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Abstract

Shikimic acid is an important intermediate for the manufacture of the antiviral drug oseltamivir (Tamiflu®) and many
other pharmaceutical compounds. Much of its existing supply is obtained from the seeds of Chinese star anise (///icium
verum). Nevertheless, plants cannot supply a stable source of affordable shikimate along with laborious and cost-
expensive extraction and purification process. Microbial biosynthesis of shikimate through metabolic engineering and
synthetic biology approaches represents a sustainable, cost-efficient, and environmentally friendly route than plant-based
methods. Metabolic engineering allows elevated shikimate production titer by inactivating the competing pathways,
increasing intracellular level of key precursors, and overexpressing rate-limiting enzymes. The development of synthetic
and systems biology-based novel technologies have revealed a new roadmap for the construction of high shikimate-
producing strains. This review elaborates the enhanced biosynthesis of shikimate by utilizing an array of traditional
metabolic engineering along with novel advanced technologies. The first part of the review is focused on the mechanistic
pathway for shikimate production, use of recombinant and engineered strains, improving metabolic flux through the
shikimate pathway, chemically inducible chromosomal evolution, and bioprocess engineering strategies. The second part
discusses a variety of industrially pertinent compounds derived from shikimate with special reference to aromatic amino
acids and phenazine compound, and main engineering strategies for their production in diverse bacterial strains. Towards
the end, the work is wrapped up with concluding remarks and future considerations.

Keywords Shikimic acid - Metabolic engineering - Systems biotechnology - Bioprocess engineering - Shikimate-derived
compounds - Biological functionalities

Introduction

< Hongbo Hu

Shikimic acid (3,4,5-trihydroxy-1-cyclohexene-1-carboxylic
hbhu@sjtu.edu.cn

acid) is an important biochemical metabolite in plants and
microorganisms. Many potent characteristics such as highly
functionalized six-membered carbocyclic ring, six-carbon cy-
clitol with three asymmetric centers, and a functional carbox-
ylic group render shikimate as a versatile enantiomerically
pure precursor for the synthesis of different compounds with
considerable biological/pharmaceutical activities, such as ar-
omatic amino acids, alkaloid, coumarins, flavonoid, salicylic
acid, and violacein (Momen and Hoshino 2000; Knaggs 2003;
Rodrigues et al. 2013; Jiang and Zhang 2016). Exceptional
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interest in shikimate biosynthesis has been rekindled as it is a
key building block for the synthesis of the antiviral drug

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-018-9222-z&domain=pdf
mailto:hbhu@sjtu.edu.cn

7760

Appl Microbiol Biotechnol (2018) 102:7759-7773

oseltamivir, commercially known as Tamiflu® (Genentech,
Inc., South San Francisco, CA, USA; Tamiflu®; Kramer et
al. 2003; Ghosh et al. 2012). Given the flu pandemic impact,
the limited use of vaccines against rapidly evolving flu virus-
es, stockpiles of effective drugs are necessary for managing a
significant outbreak (Horimoto and Kawaoka 2001).
Oseltamivir is effective against both type A and type B influ-
enza, avian influenza virus H5N1, and human influenza virus
HINI, especially if administered early and also used in pro-
phylaxis (Widmer et al. 2010). Due to this unique application,
the production of shikimate from different sources has
attracted significant attention and has been extensively studied
over the last several years.

At present, the fruit of Chinese star anise is a major source
for the shikimate supply at commercial level. However, inad-
equate raw feedstocks, and a multi-step, inefficient, and costly
plant-based extraction process have rendered it challenging to
meet the ever-increasing worldwide demand for oseltamivir
(Ghosh et al. 2012; Rawat et al. 2013). Chemical-based strat-
egies, on the other hand, are also known, but commercially
unattractive due to environmental concerns. To tackle and
overcome such problematic issues, the efficient use of renew-
able sources, e.g., glycerol for shikimate production via well-
established fermentation-based strategies and metabolic engi-
neering has been advocated as a sustainable alternative ap-
proach to meet the current market demand (Bochkov et al.
2012; Chen et al. 2014; Cui et al. 2014; Martinez et al.
2015; Gu et al. 2016, 2017; Bilal et al. 2018a).

