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Malonyl-CoA is the building block for fatty acid biosynthesis and also a precursor to various pharmaceutically and industrially valuable molecules, such as polyketides and biopolymers. However, intracellular
malonyl-CoA is usually maintained at low levels, which poses great challenges to efﬁcient microbial
production of malonyl-CoA derived molecules. Inactivation of the malonyl-CoA consumption pathway to
increase its intracellular availability is not applicable, since it is usually lethal to microorganisms. In this
work, we employ synthetic antisense RNAs (asRNAs) to conditionally down-regulate fatty acid biosynthesis
and achieve malonyl-CoA enrichment in Escherichia coli. The optimized asRNA constructs with a loop-stem
structure exhibit high interference efﬁciency up to 80%, leading to a 4.5-fold increase in intracellular
malonyl-CoA concentration when fabD gene expression is inhibited. Strikingly, this strategy allows the
improved production of natural products 4-hydroxycoumarin, resveratrol, and naringenin by 2.53-, 1.70-,
and 1.53-fold in E. coli, respectively. In addition, down-regulation of other fab genes including fabH, fabB,
and fabF also leads to remarkable increases in 4-hydroxycoumarin production. This study demonstrates a
novel strategy to enhance intracellular malonyl-CoA and indicates the effectiveness of asRNA as a powerful
tool for use in metabolic engineering.
& 2015 International Metabolic Engineering Society. Published by Elsevier Inc. All rights reserved.
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1. Introduction
Malonyl-CoA is a universal building block not only for fatty acid
biosynthesis, but also for the formation of a variety of natural
products, such as coumarins, stilbenes, ﬂavonoids and tetracyclines
(Fowler et al., 2009), which have been broadly used as pharmaceuticals and nutraceuticals with various health promoting effects. These
compounds are usually generated as secondary metabolites in plants
or microorganisms by polyketide synthases (PKSs) through the
repeated condensation of various numbers of malonyl-CoA(s) to
different starter molecules (Grifﬁn et al., 2010; Han et al., 2011;
Leonard et al., 2008; Olano et al., 2011; Yan et al., 2008). For example,
4-hydroxycoumarin, a direct precursor to the widely used anticoagulant warfarin, can be biosynthesized through the condensation of
one molecule of malonyl-CoA with salicoyl-CoA; while the formation
of naringenin (the gateway molecule to ﬂavonoids) and resveratrol
(a representative of stilbene polyphenols) involves the condensation
of three malonyl-CoA molecules with p-coumaroyl-CoA (Grifﬁn et al.,
n
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2010; Han et al., 2011; Lin et al., 2013; Olano et al., 2011). Additionally,
tetracyclines and doxorubicin, type II polyketides functioning as
potent antibiotics and anti-cancer drugs, require eight and nine
malonyl-CoA units for their biosynthesis, respectively (Grifﬁn et al.,
2010; Han et al., 2011).
Due to the intrinsic disadvantages associated with their natural
producers, such as low productivity, low growth rate, high cultivation
cost, and lack of facile genetic tools, growing attention has been placed
on developing heterologous microbial cell factories towards economically viable production of these compounds. So far, Escherichia coli is still
the most preferred host microorganism because of its favorable
fermentation properties and ease of genetic manipulation (Xu et al.,
2013). In fact, many malonyl-CoA derived natural products have been
successfully produced by metabolically engineered E. coli, such as
4-hydroxycoumarin, resveratrol, naringenin, phloroglucinol, 7-Omethyl aromadendrin, genistein, and daidzein (Grifﬁn et al., 2010;
Han et al., 2011; Koirala et al., 2014; Malla et al., 2012; Olano et al.,
2011; Zha et al., 2009). In addition, a malonyl-CoA dependent pathway
has been constructed for the production of 3-hydroxyproionic acid, an
industrially valuable molecule ranked among top of the platform
chemicals derived from biomass (Rathnasingh et al., 2012).
However, intracellular malonyl-CoA concentration is usually
tightly regulated and maintained at very low levels, which poses
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Fig. 1. Engineering of E. coli malonyl-CoA metabolic pathways. (a) Malonyl-CoA metabolic networks. fabD, encoding malonyl-CoA: ACP transacylase; fabH, encoding
β-ketoacyl-ACP synthase III; fabB, encoding β-ketoacyl-ACP synthase I; fabF, encoding β-ketoacyl-ACP synthase II. (b) asRNA interference mechanism. (1) Generation of
mature asRNA from DNA. (2) Binding of asRNA to its target mRNA. (3) Degradation of target mRNA. (c) malonyl-CoA ﬂuxes into different polyketide pathways.

great limitation in the productivity of malonyl-CoA derived molecules (Janssen and Steinbuchel, 2014). Therefore, enrichment
of intracellular malonyl-CoA pool is of paramount importance for
their efﬁcient production. In E. coli, malonyl-CoA level is directly
determined by the balance of the upstream biosynthesis pathway
and the downstream consumption pathway towards fatty acid
biosynthesis (Fig. 1a). The previous efforts to improve malonyl-CoA
availability were mainly focused on engineering the upstream
pathway, such as over-expression of acetyl-CoA carboxylase (ACC)
to increase the conversion of acetyl-CoA into malonyl-CoA (Lussier
et al., 2012; Xu et al., 2014a), over-expression of acetyl-CoA
synthase to enhance acetyl-CoA supply, and deleting acetyl-CoA
consumption pathways involved in ethanol and acetate production
(Causey et al., 2004). In contrast, few efforts have been made in
engineering the malonyl-CoA consumption pathway, since inactivation of fatty acid biosynthesis through conventional gene knockout strategies is usually lethal to host cells (Cronan and Thomas,
2009). Only limited attempts have been reported to use certain
antibiotics to inhibit fatty acid biosynthesis. For example, cerulenin, a speciﬁc inhibitor to the β-ketoacyl-acyl carrier protein
synthases (KAS) I and II (FabB and FabF) (Davis et al., 2000), has
been employed to improve the production of polyketides (Leonard
et al., 2008; Santos et al., 2011; Xu et al., 2013). However, the use of
such antibiotics is usually very costly and, thus, infeasible for
application in large-scale production. Here we develop a powerful
and inexpensive strategy using antisense RNAs instead of antibiotics to conditionally inhibit fatty acid biosynthesis and reduce
undesired malonyl-CoA consumption to overcome this limitation.
Antisense RNAs (asRNAs) are single-stranded RNAs that can
complementarily pair with their target mRNA and inhibit gene
expression (Nakashima et al., 2006). In plants and yeast, they have
been exploited and they exhibit bright prospects as an essential tool
to make up the shortcomings of conventional gene knockout strategies (Henz et al., 2007; Scalcinati et al., 2012). However, in bacteria,

