pBAD9394)
or SXJ-6 (BW25113 expressing pBAD9394), and SDS-
PAGE analysis did not reveal the expression of the two en-
zymes in strain SXJ-5 or SXJ-6. The failure of detection might
probably arise from the low-level expression of AAR and
ADO associated with the low copy number and weak strength
of the promoter. The SDS-PAGE protein analysis revealed the
expression of AAR and ADO (not shown) in strains express-
ing pKEG9394 (strain SXJ-3 and SXJ-4). Alkanes, however,
were only detected in strain SXJ-4 where E. coli DH5α was
used as a host, and none in strain SXJ-3 where E. coli
BL21(DE3) was used as a host. It seemed that host strains
affected the expression efficiency of targeted proteins through
unknown mechanisms. The SDS-PAGE protein analysis only
revealed the expression of ADO in strain expressing
pET28(a)9394 where aar and ado were assembled in operon
form under T7 promoter, and no hydrocarbon was detected in
this strain (strain SXJ-7). 24.0 mg/L alkanes (Fig. 2, Fig. S2
and Table 2) were detected in strain SXJ-1 expressing
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pDT9394, where the two genes were assembled in a form that
each gene was under the control of an independent T7 pro-
moter but shared one terminator. Detailed configuration of
pDT9394 was shown in Fig. S1. To explore if better accumu-
lation could be obtained by switching the order of aar and
ado, we reversed their position on pETDuet-1 to construct
pDT9493, and the alkanes produced fell to 6.0 mg/L (strain
SXJ-2, Table 2). The expression of AAR and ADO in strain
SXJ-1 and strain SXJ-2 was detected through SDS-PAGE
protein analysis (not shown). Strain SXJ-1 gave the highest
titer and was used in the following experiments.

Optimization of culturing conditions

To identify optimal culture medium for production, we select-
ed different growth mediums. Twenty micromolars of IPTG
(20 μM) was added to the culture when OD600 reached 0.6,
and the alkane titer was determined after 48 h of cultivation.
Alkane production was higher when the culturing medium
was supplemented with extra carbon sources, and glucose

seemed to be a more favorable carbon source than glycerol
because more alkanes were detected in mediums added 30 g/L
of glucose (Fig. 3a). To confirm the speculation, M9 medium
was used to replace LB medium. Thirty grams per liter of
glucose or glycerol was added into the M9medium as the sole
carbon source, respectively. The alkane production was slight-
ly higher in the M9 + 3 % glucose medium than it was in the
M9 + 3 % glycerol medium (Fig. 3a), confirming that glucose
was a more favorable carbon source than glycerol. Alkane titer
(24.0 mg/L) was highest in 2× LB + 3 % glucose medium,
which was used in the following procedures.

To optimize the inducing concentration of IPTG, a series of
concentrations of IPTG were added when OD600 reached 0.6.
The highest titer of alkanes and cell mass (24.9 mg/L,
OD600 = 19.9) was obtained when 20 μM IPTG was added
into the culture, and the cell masses and titers dwindled as the
concentration of IPTG increased (Fig. 3b).

To optimize culturing temperatures, four different temper-
atures (18, 24, 30, and 37 °C) were selected for cultivation
after inducing (Fig. 3c). The highest titer of alkanes and cell
mass (26.0 mg/L, OD600 = 19.0) were achieved at 24 °C. The
titer of alkanes was much lower under 18 °C along with a
decrease in cel l mass (5.3 mg/L, OD600 = 8.5) .
Unexpectedly, higher temperatures were not fit for cell growth
and product production because cell growth and production
went through a dramatic decrease under 30 °C (5.0 mg/L,
OD600 = 9.3) and 37 °C (4.2 mg/L, OD600 = 7.3).

Effect of fabH, fabB, and fadR overexpressions on alkane
production

One approach to enhance the alkane production was to in-
crease upstream intermediates in fatty acid biosynthesis.
Thus, three genes (fabH, fabB, and fadR) related to E. coli
fatty acid biosynthesis were overexpressed to enhance the
fatty acid synthesis. In strains SXJ-12, SXJ-13, and SXJ-14,
pB-fadR, pB-fabH, and pB-fabB were expressed with

Fig. 2 GC/MS profile of alkane production in E. coli BL21(DE3) cells
expressing AAR and ADO. E. coli BL21(DE3) does not produce
hydrocarbons. Coexpression of AAR and ADO led to the formation of
pentadecane, heptadecane, and heptadecene. Peak identities were
confirmed by spectral comparison to the NIST spectral database as well
by comparison of retention time to that of known product standards

