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Abstract Resveratrol has been the subject of numerous
scientific investigations due to its health-promoting activi-
ties against a variety of diseases. However, developing fea-
sible and efficient microbial processes remains challenging
owing to the requirement of supplementing expensive phe-
nylpropanoic precursors. Here, various metabolic engineer-
ing strategies were developed for efficient de novo biosyn-
thesis of resveratrol. A recombinant malonate assimilation
pathway from Rhizobium trifolii was introduced to increase
the supply of the key precursor malonyl-CoA and simul-
taneously, the clustered regularly interspaced short palin-
dromic repeats interference system was explored to down-
regulate fatty acid biosynthesis pathway to inactivate the
malonyl-CoA consumption pathway. Down-regulation of
fabD, fabH, fabB, fabF, fabl increased resveratrol produc-
tion by 80.2, 195.6, 170.3, 216.5 and 123.7%, respectively.
Furthermore, the combined effect of these genetic pertur-
bations was investigated, which increased the resveratrol
titer to 188.1 mg/L. Moreover, the efficiency of this syn-
thetic pathway was improved by optimizing the expression
level of the rate-limiting enzyme TAL based on reducing
mRNA structure of 5’ region. This further increased the
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final resveratrol titer to 304.5 mg/L. The study described
here paves the way to the development of a simple and eco-
nomical process for microbial production of resveratrol.
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Introduction

Resveratrol (3, 5, 4'-trihydroxy-trans-stilbene), a polyphe-
nolic compound of the stilbene family, is responsible for
a decreased risk of diabetes and heart diseases due to its
anti-oxidative, anti-inflammatory, anti-cancer, and chemo-
preventive activities [1, 9]. Currently, resveratrol is mainly
obtained by extraction from grapes, peanuts, bushes and
other plants. This inefficient and tedious process hampers
its application as a widespread nutraceutical. Because
of this, microbial production of resveratrol has attracted
worldwide interest as this method is easily scaled to com-
mercial application and avoids using toxic catalysts [5, 33].

As shown in Fig. 1, three catalytic steps are required for
the conversion of aromatic amino acid L-tyrosine to resver-
atrol [6, 18]. This process first begins with the deamination
of L-tyrosine to p-coumaric acid by the action of tyrosine
ammonia lyase (TAL). 4-Coumarate: CoA ligase (4CL)
mediates its corresponding CoA ester, coumaroyl-CoA
formation when p-coumaric acid has been generated. Cou-
maroyl-CoA is subsequently condensed with three malo-
nyl-CoA units to form resveratrol by the sequential action
of the type III polyketide synthase, stilbene synthase (STS).

To date, several studies have already made significant
gains for microbial resveratrol production. For exam-
ple, relevant study demonstrates that supplementation of
15 mM p-coumaric acid and 0.05 mM cerulenin lead to a
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Fig. 1 Engineering of E. coli metabolic pathways for efficient forma-
tion of resveratrol. a The schematics of malonyl-CoA synthesis sys-
tem. This included malonate assimilation pathway (matB and matC)
and CRISPR interference system. The plasmids used for dCas9
and sgRNA expression and the process to repress fatty acid biosyn-

maximum titer of 2.3 g/L in E. coli [17]. Furthermore, in
our research, it is found that 35 mg/L of resveratrol could
be obtained from L-tyrosine via modular pathway engineer-
ing strategies [28]. As the reliance on supplementation of
phenylpropanoids in these strategies is prohibitive during
process scale-up, microbial production of resveratrol from
cheap and renewable substrate p-glucose has attracted more
and more attention.

One relevant study demonstrates that overexpressing
acetyl-CoA carboxylase and performing multiple-integra-
tion of pathway genes in fed-batch fermentation result in
a high resveratrol titer of 415.7 mg/L from p-glucose in
Saccharomyces cerevisiae [15]. However, similar achieve-
ments are not observed in E. coli, which is often preferred
as engineered strains for many metabolites due to its sim-
ple genetic background, short cultivate time and low cul-
ture condition requirement [2]. Recent study utilizes a
site-specific integration strategy to integrate the resveratrol
synthetic pathway into the chromosome of E. coli, which
results in only 4.6 mg/L of resveratrol from p-glucose [18].

Hence, there is a pressing need to improve de novo res-
veratrol production titer in E. coli cells. Endogenous cen-
tral metabolism strongly predominates and competes for
carbon and energy sources during the synthesis of malonyl-
CoA, which is the major bottleneck of the phenylpropanoid
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thesis were shown. b The overall resveratrol biosynthesis pathway
was shown. The repressed genes were shown in red. The metabolic
pathway that performs heterologous biosynthesis of resveratrol from
p-glucose in E. coli was shown in blue (color figure online)

pathway due to both the low basal level and high require-
ment of this metabolite [24, 27]. The previous efforts to
improve malonyl-CoA availability mainly focus on engi-
neering the upstream pathway, such as overexpression of
acetyl-CoA carboxylase [32] and the malonate assimila-
tion pathway [14, 28] to increase malonly-CoA supply,
or overexpression of acetyl-CoA synthase and deleting
acetyl-CoA consumption pathways to increase acetyl-CoA
supply [32]. Another relevant efforts have been made in
engineering the malonyl-CoA consumption pathway. As
inactivating fatty acid biosynthesis through conventional
gene knockout strategies is usually lethal to host cells,
a specific inhibitor cerulenin repressing fabB and fabF is
used to increase intracellular malonyl-CoA [26]. While
cerulenin is expensive and cost prohibitive, antisense RNAs
are employed to down-regulate fabB and fabF [29] or fabD
[34] instead, leading to a 4.5-fold increase in intracellular
malonyl-CoA concentration. In our one study, the clustered
regularly interspaced short palindromic repeats interference
(CRISPRI) system is also used to repress fabB and fabF to
improve malonyl-CoA level [27].