even though small regulatory RNAs (srRNAs) have been reported, the
application of naturally existing asRNAs on the regulation of gene
expression has been limited (Storz et al., 2011; Thomason and Storz,
2010). Most reports focus on the design of artiﬁcial, synthetic asRNAs
and their use in identifying functional genes (Wang and Kuramitsu,
2005), verifying antibacterial mechanisms (Ji et al., 2004), changing
antibiotic susceptibility (Sharma et al., 2013), examining rate-limiting
genes (Tummala et al., 2003), and regulating gene expression as a
riboswitch (Mellin et al., 2013). Despite these exciting achievements,
only a few studies have been reported on the metabolic engineering
application of asRNAs. Lee's group successfully screened and utilized
asRNAs to target 130 library genes, and dramatically improved
tyrosine and cadaverine production. Based on the effectiveness of
the Hfq scaffold protein, this asRNA structure was expected to be
exploited as a tool to modulate gene expression in E. coli (Na et al.,
2013; Yoo et al., 2013). Prather's group reported the engineering of
asRNAs as a metabolite valve to dynamically control central carbon
(Solomon et al., 2012). Another study investigated the use of asRNA
(RyhB) to improve succinate production in E. coli (Kang et al., 2012).
In this work, we further explore and expand the application of
asRNAs to target the genes and pathways that are essential for cell
viability. We employ an artiﬁcial loop-stem scaffold carrying asRNAs
and develop them as a tool for down-regulating genes involved in
fatty acid biosynthesis. Optimization of asRNA binding lengths results
in high interference efﬁciency (up to 80% inhibition of target gene
expression). The engineered E. coli strain with fabD interfered by its
asRNA asfabD (100) shows a 4.5-fold increase in intracellular malonylCoA concentration. On this basis, the biosynthetic pathways of
4-hydroxycoumarin, resveratrol, and naringenin are introduced into
the fabD-interfered strain, which leads to signiﬁcant improvement in
their production. In addition, other critical genes involved in fatty acid
biosynthesis fabH, fabF, fabB are also targeted with their respective
asRNAs, leading to the enhanced production of malonyl-CoA
derived 4-hydroxycoumarin as well. This work demonstrates an
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effective strategy to enhance malonyl-CoA availability and suggests
the great potential of asRNAs for metabolic engineering use, especially
for down-regulating the expression of those genes that are essential
for cell viability.

2. Materials and methods
2.1. Experimental materials
Luria-Bertani (LB) medium was used to grow E. coli cells for
plasmid construction, propagation and inoculum preparation. The
biosynthesis medium M9Y contains (per liter): glycerol (20 g),
yeast extract (5 g), NH4Cl (1 g), Na2HPO4 (6 g), KH2PO4 (3 g), NaCl
(0.5 g), MgSO4 " 7H2O (2 mmol), CaCl2 " 2H2O (0.1 mmol) and vitamin B1 (1.0 mg). Ampicillin (100 mg/L), kanamycin (50 mg/L),
and/or chloramphenicol (34 mg/L) were added to cultures when
necessary. E. coli strain XL1-Blue was used for plasmid propagation
and gene cloning; BW25113 was used as the host strain for the
biosynthesis of 4-hydroxycoumarin, resveratrol and naringenin.
Plasmids pZE12-luc, pCS27 and pSA74 are high, medium, and lowcopy number plasmids employed for gene cloning, protein expression and pathway assembly in this work (Huo et al., 2011; Lutz and
Bujard, 1997; Shen and Liao, 2008). Table 1 lists the strains and
plasmids used in this study.
eGFP cDNA (GenBank accession number U55762) was a kind gift
from Dr. Gang Cheng group at the Chemical and Biomolecular
Engineering Department of University of Akron (OH). The cDNAs of
4CL2 from Petroselinum crispum, STS from Vitis vinifera, CHI from

Medicago sativa and CHS from Petunia hybrida were generous gifts
from Dr. Koffas group at Rensselaer Polytechnic Institute (NY) (Leonard
et al., 2006a, 2006b; Lim et al., 2011; Yan et al., 2005a, 2005b).
Phusion High-Fidelity DNA polymerase, DNase I, restriction endonucleases, Quick Ligation Kit and Protoscript II ﬁrst strand cDNA
synthesis kit were purchased from New England Biolabs (Beverly, MA,
USA). Zyppy™ Plasmid Miniprep Kit, Zymoclean™ Gel DNA Recovery
Kit, and DNA Clean & Concentrator™-5 were purchased from Zymo
Research (Irvine, CA, USA). PureLink RNA Mini Kit was purchased
from Invitrogen (Carlsbad, CA, USA). FastStart Universal SYBR Green
Master (ROX) was purchased from Roche (Basel, Switzerland). Malonyl-CoA, [13C3] -malonyl-CoA and p-coumaric acid, were purchased
from Sigma (St. Louis, MO, USA). 4-Hydroxycoumarin was purchased
from ACROS ORGANICS (Bridgewater, NJ, USA). Resveratrol was
purchased from Tokyo Chemical Industry (Portland, OR, USA). Naringenin was purchased from MP Biomedicals (Santa Ana, CA, USA).
2.2. Construction of plasmids
For the eGFP assays, to generate eGFP expression plasmids, the
egfp gene was PCR-ampliﬁed and subcloned into pZE12-luc between
Acc651 and XbaI, yielding pZE-eGFP. Likewise, the ampliﬁed egfp gene
was subcloned into pCS27 and pSA74 between Acc651 and SalI,
resulting pCS-eGFP and pSA-eGFP, respectively. The fabD gene with its
native RBS was PCR-ampliﬁed from E. coli MG1655 genomic DNA to
produce the DNA sequence of rfabD. The DNA sequence of the fusion
protein FabD/eGFP with fabD's native RBS was generated by SOE-PCR
and cloned into pCS27 and pSA74 using BsiWI and BamHI, yielding
pCS-RfabD/eGFP and pSA-RfabD/eGFP, respectively. We constructed

