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Abstract Sesquiterpene lactones (SLs) are one of the most
diverse groups of secondary metabolites that mainly have
been observed in the Asteraceae. They are composed of a
C;5 skeleton bearing functional groups, e.g., hydroxy, keto,
or epoxy. Sesquiterpene lactones have been shown to display
several biological activities; hence, their therapeutic effects
are indispensable. To overcome low yield of sesquiterpene
lactone content in native plants, manipulation of their biosyn-
thetic pathway(s) has become an interesting approach for
many researchers. Several genetic engineering strategies have
been used in plants or microbial systems for elucidation of the
biosynthetic pathway and high-level production of sesquiter-
pene lactones. Here, we will introduce ongoing research and
perspectives about the manipulation of sesquiterpene lactone
biosynthesis by various non-traditional metabolic engineering
strategies, along with successful examples of high-yield pro-
duction of sesquiterpene lactones mainly focused on
parthenolide and artemisinin in plants and microorganisms.
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Introduction
Terpenes and their biosynthetic pathways

Plant secondary metabolites are commonly considered as im-
portant compounds due to their applications as flavors, fra-
grances, and pharmaceuticals (Berger 2009; Corteau et al.
2000). Terpenes constitute the largest and highly diverse
group of secondary metabolites with more than 25,000 com-
pounds (Gershenzon and Dudareva 2007). Terpenes originate
from the successive condensation of acetyl-CoA units into Cs
building blocks. They are derived from two distinct pathways,
the mevalonic acid (MVA) pathway and a relatively newly
discovered one, 2-C-methyl-D-erythritol-4-phosphate (MEP)
pathway, which are localized in the cytosol and plastids of
plant cells, respectively (Back and Chappell 1995; Kirby
and Keasling 2009) (Fig. 1). Terpenes are categorized into
several groups according to their carbon number as monoter-
penes (Cp), sesquiterpenes (C;s), diterpenes (C,g), and
triterpenes (Csg).

Sesquiterpene lactones, structural diversity, and biological
activities

Sesquiterpene lactones (SLs) have been considered as the
main group of secondary metabolites produced in the
Asteraceae (Hristozov et al. 2007). They are generally derived
from modifications of sesquiterpene hydrocarbon skeletons
by cytochrome P450 monooxygenases (CYP450) and other
oxidoreductase enzymes (de Kraker et al. 2002). Cytochrome
P450 enzymes catalyze most of the oxidation steps in
sesquiterpenoid biosynthesis, including hydroxylation or ep-
oxidation reactions (Kahn and Durst 2000). These enzymes
play a key role in adding functional groups to sesquiterpene
backbone, as the therapeutic effects of SLs have been
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attributed to those functional group(s). The discovery and
functional expression of these genes in microbial or plant plat-
forms raised quite a lot of attention recently. SLs are generally
colorless, bitter, lipophilic, relatively stable compounds, and
containing a x-methylene-y-lactone ring (Rodriguez et al.
1976). They exhibit a diverse skeletal arrangement comprising
several classes, e.g., germacranolides, guaianolides,
pseudoguaianolides, and eudesmanolides (de Kraker et al.
1998). SLs have been found in different forms based on the
presence of epoxide ring, hydroxy, glycoside, sulfur, halogen,
and Cs acid (tiglic acid or angelic acid) in the modified ses-
quiterpene (Yuuya et al. 1999) (Fig. 2).

The structural diversity and biological activities of SLs
including antibacterial, antifungal, antimalarial, and
antiinflammatory properties have been well summarized
(Picman 1986; Chaturvedi 2011). Most of pharmaceutically
active SLs are produced in low yields in nature, e.g.,
artemisinin, antimalarial drug from Artemisia anuua (Liu
et al. 2011a), parthenolide, an anticancer and migraine pro-
phylaxis from Tanacetum parthenium (Lesiak et al. 2010;
Majdi et al. 2010), O,0O-diacetylbritannilactone, antiapoptotic
from Inula britannica (Rafi et al. 2005), and helenalin, an anti-
inflammatory compound from Arnica montana flower heads
(Lyss et al. 1997).

Elucidation and metabolic engineering of sesquiterpene
lactone biosynthetic pathway

Recent studies mainly have focused on the elucidation of the
whole biosynthetic pathway genes of two important sesquiter-
pene lactones including artemisinin and parthenolide in
A. annua and T. parthenium, respectively. The most widely
used sesquiterpene lactone drug is artemisinin (Fig. 3),
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isolated from 4. annua, which has been used for malaria ther-
apy in China for more than 1000 years. The antimalarial prop-
erty of artemisinin has been attributed to its peroxide bridge
(Cui and Su 2009). Also, parthenolide raised high attention
mainly due to its anticancer and antimigraine properties
(Ghantous et al. 2013).

Biosynthesis of SLs in fermentable organisms such as yeast
(Saccharomyces cerevisiae) and bacteria (Escherichia coli)
could be a solution to overcome production limitations which
exist in this way like the low abundance in native plants and
the risks for plant extinction due to overharvesting of the plant
species containing these kinds of metabolites. Although total
chemical synthesis or semi-synthesis from intermediate pre-
cursors both is being used to produce pharmacologically ac-
tive terpenoids, low yields and high production costs have
hindered these strategies as an efficient method. The develop-
ment of production processes to achieve adequate, sustain-
able, and reliable amounts of pharmaceutically active SLs is
still a major bottleneck for their upscaling and commercial
production. Metabolic engineering can be used to introduce
or optimize the new pathway(s). During this process, genes
from different organisms will be expressed in heterologous
system(s) to reconstruct the desired metabolic pathway for
production of target compound(s). Pathway reconstitutions
for sesquiterpene lactone biosynthesis in microorganism and
plants have been successfully carried out; however, additional
optimization is still required for achieving the optimal yield. In
addition, the generations of new drugs or SL bioconversions
in order to improve their effectiveness and reduce their toxic-
ities are feasible through the reconstruction of the biosynthetic
pathways in different expression systems (Knaeblein 2004,
2005; Liu et al. 2011b; Liu et al. 2014; Withers and Keasling
2007). However, there are some limitations for plant
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Fig. 2 Structurally diverse 2 o
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metabolic engineering of SLs due to several predicaments as
follows: (a) The biosynthetic pathway and its regulation is
quite complex, (b) SLs are mostly biosynthesized in non-
model plant species with relatively weak genetic information,
(c) native plants containing SLs are often recalcitrant to genet-
ic manipulation. Combined genetical, biochemical, and bio-
physical studies are required to uncover the mechanism by
which SLs are accumulated. This includes an understanding
of biosynthesis, biodegradation, transport, and localization of
SLs. Such studies can be extended to provide novel mecha-
nisms of action of SLs on human health.

Metabolic engineering of SLs: opportunities
and bottlenecks

Several review papers have previously described the metabol-
ic engineering of isoprenoids in plants/microorganisms, how-
ever they mainly have considered the general metabolic engi-
neering strategies for broad ranges of terpenes including
monoterpene, sesquiterpenes, and diterpenes (Kirby and
Keasling 2009; Lange and Ahkami 2013; Vickers et al.
2014) or just emphasized on artemisinin as an important anti-
malarial sesquiterpene lactone in 4. annua (Farhi et al. 2013;
Tang et al. 2014). In most published papers in this issue, the
classical metabolic engineering strategies such as overexpres-
sion of key genes or downregulation of competing steps have
been discussed. It should be considered that in spite of the
presence of common metabolic engineering strategies to en-
hance the universal precursor(s) supply/availability for differ-
ent terpene backbones, the successful strategy for SL produc-
tion is more likely different from that already existing for other
terpenes due to the several factors that influence SL produc-
tion, e.g., the nature of target sesquiterpene lactone, plant spe-
cies, presence of different key genes in the biosynthetic path-
way, variability of precursors, different regulatory network
mechanisms, transportation, localization, degradation/biocon-
version, etc. As mentioned earlier, such clear differences be-
tween different terpenes show that the metabolic engineering
strategies for SLs need to be separately described in detail.
Nevertheless, less discussion still specifically allocated to
SLs in the currently available literatures on terpene
engineering.