All of these studies demonstrate that both manipula-
tion of precursor supply and inactivation of malonyl-CoA
consumption pathway would improve the intracellular
malonyl-CoA concentration. Based on this, an efficient
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malonyl-CoA synthesis method involving manipulating
both precursor supply and malonyl-CoA consumption is
established to increase de novo resveratrol production.
To avoid manipulating complex central metabolism when
overexpressing acetyl-CoA carboxylase or relational pre-
cursor enzymes and deleting enzymes involved in acetyl-
CoA depletion [32], a recombinant malonate assimilation
pathway from Rhizobium trifolii [14] was introduced to
synthesize malonyl-CoA directly from malonate. In the
same time, the CRISPRi system, which could simultane-
ously manipulate multiple genes in E. coli compared to
antisense RNAs, was explored to conduct a more system-
atic study on the effect of down-regulating up to five genes
involved in fatty acid biosynthesis pathway.

Moreover, numerous studies demonstrate that the low
turnover number of TAL hampers efficient do novo bio-
synthesis of compounds derived from phenylpropanoid
pathway [17, 24]. To overcome this limitation, firstly, the
original RgTAL was replaced with another TAL from
Trichosporon cutaneum (TcTAL), which exhibited high
activities toward L-tyrosine [10]. Secondly, the TcTAL
expression was optimized by modifying its mRNA second-
ary structure of 5’ region. Finally, the combined effect of
these genetic modifications increased the final resveratrol
titer to 304.5 mg/L. The strategy described here presents
developing an alternative source of resveratrol with numer-
ous applications in food, nutraceutical and pharmaceutical
industry.

Materials and methods
E. coli strains, plasmids and general techniques

Luria broth (LB) were used for plasmid construction and
MOPS minimal medium [22] supplemented with 5 g/L
D-glucose and an additional 4 g/l NH,Cl was used for res-
veratrol production. E. coli IM109 and BL21 (DE3) were
used for plasmid construction and resveratrol production,
respectively. Various combinations of ampicillin (100 pg/
mL), kanamycin (40 pg/mL), chloramphenicol (20 pg/
mL), and streptomycin (40 pg/mL) were added when
required. The compatible vectors pETDuet-1, pCDFDuet-1,
pCOLADuet-1, and pACYCDuet-1 were purchased from
Novagen (Darmstadt, Germany). All restriction enzymes
and DNA ligase were purchased from Novagen (Darmstadt,
Germany). RgTAL from Rhodotorula glutinis [24], TcTAL
from Trichosporon cutaneum [10], 4CL from Petroselinum
crispum, STS from Vitis vinifera [17], and matB and matC
from Rhizobium trifolii [14] were codon-optimized for E.
coli expression (http://www.jcat.de/) and synthesized by
GenScript (Nanjing, China). DNA sequences for all synthe-
sized genes are shown in the Supplementary Material. UV/

vis spectrophotometer (UVmini-1240, Shimadzu, Kyoto,
Japan) was used to monitor cell growth by measuring
absorbance at 600 nm (ODg,). Primers used in the study
were shown in Table 1.

Chromosomal integration of tyrA™ and aroG™*

The chromosomal integration of tyrA™ and aroG™ was
performed according to our previous study [31]. Briefly,
two mutations of Met-53-Ile in the chorismate mutase
domain and Ala-354-Val in the prephenate dehydrogenase
domain were performed to obtain ryrA™; One mutation of
Asp-146-Asn substitution was performed to obtain aroG™.
Lambda-red recombination-based method [4] was used to
integrate ryrA™—aroG™ cassette into lacZ locus of E. coli
BL21 (DE3) under T7 promoter. This cassette was further
verified by colony PCR and sequencing.

Construction of CRISPRI system to repress single gene

dCas9 [23] was synthesized by GenScript (Nanjing, China)
and inserted into Ncol/Avrll site of pACYCDuet-1, resulted
in pACYC-dCas9. The T7-dCas9 region including T7 pro-
moter and dCas9 was amplified from pACYC-dCas9 using
primers Pf_T7dCas9(Kpnl) and Pr_T7dCas9(Xhol) and
inserted into Kpnl/Xhol site of pACYC-matC-matB [28],
which resulted in pACYC-matC-matB-dCas9. The sgRNA
chimera consisting of Trc promoter, complementary region
for DNA binding, dCas9-binding hairpin and transcrip-
tion terminator was synthesized (GenScript, Nanjing,
China) and inserted into pfol/BamHI site of pPCOLADuet-1.
Other sgRNA cassettes with new complementary regions
were generated by PCR-based site-directed mutagenesis
(TaKaRa MutanBEST Kit, Takara Biotechnology, Dalian,
China) with corresponding primers. Primers and the result-
ant sgRNA expression vectors are shown in Table 2.