Table 1
Strains and plasmids used in this study.
Strain

Genotype

Source

XL1-blue
BW25113
Plasmids
pZE12-luc
pCS27
pSA74
pZE-eGFP
pCS-eGFP
pSA-eGFP
pZE-PT
pSA-PT
pZE-aseGFP(100)
pZE-aseGFP(150)
pZE-aseGFP(200)
pZE-aseGFP(300)
pSA-aseGFP(100)
pSA-aseGFP(150)
pSA-aseGFP(200)
pSA-aseGFP(300)
pCS-RfabD/eGFP
pSA-RfabD/eGFP
pZE-asfabD(100)
pZE-asfabD(150)
pCS-EPPS
pCS-4CL
pCS-STS-4CL
pCS-CHI-CHS
pCS-CHI-CHS-4CL
pZE-asfabH(100)
pZE-asfabH(150)
pZE-asfabB(100)
pZE-asfabB(150)
pZE-asfabF(100)
pZE-asfabF(150)
pZE-asfabD(100)asfabH(100)

Stratagene
recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F' proAB lacIqZ∆M15 Tn10 (Tetr)]
rrnBT14 ΔlacZWJ16 hsdR514 ΔaraBADAH33 ΔrhaBADLD78
CGSC
Description
Reference
Lutz and Bujard (1997)
PLlacO1, colE ori, Ampr
r
Shen and Liao (2008)
PLlacO1, P15A ori, Kan
r
Huo et al.(2011)
PLlacO1, pSC101 ori, Cm
pZE12-luc harboring egfp
This study
pCS27 harboring egfp
This study
pSA74 harboring egfp
This study
pZE12-luc harboring PT template
This study
pSA74 harboring PT template
This study
pZE-PT harboring 100 bp aseGFP DNA
This study
pZE-PT harboring 150 bp aseGFP DNA
This study
pZE-PT harboring 200 bp aseGFP DNA
This study
pZE-PT harboring 300 bp aseGFP DNA
This study
pSA-PT harboring 100 bp aseGFP DNA
This study
pSA-PT harboring 150 bp aseGFP DNA
This study
pSA-PT harboring 200 bp aseGFP DNA
This study
pSA-PT harboring 300 bp aseGFP DNA
This study
pCS27 harboring fabD with its native RBS fused with egfp
This study
pSA74 harboring fabD with its native RBS fused with egfp
This study
pZE-PT harboring 100 bp asfabD DNA
This study
pZE-PT harboring 150 bp asfabD DNA
This study
pCS27 harboring entC, pchB, pqsD and sdgA in one operon
This study
pCS27 harboring 4CL2 from P. crispum
This study
pCS27 harboring STS from V. vinifera and 4CL2 from P. crispum in one operon
This study
pCS27 harboring CHI from M. sativa and CHS from P. hybrida in one operon,
This study
pCS27 harboring CHI from M. sativa and CHS from P. hybrida in one operon, and 4CL2 from P. crispum in the other operon This study
pZE-PT harboring 100 bp asfabH DNA
This study
pZE-PT harboring 150 bp asfabH DNA
This study
pZE-PT harboring 100 bp asfabB DNA
This study
pZE-PT harboring 150 bp asfabB DNA
This study
pZE-PT harboring 100 bp asfabF DNA
This study
pZE-PT harboring 150 bp asfabF DNA
This study
pZE-PT harboring 100 bp asfabD DNA and 100 bp asfabH with two operons
This study
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a parent plasmid pZE-PT. The PT template consists of two inverted
repeat DNA sequences (38 bp) termed PT1 and PT2 with a random
DNA sequence between them (Nakashima et al., 2006) to facilitate the
construction of the plasmids used to produce asRNAs. The random
DNA sequence contains two designed restriction sites Acc651 and
BamHI to facilitate the insertion of different DNA sequences of
asRNAs. The PT template was cloned into the above two plasmids
using ApoI and XbaI, yielding pZE-PT and pSA-PT, respectively, to
introduce the whole PT template into pZE12-luc and pSA74. The 100,
150, 200 and 300 bp DNA sequences of egfp asRNAs were cloned into
pZE-PT using Acc651 and BamHI, resulting pZE-aseGFP(100), pZEaseGFP(150), pZE-aseGFP(200) and pZE-aseGFP(300), respectively, to
generate egfp asRNA synthesis plasmids. Similarly, plasmids pSAaseGFP(100), pSA-aseGFP(150), pSA-aseGFP(200) and pSA-aseGFP
(300) were generated by using the same cloning strategy. The 100
and 150 bp DNA fragments of fabD asRNAs were cloned into pZE-PT
using Acc651 and BamHI, resulting pZE-asfabD(100), pZE-asfabD
(150), respectively, to generate the fabD asRNA synthesis plasmids.
Similarly, plasmids pZE-asfabH(100), pZE-asfabH(150), pZE-asfabB
(100), pZE-asfabB(150), pZE-asfabF(100) and pZE-asfabF(150) were
generated by using the same cloning strategy. The asfabH(100)
operon was similarly subcloned into pZE-asfabD(100) using SpeI
and SacI, yielding pZE-asfabD(100)-asfabH(100).
For 4-hydroxycoumarin biosynthesis, the DNA fragments entCpchB and pqsD-sdgA were ampliﬁed from our previous constructed
plasmids pZE-EntC-PchB and pCS-PqsD-SdgA (Lin et al., 2013).
Then the ampliﬁed DNA fragments were subcloned into pCS27 to
form one operon through three-piece ligation using Acc651, NdeI
and XbaI, yielding plasmid pCS-EPPS. For resveratrol biosynthesis,
the genes of 4CL2 and STS were cloned into plasmid pCS27 as one
operon using Acc651, BglII, and BamHI, generating pCS-STS-4CL.
For naringenin biosynthesis, the gene of 4CL2 was cloned into
pCS27 using BglII and Acc651, resulting pCS-4CL. Similarly, the
genes of CHI and CHS were cloned as one operon into pCS27 using
restriction sites NdeI and BsiWI, yielding pCS-CHI-CHS. The chi-chs
operon was then subcloned into pCS-4CL using SacI and SpeI,
generating pCS-CHI-CHS-4CL.
2.3. Fluorescence assay
The analysis of interference efﬁciency was performed by
measuring the ﬂuorescence intensity using BioTek micro-plate
reader. The transformants of E. coli BW25113 containing egfp
asRNA synthesis plasmids and eGFP expression plasmids and the
transformants containing fadD asRNA synthesis plasmids and
RFabD-eGFP expression plasmids were cultured in 3.5 ml LB
medium with appropriate antibiotics at 37 1C and 290 rpm for
5 h. Then 2% cultures were transferred into bafﬂed ﬂasks containing 15 ml of M9Y media with 1 mM IPTG at 30 1C and 290 rpm. At
6 h, 12 h and 18 h, 1 ml aliquots of cell culture were taken and
centrifuged at 10,000 rpm, 4 1C for 1 min. The cell pellets were resuspended in 1 ml of deionized water. Cell cultures (200 μl) were
transferred into a black 96-well plate (BRAND plates) and analyzed
for eGFP ﬂuorescence intensity using excitation ﬁlter of 520 nm,
and emission ﬁlter of 485 nm. The eGFP ﬂuorescence intensity of
each sample was normalized against its OD600 and background cell
ﬂuorescence was subtracted. Mean values for each sample was
obtained from three independent measurements. The reading type
was set as endpoint mode (Rapp et al., 2004).
2.4. Quantitative real-time PCR Analysis
All the transformants of E. coli BW25113 containing pZE-PT or
pZE-asfabD(100) were cultured in 3.5 ml LB medium with appropriate antibiotics at 37 1C and 290 rpm for 5 h. Then 2% cultures
were transferred into bafﬂed ﬂasks containing 15 ml of M9Y media