Table 2 Cell growth and alkanes produced under various conditions

Strains Cell growth (OD600) Pentadecane (mg/L) 8-Heptadecene (mg/L) Heptadecane (mg/L) Total titer (mg/L)

BL21DE3/pDT9394 19.0 ± 4.0 5.9 ± 0.4 17.0 ± 2.6 1.2 ± 0.1 24.0 ± 2.6

BL21DE3/pDT9493 17.1 ± 1.1 3.2 ± 0.2 1.8 ± 0.2 1.1 ± 0.1 6.0 ± 0.2

DH5α/pKEG9394 18.1 ± 2.4 2.1 ± 1.7 0.6 ± 0.3 0.4 ± 0.1 3.1 ± 1.6

BL21DE3-ΔfadD/pDT9394 19.9 ± 4.8 3.0 ± 0.8 14.1 ± 5.4 0.8 ± 0.1 17.9 ± 6.1

BL21DE3-ΔfadE/pDT9394 6.0 ± 0.4 2.2 ± 0.6 2.7 ± 0.2 1.0 ± 0.3 5.9 ± 0.6

BL21DE3-ΔyqhD/pDT9394 29.7 ± 1.6 8.3 ± 1.8 42.9 ± 13.0 1.5 ± 0.9 52.7 ± 14.5

BL21DE3/pDT9394 + pB-fadR 23.3 ± 3.4 9.4 ± 6.3 31.1 ± 13.4 0.2 ± 0.1 40.7 ± 19.5

BL21DE3/pDT9394 + pA-fadR 17.0 ± 3.8 8.1 ± 0.8 45.2 ± 16.7 0.1 ± 0.1 53.4 ± 15.8

BL21DE3-ΔyqhD/pDT9394 + pA-
fadR

30.3 ± 2.6 25.4 ± 5.5 230.2 ± 26.7 Not detected 255.6 ± 32.0

Alkane titers were quantified using GC–FID, and the data shown are the mean values of at least three replicates ± SD
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pDT9394, respectively. When OD600 reached 0.6, 0.2 % L-
arabinose and 20 μM IPTG were added to the culture. The
titer of alkanes was not improved in fabH overexpressing
strain SXJ-13 or in fabB overexpressing strain SXJ-14
(Fig. 4a). The titer of alkanes increased slightly when fadR
was overexpressed (strain SXJ-12).

To optimize the expression of fadR, the FadR expression
level in strain SXJ-12 was controlled by varying the concen-
tration of the inducer, L-arabinose (Fig. 4b). The titer of al-
kanes was highest, reaching 40.7 mg/L, when 0.002 % L-
arabinose, along with 20 μM IPTG, was added to the culture
(Table 2). To further increase the expression of fadR, fadRwas
cloned into pACYCDuet-1, a medium copy number vector
harboring T7 promoter, to form pA-fadR. A further increase
in alkane titers (53.4 mg/L), with pentadecane increasing 1.4-
fold and heptadecene increasing 2.6-fold, was discovered in
the strain harboring pA-fadR and pDT9394 (strain SXJ-15,
Table 2). Overall, our results demonstrated that overexpres-
sion of fadR could improve total alkane production through its
enhancement effect on fatty acid synthesis.

Effect of yqhD, fadD, and fadE deletions on alkane
production

It has been shown that endogenous aldehyde reductase YqhD
converts fatty aldehydes into fatty alcohols (Choi and Lee
2013); thus, YqhD competes for aldehyde substrate with
ADO (Fig. 1). Mutation of aldehyde reductase, YqhD, should
partially block the conversion of aldehydes to corresponding
alcohols, replenishing the pool of fatty aldehydes for alkane
synthesis. Based on this possibility, we deleted yqhD gene in
strain SXJ-1, and the alkane titer increased 2.2-fold, reaching
52.7 mg/L, containing 15.8 % pentadecane and 81.3 %
heptadecene (Table 2). This data indicated that yqhD deletion
might contribute to the expanded alkane yield through remov-
al of the aldehydes competing reactions to some extent.

To prevent consumption of long-chain fatty acid pool, we
deleted the fadD (coding acyl-CoA synthetase) gene or fadE
(coding acyl-CoA dehydrogenase) gene to prevent fatty acid
degradation. Alkane production in fadD-deleted BL21(DE3)
strain was not higher than that in strain SXJ-1 (Table 2). These
results were consistent with the fact that acyl-ACP was the
sole substrate for the cyanobacterial AAR in vivo (Schirmer
et al. 2010), and deletion of fadD could not directly enhance
the content of acyl-ACPs in E. coli. Alkane production was
much lower in the fadE-deleted strain compared to that in
strain SXJ-1 probably due to poor growth (Table 2).