Construction of CRISPRi system to repress multiple
genes

To repress multiple genes, different sgRNA chimeras were
cloned into pCOLADuet-1. Primers Pf_sgRNA(BamHI)/Pr_
sgRNA(EcoRI) were used to amplify anti-fabD(medium),
anti-fabl(low), anti-fabB(medium) and anti-fabH(low)
sgRNA sequences into the BamHI/EcoRI site of pCOLA-

fabF(high). This resulted in pCOLA-fabF(high)/
fabD(medium), pCOLA-fabF(high)/fabI(low), pCOLA-
fabF(high)/fabB(medium) and pCOLA-fabF(high)/

fabH(low). Primers Pf_sgRNA(EcoRI)/Pr_sgRNA(HindIIl)
were used to amplify anti-fabD(medium), anti-fabl(low)
and anti-fabH(low) sgRNA sequences into EcoRI/HindIIl
site of pCOLA-fabF(high)/fabB(medium). This resulted
in pCOLA-fabF(high)/fabB(medium)/fabD(medium),
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Table 1 Nucleotide sequences
of primers

@ Springer

Oligonucleotides

Sequences (5'-3"%)

Pf_T7dCas9(Kpnl)
Pr_T7dCas9(Xhol)
Pf_sgRNA(BamHI)
Pr_sgRNA(EcoRI)
Pf_sgRNA(EcoRI)
Pr_sgRNA(HindIII)
Pf_sgRNA(HindlIll)
Pr_sgRNA(Ndel)
Pf_sgRNA(Ndel)
Pr_sgRNA(BgIII)
Pf_Trc(Pfol)
Pr_Trc(Fsel)
Pf_TcTAL(Ncol)
Pr_TcTAL(EcoRI)
Pf_4CL (Ncol)
Pr_4CL (HindIII)
Pf_Ptrc4CL(EcoRI)
Pr_Ptrc4CL(HindIII)
Pf_RNA(—6.2)
Pf_RNA(-5.8)
Pf_RNA(-5.2)
Pf_RNA(—4.9)
Pf_RNA(—4.6)
Pf_RNA(—4.3)
Pf_RNA(-3.7)
Pf_RNA(-3.0)
Pr_RNA(Xhol)
Pf_TAL(-5.8)
Pr_TAL(-5.8)
Pf_TAL(-5.2)
Pr_TAL(-5.2)
Pf_TAL(—4.9)
Pr_TAL(—4.9)
Pf_TAL(—4.6)
Pr_TAL(—4.6)
Pf_TAL(—4.3)
Pr_TAL(—4.3)
Pf_TAL(-3.7)
Pr_TAL(—3.7)
Pf_TAL(-3.0)
Pr_TAL(-3.0)
Pf_gfabD
Pr_gfabD
Pf_qgfabH
Pr_qgfabH

Pf_qgfabB

Pr_qgfabB

Pf_gfabF

Pr_gfabF

Pf_qgfabl

GGTACCTAATACGACTCACTATA
CTCGAGGCTAGTTATTGCTCAGCGG
GGATCCTGTACACTGCAGGTCGTAAATCAC
GAATTCAAAAAAGCACCGACTCGGTG
GAATTCTGTACACTGCAGGTCGTAAATCAC
AAGCTTAAAAAAGCACCGACTCGGTG
AAGCTTTGTACACTGCAGGTCGTAAATCAC
CATATGAAAAAAGCACCGACTCGGTG
CATATGTGTACACTGCAGGTCGTAAATCAC
AGATCTAAAAAAGCACCGACTCGGTG
TCCGGGACCGACATCATAAC
GGCCGGCCCAACAGATAAAACGAAAGGCC
CCATGGGCATGTTTATTGAAACCAACGTGGCAA
GAATTCTTAAAACATTTTACCCACTGCACCC
CCATGGGTGACTGCGTTGCCCCG
AAGCTTTTACTTCGGCAGGTCGCCGCTC
CCGGAATTCCCGACATCATAACGGTTCTGG
CCCAAGCTTCAACAGATAAAACGAAAGGCCC
CATATGTTTATTGAAACCAACGTGGCAAAACCGGCTAGCACGAAA
CATATGTTTATTGAAACCAACGTGGCAAAACCGGCTAGCACAAAA
CATATGTTCATTGAAACCAATGTGGCGAAACCGGCTAGCACAAAA
CATATGTTCATTGAGACCAATGTCGCAAAACCGGCTAGCACAAAG
CATATGTTCATTGAAACCAATGTCGCGAAACCGGCTAGCACA AAG
CATATGTTCATTGAGACCAACGTCGCAAAACCGGCTAGCACGAAA
CATATGTTCATTGAGACCAACGTCGCGAAACCTGCTAGCACA AAA
CATATGTTCATTGAAACCAACGTCGCAAAACCGGCTAGCACAAAA
CTCGAGTTAAAACATTTTACCCACTGCACCC
ATGTTTATTGAAACCAACGTGGCAAAACCGGCTAGCACAAAA
TTTTGTGCTAGCCGGTTTTGCCACGTTGGTTTCAATAAACAT
ATGTTCATTGAAACCAATGTGGCGAAACCGGCTAGCACAAAA
TTTTGTGCTAGCCGGTTTCGCCACATTGGTTTCAATGAACAT
ATGTTCATTGAGACCAATGTCGCAAAACCGGCTAGCACAAAG
CTTTGTGCTAGCCGGTTTTGCGACATTGGTCTCAATGAACAT
ATGTTCATTGAAACCAATGTCGCGAAACCGGCTAGCACAAG
CTTTGTGCTAGCCGGTTTCGCGACATTGGTTTCAATGAACAT
ATGTTCATTGAGACCAACGTCGCAAAACCGGCTAGCACGAAA
TTTCGTGCTAGCCGGTTTTGCGACGTTGGTCTCAATGAACAT
ATGTTCATTGAGACCAACGTCGCGAAACCTGCTAGCACAAAA
TTTTGTGCTAGCAGGTTTCGCGACGTTGGTCTCAATGAACAT
ATGTTCATTGAAACCAACGTCGCAAAACCGGCTAGCACAAAA
TTTTGTGCTAGCCGGTTTTGCGACGTTGGTTTCAATGAACAT
CGCTGTTGACTGCATCTGTT