with 1 mM IPTG at 30 1C and 290 rpm. After 12 h, 500 ml cell
cultures were taken and centrifuged at 10,000 rpm and 4 1C for
1 min. The total RNAs were isolated from the above cell pellets
using the PureLink RNA Mini Kit. In this process, all the total RNA
samples were treated with DNase I to remove the genomic DNA
completely. cDNAs were synthesized from 600 ng of heatdenatured total RNAs using Protoscript II ﬁrst strand cDNA synthesis kit. qRT-PCR with 12 ng cDNAs was performed using the iQTM
SYBR Green Supermix (Bio-Rad) and FastStart Universal SYBR
Green Master in 20 ml reaction volume (at least in triplicate) under
the following cycling conditions: 95 1C for 30 s; 95 1C for 10 min;
followed by 45 cycles of 95 1C for 15 s; 58 1C for 30 s; 72 1C for 20 s.
As a normalizer gene, 16sRNA was ampliﬁed with primers (F-5'GCTCGTGTTGTGAAATGTT, R-5'-TGTAGCCCTGGTCGTAAGG) and the
product size was 150 bp. The fabD gene fragment was ampliﬁed
with primers (F-5'-TGAAGAACTGAATAAAACC, R-5'-GCAATAGACGCATCATCCA) and the product size was 274 bp. The speciﬁcity of
fabD primers was conﬁrmed using a BLAST analysis against the
NCBI genome database. The integrities of the obtained products
were veriﬁed by gel electrophoresis on 2% agarose (in 1 # TAE
buffer) gels. In addition, a melting curve analysis was carried out
for each reaction under the following condition: 55 1C to 95 1C;
0.5 1C/read; 1 s hold; 72 1C for 10 min. The relative quantiﬁcation
of gene expression between the E. coli BW25113 containing
plasmid pZE-asfabD(100) and the strain containing plasmid pZEΔΔ
PT was calculated by the 2 $ Ct approximation method (Livak
and Schmittgen, 2001).
2.5. Extraction of intracellular malonyl-CoA
All the transformants of E. coli BW25113 containing pZE-PT or
pZE-asfabD(100) were cultured in 3.5 ml LB medium with appropriate antibiotics at 37 1C and 290 rpm for 5 h. Then 2% cultures
were transferred into bafﬂed ﬂasks containing 50 ml of M9Y
media with 1 mM IPTG at 30 1C and 290 rpm. After 6 h and 12 h,
20.5 ml and 10.5 ml cell cultures were taken and chilled on ice,
respectively. Then the cultures were centrifuged at 6000 rpm and
4 1C for 8 min. The supernatants were discarded and the cell
pellets were individually re-suspended in 1 ml of 6% perchloric
acid (0.125 ml/mg cell) to facilitate cell lysis. Each of the lysed cell
suspension was then neutralized with 3 M potassium carbonate
(0.3 ml/ml cell lysate). Additionally, 700 ng/ml of [13C3]-malonylCoA was spiked into the above mixtures as internal standard and
centrifuged at 6000 rpm and 4 1C for 8 min. Then, 1.5 ml of
supernatant was loaded into a solid-phase extraction column
(Sep-Pak C18 Plus Short Cartridge, Waters, WAT020515) preconditioned with 2 ml methanol and 2 ml formic acid (pH 3.0),
respectively (Minkler et al., 2006; Xu et al., 2014b). The loaded
column was then washed with 2 ml water and eluted with 1 ml
methanol. The eluted samples were dried under a nitrogen stream
at 4 1C and dissolved with 150 μl of 0.1% formic acid in 10 mM
ammonium acetate/methanol (80:20) for LC/MS/MS (Onorato
et al., 2010). Dry cell weight was calculated according to the
empirical rule that 1 OD600 ¼ 0.36 g/L (Patnaik et al., 1992).
2.6. LC-MS/MS analysis of malonyl-CoA
Sample analysis was performed with a LC-MS/MS system using an
Agilent 1200 (Agilent Technologies, Santa Clara, CA, USA) separation
module connected directly to a Thermo TSQ Ultra triple quadrupole
MS system (Thermo Fisher Scientiﬁc, San Jose, CA. USA). A
100 # 2.1 mm C18 reverse-phase HPLC column (Thermo Fisher Scientiﬁc, San Jose, CA. USA) was used to perform HPLC separation. The
analytes were eluted at a ﬂow rate of 250 μl/min with a gradient of
25 mM ammonium acetate (mobile phase A) and 25 mM ammonium
acetate in 90% acetonitrile (mobile phase B). Agilent 1200 HPLC binary
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pump was used to deliver the gradient from 2% to 20% B over 15 min
at a ﬂow rate of 250 μl/min after injecting the samples. The column
efﬂuent was directed to Thermo TSQ MS instrument working on ESI
positive mode with SRM (selected ion monitor) setting. The instrument was tuned and SRM conditions were optimized by the direct
infusion of a solution of standard malonyl-CoA (100 μM) in the ESI
ion source with the same mobile phase used for HPLC separation.
The transitions (m/z parent-m/z daughter) for the malonyl-CoA
were as follows: (1) malonyl-CoA, 854-347; (2) [13C3]-malonyl-CoA,
857-350. The ratio of measured peak area of malonyl-CoA to the
peak area of internal standard ([13C3]-malonyl-CoA) was used for
relative quantiﬁcation.
2.7. HPLC-quantitative analysis
Both the standards and samples were quantitatively analyzed by
HPLC (Dionex Ultimate 3000) with a reverse-phase ZORBAX SB-C18
column and an Ultimate 3000 Photodiode Array Detector. All the
transformants used for the biosynthesis of 4-hydroxycoumarin,
resveratrol and naringenin were cultured in 3.5 ml LB medium with
appropriate antibiotics at 37 1C and 290 rpm for 5 h, then 2% cultures
were transferred into bafﬂed ﬂasks containing 15 ml M9Y media with
1 mM IPTG (for resveratrol and naringenin biosynthesis, 1 mM
p-coumaric acid were added) at 30 1C and 290 rpm. After 24 h, 1 ml
cultures were taken to measure OD600 values and analyze the
products by HPLC.
For the 4-hydroxycoumarin HPLC analysis, solvent A was 0.1%
(vol/vol) formic acid in water and solvent B was 100% methanol.
The gradient was at a ﬂow rate of 1 ml/min: 20–80% solvent B for
18 min, 80–20% solvent B for 1 min and 20% solvent B for
additional 4 min. The 4-hydroxycoumarin peak eluted at
11.69 min with this program. For resveratrol and naringenin
analysis, solvent A was 0.1% (vol/vol) formic acid in water and
solvent B was 100% acetonitrile. The gradient was 30% solvent B for
15 min at a ﬂow rate of 1 ml/min. The resveratrol and naringenin
peaks appeared at 4.25 and 8.89 min, respectively. Quantiﬁcation
was based on the peak area in reference to the commercial
standards. 4-Hydroxycoumarin and naringenin were detected
and quantiﬁed by monitoring absorbance at 285 nm. The resveratrol was detected and quantiﬁed by monitoring absorbance at