Here, we will review the recent advances in the metabolic
engineering and gene discovery of SLs with the main focus on
two recently fully elucidated pathways for parthenolide and
artemisinin in 7. parthenium and 4. annua, respectively. The
similarities and differences between these two well-studied SL
pathways might pave the way toward more efficient metabolic
engineering methods for other SLs as well. Limited examples
of SL engineering in other plant species, e.g., chicory
(Cichorium intybus) and artichoke (Cynara cardunculus),
are presented as well to improve our understanding of SL
engineering. Also, a perspective of the way where SL
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engineering might pass in the near future will be described
based on the new information and advanced technologies.
Recent advances in the identification of genes involved in
the biosynthesis of SLs with the help of high-throughput se-
quencing and heterologous expression systems have made
metabolic engineering more feasible and promising perspec-
tives that it will be discussed here. Also, quite new points
which might have been ignored or not well-intentioned in
metabolic engineering strategies so far will be discussed based
on the recent successful studies such as the metabolic engi-
neering for increasing the site of biosynthesis (enhancing stor-
age capacity), chloroplast engineering, polycistronic systems,
non-native organelle gene expression, transcription factor-
based engineering, biotransformation, multifunctional
CYP450 expression, the transgene source for metabolice en-
gineering due to the different enzyme activities (from plant
species/chemotypes), transient expression approach, improve-
ment of microbial strains, integration of transgene into yeast
genome, etc. New aspects will also be explored based on the
exclusive bottlenecks that exist for SL production such as
further metabolizing precursor/target SL by endogenous en-
zymes in heterologous hosts or by culture medium, negative
effect of elicitors on biomass of hairy roots in tissue culture
strategy, or differential plant species responses to the similar
metabolic engineering strategy that all has made typical met-
abolic engineering strategy for SL production challenging and
enforced researchers to try out several analytical tools to sur-
vey of metabolic changes occurring after genetic manipulation
of interested organism(s). In this review, we try to address the
metabolic engineering opportunities/bottlenecks that re-
searchers may encounter in SL production as there are still
gray areas in this topic that are still needed to be overcome.

Genetically engineered plant cell and organ cultures

Plant cells have been used successfully as “factories” for
large-scale production of high-value secondary metabolites.
Agrobacterium rhizogenes are soil-born bacterial pathogens
of plants, and the plasmid DNA from these bacteria can inte-
grate into the genomes of plant cells. The Ri plasmid of
A. rhizogenes induces rhizogenesis in numerous roots. Such
roots can be cultured and stably maintain the biosynthetic
characteristics of the original plant. Hairy roots are genetically
stable and often show equivalent or better biosynthetic poten-
tial for secondary metabolite production compared with parent
plants. Genetically modified plant tissue culture, e.g., hairy
root cultures, is an interesting approach to overexpress genes
encoding rate-limiting enzymes in the biosynthetic pathway of
SLs (Khan et al. 2009). The production of SLs can be en-
hanced by treating the differentiated or undifferentiated cells
with elicitors such as methyl jasmonate and salicylic acid
(Majdi et al. 2015). For example, treatment of the suspension
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culture of A. annua with (2,6-di-O-methyl)--cyclodextrin
(DIMEB) and methyl jasmonate showed about 300-fold in-
crease of artemisinin production compared with untreated sus-
pensions (Durante et al. 2011); also, these elicitors both en-
hanced production of parthenolide in 7. parthenium (Majdi
etal. 2015); hence, elicitation is an effective strategy to elevate
SL production.

Hairy roots can trigger SL production in the roots of plant
species which do not normally produce significant amounts of
SLs in their roots. Some SLs accumulate only in the aerial parts
of plants especially in glandular trichomes secretory organs, e.g.,
artemisinin in 4. annua and parthenolide in 7. parthenium, in
spite of this, hairy root cultures have been shown to accumulate
SLs in some cases as well. For example, artemisinin and
parthenolide both normally only accumulate in the aerial
parts—where bear glandular trichomes—of 4. annua and
T parthenium respectively, but it has been shown that hairy
roots of A. annua can be successfully used to produce
artemisinin, while this strategy did not respond to parthenolide
production in hairy root culture of 7. parthenium (Liu et al.
1997; Stojakowska and Kisiel 1997; Jaziri et al. 1995). The latter
shows that the response might differ from one plant species to
another. Thus, for the time being, this strategy could not be used
for production of all SLs and should be tested empirically in
different plant species. A shackle in this way is that some com-
pounds which promote hairy root growth make negative effects
on SL production. For example, the growth of the roots in
A. annua was enhanced by low concentrations of naphthylacetic
acid while inhibited artemisinin production (Liu et al. 1997). SL
production can be enhanced in the roots of species which nor-
mally produce particular SLs using different elicitors and also by
the optimization of growth conditions. The latter strategy has
been used successfully for 8-deoxylactucin production in chic-
ory roots (Malarz et al. 2007). The SLs produced by hairy roots
are often secreted into the culture medium, so that it can be
extracted from medium using appropriate solvents. Secretion
of SL into medium will reduce the risk of feedback regulation
which is normally caused by their accumulation. Such systems
can be scaled up for industrial production of SLs, for example,
artemisinin production in transformed hairy roots of 4. annua
(Souret et al. 2003; Cai et al. 1995).

Metabolic engineering strategies in plants

Elucidation and reconstitution of SL biosynthetic
pathway: the key role of CYP450s

Reconstitution of the downstream part of the biosynthetic
pathway of target SL in plant tissues with high biomass
yield is an attractive approach. This is particularly true if
the host plant shares a significant part of the biosynthetic
pathway of interest compound. For instance, costunolide

is the immediate precursor of parthenolide and the path-
way to costunolide is highly active in chicory roots (de
Kraker et al. 1998, 2002) (Fig. 3). Identification of
costunolide epoxidase (parthenolide synthase) which is
responsible for the conversion of costunolide to
parthenolide from other plants producing high amount of
parthenolide such as feverfew and its overexpression in
hairy roots of chicory would be an efficient strategy to
produce parthenolide in large scale for commercialization.
On the other hand, genetic engineering allows
reassembling of a biosynthetic pathway or a part of it into
hosts which do not have the relevant specialized path-
ways. A prerequisite for the engineering of the production
of SLs is a deep understanding of their biosynthesis at the
molecular level. For most of SLs, the enzymes involved in
the early steps have been fully characterized, while the
late biosynthetic steps generally need to be elucidated
except of parthenolide and aretemisinin in 7. parthenium
and A. annua, respectively. There has been some recent
progress on the identification of genes responsible for the
late steps of some SLs (Teoh et al. 2006; Nguyen et al.
2010; Liu et al. 2011b, Ikezawa et al. 2011; Cankar et al.
2011; Liu et al. 2014) (Fig. 3). Recently, with the help of
heterologous expression in yeast and in vitro enzyme as-
say experiments, multifunctional and sequential oxidation
activities of cytochrome P450s have been discovered at
the late steps. Such multifunctional activity of cytochrome
P450s is not inconsistent with the hypothesis of the pres-
ence of independent steps by several distinct enzymes, for
example, in 4. annua, an amorphadiene oxidase (AMO or
CYP71AV1) catalyzes three-step oxidations of
amorphadiene to artemisinic acid (Fig. 3) (Ro et al.
2006; Teoh et al. 2006). Another cytochrome P450
monooxgenase, germacrene A oxidase catalyzes a three-
step oxidation of the hydrocarbon germacrene A to
germacra-1(10),4,11(13)-trien-12-oic acid (germacrenoic
acid) in Lactuca sativa (Nguyen et al. 2010), C. intybus
(Cankar et al. 2011), and 7. parthenium (Liu et al. 2014).
Also, in the lovastatin biosynthetic pathway in Aspergillus
terreus, lovA, a cytochrome P450 monoxgenase gene has
been found to catalyze a double-bond formation and dou-
ble hydroxylation reactions to convert dihydromonacolin
L acid to monacolin L acid, followed by the regio- and
stereo-specific hydroxylation of monacolin L acid to yield
monacolin J acid (Barriuso et al. 2011). A valencene ox-
idase gene (CYP71AV8) from chicory also does
germacrene A oxidase activity as well (Cankar et al.
2011). Recently, the germacrene A oxidase from
C. cardunculus converted the non-natural substrates in-
cluding amorphadiene, cascarilladiene, and (+)-
germacrene D to their oxidized products, but the oxida-
tion activity was less than its native substrate, germacrene
A (Eljounaidi et al. 2014). Results obtained from
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heterologous expression of several germacrene A oxidases
(cytochrome P450 monoxgenases) from different species
(belong to the Asteraceae) in yeast showed their high
conserved activity and sequence similarity (Nguyen
et al. 2010). The gene responsible for conversion of
germacrenoic acid to costunolide named costunolide syn-
thase has been isolated and characterized from chicory
(CYP71BL3) (Liu et al. 2011b; Ikezawa et al. 2011), let-
tuce (CYP71BL2), and feverfew (Liu et al. 2014). Also,
recently, several CYP450s have been characterized in
T. parthenium, which have parthenolide synthase
(costunolide epoxidase) (CYP71CA1), parthenolide hy-
droxylase, and costunolide hydroxylase activities
(CYP71CB1) (Liu et al. 2014). Bi-functional activity of
CYP71CBI in the latter case is interesting which can
hydroxylate both costunolide and parthenolide. All these
genes belong to the CYP71 group of cytochrome P450s
which are mostly available in David Nelson’s cytochrome
P450 homepage (http://drnelson.uthsc.edu/
cytochromeP450.html) (Fig. 3).