ACGGCTTCTTGCATGAACTT

ATGCTGGGCATTAAAGGTTG

GCAGATGGGTGGAGATGATT

ATGCTGGGCATTAAAGGTTG

GCAGATGGGTGGAGATGATT

AAGAACAGCGCAAGATGGAT

CTGCCACCATGTTCACAATC

TGTTAACGCCATCTCTGCTG
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Table 1 continued

Oligonucleotides Sequences (5'-3"%)

Pr_gfabl AGAGAGATCGGAGCACAGGA
Pf_16S TTGCTCATTGACGTTACCCG
Pr_16S GTTGCACCACAGATG AAACG

# Bold and underlined letters are restriction enzyme cut sites

Table 2 Primers and plasmids used for single gene perturbations

Target gene Primers® Sequences (5'-3")

Vectors?

fabD Pf_fabD(high)
Pf_fabD(medium)
Pf_fabD(low)
Pf_fabH(high)
Pf_fabH(medium)
Pf_fabH(low)
Pf_fabB(high)
Pf_fabB(medium)
Pf_fabB(low)
Pf_fabF(high)
Pf_fabF(medium)
Pf_fabF(low)
fabl Pf_fabl(high)
Pf_fabl(medium)
Pf_fabl(low)
Pr_sgRNA

fabH

fabB

fabF

CGGTTTGAGAACCCTGTCCAGTTTTAGAGCTAGAAATAGCAAGTT
AGCGCCGCTGCCATCGCTGAGTTTTAGAGCTAGAAATAGCAAGTT
GCATTTGTGTTCCCTGGACAGTTTTAGAGCTAGAAATAGCAAGTT
GCGTTTGTCCGCACTTGTTCGTTTTAGAGCTAGAAATAGCAAGTT
ACGAACCAGCGCGGAGCCCCGTTTTAGAGCTAGAAATAGCAAGTT
TATACGAAGATTATTGGTACGTTTTAGAGCTAGAAATAGCAAGTT
CGATGCTGGAAACAATGCCCGTTTTAGAGCTAGAAATAGCAAGTT
GCGCATTACCAGCGTGGCGTGTTTTAGAGCTAGAAATAGCAAGTT
ATGAAACGTGCAGTGATTACGTTTTAGAGCTAGAAATAGCAAGTT
AGGAGACAACATGCCCAGTCGTTTTAGAGCTAGAAATAGCAAGTT
ATTAGTGCCACCGAAGCCGAGTTTTAGAGCTAGAAATAGCAAGTT
AGAATCATTTTTTCCCTCCCGTTTTAGAGCTAGAAATAGCAAGTT
GGTTACCAGAATGCGCTTACGTTTTAGAGCTAGAAATAGCAAGTT
TGCTGAAACCGCCGTCAACGGTTTTAGAGCTAGAAATAGCAAGTT
TCTTTCCGGTAAGCGCATTCGTTTTAGAGCTAGAAATAGCAAGTT
GAAATTGTTATCCGCTCACAAT

pCOLA-fabD(high)
pCOLA-fabD(medium)
pCOLA-fabD(low)
pCOLA-fabH(high)
pCOLA-fabH(medium)
pCOLA-fabH(low)
pCOLA-fabB(high)
pCOLA-fabB(medium)
pCOLA-fabB(low)
pCOLA-fabF(high)
pCOLA-fabF(medium)
pCOLA-fabF(low)
pCOLA-fabI(high)
pCOLA-fabl(medium)
pCOLA-fabl(low)

# Each primer pair shares the same reverse primer Pr_sgRNA (at the end of the table)

5 For every target gene, three different targeting CRISPRi systems were constructed, the high or medium repressing efficacy toward each target
gene was re-designed to bind at the initial and terminal region of the non-template DNA strand while the low repressing efficacy set at the initial

region of template strand

pCOLA-fabF(high)/fabB (medium)/fabl(low), pCOLA-
fabF(high)/fabB(medium)/fabH(low). Primers Pf_
sgRNA(HindII)/Pr_sgRNA(Ndel) were used to amplify
anti-fabD(medium) and anti-fabH(low) sequences into
HindlIl/Ndel site of pCOLA-fabF(high)/fabB(medium)/

fabI(low).  This resulted in  pCOLA-fabF(high)/
fabB(medium)/fabl(low)/fabD(medium) and pCOLA-
fabF(high)/fabB(medium)/fabl(low)/fabH(low). Primers

Pf_sgRNA(Ndel)/Pr_sgRNA(Bg/II) were used to amplify
anti-fabH(low) sequence into Ndel/Bglll site of pCOLA-
fabF(high)/fabB(medium)/fabl(low)/fabD(medium). This
resulted in pCOLA-fabF(high)/fabB(medium)/fabl(low)/
fabD(medium)/fabH(low).