We have demonstrated that either overexpression of fadR
or deletion of yqhD resulted in an approximately twofold en-
hanced production of alkanes. In strain SXJ-16, the two ap-
proaches were combined in which fadR was overexpressed at
yqhD-deleted condition. As shown in Table 2, alkane produc-
tion was increased to 255.6 mg/L by tenfold over the parent

Fig. 3 Alkane production in different culture mediums, temperatures,
and IPTG concentration. Strains were grown in shake flasks
supplemented with appropriate antibiotics. All strains were induced at
an OD600 of 0.6. The cultures were allowed to grow for 48 h with
200 rpm shaking before harvesting and analysis. Values and error bars
represent the mean and standard deviations of triplicate experiments. a
Alkane production in different culture mediums. All strains were induced
with 20 μM IPTG and grown at 24 °C after inducing. b Alkane
production under different concentration of IPTG. All strains were
grown in 2× LB + 3 % glucose medium at 24 °C after inducing. c
Alkane production under different temperatures. All strains were
induced with 20 μM IPTG and grown in 2× LB + 3 % glucose
medium. (Glu glucose, Gly glycerol)
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strain, with a 4.3-fold increase in pentadecane production and
a 13.6-fold increase in heptadecene production. Heptadecene
took up 90.1 % of the total alkanes produced, while
heptadecane production was not detected.

Alkane tolerance assay

To investigate the potential of E. coli as the host for alkane
production, alkane tolerance assay was performed. Growths of
strain SXJ-16 in the presence of 0, 1, 2.5, 5, 10, and 20 g/L
heptadecane were compared. Cell growth was not inhibited as
the concentration of heptadecane increased to 20 g/L

(Fig. S4). This indicated that E. coli had the potential to be
the host for alkane production.

Discussion

Biosynthesized alkane, as one kind of biofuel, has drawn at-
tention recently. Free fatty acid in E. coli can be converted into
aliphatic hydrocarbons (Akhtar et al. 2013; Howard et al.
2013). Expression of M. marinum CAR, B. subtilis Sfp, and
Prochlorococcus marinus ADO led to the formation of
tridecane, pentadecene, and heptadecene with a titer of
2 mg/L of culture (Akhtar et al. 2013), and expression of
P. luminescens FAR complex and Nostoc punctiforme ADO
led to the production of tridecane, pentadecane, pentadecene,
hexadecane, heptadecane, and heptadecene with a titer of
8 mg/L of culture (Howard et al. 2013). Besides, alkane pro-
duction in E. coli can be derived from the intermediate of fatty
acid biosynthesis, acyl-ACP (Harger et al. 2013; Schirmer
et al. 2010). Expression of S. elongatus PCC7942 AAR and
ADO in E. coliMG1655 led to the formation of pentadecane
and heptadecene with a titer of 20 mg/L of culture (Schirmer
et al. 2010). We followed Schirmer’s study and expressed aar
and ado from S. elongatus PCC7942 in E. coli BL21(DE3).
Through screening different expression methods and growth
conditions, the highest titer of alkanes was increased to
24.0 mg/L of culture, which was a little higher than that in
Schirmer’s work (Table 2). The order of aar and ado on the
expression vector affected the product accumulation in our
study. The spatial organization might affect efficiency of met-
abolic pathway (Rahman et al. 2014; Xu et al. 2012). Rahman
et al. improved the level of alkane production up to 44 mg/L
by adjusting the stoichiometric ratio of ADO to AAR using a
DNA scaffold through the spatial arrangements of AAR and
ADO (Rahman et al. 2014). Schirmer et al. found that 86 % of
the hydrocarbons produced were extracellular in E. coli
MG1655, whereas more than 84 % of the hydrocarbons were
found inside cells in our study (Fig. S3). Difference in the
choice of host strain might account for this discrepancy.
While Harger et al. identified pentadecane as the major alkane
produced (Harger et al. 2013), we observed heptadecene as
the primary products. This discrepancy seemed to be because
of the use of different expression vector and growth conditions
(Harger et al. 2013).