Boosting the precursor’s supply: overexpression of key
genes and suppression of competing step(s)

To improve SL production, most of the studies have been
focused on the elevation of upstream precursors of SLs,
usually to boost the FDP availability as penultimate pre-
cursor of sesquiterpenes. The latter has achieved by over-
expression of genes affecting the rate-limiting steps of the
MVA pathway which consequently increased plant SLs.
For a specific pathway which competes with another path-
way for a common precursor, an accelerated conversion of
a common precursor to desire SL can minimize the con-
version of this precursor to competing compound(s). This
strategy could be considered as a classic genetic engineer-
ing strategy. Overexpression of a rate-limiting gene which
boosts the first committed step in SL pathway can be
considered for efficient increase of SL production in na-
tive plant. A number of studies have been conducted in a
variety of plants where key genes of the MVA pathway
have been manipulated, e.g., 3-hydroxy-3-methylglutaryl-
CoA reductase (HMGR), farnesyl diphosphate synthase
(FDS), and sesquiterpene synthase, such as amorpha-4,
11-diene synthase (4DS) (Alam and Abdin 2011; Liu
et al. 2011a). Along with this, downregulation or anti-
sense suppression of competing intermediates in the
branch point of target SLs could increase their production
as well. For instance, the transformation of A. annua with
a cotton farnesyl diphosphate synthase (FDP) via
A. tumefaciens or A. rhizogenes resulted in a 2- to 3-
fold increase in artemisinin production (Chen et al.
1999; Chen et al. 2000). It has been documented that
amorpha-4,11-diene, dihydroartemisinic acid,
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dihydroartemisinic aldehyde, and artemisinic acid are up-
stream precursors of artemisinin in A. annua
(Bouwmeester et al. 1999; Teoh et al. 2006; Wallaart
et al. 1999a, b) (Fig. 3). The conversion of
dihydroartemisinic acid to artemisinin in 4. annua is
probably non-enzymatic, which requires light and molec-
ular oxygen (Covello 2008). Heterologous expression of
genes involved in artemisinin biosynthesis in 4. annua
has been carried out in tobacco; co-expression of
amorphadiene synthase (ADS), amorpha-4,11-diene oxi-
dase (CYP71AV1), and artemisinic aldehyde A11(13)
double-bond reductase (DBR2) led to the accumulation
of artemisinic alcohol and dihydroartemisinic alcohol but
not artemisinic acid, so it has been stated that the cellular
environment of the transgenic tobacco may favor reduc-
tion of intermediates to alcohols rather than oxidation into
acids (Zhang et al. 2011).

Also, introduction of DNA construct for antisense suppres-
sion of squalene synthase (an enzyme which competes with
ADS for FDP) via Agrobacterium-mediated transformation
led to significant increase in artemisinin content in some trans-
genic lines of 4. annua (Wang et al. 2012). In another study,
suppression of (3-caryophyllene synthase (a sesquiterpene syn-
thase competing for FDP) using antisense technology led to
about 55 % elevation in artemisinin production in transgenic
lines compared to non-transgenic lines of A. annua, showing
that the inhibition of competing step for SL biosynthesis could
be considered as an alternative way to increase SL content
along with overexpression of key genes (Chen et al. 2011).
However, it should be borne in mind that silencing of compet-
ing steps might cause unwanted effects on plant physiology and
growth. It should be considered as well that rate-limiting en-
zymes from different sources may considerably vary in their
catalytic activity and effectiveness; this part has not been well
considered in plant metabolic engineering strategies

In another work, reconstruction of artemisinin biosyn-
thetic pathway in tobacco with some technical improve-
ment led to successful production of artemisinin; this was
achieved by generation of large recombinant plasmid car-
rying gene encoding cytochrome P450 reductase (CPR),
ADS, CYP71AV1, and truncated HMGR (tHMGR) under
the control of CaMV 35S or Rubisco promoters. To ele-
vate artemisinin production, ADS was targeted to mito-
chondria (mtADS) using a COX4 transit peptide se-
quence. The success of this approach might be due to
several factors: first co-expression of CPR with
CYP71AV1, second the expression of tHMGR for precur-
sor supply, third using single vector, and fourth the appli-
cation of intense light during tobacco growth to promote
the conversion of dihydroartemisinic acid to artemisinin
(Farhi et al. 2011). The above improvements are not still
enough for developing transgenic plants for large-scale
production of artemsinin.
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Inhibition of further conversion of target sesquiterpene
lactone(s) as a new approach: advantages
and disadvantages

Inhibition of further conversion of target SLs (the desire
end product) to downstream compound(s) might be a new
approach which is further depends on the potential of
target SL for additional modifications. Most of studies
focused on the elevation of target SL but still less
intentioned to their additional conversions that probably
happen enzymatically or non-enzymatically. For instance,
further conversion of parthenolide to epoxy-parthenolide
and hydroxyl-parthenolide in Anvillea radiata has been
reported (Hassany et al. 2004) (Fig. 4), and this would
probably occur in other plant species that accumulate
parthenolide. In consistent with this hypothesis, enzymat-
ic hydroxylation of parthenolide to hydroxyl-parthenolide
and costunolide to hydroxyl-costunolide by CYP450
(CYP71CBI) has been reported recently which further
support the latter hypothesis (Liu et al. 2014). Metabolic
strategies that aimed to cease the further modification of
desired SL to another compound would be promising. For
example, it has been reported that expression of
parthenolide hydroxylase (parthenolide metabolizing en-
zyme) is negatively associated with parthenolide accumu-
lation in 7. parthenium; hence, metabolic engineering that
aimed to downregulate parthenolide hydroxylase might
increase parthenolide accumulation (Majdi et al. 2015).
Also, inhibition of possible degradation or biodegradation
mechanisms of target SLs can lead to less lost and en-
hance their accumulation. In this case, degradation of
lactucin, a major SL from chicory roots (C. intybus L.)
has been reported by UV irradiation (Frey et al. 2002).
Probably, subcellular localization plays key role in SL
modifications due to the differential enzyme activities/
availabilities or the compartment environment circum-
stances that might favor specialized changes.

It is noticeable that SL modifications can confer advantages
and disadvantages based on clinical aims; at first, it should be
elucidate that does such modifications affect biological activ-
ity of target SL. If such conjugations occur at functional
groups of SL (which confer their pharmaceutical activity),
then they might miss their biological activity and obviously
this is negative evidence. In another aspect, such modifica-
tions might be positive as well to develop new drugs with
better water solubility; for example, poor water solubility of
SLs limits their potential for oral use and conjugation to other
compounds could improve their water solubility. A nice ex-
ample of this aspect is the use of dimethylamino-parthenolide
(DMAPT) instead of parthenolide that exhibit oral bioavail-
ability and retain the biological activity of parthenolide as well
(Guzman et al. 2007). Also, relatively polar conjugates of
parthenolide including parthenolide cysteine and parthenolide

glutathione heterologously produced in tobacco were highly
active against colon cancer cells (Liu et al. 2014). Improving
the water solubility of parthenolide enhances its potential as a
drug in near future.