Construction of different TcTAL variants

Primers Pf_Trc(Pfol) and Pr_Trc(Fsel) were used to
clone Trc promoter from pTrcHis2B and insert into
Pfol/Fsel site of pCDFDuet-1, resulted in pCDFD-Trc.
TAL from Trichosporon cutaneum (TcTAL) [10] was

cloned from pUC57-TcTAL (GenScript, Nanjing, China)
with primers Pf_TcTAL(Ncol) and Pr_TcTAL(EcoRI)
and inserted into pCDFD-Trc, which resulted in pCDFD-
Trc-TcTAL. 4CL was cloned from pUC57-4CL (Gen-
Script, Nanjing, China) with primers Pf_4CL (Ncol) and
Pr_4CL (HindIIl) and inserted into Ncol/HindIII site of
pCDFD-Tre, resulted in pCDFD-Trc-4CL. pTrc-4CL
region including Trc promoter and 4CL was cloned with
primers Pf Ptrc4CL(EcoRI) and Pr_Ptrc4CL(HindIIl)
and inserted into EcoRI/HindIIl site of pCDFD-Trc-
TcTAL. This resulted in pCDFD-Trc-TcTAL-Trc-4CL.
Different TcTAL variants were cloned from pCDFD-
Trc-TcTAL-Trc-4CL  with primers Pf_RNA(N) and
Pr_RNA(Xhol) and inserted into Ndel/Xhol site of pET-
22b(+), resulted in pET22b-TcTAL(N) (N = —6.2,
-5.8, =52, —49, —46, —43, =37, -3.0). ‘N’
means free energy value of 5’ region of mRNA.
AG of original TcTAL was —6.2 kcal/mol. Quick-
Change II XL Site-Directed Mutagenesis Kit (Agi-
lent Technologies, Santa Clara, CA) was used to
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construct pCDFD-Trc-TcTAL(N)-Trc-4CL  with prim-
ers Pf_TAL(N) and Pr_TAL(N) (N = —5.8, —5.2, —4.9,
—4.6, —4.3, —3.7, —3.0). Plasmids constructed in the
study were shown in Table 3.

Culture conditions
To investigate the silencing effect of various CRISPRi sys-
tem, cells were first cultured in 25 mL of MOPS medium

supplemented with 5 g/L p-glucose and 4 g/l NH,CI at a
starting ODy, of 0.1 (37 °C, 200 rpm). Additional 25 mL

Table 3 Plasmids used in this study

of MOPS medium and 0.5 mM IPTG were added after
ODg reached 1.7. Cultures were then transferred at 30 °C.
The intracellular concentration of malonyl-CoA and target
mRNA level was quantified by harvesting 1 mL of cell cul-
ture at mid-log phase of growth. Values of final ODy, were
measured after 48 h.

For resveratrol production, cells were first cultured in
25 mL of MOPS medium supplemented with 5 g/L. p-glucose
and 4 g/LL NH,Cl at a starting ODg, of 0.1 (37 °C, 200 rpm).
Additional 25 mL of MOPS medium and 1 mM IPTG were
added after ODyg, reached 1.7. Cultures were then transferred

Plasmids Description Source or reference
pETDuet-1 Double T7 promoters, pBR322 ori, Amp® Novagen
pCDFDuet-1 Double T7 promoters, CloDF13 ori, Sm® Novagen
pACYCDuet-1 Double T7 promoters, P15A ori, Cm® Novagen
pCOLADuet-1 Double T7 promoters, COLA ori, Kn® Novagen

pCDFE-Kan ™ T-tyrA®raroG™"
pACYC-matC-matB

pCDFDuet-1 carrying Kan™X-ryrA™-aroG™ cassette [31]
PACYCDuet-1 carrying matC and matB under T7 promoter  [28]

pACYC-matC-matB-dCas9 PACYCDuet-1 carrying matC, matB and dCas9 under T7 This study
promoter
pCDF-Trc-RgTAL-Trc-4CL T7 promoter was replaced by Trc promoter [28]
pCDFED-Trc-TcTAL-Trc-4CL RgTAL was replaced by TcTAL This study
pET22b-TcTAL(N) pET22b carrying different variants of TcTAL This study
pCDFD-Trc-TcTAL(N)-Trc-4CL pCDFDuet-1 carrying 4CL and different variants of TCTAL  This study
pCOLA-fabF(high)/fabD(medium) Vectors with high silencing efficacy toward fabF and This study
medium silencing efficacy toward fabD
pCOLA-fabF(high)/fabI(low) Vectors with high silencing efficacy toward fabF and low This study
silencing efficacy toward fabl
pCOLA-fabF(high)/fabB(medium) Vectors with high silencing efficacy toward fabF and This study
medium silencing efficacy toward fabB
pCOLA-fabF(high)/fabH(low) Vectors with high silencing efficacy toward fabF and low This study
silencing efficacy toward fabH
pCOLA-fabF(high)/fabB(medium)/fabD(medium) Vectors with high silencing efficacy toward fabF, medium This study
silencing efficacy toward fabB and medium silencing
efficacy toward fabD
pCOLA-fabF(high)/fabB(medium)/fabI(low) Vectors with high silencing efficacy toward fabF, medium This study
silencing efficacy toward fabB and low silencing efficacy
toward fabl
pCOLA-fabF(high)/fabB(medium)/fabH(low) Vectors with high silencing efficacy toward fabF, medium This study
silencing efficacy toward fabB and low silencing efficacy
toward fabH
pCOLA-fabF(high)/fabB(medium)/fabl(low)/fabD(medium) Vectors with high silencing efficacy toward fabF, medium This study
silencing efficacy toward fabB, low silencing efficacy
toward fabl and medium silencing efficacy toward fabD
pCOLA-fabF(high)/fabB(medium)/fabl(low)/fabH(low) Vectors with high silencing efficacy toward fabF, medium This study
silencing efficacy toward fabB, low silencing efficacy
toward fabl and low silencing efficacy toward fabH
pCOLA-fabF(high)/fabB(medium)/fabI(low)/ Vectors with high silencing efficacy toward fabF, medium This study

fabD(medium)/fabH(low)

silencing efficacy toward fabB, low silencing efficacy

toward fabl, medium silencing efficacy toward fabD and
low silencing efficacy toward fabH

N=-6.2,-58,-52,—-49, —4.6, -4.3, -3.7, =3.0
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at 30 °C. The resveratrol concentration and final ODy, values
were measured after a total fermentation time of 48 h.