Fifteen PCC7942_orf1593 orthologs from various
cyanobacteria were evaluated and expressed in E. coli along
with PCC7942_orf1594, and different alkane titers and prod-
uct distribution were reported (Schirmer et al. 2010). This
difference should largely be attributed to the various activities
of multi-sources ADOs. Site-directed mutagenesis was per-
formed on ADO from N. punctiforme PCC73102, and an in-
creased alkane production was observed (Schirmer et al.
2010), suggesting that ADO exerts great influence on alkane

Fig. 4 Alkane production under various gene overexpression and L-
arabinose concentration. Strains were grown at 37 °C in shake flasks
containing 2× LB + 3 % glucose medium supplemented with appropriate
antibiotics. The cultures were allowed to grow for 48 h at 24 °C with
200 rpm shaking before harvesting and analysis. Values and error bars
represent the mean and standard deviations of triplicate experiments. a
Alkane production under various gene overexpression. All strains were
induced at an OD600 of 0.6 with 20 μM IPTG and 0.2 % L-arabinose. b
Alkane production with various concentrations of L-arabinose. All strains
were induced at an OD600 of 0.6 with 20 μM IPTG and a series concen-
tration of L-arabinose.
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synthesis and greater production of alkanes can be achieved
via improvements in the catalytic efficiency of ADO. It has
been proven that ADO was inhibited by hydrogen peroxide
(H2O2) originating from uncoupled electron transport and that
coupling E. coli Kat E catalase (CAT) to ADO could relieve
H2O2 inhibition by converting H2O2 into O2 (Andre et al.
2013). The resulting CAT–ADO fusion protein exhibited a
higher reaction rate than the native ADO (Andre et al.
2013). Zhang et al. reconstituted the cognate electron transfer
system including ferredoxin (Fd) and ferredoxin-NADP+ re-
ductase (FNR) from cyanobacteria and emphasized the impor-
tance of homologous biological reducing system in supporting
greater ADO enzymatic activity (Zhang et al. 2013). Besides,
using peptide tags to control protein degradation rate could
enhance enzyme stability (Peralta-Yahya et al. 2012).
According to a previous study, the hydrocarbon productivity
of S. elongatus PCC7942 was relatively low (Liu et al. 2013);
therefore, it would be a gainful way to improve the alkane
production in E. coli if we search for high efficiency enzymes
in high hydrocarbon productivity cyanobacteria strains.

A recent study had demonstrated that the introduction of
fabH2 from B. subtilis into cyanobacteria alkane biosynthesis
system resulted in the production of even-chain length alkanes
and increased alkane yield (Harger et al. 2013), suggesting
that increased alkane production can be acquired through en-
hancement of fatty acid biosynthesis pathway. Thus, we aimed
to activate the production of acyl-ACPs suitable for subse-
quent conversion to alkanes. In our work, expression of
fabH and fabB on pBAD43 failed to significantly increase
the alkane production probably due to the low expression
level of pBAD plasmid. However, expression of fadR did
increase the yield. FadR downregulates several genes related
to fatty acid degradation, including fadE, fadBA, fadH, and
fadI, as well as genes engaged in fatty acid activation (fadD)
and membrane transport (fadL) (Cronan 1997; Fujita et al.
2007). FadR also upregulates the expression of fabA and
fabB which are engaged in the biosynthesis of unsaturated
fatty acids (Fujita et al. 2007). In our study, a twofold increase
in alkane titers (53.4 mg/L of culture) was discovered in the
strain overexpressing fadR (Table 2), which illustrated that
overexpression of fadR would increase the fatty acid pool,
supplying more substrates for the synthesis of alkanes. In ad-
dition to an increase in overall yield, alkane distribution also
shifted. The percentages of pentadecane, heptadecene, and
heptadecane produced by strain expressing pDT9394 were
24.4, 70.6, and 5 %. The percentages of pentadecane,
heptadecene, and heptadecane produced by strain expressing
pB-fadR and pDT9394 were 23.1, 76.5, and 0.4 %, respec-
tively, while the percentages of pentadecane, heptadecene, and
heptadecane produced by strain expressing pA-fadR and
pDT9394 were 15.2, 84.6, and 0.2 %, respectively. The in-
creasing content of alkene is plausible because overexpression
of fadR chiefly activates the formation of unsaturated fatty

acids by upregulating the 3-hydroxyacyl-ACP dehydratase
and β-ketoacyl-ACP synthase I operon (fabAB), while in-
creasing saturated fatty acid production to a lesser extent
(Cronan 1997; Nunn et al. 1983; Zhang et al. 2012). Fuels
with high unsaturations have decreased cetane numbers, melt-
ing points, and cloud points, rendering them to operate better
at high altitudes or under cold temperatures (Knothe 2009)..