The shikimate pathway

The shikimate pathway is ubiquitously found in bacteria, fun-
gi, plants, and algae, as well as some parasitic protozoans.
Figure 1 portrays that the shikimate metabolic pathway used
to synthesize aromatic amino acids begins with the condensa-
tion of two compounds, namely phosphoenolpyruvate (PEP)
and D-erythrose 4-phosphate (E4P) that are generated from
glycerol, glucose, or other carbohydrates. PEP is obtained
from the glycolysis (Embden-Meyerhof-Parnas pathway),
whereas the pentose phosphate (PP) pathway yielded the
E4P. Once carbohydrate metabolism has produced PEP and
EA4P, they are initially combined in the shikimate pathway to
produce 3-deoxy-D-arabino-heptulosonate-7-phosphate
(DAHP) by DAHP synthase. The resultant DAHP is then
converted to shikimate through three-step enzyme-catalyzed
reactions. After shikimate synthesis, the subsequent shikimate
pathway reactions lead to the formation of chorismate, a com-
mon metabolite, used for the production of a variety of other
aromatic end products including L-phenylalanine (L-Phe), L-
tyrosine (L-Tyr), L-tryptophan (L-Trp), folic acid, etc.
(Dosselaere and Vanderleyden 2001; Bongaerts et al. 2001).
In plants, it is an indispensable source for the production of
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secondary metabolites (Eudes et al. 2018). Thanks to the key
scientific advancements by biotechnologist and biochemists,
all the enzymatic reactions concerning shikimate pathway
have been identified and well characterized (Herrmann and
Weaver 1999). Today, this pathway has fascinated intensive
researchers interest, as the metabolic intermediates and by-
products of the pathway can serve as starting feedstocks for
producing a great variety of metabolites/compounds with nov-
el pharmaceutical functionalities. Decades of the dedicated
research efforts accompanied by the state-of-the-art engineer-
ing tools for pathway engineering have made possible for
producing molecules with desired titer, yield, and productivity
(Zhang et al. 2016). The overproduction of shikimate can be
obtained by genetically blocking biochemical pathways con-
suming shikimate and overexpressing key enzymes responsi-
ble for its biosynthesis. Fermentative production using
engineered microbial strains is already providing the market-
able supply of shikimate (Chen et al. 2012; Chen et al. 2014).
To date, several scientists have widely practiced shikimate
pathway engineering in Escherichia coli (Johansson et al.
2005; Johansson and Liden 2006; Estevez and Estevez
2012; Martinez et al. 2015; Bilal et al. 2018a; Diaz-Quiroz
et al. 2018). However, the PEP availability limits the induced
shikimate production along with other industrially relevant
aromatic compounds (Flores et al. 2002; Kogure et al.
2016). One possible reason behind this PEP-based limitation
is a metabolic competition among DAHP synthase and nu-
merous PEP-exhausting activities involved in central carbon
metabolism (Flores et al. 2002). So far, metabolic engineers
have been proposed numerous strategies to overcome the
abovementioned issue to evidence progressive effect on in-
duced aromatics production by enhancing the PEP pool.
Markedly, metabolic engineering strategies directed the devel-
opment of microbial catalysts with requisite shikimate yield
(Baez-Viveros et al. 2007; Martinez et al. 2015). This review
elaborates a plenty of novel metabolic engineering strategies
for the elevated production of shikimate.

Use of recombinant and engineered strains

Although extensive research has been dedicated to the devel-
opment of a commercially viable/sustainable synthesis of shi-
kimate, these methods remain expensive with several limita-
tions. Therefore, substantial consideration has been rekindled
toward alternative biotechnologically engineered bacterial
strains that provide a significant and promising route for shi-
kimate biosynthesis via fermentation strategies (Bongaerts et
al. 2001; Bilal et al. 2018a). To date, most of the metabolic
engineering strategies for shikimate biosynthesis has been
attempted on the bacterium E. coli (Knop et al. 2001; Ahn et
al. 2009; Escalante et al. 2010), but some reports in other
bacteria have also been documented in the literature.
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Fig. 1 Metabolic engineering related to shikimate pathway for the
biosynthesis of chorismate derivatives. G6P—glucose 6 phosphate;
E4P—erythrose 4-phosphate; PEP—phosphoenolpyruvate; DAHP—3-
deoxy-d-arobino-heptulosonate 7-phosphate; PABA—para-
aminobenzoic acid; 4-HBA—4-hydroxy benzoic acid; ADIC—2-
amino-2-deoxyisochorismate; PCA—phenazine-1-carboxylic acid;
Phe—phenylalanine; Trp
transketolase 1; ppsA—phosphoenolpyruvate synthase; phzC—2-keto-
3-deoxy-D-arabino-heptulosonate-7-phosphate synthase; aroB—3-
dehydroquinate synthase; aroD—3-dehydroquinate dehydratase;
aroE—shikimate dehydrogenase; aroA—>5-enolpyruvylshikimate-3-

Metabolic engineering approaches endeavored, over the past
several years, to the improved production of shikimate in E.
coli are primarily based on genetic manipulations of the

phosphate synthetase; aroC—chorismate synthase; aroK—shikimate
kinase 1 gene; aroL—shikimate kinase Il gene; aroF, aroG, aroH—
DAHP synthase isoenzyme genes; pabB—aminodeoxychorismate
synthase; pabC—4-amino-4-deoxychorismate lyase; folA—
dihydrofolate reductase; fo/C—folylpolyglutamate synthase; folP—
dihydropteroate synthase; ubiC—chorismate-pyruvate lyase; ubiA-H—
Ubiquinone synthease genes; rpE—anthranilate synthase; trpA-F—
tryptophan synthase; pheA—prephenate dehydratase; phhC—aromatic
amino acid aminotransferase; tyrC—prephenate dehydrogenase;
pheC—<cyclohexadienyl dehydratase; phzA-G—phenazine biosynthesis
proteins

central carbon metabolism (CCM) and the shikimate pathway.
The fluxes of PEP and E4P can be increased or directed into
shikimate pathway through genetically engineering the
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glycolytic pathway and the PP pathway, respectively. Knop
and coworkers (Knop etal. 2001) reported that overexpression
of the transketolase (#ktA) led to an elevated shikimate accu-
mulation from 38 to 52 g/L with a yield improvement of 0.12
to 0.18 mol/mol by increasing the concentration of E4P.
Similarly, increased availability of PEP by engineering the
glycolytic pathway has also enhanced the shikimate biosyn-
thesis in recombinant E. coli strain. The overexpression of
phosphoenolpyruvate synthase (ppsA) resulted in 66 g/L of
shikimate titer with a yield of 0.23 mol/mol utilizing glucose
as a sole carbon source. Inactivating phosphotransferase sys-
tem (PTS) operon and overexpressing non-PTS glucose trans-
porters like glucose facilitators (glf) and glucokinase (g/k) ac-
companied by overexpression of the tkftA gene has been
shown to increase the shikimate level to 71 g/L. The shikimate
titer was further enhanced to 84 g/L in the engineered E. coli
strain by the supplementation of the minimal medium with
yeast extract as a nitrogen source (Chandran et al. 2003).
Genetic engineering techniques have also been utilized to syn-
thesize shikimate in an evolved E. coli strain PB 12 with no
PTS system. The double mutant PB 12.SA22 strain with
inactivated aroK and aroL genes produced 7 g/L shikimate
titer with a corresponding yield of 0.29 mol/mol (Escalante et
al. 2010). Apart from engineered E. coli, genetically manipu-
lated Bacillus subtilis (Iomantas et al. 2002) and Citrobacter
freundii (Shirai et al. 2001) strains have also been exploited
successfully to produce shikimate; however, the titers were
not exceeded beyond 20 g/L. A shikimate kinase (arol)-
inactivated B. subtilis was shown to produce 8.5 g/L shikimate
together with 9.5 g/L of dehydroshikimate (DHS) (Iomantas et
al. 2002).