RNA preparation and qPCR

Recombinant cells were collected at the mid-log phase
of growth by centrifugation and frozen in liquid nitro-
gen immediately. Total RNA was purified by RNAprep
Pure Kit for Cell/Bacteria (TTANGEN, Beijing, China)
according to the manufacturer’s instructions and DNase
I and RNeasy Mini Kit (Takara, Dalian, China) was
employed to remove genomic DNA. RNA quality and
quantification were analyzed by NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies, Wilming-
ton, DE, USA) [20].

cDNAs were synthesized via SuperScriptTM III
First-Strand Synthesis System (Invitrogen). Primers
Pf_qfabD/Pr_qfabD, Pf_qfabH/Pr_qfabH, Pf_qfabB/Pr_
gfabB, Pf_qfabF/Pr_qfabF, Pf_qfabl/Pr_qfabl were used
to amplify fabD, fabH, fabB, fabF and fabl with cDNA
as templates. Primer 3 software (http://bioinfo.ut.ee/
primer3-0.4.0/) was used to design primers, which were
further synthesized by GenScript (Nanjing, China). The
specificity of designed primers was confirmed by run-
ning genomic DNA-amplified products in agarose gel.
SYBR green PCR Master Mix (Takara, Dalian, China)
and LightCycler 480 II thermal cycler system (Roche,
Mannheim, Germany) were used to perform real-time
RT-PCR assay [8]. The efficiencies of real-time PCR
were verified by five dilutions of cDNA and the purity
of samples was confirmed by a negative control with-
out cDNA added. The threshold cycle (Cp) values were
calculated by LightCycler software based on fluorescent
values. Housekeeping rrsD gene was used to normal-
ize qPCR values along with primers Pf_16S and Pr_16S
[21]. The comparative 2~22¢ method was used to calcu-
late relative gene expression [19]. All experiments were
conducted in triplicate and mean values were employed
for analysis.

Analytical methods

For each experiment, individual triplicate analyses were
performed and average values of the triplicates were pre-
sented. For quantifying resveratrol concentration, cul-
ture supernatant was processed according to the previous
report [28] along with Agilent 1100 series high-perfor-
mance liquid chromatography (HPLC) instrument and a
reverse-phase Gemini NX-C18 column (5 x 110 mm).
For quantifying malonyl-CoA concentration, cell culture
was processed according to the previous report [27] along
with liquid chromatography—mass spectrophotometer (Shi-
madzu, Kyoto, Japan), a reverse-phase Gemini NX-C18

column (5 x 110 mm) and an electrospray ionization (ESI)
source.

Results
Construction of de novo resveratrol synthetic pathway

To obtain resveratrol from p-glucose, we first need to con-
struct strains exhibiting enhanced capacity for L-tyrosine
synthesis. In E. coli, both the 3-deoxy-p-arabinoheptu-
losonate 7-phosphate (DAHP) synthase and chorismate
mutase/prephenate (CM/PDH) dehydrogenase are bot-
tleneck enzymes [25, 31]. Based on known properties of
the aromatic amino acid pathway, the feedback-resistant
derivatives of 3-deoxy-p-arabinoheptulosonate-7-phos-
phate (DAHP) synthase (aroG™") [11] and chorismate
mutase/prephenate dehydrogenase (ryrA™) [12] were
overexpressed to increase flux toward L-tyrosine.

Previously, our studies demonstrate that during the
synthesis of other natural products such as naringenin
[31] and pinocembrin [30] derived from the phenylpro-
panoid pathway, L-tyrosine or L-phenylalanine is not the
limiting precursor. Here, in order to decrease the meta-
bolic burden related to antibiotic cassettes and plasmid-
based expression, aroG™" and ryrA™" were integrated into
lacZ locus of E. coli BL21 (DE3) under T7 promoter.

In previous work [28], production of resveratrol from
L-tyrosine in E. coli has been optimized. Based on this,
Rhodotorula glutinis TAL (RgTAL) and Petroselinum
crispum 4CL under Trc promoter in pCDFDuet-1(pCDF-
Trc-RgTAL-Trc-4CL), STS from Vitis vinifera under T7
promoter in pETDuet-1(pET-STS) were overexpressed in
an engineered BL21(DE3) strain integrated with aroG™"
and ryrA™". It was found that the strain was able to pro-
duce resveratrol up to 18.5 mg/L directly from p-glucose.

Engineering malonyl-CoA availability

The supply of malonyl-CoA is often considered as the
major bottleneck of the phenylpropanoid pathway. Previ-
ous efforts to improve malonyl-CoA availability mainly
focus on either the upstream pathway [13, 14, 32] or mal-
onyl-CoA consumption pathway [34]. Here, a combining
bioengineering strategy involving manipulating both pre-
cursor supply and malonyl-CoA consumption was estab-
lished to increase intracellular malonyl-CoA level. matB
(encoding malonyl-CoA synthetase) and marC (encoding
malonate carrier protein) [14, 28] were overexpressed to
synthesize malonyl-CoA directly from malonate avoid-
ing manipulating complex central metabolism. The res-
veratrol titer increased to 31.2 mg/L after introducing this
recombinant malonate assimilation pathway.
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Fatty acid synthesis is the only process in E. coli
which consumes malonyl-CoA [3]. Previously, only
fabB and fabF involved in fatty acid biosynthesis were
repressed as final target genes by CRISPRi system in
combination with other genetic modification in upstream
pathway to improve (2S)-naringenin titer [27]. Here, in
order to reduce malonyl-CoA consumption to a large
extent, fabD, fabH, fabB, fabF and fabl were chosen as
target genes as repression of these genes resulted in an
increase of intracellular malonyl-CoA level [27]. It was
found that repression of fabD, fabH, fabB, fabF and fabl
increased resveratrol titer by 80.2, 195.6, 170.3, 216.5
and 123.7%, respectively (Fig. 2a).