Spatial organization of pathways and targeting transgene
expression to subcellular compartments

Study of the sesquiterpene biosynthesis potential in different
subcellular compartments in plants can give insight into their
biosynthesis/regulation in plants and could provide useful tool
for the elevation of SL production via metabolic engineering.
A relatively successful strategy for the engineering of sesqui-
terpene production in plants has been developed which takes
advantage of the compartmentalization. Generally, sesquiter-
penes are biosynthesized in the cytosol via the MVA pathway
(Fig. 1). Redirection of the MVA pathway into other compart-
ments is becoming a new successful approach for efficient
production of sesquiterpenes. This fascinating approach has
been accomplished profitably by production of transgenic
plants in which their pathway components have been trans-
mitted into the non-cytosolic compartments, e.g., chloroplasts
(Wu et al. 2006) or mitochondria (van Herpen et al. 2010; Liu
et al. 2011b; Liu et al. 2014). For example, redirection of
sesquiterpene biosynthetic pathways from the cytosol to the
chloroplast led to 100—10,000-fold higher terpene accumula-
tion (Wu et al. 2006). Targeting of ADS and FDP synthase
into the chloroplasts of tobacco resulted in 25,000-fold in-
crease in amorphadiene production compared with expression
of ADS in the cytosol, the normal place of sesquiterpenoid
biosynthesis (Wu et al. 2006). In Arabidopsis, heterologous
expression of a strawberry nerolidol synthase (FaNESI),
fused to a mitochondrial targeting sequence led to nerolidol
biosynthesis, which was not observed for cytosol-targeted
nerolidol synthase (Kappers et al. 2005). Mitochondrial
targeting of germacrene A synthase from feverfew (Majdi
et al. 2011), using a CoxIV mitochondrial targeting sequence
in Nicotiana benthamiana led to a significant increase in the
production of germacrene A compared with the native cyto-
solic targeting (Liu et al. 2011b). Targeting the patchoulol
synthase (a sesquiterpene synthase) together with FDP syn-
thase into the plastids of tobacco dramatically increased the
biosynthesized patchoulol up to 100 times compared with its
native cytosolic production (Wu et al. 2006). The increase in
sesquiterpene production by targeting the biosynthetic path-
way or a part of it to non-native compartments such as chlo-
roplasts (Wu et al. 2006) and mitochondria (Kappers et al.
2005; Liu et al. 2011b) is a promising methodology for eleva-
tion of sesquiterpenes and consequently SLs. Several hypoth-
eses have been proposed for the success of the organellar
targeting strategy for sesquiterpene engineering including pre-
cursor’s availability (Kappers et al. 2005), the absence of reg-
ulatory mechanism(s) controlling carbon flux toward any
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Fig. 4 An example of further
modifications of target
sesquiterpene lactone by
hydroxylation, oxidation, and
epoxidation. In this case,
parthenolide can convert to its
derivatives including
hydroxyparthenolide,
epoxyparthenolide, and
parthenolide-9-one (Hassany
et al. 2004)

biosynthetic pathway, and the lack of a competing pathway for
precursor(s) expenditure (Wu and Chappell 2008). Some tech-
nical improvements have become available for better expres-
sion of sesquiterpene synthases in model plants such as
A. thaliana and N. benthamiana, e.g., targeting the sesquiter-
pene synthases or upstream enzymes to mitochondria or chlo-
roplasts (Kappers et al. 2005; Wu et al. 2006; van Herpen et al.
2010; Liu et al. 2011b; Liu et al. 2014).

Recently, two P450 genes have been isolated and func-
tionally characterized from artichoke (C. cardunculus) in-
cluding CYP71AV9 and CYP71BLS. Co-expression of
CYP71AV9 together with GAS led to germacra-1(10),4,
11(13)-trien-12-oic acid in yeast which shows its
germacrene A oxidase activity. The co-expression of
CYP71BLS and CYP71AVY with GAS led to biosynthe-
sis of the free costunolide in yeast and costunolide conju-
gates in N. benthamiana, showing costunolide synthase
activity. The substrate specificity of CYP71AV9 was in-
vestigated by testing its ability to convert amorpha-4,11-
diene,(+)-germacrene D and cascarilladiene to their oxi-
dized products when co-expressed in yeast with the cor-
responding terpene synthases. In N. benthamiana leaves
infiltrated with A. tumefaciens carrying mitochondrial
GAS (mGAS) and cytosolic GAS (cGAS) and chloroplast
GAS (chGAS) from C. cardunculus, it was observed that
c¢GAS produced 3-fold higher germacrene A compared
with mGAS or chGAS. The results of targeting in this
study was not consistent with other reports (van Herpen
etal. 2010; Liu et al. 2011b), so it has been suggested that
the contrary result might be due to the CcGAS properties
which may not be compatible with subcellular localiza-
tion and adapted mostly with cytosolic conditions rather
than plastids or mitochondria. It has been reported that
CYP450s in some cases can have broad substrate
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specificity and reacts with a wide range of sesquiterpene
backbones. The germacrene A oxidase from
C. cardunculus was able to convert non-natural substrates
including amorphadiene, cascarilladiene, and (+)-
germacrene D to their oxidized products, but its oxidation
activity was less than its native substrate, germacrene A
(Eljounaidi et al. 2014).

It has been proposed that introduction of accumulation
mechanisms by engineering of transport systems can be used
for secondary metabolite elevation in plants (Yazaki 2005).
The different localizations of the target compound and its
biosynthetic enzymes indicate that biosynthetic intermediates
probably move among organelles or even through cells. In
consistent with this gene expression analysis in glandular tri-
chomes of 4. annua including apical, subapical, and mesophyl
cells showed that the expression of three enzymes specific to
the artemisinin biosynthetic pathway are active in both apical
and subapical cells; hence, these cells are most likely the ac-
tive site of artemisinin biosynthesis, while artemisinin and/or
its precursors are stored in subcuticular cavity (Olsson et al.
2009; Majdi et al. 2011; Olofsson et al. 2012).

Transient expression and the advantages of polycistronic
systems

Heterologous expression of genes involved in SL biosynthesis
in plants with high biomass and rapid growth characteristics is
a good approach for elucidation of biosynthetic pathway or
high-yield production. For example, Nicotiana spp. are being
used as a proper host for heterologous production of SLs and
discovery of genes involved in their biosynthetic pathway
using nuclear, chloroplast, and transient transformation
(Kappers et al. 2005; Wu et al. 2006; van Herpen et al.
2010; Liu et al. 2011b; Liu et al. 2014). A recent advance in
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metabolic engineering of sesquiterpenes is the use of transient
expression in N. benthamiana by A. tumefaciens. This method
is quite rapid and allows to simultaneously express several
genes without the need to produce stable transgenic plants
via tissue culture and regeneration. Transient expression is
easy to carry out, and the required time for post-
agroinfiltration assessment is very short compared with stable
transformation (van Herpen et al. 2010). Also, recently, it has
been reported that the relative expression level of the trans-
gene could be manipulated by changing the relative amount of
A. tumefaciens strains carrying genes in transient expression,
while achieving this aim is problematic in stable transforma-
tion (Ting et al. 2013). The latter strategy has been success-
fully used for heterologous expression of a germacrene A
synthase from feverfew (Majdi et al. 2011), a germacrene A
oxidase from chicory (Cankar et al. 2011), and costunolide
synthase from chicory (Liu et al. 2011b) in N. benthamiana
leaves and led to the production of two costunolide conjugates
including costunolide-glutathione and costunolide-cysteine
(Fig. 5). In vivo enzyme assays indicated that costunolide-
glutathione and costunolide-conjugate are formed spontane-
ously. In this experiment, in co-expressing of germacrene A
synthase and germacrene A oxidase, we were expecting the
production of germacrenoic acid or its derivative compounds,
but these compounds were not detected (Liu et al. 2011b).
This suggests that probably germacrenoic acid forms various
conjugates which were not detectable in our analysis. On the
other hand, in the presence of an additional enzyme, the
germacrenoic acid is readily converted to costunolide. Such
interactions between endogenous metabolites and the final
products of ectopically expressed biosynthetic genes is an
important aspect of the metabolic engineering of plant metab-
olites. For example, the conversion of artemisinic acid to its
diglucoside form or costunolide to gluthatione-costunolide or
cysteine-costunolide forms might be a mechanism by which
they can be stored in vacuole to avoid toxicity through a
glucoside-specific H+-coupled transporters (Bartholomew
et al. 2002) or ATP-binding cassette (ABC) transporters
(Rea 1999; Rea 2007). Recently, parthenolide biosynthesis
was reconstituted by transient co-expression of all the biosyn-
thetic genes in N. benthamiana (Liu et al. 2014). The pro-
duced parthenolide was mainly present as cysteine and gluta-
thione conjugates. In N. benthamiana, feverfew germacrene A
synthase (TpGAS), germacrene A oxidase (TpGAO),
costunolide synthase (7pCOS), and four parthenolide syn-
thase candidates that belong to CYP450s (Tp8878, Tp2116,
Tp4149, and Tp9025) were transiently expressed under the
control of the Rubisco (RBC) promoter. TpGAS was targeted
to mitochondria using CoxIV mitochondrial targeting se-
quence based on the fact that mitochondrial targeting of ses-
quiterpene synthases have improved sesquiterpene produc-
tion. N. benthamiana leaves were co-infiltrated with different
combinations of the transformed A. tumefaciens strains to