Since DHS can be readily converted to shikimate, many
metabolic engineering studies have focused on the hyper of
DHS to increase the shikimate titer. In previous studies, sub-
stantial overproduction of DHS has been achieved in the ge-
netically engineered microbial strains (Yi et al. 2002, 2003).
For instance, modified E. coli derivatives have synthesized
60 g/LL DHS from glucose-based cultivation medium after
60 h (Yi et al. 2002). The allosteric enzyme DAHP synthase
catalyzes the first committed step in the biosynthesis of aro-
matic compounds in microorganisms and plants (Bongaerts et
al. 2001), and is the primary feedback regulation site of carbon
flux through the shikimate pathway (Kim et al. 2000). In E.
coli, the DAHP synthase isozymes encoded by aroG, aroF,
and aroH contribute to the total DAHP synthase activity but
are allosterically inhibited by L-Phe, L-Tyr, and L-Trp, respec-
tively (Herrmann and Weaver 1999; Sprenger 2007a). In con-
trast, Corynebacterium glutamicum has only two DAHP syn-
thase isoenzymes, AroF (encoded by aroF) and AroG
(encoded by aroG), which are feedback inhibited by L-Tyr,
and L-Tyr, L-Phe, prephenate, and chorismate, respectively
(Liu et al. 2008b; Li et al. 2009). Many feedback-resistant
variants of the DAHP synthases have been constructed with
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random mutagenesis, over the past few years, for elevated
biosynthesis of aromatic amino acids. Zhang and coworkers
(Zhang et al. 2014) identified and characterized an L-tyrosine
insensitive AroF variant with a deficiency in residue Ile11
(named AroF*). After that, nine AroF variants with different
truncated fragments were constructed, and overexpression of
the variants AroFA(lf%, AroFA(HO), AroFA(Hz), and partic-
ularly, AroFAU-1D considerably enhanced the accumulation
of L-Phe. By co-overexpressing AroF*!~'" and PheA™,
the L-Phe titer was increased from 2.36 to 4.29 g L', indicat-
ing the great potential of novel AroF~""'" variant for produc-
ing aromatic amino acids and their derivatives. The amplifi-
cation and de-regulation of the catalytic activity of DAHP
synthase might be a distinctive approach for hyperproduction
of aromatic amino acids, shikimate, and its DHS precursors
(Weaver and Herrmann 1990). Table 1 illustrates the recent
overview of engineered microbial strains for enhanced shi-
kimate biosynthesis reported in the last few years.

Increasing or diverting metabolic flux
toward the shikimate pathway

One of the principle and most important challenge to engineer
shikimate pathway is increasing the supply of key pathway
precursors, i.e., PEP and E4P. As a metabolic intermediate in
glycolysis, PEP plays a noteworthy role in transporting glu-
cose across the membrane serving as a phosphoryl group do-
nor. The flux towards the shikimate pathway is often
constrained in the presence of glucose as the sole carbon
source that might be ascribed to the PEP consumption for
glucose uptake through the PTS system. In this juncture, mod-
ulation of the PTS system or exploring other glucose transport
systems have been demonstrated to significantly amplify the
biosynthetic proficiency of the shikimate pathway (Yi et al.
2003). On the other hand, E4P is sourced from the PP path-
way, whose metabolic efficiency fluctuates depending on the
genetic manipulation and cultivation conditions (Breitenbach
et al. 2014). The overexpression of ppsA and tktA genes is a
common approach to ameliorate the intracellular levels of PEP
and E4P precursors, respectively. Besides their improvement,
a balanced supply of both precursors is also crucial to
directing metabolic flux into the shikimate pathway. To cir-
cumvent the inadequate PEP accessibility concerns, research
efforts have also been devoted to pyruvate utilization, rather
than PEP, to generate DAHP effectively (Ran and Frost 2007).
Also, glycerol can serve as a potential alternative to glu-
cose for stimulating the production of value-added com-
pounds through the shikimate pathway (Ahn et al. 2009;
Khamduang et al. 2009).

Another challenge that needs to be elucidated is the com-
plex regulatory system of the shikimate pathway. The recent
protein and metabolic engineering developments provide new
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and state-of-the-art technologies to significantly enhance the
metabolic flux by modifying the shikimate pathway. Thanks
to the key advancements, the feedback resistance (Fbr) en-
zymes of AroF, AroG, and AroH for DAHP production, the
first rate-limiting step of the shikimate pathway, have been
identified, which considerably improved the pathway efficien-
cy by eliminating the regulation on this step (Jossek et al.
2001). The expression of the related pathway enzymes can
also be increased by eliminating the pathway regulator TyrR
(Lutke-Eversloh and Stephanopoulos 2007). In conclusion,
the studies mentioned above offer sustainable opportunities
for tailoring the shikimate pathway to produce a wide-
variety of fine chemicals with potential biological or pharma-
ceutical applications.