While pentadecane and heptadecene were the major prod-
ucts, the accumulation of long-chain fatty alcohols as well as
fatty aldehydes was also detected (data not shown). It has been
shown that many endogenous aldehyde reductases (ALR) con-
vert fatty aldehydes into fatty alcohols (Choi and Lee 2013;
Reiser and Somerville 1997; Zheng et al. 2012); thus, ALRs
compete for aldehyde substrate with ADO, complicating alkane
production (Howard et al. 2013; Schirmer et al. 2010). Up to
now, 44 ALRs in E. coli have been identified by deploying
bioinformatics tools (Rodriguez and Atsumi 2014), and one
well-studied ALR is coded by yqhD. YqhD is a broad-range
NADPH-dependent aldehyde reductase and shows enzymatic
activity with aldehydes including a few with unsaturations or
hydroxylations (Atsumi et al. 2010; Perez et al. 2008;
Sulzenbacher et al. 2004; Zheng et al. 2012). The crystal struc-
ture indicated that enzyme encoded by yqhD had an elongated
shape in the active site which was in agreement with its prefer-
ence for longer-chain substrates (Sulzenbacher et al. 2004). The
deletion of yqhD led to expanded alkane production by remov-
ing part of competing reactions to some extent in our research.
The production of fatty alcohols in the ΔyqhD background
could be attributed to other endogenous aldehyde reductases of
E. coli, and at least 13 ALR (out of the 44 putative ALR genes)
activities have been evaluated (Rodriguez and Atsumi 2014). A
previous study reported a notable amount of fatty alcohol accu-
mulation after deleting six alr genes (yqhD, adhP, eutG, yiaY,
yjgB, and fucO) (Rodriguez and Atsumi 2012). Lately, a 90–
99 % reduction in ALR activity strain was acquired through
deleting 13 alr genes (adhE, yqhD, adhP, eutG, yiaY, yjgB,
betA, fucO, yahK, dkgA, ybbO, yghA, and gldA) (Rodriguez
and Atsumi 2014). To further spur alkane production by deduc-
ing fatty alcohol accumulation, it is very important to eliminate
certain endogenous ALRs based on their specific expression and
substrate profile. For unknown reason, yqhD deletion seemed to
positively affect the growth of the engineered strain because the
yqhD-deleted strain reached an OD600 of 30, while the control
strain reached an OD600 of 20.When fadRwas overexpressed in
yqhD-deleted strain, a tenfold increased production of alkanes
was observed. YqhD mutation blocked the conversion of fatty
aldehydes into fatty alcohols. This resulted in increased alkane
production and probably accumulation of acyl-ACPs. However,
the accumulated acyl-ACPs negatively affect the activation ef-
fect of FadR on fatty acid biosynthesis (Zhu et al. 2009). When
fadR was overexpressed, the negative effect of acyl-ACPs on
FadR was released to some extent. Further research might elu-
cidate the underlying mechanisms.
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Physicochemical properties of alkanes can be strongly in-
fluenced by the chain length and chemical functional groups;
thus, tailoring these parameters would potentially expand the
range of applications of hydrocarbon end products (Akhtar
et al. 2013). Previous studies have illustrated the feasibility
of engineering artificial pathways to diversify alkane profiles
through selecting and tuning various enzymes. The chain
length range was limited to C13 to C17 in the work described
by Schirmer et al. (2010), whereas Dellomonaco et al. report-
ed chain lengths predominantly within the C4 to C10 range
(Dellomonaco et al. 2011). Akhtar et al. mentioned a much
wider range of products (C6–C18), including both fatty alco-
hols and alkanes, due to the broad and overlapping substrate
profiles of the CAR, ALR, and ADO enzymes (Akhtar et al.
2013). Furthermore, the production of even-chain length al-
kanes was accomplished when fabH2 from B. subtilis was
incorporated in E. coli (Harger et al. 2013). However, to prog-
ress the biosynthesis of alkanes to commercial production,
many challenges beyond manipulating the endogenous syn-
thesis pathway have to be fully appreciated, including changes
to host cell biology, fermentation conditions, and extraction
methods (Peralta-Yahya et al. 2012).

To sum up, we recreated cyanobacteria alkane biosynthesis
pathway in E. coli and demonstrated that overexpression of
fadR and deletion of yqhD led to different product distribution
and pushed alkanes titer up to 255.6 mg/L. Overexpression of
fadR mainly enhanced the synthesis of unsaturated fatty acid,
and deletion of yqhD helped to remove the aldehyde compet-
ing reactions. Remarkably, the combining effect of fadR over-
expression and yqhD mutation was much higher than the ef-
fect of each manipulation alone. The results presented in this
article may provide insights into future production of alkanes
using E. coli as host.
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