reconstitute the parthenolide biosynthetic pathway step by
step. After the infiltration with the A. tumefaciens strain car-
rying the RBC/TpGAS, the N. benthamiana leaves emitted
the germacrene A into headspace. But when leaves were co-
infiltrated with two A. tumefaciens carrying the TpGAS and
TpGAO, germacrene A levels in the headspace were dramat-
ically reduced by 90 % compared to 7pGAS alone, proposing
that 7pGAO can drastically convert germacrene A. An inter-
esting point was that there was no any new product peak(s) in
the headspace or in the dichlorom extracts of the infiltrated
leaves, showing that the expected product(s) of the TpGAO
enzyme (germacra-1(10),4,11(13)-trien-12-o0l, germacra-
1(10),4,11(13)-trien-12-al, and germacra-1(10),4,11(13)-
trien-12-oic acid) might not be stable in planta or further con-
vert to other compound(s) as such response has been reported
before for heterologous expressed GAO gene from chicory
(Liu et al. 2011a). But co-infiltration of A. tumefaciens strains
carrying the TpGAS, TpGAO, and TpCOS expression pro-
duced costunolide together with cysteine and glutathione
(GSH) conjugates of costunolide. No parthenolide was detect-
ed in leaf extracts transiently expressing TpGAS, TpGAO,
TpCOS, and TpPTS (Tp2116); consequently, it was hypothe-
sized that the availability of parthenolide precursors should be
increased. To this aim, AtHMGR was used to boost the flux.
About 4-fold increases in costunolide production were ob-
served when AtHMGR co-expressed together with TpGAS,
TpGAO, and TpCOS compared to that was observed without
AtHMGR expression (Liu et al. 2014). When AtHMGR co-
expressed with TpGAS, TpGAO, TpCOS, and TpPTS
(Tp2116), free parthenolide was detected, showing that
boosting of the precursor supply in the pathway plays a key
role in SL biosynthesis. These results show that upstream flux
barriers should be released to overcome low-yield production
of SLs. In order to functionally characterize Tp8878
(CYP71CBI1) in planta, A. tumefaciens strains with the
parthenolide pathway constructs plus AtHMGR were co-
infiltrated into N. benthamiana along with Tp8878 expression
construct. Results showed that two new compounds were pro-
duced including hydroxycostunolide-GSH and
hydroxycostunolide-cysteine (Liu et al. 2014). Also, for
monoterpene engineering when geraniol ectopically produced
in the heterologous host N. benthamiana, the volatile geraniol
is mostly converted into non-volatile geraniol glycosides/
oxidized geraniol glycosides to avoid toxic effects of free ge-
raniol (Dong et al. 2015). This is a good learned lesson to do
not just look for expected compound(s) in metabolic engineer-
ing experiments; hence, using broad ranges of detection tech-
nologies to uncover any other biosynthesized and unexpected
compounds is mandatory. In such experiments, the use of
untargeted metabolomics is highly recommended instead of
targeted metabolomics because plants usually have non-
specific modifying enzymes that are able to convert the pre-
cursors of SLs/desired SLs to other compounds, e.g.,
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Fig. 5 Spontaneous conjugation of some compounds to target
sesquiterpene lactones when their biosynthetic pathways have been
expressed in Nicotiana benthamiana. Conjugation of glutathione and

dehydrogenases, hydroxylases, glycosyl transferases, and glu-
tathione transferases. To avoid such modifications, directing
the gene expression in appropriate spatial and temporal land-
scapes might be a good solution to overcome this problem,
e.g., using glandular trichome-specific promoters for SL engi-
neering (which mainly biosynthesized in such secretory tis-
sues) or expression in specific subcellular compartment
(Majdi et al. 2014).

A good example in sesquiterpene lactone biosynthesis
in A. annua is that two chemotypes exist based on the
quantity of artemisinin and its precursors, the low-
artemisinin production (LAP) chemotype, and a high-
artemisinin production (HAP) chemotype (Wallaart et al.
2000). They both contain artemisinin and arteannuin B,
however the HAP chemotype has a relatively high content
of artemisinin and dihydroartemisinic acid (DHAA), while
the LAP contains high content of arteannuin B and
artemisinic acid (AA). Systematic comparison of probable
artemisinin biosynthesis genes involved in determining
these chemotype (CYP71AV1, DBR2, and aldehyde dehy-
drogenase (ALDHI1)) using transient expression in
N. benthamiana showed that the enzyme activity of
DBR2 and ALDHI from the two chemotypes did not show
a significant difference, while structural differences in
CYP71AV1 from LAP (AMOLAP) and HAP
(AMOHAP) chemotypes showed a real different enzyme
activity. AMOLAP had an extra seven amino acids in N-
terminal region compared with AMOHAP. Transient ex-
pression of AMOLAP and AMOHAP in N. benthamiana
revealed that the enzyme activity of AMOLAP was higher
than AMOHAP and their co-expression in combination
with the other pathway genes lead to qualitatively different
product profile (chemotype) (Ting et al. 2013). Agro-
infiltrated leaves of N. benthamiana with DBR2, ALDHI,
and CYP71AV1 genes showed that the chemotype is de-
termined by the function of the CYP71AV1 type and rela-
tive dosage of DBR2 and ALDHI1 (Ting et al. 2013).
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cysteine to costunolide (Liu et al. 2011b) and diglucoside to artemisinic
acid (van Herpen et al. 2010) in transformed Nicotiana benthamiana. The
boxes represent conjugates

A new approach has been successfully applied to express
several consecutive genes using a single promoter based on
polycistronic approach. This is achieved by translation of a
single open-reading frame with protein-coding sequences sep-
arated by viral peptide signal (2A) sequences (Ralley et al.
2004). The 2A peptide leads to ribosomal skipping and con-
sequently production of separate proteins. This strategy has
been successfully used to express up to four genes of the
glucosinolate pathway (Geu-Flores et al. 2009) or three mito-
chondrial targeted genes in the biosynthetic pathway of
artemisinin (ADS, FDS, tHMGR) from a single promoter in
tobacco (van Herpen et al. 2010). In the latter case,
amorphadiene synthase fused to FDS and HMGR improved
amorphadiene biosynthesis in N. benthamiana-infiltrated
leaves. In latter case, co-infiltration with CYP71AV1 (a sesqui-
terpene oxidizing P450 led to almost full conversion of
amorphadiene to artemisinic acid-12-3-diglucoside rather than
the free artemisinic acid (van Herpen et al. 2010) (Fig. 5). It is
also possible to co-express different genes in separate con-
structs transiently as this strategy successfully has been applied
for production of costunolide and parthenolide in
N. banthamiana (Liu et al. 2011b; Liu et al. 2014).