310 nm. Samples containing over 100 mg/L of products were
diluted before running HPLC to maintain a linear concentration–
peak area relationship.
3. Results
3.1. Development of asRNA tool and characterization of its properties
Sufﬁcient and controllable interference efﬁciency is a prerequisite for the application of asRNAs in genetic manipulation. Among
all the factors that may affect interference efﬁciency, asRNA
stability was primarily taken into consideration. Previous studies
have shown that improvement in asRNA stability can lead to
enhanced interference efﬁciency. It has been reported that the
stem-loop structure can signiﬁcantly enhance its stability and
increase the asRNA lifetime (Nakashima et al., 2006). In this work,
we employed this structure as a scaffold to develop the asRNA tool.
We constructed a plasmid carrying two inverted repeat sequences
and then inserted the DNA fragment corresponding to the asRNA
between them to generate this stem-loop structure. When transcribed into RNA in E. coli, the two inverted repeats would
complementarily pair with each other and form a double-strand
stem structure termed as paired termini (PT); meanwhile the
interposed RNA sequence would form the loop (Fig. 1b). We
employed the enhanced green ﬂuorescence protein (eGFP) as a
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reporter to test the interference efﬁciency of the above asRNA
structure. When the asRNA loop complementarily pairs with the
eGFP mRNA, the resulting steric effect would inhibit the binding of
ribosome and decrease the translation of eGFP (Fig. 1b).
The translation initiation region on mRNA covering the ribosome binding site (RBS) and start codon has been reported to be
an ideal target for asRNA-mediated gene silencing (Crosby et al.,
2012; Nakashima et al., 2006). In this work, we still selected this
target region but further studied the effect of asRNA loop length
on interference efﬁciency. Four asRNAs with various loop lengths
(100, 150, 200 and 300 nt) complementary to eGFP mRNA were
selected, all of which initiate from the $ 20 nt upstream the RBS.
Initially, we employed a high-copy-number (50–70) plasmid pZEaseGFP for asRNA generation, and a low-copy-number (10–12)
plasmid pSA-eGFP for the reporter eGFP expression. When the two
plasmids were co-transferred into E. coli, the asRNAs with different
lengths exhibited varied interference efﬁciencies. The construct
with a 100-nt loop decreased the eGFP ﬂuorescence intensity by
about 80% during 6–24 h, compared with the RNA scaffold without
the loop; while the interference efﬁciencies of the asRNAs with
150-, 200- and 300-nt loops were 44%, 50% and 38% on average,
respectively (Fig. 2). These results suggested that longer asRNA
sequences do not necessarily lead to higher interference efﬁciencies. In addition, we observed that the interference efﬁciencies at
3 h were slightly higher than those after 6 h for all loop lengths.
Furthermore, we also examined the effect of the relative
abundance between asRNAs and their target mRNAs on the
interference efﬁciencies. When we continued using the highcopy-number plasmid for asRNA generation, but employed a
medium-copy-number (20–30) plasmid pCS-eGFP instead of the
low-copy-number plasmid to express the reporter eGFP, the
interference efﬁciency of the 100-nt asRNA decreased from 80%
to 65%; while no signiﬁcant change in interference efﬁciency was
observed for other lengths. Interestingly, when we used a lowcopy-number plasmid (10–12) pSA-aseGFP for asRNA synthesis
but a high-copy-number plasmid for eGFP expression, the interference efﬁciencies for all the asRNAs fell below 20%. These results
indicated that high abundance of asRNAs relative to their target
mRNAs is critical to achieve high interference efﬁciency. It is also
reasonable to conclude that asRNAs generated with high-copynumber plasmids should be more efﬁcient in down-regulating the
expression of chromosomal genes.
3.2. Design and characterization of asRNAs targeting fabD
In the fatty acid biosynthesis, several genes, such as fabD, fabF and
fabB are involved in malonyl-CoA consumption. Particularly, the
malonyl-CoA: ACP transacylase encoded by fabD is the ﬁrst step for
malonyl-CoA consumption, leading to the generation of malonyl-ACP.
Previous studies have reported that the genetic inactivation of gene
fabD was lethal for cells (Janssen and Steinbuchel, 2014). In this study,
we ﬁrst targeted this gene to demonstrate the effectiveness of asRNAs
on the repression of fatty acid biosynthesis and enrichment of cellular
malonyl-CoA. However, to facilitate the measurement of fabD interference, we constructed a FabD/eGFP fusion protein, which can
indicate the expression level of gene fabD through ﬂuorescence signal
monitoring. We introduced the native RBS of fabD upstream the FabD/
eGFP gene and cloned them into a low-copy-number plasmid pSA74,
yielding pSA-RfabD/eGFP to better simulate the expression of chromosomal genes. However, the FabD/eGFP fusion protein expressed by
this low-copy plasmid showed very weak ﬂuorescence signal, which
was inconvenient for measurement due to the sensitivity limit of the
detection device. Thus, we shifted to a medium-copy plasmid pCSRfabD/eGFP for expressing the fusion protein instead of pSA-RfabD/
eGFP (Fig. 3a). Meanwhile, we designed asfabD targeting the RBS and
coding region of fabD mRNA and generate it with a high copy number
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Fig. 2. Interference efﬁciencies of asRNAs with varied loop lengths and relative abundance. (a) eGFP expression (low copy) interfered by asRNAs (high copy) with 100, 150,
200 and 300-nt loop lengths. (b) eGFP expression (medium copy) interfered by asRNAs (high copy). (c) eGFP expression (high copy) interfered by asRNAs (low copy). We set
the relative ﬂuorescence intensity of the negative control strains carrying pZE-PT or pSA-PT as 1.0 (or 100%) for each time point. Interference efﬁciency (%) ¼100% – relative
ﬂuorescence intensity. All the data points were normalized by their respective OD600 values. The results were generated from three independent experiments.