Modified chemically inducible chromosomal
evolution: stable gene overexpression system

The plasmid-based overexpression of rate determining en-
zymes, e.g., AroE, AroB, and AroG is a useful strategy to
achieve a high-level accumulation of shikimate.
Nevertheless, genetic instability often exhibited for plasmids
presumably due to segregational and structural instability and
allele segregation that results in reduced productivity of the
target product (Friehs 2004). Stable maintenance of plasmids
in the host cells necessitates the use of selective agents, i.e.,
antibiotic which consequently raises the overall production
cost and provokes environmental issues. More importantly,
the metabolic load or burden can be imposed as a result of
duplicated plasmids competency for carbon sources, energy,
and reducing equivalents within the host cell. Though several
chromosomal integration approaches with single copy have
been widely pursued to mitigate the plasmids instability draw-
backs, little consideration so far has been given to integrating
genes with multiple copies. Tyo and coworkers (Tyo et al.
2009) introduced a novel plasmid-free and high gene copy
chemically induced chromosomal evolution (CIChE) expres-
sion system for the incorporation of target genes into E. coli
genome. The pathway copy numbers are maintained by recA
inactivation, and the tailored strain was found to be unaffected
by plasmid instability issues and necessitating no selection
markers. In contrast to plasmid-assisted strain, CIChE-
engineered strains revealed approximately 10-folds increased
genetic stability and 4-folds improved the specific productiv-
ity of a biopolymer poly-3-hydroxybutyrate (PHB). Using this
technique, target genes can be directly implanted into the
DNA of E. coli by the AInCh genomic integration strategy
and target gene copy numbers were evolved by chemical in-
duction. Nonetheless, the AInCh genomic integration proce-
dure is tedious, labor-intensive, and complicated, as it com-
prises three steps that include two recombination steps.
Chiang et al. (2008) modified the conditional-replication,
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integration, and modular plasmid system produced by
Haldimann and Wanner (2001) and developed a replicon-
free and markerless method (RMM) for the chromosomal in-
sertion of genes. Genes of interest can be directly integrated
into the bacterial attachment site of the E. coli chromosome as
single copies, through transformation. However, the CIChE
strains reported by Tyo et al. (2009) still have an antibiotic
resistance marker (chloramphenicol resistance). To address
the fundamental shortcomings of CIChE technology, Liu et
al. (2012) constructed a series of triclosan induction-based
integration expression plasmids, pXKF3T5bbe employed to
integrate genes of interest into E. coli chromosome by trans-
formation using replicon-free and markerless method (RMM).
In a step-forward, Chen et al. (2013) developed a high-level
lycopene producing an E. coli strain without carrying a plas-
mid or an antibiotic selection marker using triclosan-induced
chromosomal evolution (Fig. 2). A gene cluster comprising
deregulated aroB, aroFE, aroG, and tktA was inserted into site-
specific genome site of E. coli BW25113 adopting this ap-
proach. In combination with aroK and aroL knockout, incor-
porating additional chromosomal copies of pntAB, tktA, and
nadK, the resulting engineered strain produced 3.12 g/L of
shikimate with a corresponding yield of 0.33 mol/mol glucose
(Cui et al. 2014).

Fluxomics and metabolomics approaches

Genetic manipulation of single or multiple genes is a most
common and powerful strategy in metabolic engineering to
improve the flux of target pathway. Nevertheless, inadequate
supply of key precursors, excessive knocking out of compet-
ing pathways, and/or over-engineering of the pathway unnec-
essarily caused a metabolic burden on the host cell (Jiang and
Zhang 2016). Fluxomics is a widely emerging field to mea-
sure the metabolic reaction states in different biological sys-
tems, whereas metabolomics is one of the powerful omics
tools that enable the identification, exploration, and quantifi-
cation of intricate biochemical changes in cells occurring as a
result of different environmental stimuli, such as nutrition or
stress (Wojtowicz and Piotr 2016). Combining metabolomics
and fluxomics accompanied by dynamic '*C-labeling ap-
proach might provide insightful clues/evidence on the path-
way activities and qualitative changes in pathway contribu-
tions (Yao et al. 2018). These can also be used to pinpoint
bottleneck steps in the biosynthesis of target metabolite within
the pathways and may determine the underlying pathway in-
teractions (Noh et al. 2007; McAtee et al. 2015; Jazmin et al.
2017). A comprehensive carbon and energy metabolism re-
modeling can be demonstrated in shikimate producers by ad-
vanced metabolomics and fluxomics strategies. Recently,
Rodriguez and coworkers (Rodriguez et al. 2017) carried out
the fluxomics and metabolomics analysis of a recombinant E.
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Fig. 2 A schematic representation of modified chemically inducible
chromosomal evolution (CIChE). The CIChE DNA cassette contains a
triclosan marker and target gene(s), flanked by homologous regions. By
recA-mediated recombination between the leading homologous regions
in one DNA strand with the trailing homologous region in another strand,