Increasing the active sites of SL biosynthesis/accumulation

Another new strategy that would be promising in near future is
to increase the specific cells where the biosynthesis takes
place. In plants, several different specialized biosynthesis/
accumulation sites for SLs have been reported, e.g., cavities
in Solidago canadensis (Curtis and Lersten 1990), ducts in
Ambrosia trifida (Curtis 1988), laticifers in L. sativa (Esau
1965), and glandular trichomes in A. annua and 7. parthenium
(Lommen et al. 2006; Majdi et al. 2011). Enhancement of
plant potential for SL production could be achieved by in-
creasing the numbers/potential of the active site of
biosynthesis/accumulation of SLs, for example, in 4. annua
and T parthenium, glandular trichomes have been shown to
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be the main place of biosynthesis/accumulation of artemisinin
and parthenolide, respectively (Duke and Paul 1993; Lommen
et al. 2006, 2007; Majdi et al. 2011). It is quite logical to
assume that metabolic engineering to promote the glandular
tichome densities in those plants would elevate corresponding
SLs. In this aspect, ectopic formation of glandular trichomes
in Nicotiana tabacum or Antirrhinum majus expressing MYB
genes has been reported before (Payne et al. 1999; Perez-
Rodriguez et al. 2005), so it should not be far from mind for
it to be feasible in other plant species for SL production. In
consistent with this hypothesis, more recently up to 5-fold
increase in artemisinin content has been observed by metabol-
ic engineering to increase glandular trichomes in 4. annua. In
latter pioneer work in this area, trichome density was in-
creased up to 20 % in leaves and 66 % in flowers of A. annua
with the expression of (3-glucosidase (bgll) gene, and this
strategy resulted in an increase in artemisinin content up to
1.4 % in leaves and 2.56 % in flowers (g DW-1) (Singh et al.
2015). Such elevation in artemisinin content is comparable
with the highest yields achieved yet through metabolic engi-
neering. Hence, it is possible to increase artemisinin content or
other SLs by manipulating trichomes’ density or other biosyn-
thetically active sites as stated above. Of course, this strategy
is directly related to the plant species and its main SLs that
should be empirically tested in future for favorably.

Chloroplast engineering as a new tool with a bright future
for SL production

The expression of foreign genes into plant plastids/
chloroplasts offers several advantages compared with their
expression through nucleus transformation. Chloroplast engi-
neering is a fascinating approach in plant metabolic engineer-
ing which offers more benefits over nuclear genome engineer-
ing, e.g., high-level expression of integrated genes—as a con-
sequence of being highly polyploid of plastid genome with
more than 500-10,000 genome copies per cell—(Bendich
1987), no need for a signal peptide, and no gene silencing
problem and polycistronic expression ability. Chloroplast en-
gineering has been successfully used as a remarkable tool for
other isoprenoids, e.g., isoprenoid content of tobacco leaves
was changed using this system. Ectopic expression of bacte-
rial genes encoding (-carotene ketolase (CrtW) and (3-
carotene hydroxylase (CrtZ) in plastid genome of tobacco
leaves leads to high amount production of a highly value ca-
rotenoid, astaxanthin (Hasunuma et al. 2008a).
Cyanobacterial genes encoding 1-deoxy-D-xylulose-5-phos-
phate reductoisomerase (DXR) in tobacco leads to 350-fold
higher DXR activity which increased the levels of special
isoprenoids such as chlorophyll a, 3-carotene, lutein,
solanesol, and [3-sitosterol (Hasunuma et al. 2008b). Introduc-
tion of lycopene P-cyclase gene from daffodil (Narcissus
pseudonarcissus) into plastid genome of tomato (Solanum

lycopersicum) efficiently converts lycopene into provitamin
A ([3-carotene), in parallel massive elevation in total fruit ca-
rotenoid content (Apel and Bock 2009). Recently, a cytoplas-
mic mevalonate pathway from yeast has been expressed in
tobacco chloroplasts (Kumar et al. 2012). In this pioneer
work, a multigene strategy has been used to integrate the
whole cytosolic MVA pathway (with six genes) into the to-
bacco chloroplast genome, which leads to higher levels of
mevalonate, carotenoids, squalene, sterols, and triacyglycerols
than control plants (Kumar et al. 2012). Multigene engineer-
ing is possible by translation of polycistrons generated from a
single promoter (Quesada-Vargas et al. 2005). Based on these
successful examples, it is not far from mind to assume that this
methodology can also be applied to produce high levels of
SLs. It has been reported that CYP450s P450 are found in
the endoplasmic reticulum, where they face the cytosol. There
is still no report for sesqiterpene backbone transportation from
chloroplast to cytosol (for further conversion by cytochrome
P450s); hence, this part remains as a major dilemma for its
possibility for SL production. On the other hand, chloroplast
engineering is now applicable to only a few plants, e.g., to-
bacco and lettuce (Verma and Daniell 2007) that has made the
strategy development difficult. Consequently, compartmental-
ization of plant cells exhibits a major congestion for SL pro-
duction through plant metabolic engineering; hence, this key
issue should be genuinely taking into account when defining
plans to achieve SLs.

The potential of transcription factor-based strategy

Transcription factors are the key regulators of metabolic net-
works that can coordinately upregulate multiple steps in cer-
tain biosynthetic pathway. Transcription factors (TFs) can be
used to modulate plant metabolism without need to fully elu-
cidate the biosynthetic pathway and its rate-limiting steps in a
complex metabolic pathway. In addition to pathway flux, TFs
can alter the transportation and deposition of metabolites. The
use of TFs to upregulate core isoprenoid pathway has not been
reported in plants (Lange and Ahkami 2013), but successful
examples exist for other secondary metabolites. Elucidation of
rate-limiting steps in plants containing relevant SL com-
pounds (which mostly belong to non-model plant species) is
actually hard and time-consuming; on the other hand, the op-
timal level of desired SL can be limited by several consecutive
enzymes, in such cases, an alternative methodology might be
engineering of the target TF of the pathway instead of the
manipulation of structural genes directly involved in the path-
way. The potential of transcription factors to enhance desired
metabolites have been demonstrated in several experiments,
e.g., heterologous expression of the maize transcription factor
genes LC (leaf color) and C1 in tomato resulting in high-level
flavonol (Bovy et al. 2002), introduction of Sx (a maize myc-
class gene) results in enhanced phenolic and anthocyanin
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accumulation in Lotus corniculatus (Robbins et al. 2003), and
ectopic expression of specific MYB transcription factors lead
to accumulation of anthocyanins in tomato (Butelli et al.
2008). Based on these successful results, overexpression of
transcription factors can be developed to elevate the level of
biologically active SLs. Two TFs have been characterized for
sesquiterpene biosynthesis both belonging to WRKY tran-
scription factors: first GaWRKY1 from cotton (Gossypium
arboreum), which upregulates the expression of CsADI1-A,
(+)-d-cadinene synthase, thus participating in the regulatory
network of biosynthesis of sesquiterpene aldehydes, including
gossypol (Xu et al. 2004), and the second one, JaWRKY1 is a
trichome-specific TF from 4. annua which has been shown to
be involved in ADS regulation, the first committed step in the
biosynthesis of artemisinin (Ma et al. 2009). When Aa-
WRKY'1 was ectopically expressed in tobacco, the transcript
level of the 5-epi-aristolochene synthase gene (EAS4: a ses-
quiterpene synthase) upregulated, while it did not affect squa-
lene (a triterpene) synthase gene (SQS) expression (Ma et al.
2009). Recently, two jasmonate-responsive APETALA2/
ethylene response factor (AP2/ERF) transcription factors Aa-
ERF1 and 4aERF?2 have been found which positively regulate
artemisinin biosynthesis in 4. annua L. by the induction of
promoter activities of ADS or CYP71AV1 (Yu et al. 2012).
Recently, it has been reported that overexpression of AaORA
(in which its expression could directly elevate the expression
of biosynthetic genes of artemisinin including 4ADS,
CYP714V1, and DBR2) in A. annua led to a 50 and 35 %
increase in artemisinin and DHAA content, respectively (Lu
et al. 2013). Also, in Catharanthus roseus, overexpression of
the AP2/ERF transcription factor ORCA3 positively affected
the expression of terpene indole-alkaloid biosynthetic genes
and led to isoprenoid indole alkaloid increase (van der Fits and
Memelink 2000).