plasmid pZE-asfabD(100). When pZE-asfabD(100) and pCS-RfabD/
eGFP were co-transferred into E. coli, the green ﬂuorescence intensity
decreased by 58.8% (Fig. 3b) compared with the control strain
carrying pZE-PT and pCS-RfabD/eGFP, indicating that the developed
asRNA tool is applicable for the fabD interference.

3.3. The effect of asfabD interference at transcriptional and
metabolite level
Previous studies indicated that asRNA may not only function at
the translational level, but also repress gene transcription or
trigger mRNA degradation (Shi et al., 2014). We introduced pZEasfabD(100) into wild-type E. coli and performed real-time PCR to
detect the variation of the fabD mRNA level to verify whether the
fabD expression was interfered before translation. As shown in
Fig. 3c, the relative mRNA levels of gene fabD (from ﬁve transformants) were remarkably reduced at 12 h, compared with those of
the control strain carrying pZE-PT, (from three transformants),
indicating that the asfabD can cause the decrease of intracellular
fabD mRNA abundance. We detected malonyl-CoA concentration
by LC-MS/MS to further investigate whether the down-regulated
expression of gene fabD can result in the enrichment of cellular
malonyl-CoA. As shown in Fig. 4, the engineered strain carrying
pZE-asfabD(100) showed 4.37 and 4.52-fold increases in malonylCoA concentration at 6 h and 12 h, respectively, compared with
the control strain with pZE-PT. The results above clearly demonstrate that asRNA-mediated down-regulation of fabD gene expression occurred at post-transcriptional and translational level, the
overall effect of which is the repression of fatty acid biosynthesis
and the enrichment of malonyl-CoA.