coli strain AR36 with a specific shikimate production rate of
0.20 g/g h. The global remodeling of the carbon and energy
metabolism analysis revealed that a greater portion of glucose
substrate was directed and assimilated into shikimate pathway
while circumventing the intermediates conversion to more
toxic compounds. Furthermore, the pentose phosphate path-
way was found to be profoundly stimulated in engineered
strain to delivering E4P and equilibrating the NADPH sup-
plies for shikimate biosynthesis. Similarly, Yao and coworkers
(Yao et al. 2016) scrutinized the fluxome profiles and regula-
tion of glucose and glycerol-based co-metabolism in a carbon
catabolite repression-negative E. coli mutant (AptsGglpK) to
decipher its metabolic potential and matched with the native
strain. Metabolic flux distribution results revealed that, in con-
trast to the wild-type strain, the engineered derivative re-
pressed its carbon flux through the tricarboxylic acid (TCA)
cycle and results in elevated acetate overflow. The fluxes reg-
ulation results were found to be in consonance with transcrip-
tional analysis of several key genes concerning TCA cycle.
Moreover, the redox NADPH/NADH state was considerably
affected by the mutant strain that led to reduced ATP level.
From these outcomes, it can be concluded that combined uti-
lization of metabolomics and fluxomics approaches, the novel
candidate targets can be efficiently discovered and
reorganized for genetic modification to further tailoring the
shikimate pathway for diverse valuable chemicals production.

Bioprocess engineering and fermentation
strategies

Microorganisms need to constantly absorb nutrients (for ex-
ample, carbon and nitrogen), growth factors, inorganic salts,
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one daughter cell contains two copies of the cassette will be generated.
This process can be repeated when recA is present (adopted from Gu et al.
2017; an open-access article distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecommons.
org/licenses/by/4.0/)

and water. Microorganisms used them to synthesize new cell
materials and excrete metabolites while taking energy from
them. The culture medium provides essential nutrients for
the growth, metabolism, and reproduction of the producing
bacteria. The composition and proportion of the medium are
suitable for the growth and development of the bacteria, the
fermentation unit of the metabolites, the extraction process,
and the quality and yield of the final product (Yang et al.
2018). As reported, altered glucose transport and modulation
of PEP synthase expression could improve the shikimate
pathway-derived target bioproducts titers in E. coli (Yi et al.
2002). Therefore, increasing the supply of carbon metabolites
and their channeling toward the production of aromatic inter-
mediates improves shikimate production and its aromatic pre-
cursors in E. coli (Escalante et al. 2010). The production of
shikimate can be improved via fermentation optimization. In a
study, Iyer et al. (2007) achieved an increasing titer of shi-
kimate to 648.12 mg/L in shake flask fermentation by opti-
mizing fermentation time, culture medium, and the growth
conditions for the shikimate-producing bacteria.

Substrate engineering and optimization is a notewor-
thy approach for the high-level biosynthesis of shikimate
production. The exploration and utilization of a broad
variety of easily-available and inexpensive bio-based ma-
terials ensure several advantages such as overall cost-
effective ratio along with long-term feasibility and sus-
tainability of the process. For example, glycerol, a by-
product of the biodiesel production process, appeared as
a readily available and inexpensive feedstock for the pro-
duction of industrially relevant products with substantial
commercial interest such as shikimate by metabolically
engineered strains. Nonetheless, carbon flux through the
PP pathway might be insufficient using only a glycerol-
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based medium, which may lead to the inadequate avail-
ability of E4P (Chubukov et al. 2013). For induced shi-
kimate production, the addition of glucose or other pen-
toses in the culture medium could increase the carbon
flux through the PP pathway to supplement E4P. For
example, the combination of low-cost glycerol with some
other sugars such as glucose led to an accelerated shi-
kimate production and hence be advantageous for the bio-
synthesis of other value-able compounds. Nevertheless, it is
imperative to investigate the effect of cultivation parameters
such as pH and temperature on the cell biomass and product
accumulation. In a recent study, Bilal et al. (2018a) reported
high shikimate titters from a genetically engineered E. coli
strain with simultaneous utilization of glycerol/glucose. For
this, the ptsG gene encoding EIICBglc protein followed by
the shikimate kinase genes aroK and aroL were inactivated in
the BW25113 to construct SA-B2 strain resulting in 42.3%
improvement in shikimate titer. Subsequently, three critical
genes, namely mutant aroG'™™", ppsA, and tktA, were
overexpressed, and the resulting engineered SA-B7 strain ac-
cumulated 0.92 g/L shikimate in a mixed-substrate strategy,
which was 0.64 g/L using the only glycerol-based medium in
shake flask cultures. In another study, C. glutamicum was
engineered with the capability to use glucose/pentose mixed

COOH

fermentation medium concurrently, and the tailored strain was
applied to anaerobic, growth-arrested, and high-density cell
reaction to hyper-produce shikimic acid. A high titer of shi-
kimate (141 g/L) with a 51%yield was achieved in the
glucose-containing minimal medium after 48 h without the
cell growth essential nutrients. Furthermore, equivalent shi-
kimate yield was attained by the simultaneous assimilation
of arabinose, glucose, and xylose, allowing proficient shi-
kimate biosynthesis from lignocellulosic raw materials
(Kogure et al. 2016).

Shikimate pathway based biosynthesis
of value-added compounds

The engineering of shikimate pathway is a principal approach
for the manufacturing of a huge variety of compounds with
diverse applications in chemical, cosmetic, pharmaceutical,
food, and agricultural sectors (Fig. 3). This section summa-
rizes the generally applicable and successful strategies for the
production of shikimate-derived compounds including aro-
matic amino acids, polyphenol, and phenazine-derived
compounds.
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Fig. 3 Diversity of chorismate derived produced based on shikimate
pathway. Al: resveratrol, A2: danshensu, A3: ferulate, A4: chalcones;
B1: phenazine-1-carboxylic acid, B2: phenazine-1-carboxamide, B3:
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Aromatic amino acids

Shikimate can be used as a common precursor to produce
three aromatic amino acids L-Phe, L-Tyr, and L-Trp, so the
same process of aromatic amino acid synthesis can also be
referred to as the shikimate pathway (Sprenger 2007b;
Keseler et al. 2013). Aromatic amino acids are essential die-
tary constituents for humans and higher animals, therefore
used as dietary supplements, and important precursors of in-
dustrial and therapeutic compounds (Liitke-Eversloh et al.
2007; Treibmann et al. 2017). Among the aromatic amino
acids, the worldwide market growth of L-Tyr exceeds
14,000 tons/year, whereas the manufacturing of L-Phe is ap-
proximated to be more than 30,000 tons/year (Li et al. 2010).