Metabolic engineering of microbial systems

Since the yield of SLs in plant is too low and their purification
is difficult for commercial uses, genetic manipulation of pro-
karyotic (E. coli) and eukaryotic (S. cerevisiae) expression
systems as a microbial host for sesquiterpene production has
been considered. Chemical synthesis is not feasible in most
cases, also classic breeding or genetic engineering is not easy
due to unfeasible technological problems, and hence, SL pro-
duction in microbial platforms such as S. cerevisiae or E. coli
is most likely a good solution and became fascinating ap-
proach (Muntendam et al. 2009). Production of secondary
metabolites in tightly controlled bioprocesses using
engineered microorganisms is emerging as a suit platform
for different natural products including SLs. Here, we will
briefly review the biosynthesis and bioengineering of SLs in
microbial systems and their implications and show the recent

@ Springer

progresses/problems in these areas based on the empirical
experiments.

Metabolic engineering strategies in yeast

The yeast (S. cerevisiae) system offers advantages for SL pro-
duction compared with E. coli or plants: (1) FDP, a common
precursor for sesquiterpenes, is natively available in
S. cervisiae; (2) S. cervisiae is a competent microorganism
for genetic manipulation and fermentation, while the latter is
difficult in plants; (3) S. cervisiae is a suit platform for cyto-
chrome P450 enzyme activities due to the presence of endo-
plasmic reticulum (ER) membrane, while E. coli does not bear
ER; (4) decreasing the culture times and increasing productiv-
ity in S. cervisiae fermentation in comparison with plant cell
cultures; (5) no or less modification of heterologously
expressed SLs compared with plants; and (6) no feedback of
end product due to the secretion of SLs into medium has been
reported, while negative feedback has been reported in plants.
It has been proposed that production of SLs, e.g., artemisinin
from microbial systems would be a better strategy compared
with classic method (which is based on the extraction from
native plants) in terms of cost, quantity, and amenity (Hale
et al. 2007). One of the most important factors to overcome
in engineering of SL pathways in microbial hosts is to func-
tionally express the enzymes responsible for downstream
modification of sesquiterpene backbone such as cytochrome
P450s. Cytochrome P450s are able to catalyze a wide range of
chemical reactions, e.g., hydroxylation, epoxidation, ring for-
mation, aryl migration, and carbon-carbon bond cleavage, and
their role has been described as a useful tool for pharmacology
(Morant et al. 2003). Plant P450s are found in endoplasmic
reticulum, where they express in concert with an NADPH-
dependent CPR (Hamann and Moller 2007). Co-expression
of P450s and NADPH-dependent cytochrome P450 reduc-
tases can be accomplished by integration of an NADPH-
dependent cytochrome P450 reductase from plant resources
into yeast genome. This can be expressed into yeast genome
permanently such as WAT11 and WAT21 yeast strains which
can express the Arabidopsis CPRs, ATR1 (GenBank ID
X66016), and ATR2 (GenBank ID X66017), respectively (Ur-
ban et al. 1997). WAT11 has been successfully used for isola-
tion and characterization of chicory costunolide synthase (Liu
et al. 2011b) and valencene oxidase gene (CYP71AVS)
(Cankar et al. 2011). In another strategy based on episomal
expression, one can clone a CPR into yeast expression vector
and transform it into yeast, e.g., expression of 4. annua CPR
(Ro et al. 2006). Developing the engineered yeast strains for
production of universal intermediates for SLs can serve as a
nice host for large-scale production. Recently, S. cerevisiae
has become a suit platform for SL engineering such as the
precursors of artemisinin (artemisinic acid) (Ro et al. 2006)
and parthenolide (costunolide) (Ikezawa et al. 2011; Liu et al.
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2011b; Liu et al. 2014). Accumulation of intermediates might
inhibit the interested pathway by direct or indirect negative
feedback on a preceding step; in such cases, efficient conver-
sion to the next step would prevent the feedback regulation/
downregulation of the target pathway. Enzymes from different
sources may quite differ in their catalytic activity, for example,
several sesquiterpene synthases are responsible for converting
FDP into various sesquitepene structures; however, some of
them are not that much specific to produce just a single ses-
quiterpene and are able to simultaneously produce several
sesquiterpene lactone structure (Pazouki et al. 2015). The per-
fect sesquiterpene synthase for metabolic engineering pur-
poses is the one that efficiently produces only one sesquiter-
pene; for instance, it has been reported that germacrene A
synthases from different species showed different activity
when they were expressed in S. cervisiae (Liu et al. 2011b).
Heterologous expression of two germacrene A synthase from
chicory (Bouwmeester et al. 2002) and a germacrene A syn-
thase from feverfew (GenBank JF819848.1) (Majdi et al.
2011) in S. cerevisiae showed a significant difference in the
efficiency of germacrene A production. The germacrene A
produced by feverfew germacrene A synthase was 2.5-fold
higher than of germacrene A synthases from chicory
(GenBank AF498000.1; GenBank AF497999.1) when they
were expressed in yeast (Liu et al. 2011b). This increase in
germacrene A production is comparable with 2—3-fold increase
in sesquiterpene hydrocarbon accumulation by knockout/
downregulation of FRGY, a gene encoding squalene syn-
thase—which is the first committed step in competing sterol
pathway—(Takahashi et al. 2007; Ro et al. 2006). However, it
is less than 5-fold increase compared with overexpression of
truncated HMGR—a rate-limiting step which irreversibly
fluxing carbon to the MVA pathway—(Ro et al. 2006). This
promises a new metabolic engineering strategy based on struc-
tural gene selection from different origins or protein engineering
to enhance the enzyme activity which would improve beneficial
in terms of yeast strain improvement for production of SLs.

To date, most of the yeast metabolic engineering strategies
rely on the overexpression of key genes, e.g., HMGI, or
downregulation of competing steps, e.g., ERGY, to increase
the FDP availability for target sesquiterpene production (Jack-
son et al. 2003; Ro et al. 2006; Takahashi et al. 2007; Paradise
et al. 2008; Asadollahi et al. 2010). FDP is a branch point
of the MVA pathway where several enzymes use it as a pre-
cursor for synthesis of various compounds in cells. It has been
recognized that FDP is a feedback regulatory agent for its
synthesis (Dimster-Denk et al. 1999); hence, higher rate of
FDP conversion to target sesquiterpene using efficient sesqui-
terpene enzyme (along with other strategies to enhance FDP
supply) would be a promising strategy for redirecting FDP to
the target sesquiterpene compound(s). The recent strategy
would allow activation of carbon flux to FDP synthesis and
inhibition of FDP negative feedback on its pathway. In

consistent with the latter, it has been reported that FDP is a
positive signal for degradation of HMGR, a key enzyme in the
early step of MVA pathway (Gardner and Hampton 1999).