To verify the efficiency of this CRISPRi system, the
changing pattern of intracellular malonyl-CoA concentra-
tion and target gene mRNA level from CRISPRi-regulated
strains were measured compared to the control. As seen
from Fig. 2b, the transcriptional levels of fabD, fabH,
fabB, fabF and fabl decreased by 81.9, 90.5, 91.2, 92.1 and
90.1%, respectively. Repressing fabD, fabH, fabB, fabF and
fabl increased the intracellular malonyl-CoA concentration
by 130.6, 260.8, 239.6, 290.5 and 198.7%, respectively.

Effect of combinatorial genetic perturbations
on resveratrol production

As seen from Fig. 2a, it was found that repressing all the
genes except for fabF would lead to a dramatic decrease
in the final biomass (by over 50%). This is consistent with
our previous study that repressing fabH and fabl even
with low efficacy would result in a dramatic decrease
in the cell growth. Numerous studies have demonstrated
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Fig. 2 The effect of single gene repression toward fatty acid pathway
on resveratrol production. a Effect of single genetic perturbation on
resveratrol production was investigated. Control mean strains con-
taining resveratrol synthetic pathway without CRISPRi system. The
sgRNA-expressing plasmids repressing different genes were then
transformed into the control strain. b The changing patterns of intra-
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that coordination of cell growth and heterologous mol-
ecules production is important for strain performance
[27, 29, 34]. Here, in order to achieve lower repressing
efficacy, the high or medium repressing efficacy toward
each target gene was re-designed to bind at the initial and
terminal region of the non-template DNA strand while
the low repressing efficacy set at the initial region of tem-
plate strand (Fig. 3a).

As seen from Fig. 3, high repressing efficacy toward
fabF, medium repressing efficacy toward fabB and
fabD and low repressing efficacy toward fabH and fabl
increased intracellular malonyl-CoA by 290.5, 141.2,
70.1, 122.4 and 98.2%, respectively, with the final OD,
decreasing by less than 10%. Based on this, the effect of
combinatorial genetic perturbations on resveratrol pro-
duction was investigated (Fig. 4). Firstly, the effect of
two genetic perturbations on resveratrol production was
explored. Repressing fabF (anti-fabF sgRNA) in combi-
nation with fabB, fabD, fabH and fabl produced higher
resveratrol titer than single anti-fabF sgRNA and repress-
ing fabF and fabB led to the highest resveratrol titer
(138.3 mg/L).

Similarly, repressing fabF and fabB (anti-fabF/fabl
sgRNA) in combination with fabl, fabD and fabH pro-
duced higher resveratrol titer than anti-fabF/fabB sgRNA
and repressing fabF, fabl and fabB led to the highest res-
veratrol titer (169.8 mg/L). Furthermore, it was found
that repressing fabF, fabl and fabB (anti-fabF/fabl/fabB
sgRNA) in combination with fabH and fabD produced
higher resveratrol titer and repressing fabF, fabl, fabB
and fabD led to the highest resveratrol titer (187.1 mg/L).
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cellular malonyl-CoA concentration and target gene mRNA level
from engineered strains were measured. Control mean wild-type
strains. The sgRNA-expressing plasmids repressing different genes
were then transformed into the control strain. For each experiment,
biological triplicate analyses were conducted and the average values
were presented. Error bars exhibited SD with 95% CI
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Fig. 3 The effect of different gene repressing efficacy on cell growth
and malonyl-CoA accumulation. a The binding regions of different
sgRNAs were shown. High, medium and low mean high, medium
and low repressing efficacy. b Target genes were repressed with high
silencing efficacy. ¢ Target genes were repressed with medium silenc-
ing efficacy. d Target genes were repressed with low silencing effi-

However, repressing fabF, fabl, fabB, fabD and fabH
produced lower resveratrol titer than the former one.

Rational engineering of tyrosine ammonia lyase
by reducing mRNA secondary structure in its 5/ region

Numerous studies have demonstrated that tyrosine ammo-
nia lyase (TAL) suffers from low turnover number [17, 24].
To overcome this limitation, firstly, we resorted to replace
RgTAL with another TAL from Trichosporon cutaneum
(TcTAL), which exhibited high activities toward L-tyrosine
[10]. It was found that this replacement resulted in higher
resveratrol production (213.2 mg/L). To further alleviate
this bottleneck, the expression of the heterologous gene
TcTAL was improved by modifying its 5 region of mRNA
secondary structure, as numerous studies demonstrate that
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cacy. Control mean wild-type strain. The sgRNA-expressing plasmids
repressing different genes were then transformed into the control
strain. For each experiment, biological triplicate analyses were con-
ducted and the average values were presented. Error bars exhibited
SD with 95% CI

local RNA structure between —4 and +38 of the translation
start is highly consistent with expression change [7, 30].
Here, changing synonymous codon usage in the first
amino acids of TcTAL was performed to optimize pro-
tein expression. For each codon, random mutations in
the third base position were introduced with the first
and second positions keeping constant. The minimum
free energy of folding for 5’ region of mRNA transcript
of each construct (AG) was calculated by NUPACK
software [35] based on the sequence from +1 to 442
(Fig. 5a, b). A total of seven variants spanning a range of
free energies from —6.2 to —3.0 kcal/mol were selected.
Firstly, different variants were overexpressed by pET-
22b(+) to test their activities. It was found that variants
with reduced mRNA secondary structure of 5 region dis-
played enhanced capacities for p-coumaric acid synthesis
(Fig. 5c¢). These different TAL variants were further used
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Fig.4 The effect of multiple genetic perturbations on resveratrol
production. Control strains contained resveratrol heterologous path-
way without CRISPRi system. The sgRNA-expressing plasmids
repressing single or multiple genes were further transformed into the
control strain to investigate the effect of these systems on resveratrol
production. For each experiment, biological triplicate analyses were
conducted and the average values were presented. Error bars exhib-
ited SD with 95% CI