In earlier studies, several metabolic approaches have been
successfully exploited to strengthen the shikimate pathway for
producing an array of desired metabolites particularly aromat-
ic amino acids in E. coli strains. These strategies include en-
hancing the supply of direct key precursors PEP and E4P,
elevating DAHP level in the shikimate pathway, improving
or diverting carbon flux through the biosynthetic pathway by
eliminating allosteric/transcriptional regulation, inactivating
competing pathways to prevent carbon loss, determining and
overexpressing enzymes involved in the rate-limiting steps,
and preventing product degradation or re-internalization
(Rodriguez et al. 2013). One of the important direct precur-
sor’s PEP availability can be increased by recycling of pyru-
vate to PEP by overexpressing ppsA gene (Yi et al. 2002).
Similarly, the overexpression of tktA gene encoding a
transketolase enzyme led to an accelerated supply of E4P
(Baez etal. 2001). It is important to mention that appropriately
overexpressing a few genes can augment the metabolic flux
towards the aromatic biosynthetic pathway. Thus, the resul-
tants products are significantly influenced by several factors,
e.g., genetic background, a combination of expression mod-
ules, and bioprocessing environments. Therefore, it is of con-
siderable significance to design experiments to get insight
about the influence of each factor to the phenotype.

4-Hydroxybenzoate and its derivatives

4-Hydroxybenzoate is a raw material for the manufacturing of
antibacterial parabens, a group of compounds widely used as
stabilizers in food, cosmetic, and pharmaceutical products. It
is also a major building block for the manufacturing of spe-
cialty chemical, i.e., a high-performance liquid crystal poly-
mer (LCP) that is extensively employed in the fiber and ther-
moplastic industry for high-strength applications (Ibeh 2011).
Existing synthesis of 4-HBA is largely sourced from petro-
chemicals. Nevertheless, the limited petroleum resources,
generation of undesired by-products, and serious environmen-
tal concerns render the chemical process comparatively

expensive and environmentally unfriendly. Biotechnological
production of 4-HBA from renewable resources appears an
environmentally responsive and economically favorable
bioprocessing approach for the enhanced biosynthesis of aro-
matic 4-HBA (Yao et al. 2016; Wang et al. 2018a). Barker and
Frost (2001) constructed an E. coli strain with pheA tyrA4
trpE-C gene deletions and shikimate pathway genes, i.e.,
aroA, aroB, aroC, aroL overexpression for the biosynthesis
of 4-HBA from glucose via chorismate. An elevated titer of
12 g/L 4-HBA with a yield of 13% (mol/mol) was achieved
following plasmid-assisted expression of ubiC, aroF ™R and
thtA under fed-batch fermentation conditions. Increased un-
derstanding of metabolic directions derived from 4-HBA ac-
companied by biochemical characterization of pathway asso-
ciated genes and enzymes offer novel clues for rationally en-
gineering strains producing an array of polyphenol and
polyketide-derived compounds such as resveratrol, gastrodin,
etc. Resveratrol constitutes the most studied plant-based poly-
phenols with enormous biological activities, such as antibac-
terial, antioxidant, anticarcinogenic, hypolipidemic, and
antimutagenic activities (Tissier et al. 2014). Lim and co-
workers (Lim et al. 2011) developed a synthetic approach in
E. coli to optimizing resveratrol synthesis from p-coumaric
acid. The modified strain yielded an impressive level of res-
veratrol up to 2.3 g/L. Gastrodin is an important and active
constituent of a renowned Chinese medicine gastrodiaelata
B1. This drug is widely used as a sedative, antiaging, anti-
inflammatory, anticonvulsant, and antimyocardial ischemia. It
is usually synthesized from chemical routes and by extraction
from the plant which exhibits the drawbacks of complicated
manufacturing procedure and health compliances (Wang et al.
2007). Microbial transformation of p-hydroxybenzaldehyde
to gastrodin might be an economical and environmentally
friendly alternative to conventional extraction and chemical
catalyst (Fig. 4). For example, Bai et al. (2016) constructed a
non-native biosynthetic pathway in an E. coli strain and
achieved 545 mg/L of gastrodin in the shake flask culture
medium.

Phenazine and its derived compounds

Phenazines have been known for their wider-antibiotic spec-
trum and thus represent a large group of bacterial secondary
metabolites. Phenazine and its derived compounds have been
extensively used as biocontrol candidates for a range of fungal
phytopathogens (Pierson and Pierson 2010; Zhao et al. 2017a,
b; Yue et al. 2018). Characteristically, phenazines are
pigmented heterocyclic nitrogen-containing compounds with
two distinct absorption spectra in the ultraviolet and at least
one in the visible range. These functional groups differ de-
pending on the nature and position of substituents on the het-
erocyclic ring and are mainly accountable for distinction in
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their physicochemical properties, and hence, biocontrol activ-
ities. The addition of a variety of functional groups determines
the solubility and redox potential of these compounds, thus
influencing their biological properties (Laursen and Nielsen
2004). Most of the phenazines are simple carboxy- and
hydroxyl-substituted derivatives with unique physicochemi-
cal and antibiotic activities. Evidence that phenazine pro-
ducers survive longer than non-phenazine-producing species
indicated that the phenazine production protects its producer’s
habitat against other microbial competitors due to the antibi-
otic activity.