3.4. Production enhancement of malonyl-CoA derived molecules by
asfabD interference
We ﬁrstly used the biosynthesis of 4-hydroxycoumarin, a pathway
well established in our previous work (Lin et al., 2013), as a demonstration to examine if the enriched malonyl-CoA pool can be redirected
into desired pathways. Four pathway genes encoding EntC, PfPchB,
PqsD and SdgA were consecutively cloned as an operon in a mediumcopy-number plasmid pCS-EPPS (Fig. 5a). When pCS-EPPS and pZEasfabD(100) were simultaneously introduced into E. coli BW25113, the
resulting strain produced 270.85 mg/L of 4-hydroxycoumarin at 24 h.
In contrast, the control strain BW25113 carrying pCS-EPPS and pZE-PT
(a backbone plasmid without asRNA loop) was only able to produce 106.95 mg/L 4-hydroxycoumarin, indicating that inhibition of
fabD expression by asRNA led to a 2.53-fold increase in the 4hydroxycoumarin titer (Fig. 5b). In addition, we observed that the fabD
down-regulated strain did not show obvious growth retardation
(Table 2).
Two other established pathways leading to the biosynthesis of
model polyketides resveratrol and naringenin were also tested to
further verify the effect of the down-regulated fabD expression on
the production of other malonyl-CoA derived molecules. Previous
studies reported that over-expression of 4-coumarate:CoA ligase
(4CL) and stilbene synthesis (STS) in E. coli led to the production of
resveratrol from p-coumaric acid; while the production of naringenin requires the expression of 4CL, chalcone synthase (CHS) and
chalcone isomerase (CHI) (Leonard et al., 2008; Yan et al., 2008).
Therefore, we constructed two plasmids pCS-STS-4CL and pCSCHI-CHS-4CL to express the genes involved in resveratrol and
naringenin biosynthesis, respectively. When these two plasmids
were separately co-transferred with the control plasmid pZE-PT
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Fig. 3. Effects of the fabD asRNA at translational and post-transcriptional levels. (a) Schematic representation of plasmid construction. (1) FabD/eGFP fusion protein
expressed by a medium-copy-number plasmid. (2) Negative control plasmid only containing the stem structure (PT sequences) without asRNA loop. (3) asRNA generating
plasmid containing the fabD asRNA with a 100-nt loop; (b) Fluorescence intensity of FabD/eGFP fusion protein interfered by asfabD(100). The results were generated from
three independent experiments; (c) Relative mRNA level of gene fabD in E. coli strains. For the negative controls, three different transformants were used; for the samples,
ﬁve different transformants were used. For each transformant, qRT-PCR was repeated for three times. For each transcript of gene fabD in all samples and negative controls,
the values are normalized to the internal control (16srRNA). n: p ¼ 0.04 was analyzed by unpaired, one-tailed Student's t test.

Fig. 4. Intracellular concentrations of malonyl-CoA. Light blue: strain expressing
null asRNAs (negative control). Dark blue: the strain expressing fabD asRNA with a
100-nt loop. DCW: dry cell weight. The results were generated from three
independent experiments. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

into E. coli, the titers of resveratrol and naringenin achieved 158.22
and 59.58 mg/L, respectively. In contrast, when the pCS-STS-4CL
was co-transformed with pZE-asfabD(100), the resveratrol titers
achieved 268.20 mg/L, a 1.70-fold increase compared with the
control strain (Fig. 5c); while naringenin titer for the strain
carrying pCS-CHI-CHS-4CL and pZE-asfabD(100) was 91.31 mg/L,
representing a 1.53-fold improvement (Fig. 5d). All the signiﬁcant
titer improvements for these three heterologous products demonstrate that asRNAs have been developed as a powerful tool to
inhibit essential genes.
3.5. Effects of other down-regulated fab genes on 4-HC pathway
In addition to fabD, we also examined the effect of the downregulation of other fab genes including fabB and fabF and fabH on 4-HC
biosynthesis. As shown in the Fig. 1a, β-oxoacyl-ACP synthase I (KAS I)
encoded by gene fabB catalyze the repeated condensation of malonylACP to form β-oxoacyl-ACP; while KAS II encoded by fabF is an
isoenzyme of KAS I, which is also responsible for the elongation of fatty

acid chains (Lee et al., 2013; Price et al., 2001). Since both of these
consume the intermediate downstream of malonyl-CoA, we further
selected these two targets for asRNA interference study. Using similar
approaches, we constructed two plasmids pZE-asfabB(100) and pZEasfabF(100) to generate the asRNAs with 100-nt loops targeting fabB and
fabF, respectively. When pZE-asfabB(100) and pZE-asfabF(100) were
separately transferred with pCS-EPPS carrying 4-hydroxycoumarin biosynthetic genes into E. coli, as shown in Table 2, 4-hydroxycoumarin was
produced at the titers of 116.95 and 173.66 mg/L, representing a 1.09fold and a 1.62-fold increase, respectively, compared with the control
strain without asRNA interference (106.95 mg/L, see Section 3.4). Apparently, the repression of fabB and fabF is not as efﬁcient as that of fabD.
However, we observed that the fabB and fabF-interfered strains showed
obvious growth retardation compared with the fabD-interfered strain
during the early stage of cultivation (data not shown). We speculated
that the interference efﬁciency of the asRNAs with 100-nt loops might
be excessively high for fabB and fabF repression, which is harmful to
normal cell growth. We employed weaker asRNAs with 150-nt instead
of 100-nt lengths to verify this hypothesis. As shown in Table 2, the
strains with fabB and fabF interfered by the asRNAs with 150-nt loops
showed a 1.79-fold and a 2.49-fold increase in 4-hydroxycoumarin titers,
respectively, much higher than those by the asRNAs with 100-nt loops.
In addition, 3-ketoacyl-ACP synthase III encoded by fabH was also tested.
Employment of the asRNAs with 100 and 150-nt loops led to a 1.86-fold
and a 2.12-fold increase in 4-hydroxycoumarin production, respectively,
showing a similar trend to fabB and fabF interference. Based on these
results, we conclude that high interference efﬁciency on the fatty acid
biosynthesis is not always beneﬁcial for the production of malonyl-CoA
derived compounds. Balanced allocation of malonyl-CoA between cell
growth and heterologous molecules production is desirable to prevent
the impairment of cell viability.
In addition to targeting single genes, we also explored the
simultaneous interference of two genes by asRNAs to investigate
whether the effect of malonyl-CoA enrichment can be accumulated. As shown in Table 2, interferences of single genes fabD
and fabH by the asRNAs with 100-nt loops are among the
most efﬁcient ones in improving 4-hydroxycoumarin production.
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Fig. 5. Heterologous production of malonyl-CoA derived compounds with and without the effects of asRNAs. (a) Schematic representation of plasmid construction.
(1) Negative control plasmid. (2) asRNA generating plasmid. (3) The plasmid carrying 4-hydroxycoumarin biosynthetic genes. (4) The plasmid carrying resveratrol
biosynthetic genes. (5) The plasmid carrying naringenin biosynthetic genes. (b) 4-hydroxycoumarin titers; (c) resveratrol titers; (d) naringenin titers. The results were
generated from three independent experiments.