to replace the original TAL in the production strains. As
seen from Fig. 5d, the resveratrol production increased
with larger value of AG and a final titer of 304.5 mg/L
was observed. Furthermore, it was found that this engi-
neered strain exhibited a yield of 0.075 g/g (0.075 g res-
veratrol per g total glucose consumed).

Discussion

The conventional processes of extracting resveratrol from
plant natural resources are expected to be revolutionized
by microbial bioconversion and fermentation [5]. How-
ever, broad adoption of microbial resveratrol synthesis is
hampered by its costly and inefficient process, typically
the requirement of supplementing expensive phenylpro-
panoic precursors in the media [15, 18]. Here, efficient

@ Springer

de novo synthesis of resveratrol by metabolically engi-
neered Escherichia coli was demonstrated. Compared
to related studies to produce resveratrol from cheap and
renewable substrates, such as p-glucose (4.6 mg/L) [18] or
even L-tyrosine (35 mg/L) [28], this fermentation platform
described here exhibited a dramatic increase in de novo res-
veratrol production (304.5 mg/L) (Fig. 5). These improve-
ments would expedite developing an economical and sim-
ple process for microbial resveratrol production.

The limiting supply of malonyl-CoA is often considered
as the major bottleneck of the phenylpropanoid pathway
[16, 34]. Here, an efficient malonyl-CoA synthesis method
involving manipulating both precursor supply and malonyl-
CoA consumption was established instead of engineering
either the upstream pathway or the malonyl-CoA con-
sumption pathway. A recombinant malonate assimilation
pathway [14] was developed to synthesize malonyl-CoA
directly from malonate to avoid manipulating complex cen-
tral metabolism to obtain malonyl-CoA from acetyl-CoA.
Simultaneously, the CRISPRi system was used to repress
five genes involved in fatty acid pathway, which is the
only process consuming malonyl-CoA. This significantly
improved the intracellular malonyl-CoA concentration and
final target product resveratrol titer increased by tenfold
compared to the initial strain (Fig. 4). This method demon-
strated here could be employed for efficient production of
many other malonyl-CoA derived compounds.

In another relevant study, antisense RNA strategy was
used to investigate the effect of single fatty acid pathway
gene perturbation on malonyl-CoA accumulation. How-
ever, it was found that interference of two genes would not
further improve the final target product titer [34]. In our
one study, the clustered regularly interspaced short palin-
dromic repeats interference (CRISPRi) system was devel-
oped to improve intracellular malonyl-CoA level and only
fabB and fabF involved in fatty acid biosynthesis were
chosen as final target genes [27]. Here, a more systematic
study on the effect of repressing fatty acid pathway on mal-
onyl-CoA accumulation was conducted. It was found that
repressing fabD, fabH, fabB, fabF, fabl increased resvera-
trol production (Fig. 2). Furthermore, by coupling genetic
modification to cell growth, the combined effect of these
genetic perturbations was additive (Fig. 4). This further
demonstrates that CRISPRI is a promising genetic tool for
use in metabolic engineering.

As demonstrated in numerous studies, the low turno-
ver number of TAL is often considered as another major
bottleneck during de novo resveratrol production [17,
28]. Here, in order to overcome this limitation, firstly, the
original RgTAL was replaced by TcTAL [10], which led
to higher resveratrol production. Furthermore, the expres-
sion of the heterologous gene TcTAL was improved by
modifying its mRNA secondary structure of 5’ region



J Ind Microbiol Biotechnol (2017) 44:1083-1095

1093

A O

L]
-
O
7R
~=’

L]
A
I’ \
_\ \
) !
1 /o
/}s ~~~/-
~—e” Y/ \ i

AG =-3.7 AG = -

Fig. 5 The effect of reducing mRNA secondary structure of TcTAL
5’ region on resveratrol production. a Predicted mRNA secondary
structures of 5’ region of different variant TCTAL. Numbers such as
—6.2, —5.8 denoted the minimum free energy of folding (AG) for
the 5’ region of mRNA secondary structure. AG of original TcTAL
was —6.2 kcal/mol. b The alignment of different TcTAL variant
sequences (+1 to +42). ¢ The effect of different TcTAL variants

and variants with reduced mRNA secondary structure
displayed enhanced capacities for resveratrol synthesis
(Fig. 5). This finally improved resveratrol titer by 61.7%.
Although high titer of de novo production of resveratrol
has been achieved in E. coli here, this titer is not higher
than other reported host such as Saccharomyces cerevi-
siae [15]. However, it is presumed that the titer of this
engineered strain could be enhanced if it is successfully
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on p-coumaric acid concentrations. Engineered strain cultures were
supplemented with 500 mg/L L-tyrosine. Values were reported after
48 h cultivation in MOPS minimal medium. d The effect of differ-
ent TcTAL variants on resveratrol production. For each experiment,
biological triplicate analyses were conducted and the average values
were presented. Error bars exhibited SD with 95% CI

cultured in a fermentor. Overall, this work paves the
way to developing a simple and economical process for
microbial production of value-added compounds.
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