In recent years, phenazine and its derivative compounds
have gained particular interest as leading molecules with po-
tential applications such as environmental sensing/monitor-
ing, manufacturing of microbial fuel cell, antitumor, antima-
larial and antiparasitic compounds, and anticancer prodrug
(Fig. 5) (Pierson and Pierson 2010; Bilal et al. 2018b; Liu et
al. 2018; Wang et al. 2018b).

Antimalarial

nvironmenta
biosensors

Antiparasite

Fig. 5 Representative biological functionalities and biotechnological
applications of phenazines produced by Pseudomonas strains
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Antimicrobia
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Reports have shown that above 6000 phenazine-containing
compounds have been documented in the scientific literature
in the last century. Though less than 100 are of natural origin
with the same basic structure, many of these exhibit remark-
able antibiotic activities toward a range of bacteria, fungi, and
animal and plant tissues (Laursen and Nielsen 2004). Among
the potent phenazine producers, fluorescent pseudomonads
such as Pseudomonas aeruginosa, Pseudomonas
chlororaphis, and Pseudomonas fluorescens constitute the
best-characterized phenazine-producing bacterial strains.
In vitro screening and genetic engineering experiments re-
vealed that the phenazine biosynthetic profile of P. aeruginosa
comprises pyoluteorin (PYO), phenazine 1-carboxylic acid
(PCA), phenazine 1-carboxamide (PCN), 1-hydroxy phena-
zine (1-OH-PHZ), and Aeruginosin A and B, etc. whereas P,
chlororaphis has shown to produce PCA, 2-hydroxy PCA,
and 2-hydroxy phenazine (Huang et al. 2011). It is reported
that the genes encoding the enzymes involved in the assem-
blage of the three-ringed structure of phenazine display a high-
ly conserved set of five genes (Gross and Loper 2009).

Phenazine 1-carboxylic acid is one of the significant
nitrogen-containing heterocyclic phenazine derivatives. It dis-
plays profound antifungal activity and used in both agriculture
and medicine (Puopolo et al. 2013; Gorantla et al. 2014).
Recently, it has been certified as a new, green, and environ-
mentally friendly biopesticide (Shenginmycin) and granted a
pesticide production approval certificate issued by the
Chinese Ministry of Agriculture to enter industrial production.
Among microbial strains, Pseudomonas and Streptomyces
species have been the extensively studied PCA-producing
bacterial genera, as biological control agents (Geiger et al.
1988; Park et al. 2012). In the past years, PCA has been re-
ported as a curative agent against numerous fungal-based crop
diseases, for example, ginger rhizome rot, cucumber anthrac-
nose, pepper Phytophthora blight potato scab, and wheat take-
all disease, etc. (St-Onge et al. 2011; Arsencault et al. 2013;
Jasim et al. 2014). Owing to other potent functionalities such
as low toxicity, fungicidal efficacy, biocompatibility, and bio-
degradability, PCA and PCA-producing strains have attracted
a substantial researcher’s interest as biocontrol agents (Daes et
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al. 2011). However, wild-type strains have a low industrial
fermentation titer of PCA that limits its commercial-scale ap-
plication feasibility due to high production costs. Therefore, it
is necessary to enhance the yield of PCA for its application in
agriculture. In this background, a plethora of studies have
been focused, in recent years, on engineering high-yielding
strains and bioprocessing conditions optimization for induced
production of phenazine and its derivatives (Liu et al. 2016a;
Jin et al. 2016; Hu et al. 2017; Yue et al. 2018; Peng et al.
2018). For example, Jin et al. (2015) applied a combined
genetic strategy including gene, promoter, and protein engi-
neering to tailoring the metabolic pathways for the hyperpro-
duction of PCA in P. aeruginosa PA1201. The resulting
engineered strain PA-IV produced up to 9882 mg/L. PCA un-
der the fed-batch fermentation conditions. Similarly, 2.0 g/L
PCA was accumulated in the culture broth of a gacA-
inactivated Pseudomonas sp. M18G derivative after 60 h of
fermentation time under standardized carbon and nitrogen
sources (Li et al. 2008).

Phenazine 1-carboxamide is another important phenazine
derivative that possesses pronounced antagonistic activity
against Fusarium oxysporum than that of PCA. Recently, nov-
el genetic modification approaches have been endeavored to
develop bacterial strains with a great capacity to produce PCN
for its commercial applications (Jin et al. 2016). Also, the
critical factors influencing the phenazine biosynthesis have
been elucidated in Pseudomonas strains by comparative ge-
nomic and transcriptomic approaches (Chen et al. 2015). As a
phenazine derivative, phenazine-1,6-dicarboxylic acid (PDC)
functions as an outstanding antibiotic and anticancer agent.
Interestingly, researchers have found that all the PDC pro-
ducers lack the PhzA that plays an important role in phenazine
production (Chin-A-Woeng et al. 2001). However, the role of
phzA in relation to PDC production has not been described

yet. Therefore, explicating the function of phzA in phenazine
biosynthesis might provide a feasible method for the enhanced
biosynthesis of PDC in Pseudomonads. Table 2 demonstrates
the proposed biotechnological, in particular, agricultural ap-
plications of phenazine derivatives produced through shi-
kimate pathway.