Table 2
Effect of down-regulated fab genes on 4-hydroxycoumarin production.
Negative control

OD600

4-HC Titers(mg/L)

Fold

pZE-PT þ pCS-EPPS
Loop size ¼ 100 nt
pZE-asfabH þ pCS-EPPS
pZE-asfabF þ pCS-EPPS
pZE-asfabB þ pCS-EPPS
pZE-asfabD þ pCS-EPPS
pZE-asfabD-asfabH þpCS-EPPS
Loop size ¼ 150 nt
pZE-asfabH þ pCS-EPPS
pZE-asfabF þ pCS-EPPS
pZE-asfabB þ pCS-EPPS
pZE-asfabD þ pCS-EPPS

9.337 0.11
OD600
8.717 0.13
8.017 0.88
8.747 0.29
9.34 70.96
8.717 0.13
OD600
10.02 7 0.05
8.63 70.07
8.78 70.29
8.147 0.18

106.95 70.13
4-HC Titers(mg/L)
199.43 7 9.78
173.66 710.86
116.95 7 15.90
270.857 7.85
235.22 77.25
4-HC Titers(mg/L)
226.23 7 1.99
266.417 7.00
191.917 20.5
212.34 7 7.36

1.00
Fold
1.86
1.62
1.09
2.53
2.20
Fold
2.12
2.49
1.79
1.99

All data are reported as mean7 s.d. from three independent experiments.

Therefore, we constructed a plasmid pZE-asfabD(100)-asfabH(100)
to generate the asRNAs with 100-nt loops targeting fabD and fabH
simultaneously. When it was transferred into E. coli together with
pCS-EPPS, we observed a 2.20-fold increase in 4-hydroxycoumarin
production compared with the control strain without asRNA
interference, which is slightly lower than the strain with only
fabD interfered (2.53-fold). These results suggested that fabD is the
most desired target to inhibit the malonyl-CoA consumption.
Additional interference of other fab genes may not further improve
the titers of malonyl-CoA derived compounds signiﬁcantly.

4. Discussion
Gene knock-out strategy has been playing a signiﬁcant role in
charactering gene functions or engineering cells for desirable
metabolic properties (Nakashima and Tamura, 2009). However,

this strategy is usually limited to those genes that are not essential
for cell growth. Alternatively, asRNA has been exploited to overcome this limitation by conditionally down-regulating the expression of essential target genes. Through binding to the translation
initiation region (e.g. RBS and start codon) of target mRNA, a
reversible steric effect leads to a knockdown regulation by blocking the ribosome reading through mRNA and inhibiting the
translation of the corresponding genes (Nakashima and Tamura,
2009). This property promoted us to investigate the factors critical
for interference efﬁciency and strategies to control the efﬁciency.
In this study, we employed an artiﬁcial stem-loop structure to
improve the stability of asRNA, then optimized its loop size to
achieve the ﬁne-tuning of its interference efﬁciency. We observed
from the results that shorter asRNAs exhibited higher interference
efﬁciency within the range of 100–300 nt. We speculated that the
longer loops might form more complicated secondary structures
that weaken their binding to target mRNAs or decrease the asRNA
stability. Additionally, we observed that higher relative abundance of
asRNA over its target gene was critical to achieve high interference
efﬁciency (Fig. 2). Based on the generalized rules, we applied asRNAs
to interfere fatty acid biosynthesis genes. We evaluated its interference efﬁciency and demonstrated its effect at transcriptional,
translational and metabolic levels through real-time PCR, eGFP
fusion protein reporter and LC/MS/MS, respectively. In practice, the
single interference of fabD led to a 4.52-fold increase in intracellular
malonyl-CoA concentration, demonstrating the effectiveness of the
fabD asRNA. Then, we introduced the designed fabD asRNA into
three heterologous pathways of malonyl-CoA derived natural products and achieved 2.53-fold, 1.70-fold and 1.53-fold increases in
4-hydroxycoumarin, resveratrol and naringenin production, respectively. Apparently, the titers of these compounds were not increased
as much as the level of malonyl-CoA, which may be explained by the
following two reasons. On one hand, the enriched malonyl-CoA
might have saturated the heterologous enzymes; on the other hand,
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these pathways involve other precursors (e.g. salicoyl-CoA and
p-coumaroyl-CoA), which may also be determinative factors for
production.
We used the biosynthesis of 4-hydroxycoumarin as a model
system, and targeted other genes directly and/or indirectly related
to malonyl-CoA consumption with asRNAs to further investigate
this strategy. As shown in Table 2, in addition to gene fabD,
interference of other genes such as fabB, fabF and fabH also led
to signiﬁcant improvements in 4-hydroxycoumarin production.
However, the interference efﬁciency has varied effects on the
different fab genes. For example, the interference of gene fabD
with the asRNAs with 100 and 150-nt loops showed similar
results; while for fabB, fabF and fabH, the asRNAs with 150-nt
loops were obviously advantageous than the asRNAs with 100-nt
loops. Meanwhile, we observed growth retardation for strains
with genes fabB, fabF and fabH interfered by the asRNAs with 100nt loops, indicating that excessively strong inhibition of these
genes may impair cell viability. Based on the analysis above, we
conclude that high interference efﬁciency is not always necessary
to achieve high titers. A balanced allocation of malonyl-CoA
between necessary cell growth and heterologous production is
critical to maintain the desired viability of the microbial cell
factories and achieve the most efﬁcient production. Therefore,
asRNA design and interference efﬁciency should be further investigated to provide more controllable tools for metabolic engineering use. As we were preparing this manuscript, the use of
antisense RNA strategy to enhance the production of naringenin
was reported (Wu et al., 2014). Compared with this work which
focused on a single target product, we have demonstrated that
regulating malonyl-CoA using antisense RNA can be a platform
technology for improving the production of a variety of molecules
(e.g. 4-HC, resveratrol and naringenin) derived from malonyl-CoA.
In addition, we conducted a more systematic study on the effect of
down-regulating several fatty acid biosynthesis genes on the
enrichment of intercellular malonyl-CoA. Overall, this work
demonstrates that antisense RNA is a promising genetic tool to
increase microbial production of economically and pharmaceutically valued compounds.
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