Biological or pharmaceutical functionalities
of shikimate and its derivatives

Shikimate is an important chiral precursor for the biosynthesis
of many valuable compounds with remarkable potentialities in
the chemical, pharmaceutical, and cosmetic industry.
Regarding biological and pharmaceutical applications, shi-
kimate displays enormous potential as an anticoagulant, anti-
inflammatory, antioxidant, antipyretic, antithrombotic, and
analgesic agent. It also has a significant role in the manufactur-
ing of compounds with pharmaceutical perspective such as
anticancer and antibacterial agents, and hormonal therapy
(Blanco et al. 2013). Use of shikimate as the starting material
for the chemical production of oseltamivir phosphate is con-
sidered to be the most prevalent application (Bochkov et al.
2012; Rawat et al. 2013), which could considerably meet the
commercial demand and trim-down the production cost of
oseltamivir phosphate or other oseltamivir carboxylates
(Guo and Frost 2004).

Shikimate diminishes the occurrence of neurological deficit
and cerebral infarction, abates brain edema, and increases the
blood coagulation time and cerebral blood flow in ischemic
areas of mice (Ma et al. 2000). Several shikimate derivatives
such as the triacetyl, monopalmityloxy, and isopropylidene
have been synthesized and assessed for their biological activ-
ities as antithrombotic and protecting agents in brain damage

Table2  Proposed agricultural and biotechnological applications of phenazine compounds (Reproduced from Bilal et al. (2017) with permission from

copyright holders

Phenazine compound

Industrial and pharmaceutical applications

References

Phenazine-1-carboxylic acid

seedling damping-off in 2011
Phenazine-1-carboxamide

oryzae pv. oryzae
Phenazine-1,6-dicarboxylic acid

different origins
2-Hydroxyphenazine

Shenqginmycin, 1% Shenqinmycin suspension was registered as a new
biopesticide to prevent rice sheath blight, pepper blight and cucumber

Potent biopesticide and showed higher antifungal activity against
Fusarium oxysporum, Rhizoctonia solani Kiihn, and Xanthomonas

PDC displays a broader spectrum of cytotoxicity towards cancer cells of

2-OH-PHZ exhibited stronger fungistatic and bacteriostatic activity than
PCA towards some pathogens, such as Gaeumannomyces. graminis

Huang et al. 2011); Du et al. (2013);
Jin et al. (2015)

Shanmugaiah et al. (2010); Jin et al.
(2016)

Dasgupta et al. (2015)

Delaney et al. (2001); Liu et al.
(2016a)

var. triticiwhich which causes the take-all disease of wheat; application

in agriculture
2-Hydroxyphenazine-1-carboxylic

Antifungal activity by promoting cell adhesion; antifungal activity by

Liu et al. (2008a); Wang et al. (2016)

acid altering the three-dimensional structure of surface-attached biofilms

Pyocyanin
fumigatus

Potential antifungal activity against Candida albicans and Aspergillus

Kerr et al. (1999)
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triggered by cerebral ischemia. Notably, triacetyl shikimate
displays potent antithrombotic and anticoagulant activities in
rats (Huang et al. 2002). Monopalmityloxy shikimate can pro-
long the coagulation time accompanied by its antithrombotic
effects (Tang et al. 2009). In addition to antithrombotic and
anticoagulant activities, the 3,4-oxo-isopropylidene shikimate
prevents in vitro adhesion of polymorphonuclear leukocytes to
tumor necrosis factor alpha (TNF-«)-induced endothelial cells.
More importantly, this shikimate derivative has shown poten-
tial to manufacture drugs for the treatment of ulcerative colitis
(Xing et al. 2012). The shikimate complexes of platinum
(II) are effective against in vivo B16 melanoma as well
as L1210 and P388 leukemia (Farrell et al. 1991). In
recent years, the synthesis of shikimate and its deriva-
tives has gained considerable research interest for inhib-
itors development, as represented by the manufacturer
of the influenza virus NA inhibitor (NAI) OSP, the «-
glycosidase inhibitor valiolamine, and the glyoxalase I
inhibitor COCT (2-crotonyloxymethyl-(4R,5R,6R)-4,5,6-
trihydroxycyclohex-2-enone) (Lo et al. 2012).

Concluding remarks and future perspectives

The present review systematically summarizes a panorama of
the current metabolic engineering achievements combined
with newly developed technologies for elevated biosynthesis
of shikimate in shikimate-producing strains. Extensive re-
search efforts have been carried out over the last several years
to produce shikimate from microorganism using different car-
bon sources. Nevertheless, the majority of the shikimate pro-
ducers were acquired by rational metabolic engineering de-
pending on the availability of genetic tools for target candi-
date. Importantly, shikimate production was almost restricted
to E. coli strain because of the expensive and time-consuming
development of new genetic tools for non-model microorgan-
isms. Therefore, very scarce attempts have been made on C.
glutamicum and B. subtilis for shikimate biosynthesis in the
last decade. Random mutagenesis is often considered as a
feasible approach to improve the characteristics of non-
model strains and further engineering other high-yielding shi-
kimate producers. Enhanced biosynthesis of shikimate re-
quires the consideration of several important aspects: (1)
appropriate level of shikimate pathway enzyme expression
should be identified to prevent unnecessary metabolic bur-
den imposed by over-engineering of the pathway, (2)
eliminate excessive deletion of competing pathways even
though it increase the metabolic flux through the shi-
kimate pathway. It might decrease the production capacity
by impairing the growth of the host strain. (3) Selection of
a suitable carbon source and/or co-fermentation could be
an effective way to improve the efficiency of the shi-
kimate pathway.
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