Optimization of fermentation process is a key factor both in
gene discovery and production of desired SLs which should
be seriously taken into account. For example, co-expression of
lettuce germacrene A oxidase with germacrene A synthase in
yeast produced side products such as costic acids and ilicic
acid in the acidic condition, while fermentation in a neutral
condition led to only germacrenoic acid production, raising
this clue that germacrenoic acid is unstable in the acidic con-
dition (Nguyen et al. 2010). Various buffers can be used for
neutralization of yeast culture to avoid side products, e.g.,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) and 3-(N-morpholino)propanesulfonic acid
(MOPS). An interesting observation is the effect of buffer type
on target SL production; in this aspect, our experiment aimed
to produce costunolide in yeast by co-expression of
germacrene A synthase, germacrene A oxidase, and
costunolide synthase showed that the transformed yeast in
MOPS buffer (pH 7.5) produced higher cosunolide (3-fold)
compared with that cultured in HEPES buffer (pH 7.5) (Liu
et al. 2011b), so probably there is interaction between the
buffer and intermediate(s)/final product(s) in the culture me-
dium. Oxygen availability has been mentioned as a key factor
in SL production as well, for example, co-expression of
amorpha-4,11-diene synthase and CYP71AV1 in yeast under
restrictive oxygen conditions leads to dihydroartemisinic acid
production instead of artemisinic acid (Rydén 2010). In rou-
tine, microbial platforms used for SL engineering as E. coli do
not contain P450s, while S. cerevisia does; so, yeast would be
a preferable host for P450 expression and consequently SL
production. Codon optimization could be used for expression
of plant sesquiterpene genes in microbial host as it has been
used for production of Taxol (a diterpene) in yeast or other
terpenoids in E. coli (Martin et al. 2003; Engels et al. 2008;
Yin et al. 2015). It has been reported that codon bias is a key
factor which influences plant P450 expression in E. coli; this
is due to the higher codon bias in E. coli compared with yeast
(Batard et al. 2000). Relatively, the functional expression of
cytochrome P450 enzymes in yeast is a really great advantage
over E. coli for SL production.

Metabolic engineering strategies in E. coli

Beside yeast manipulation, an alternative way for SL pro-
duction instead of is biosynthetic reconstruction in E. coli.
This can lead to the production of target SLs or its pre-
cursor(s) compound(s); in the latter case, it can be con-
verted to target SL with minor feasible chemical changes.
E. coli has been employed as a good system for charac-
terization of several terpene synthases, beside this path-
way reconstruction in E. coli opened an applicable gate
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for economical or industrial production of sesquiterpenes
and probably SLs in near future. Introduction of the MVA
pathway of S. cerevisiae into E. coli led to terpenoid pre-
cursor production (Martin et al. 2003). To increase the
E. coli strain potential for generation of intermediate com-
pounds and to avoid the toxicity of accumulated precur-
sors (which can inhibit the growth and flux via pathway),
some technical improvements have been envisaged, e.g.,
using a truncated HMGR, codon optimization for func-
tional expression in E. coli, and application of stronger
promoter (Pitera et al. 2007; Gralla et al. 1980). The
downstream branch-point enzymes such as sesquiterpene
synthases or cytochrome P450s would subsequently add
to generate target SL. A significant progress in E. coli
manipulation for sesquiterpene production was production
of amorphadiene by heterologous expression of the
mevalonate or DXP pathway plus ADS (Martin et al.
2003). Recent advances in high-level production of
amorpha-4,11-diene in E. coli have proved the perfor-
mance of this system for large-scale production of
sesquiterpene/SLs using two-phase partitioning bioreactor
(Newman et al. 2006). E. coli strain engineering and fer-
mentation process optimization has been successfully
used (Tsuruta et al. 2009). Replacing HMGS, HMG-CoA
synthase (ERG13, GenBank ID 854913) and tHMGR,
truncated version of HMG-CoA reductase (HMGI1,
GenBank ID 854900) from yeast with their ortholog
genes from Staphylococcus aureus, resulted in double
amorpha-4,11-diene production, provided an alternative
source of artemisinin (Tsuruta et al. 2009). The functional
expression of cytochrome P450s in E. coli remained a big
challenge. Protein engineering based on the construction
of fusion proteins might be an alternative strategy for
expression of P450s (which associated with the endoplas-
mic reticulum) in E. coli. The engineering of special char-
acteristics in cytochrome P450s such as membrane bind-
ing, applying alternative reducing sources or fusion pro-
teins, have been shown to be a proper solution (Miles
et al. 2000). For example, two mammalian cytochrome
P450s have been successfully expressed in E. coli, the
active P450 fusion proteins containing the flavoprotein
domain of rat NADPH-cytochrome P450 reductase (Fish-
er et al. 1992). Recently, up to 100 mg ™' of costunolide
has been produced in E. coli by expression of three genes
(GAS, GAO, COS) involved in the biosynthetic pathway
of costunolide and eight genes involved in converting
acetyl-CoA into FDP in the MVA pathway (Yin et al.
2015), the latter achieved by screening and optimization
of cultured medium and inducing temperature. Results of
the latest study showed that application of glucose as car-
bon source and yeast extract elevated both cell growth
and costunolide production in E. coli which indicates that
high-cell density cultivation may be feasible for
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production of costunolide at an industrial scale (Yin
et al. 2015); hence, these items should take in account
for SL production via E. coli culture.

Addition of precursors and biotransformation

Some cultures are able to transform cheap precursors into
costlier chemicals. Biotransformation of secondary metabo-
lites such as terpenoids by microorganisms, mammals, or al-
gae for adding the functional groups have been reported
(Furusawa et al. 2005). It is noticeable that inactive com-
pounds might convert to active form by microbial transforma-
tion and vice versa (Musharraf et al. 2010). Many microor-
ganisms are able to convert terpenoid region-selectively and
stereo-selectively which is most likely due to the action of
cytochrome P450s or dioxygenases (Martin et al. 2008;
Krings et al. 2009; Spakowicz and Strobel 2015). Beside this,
for the time being, some problems still exist which are asso-
ciated with the structure of SLs, e.g., poor solubility in water
and absorption which makes their oral use so difficult. Such
problems motivated scientist to find a new SL derivative, for
example, using DMAPT instead of parthenolide (Guzman
et al. 2007). These kinds of modifications can be expected
by using microorganisms for SL transformation to achieve a
variety of new useful drugs.

Biotransformation of sesquiterpenoids such as
dehydrocostuslactone, costunolide, «-, -, and y-
cyclocostunolides, o-santonin, and atractylon from crude
drugs and (—)-ambrox by microorganisms such as Aspergillus
niger has been successfully conducted (Hashimoto et al.
2001). Artemisinin converted to four different hydroxylated
derivatives by transformation with fungus Cunninghamella
elegans, among which 73-hydroxyartemisinin cannot be syn-
thesized chemically (Parshikov et al. 2004, 2012), while
Cunninghamella echinulata and A. niger transformed
artemisinin to 6f3-hydroxyartemisinin and 4o«-
hydroxydeoxyartemisinin, respectively (Zhan et al. 2002).
Hence, biotransformation could be a proper strategy to pro-
duce those SLs which cannot be chemically synthesized. To
develop a more potent and less neurotoxic agents for the oral
use of artemisinin comparative molecular field analysis
(CoMFA) and hologram QSAR (HQSAR) carried out by
artemisinin analogues with known in vitro antimalarial activ-
ity. Quantitative structure activity relationships (QSARs) sug-
gested some modifications which seem to promote antimalar-
ial activity (Avery et al. 2002).

Although biotransformation strategy has been poorly
exploited on SLs, it can be applied for efficient production
of SLs with low cost (even for the biosynthesis of new drugs
with less toxicities and side effects to human health). Further
region-specific and stereo-specific hydroxylation of SLs
might promote their water solubility or generate the new
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modification sites for further conversion to new drugs. Recon-
stitution of parthenolide biosynthetic pathway in
N. benthamiana led to the production of cysteine and gluta-
thione conjugates of parthenolide in which these conjugates
affect water solubility of parthenolide. Biological assay
showed that parthenolide conjugates were less effective than
free parthenolide but still had considerable anticancer activity,
especially against colon cancer cells (Liu et al. 2014). Based
on this issue that it is feasible to improve the water solubility
of SLs, the production of water-soluble conjugates of SLs
through metabolic engineering of heterologous hosts might
be a good solution to develop SLs as anticancer drugs.

Challenges

Several studies have showed the potential of genetic engineer-
ing for the improvement of SL production. However, there are
genetic barriers on growth and development of gentically
modified plants, and still some challenges exist to achieve
efficient production of the desired sesquiterpene. For example,
leaf chlorosis, reduced stature, and vein clearing were ob-
served in transgenic tobacco when patchoulol and FDP syn-
thase ectopically expressed in plastids (Wu et al. 2006). Such
abnormal growth of engineered plants might be due to the
depletion of terpene precursors, e.g., GDP and FDP which
are essential for production of the metabolites’ needs for nor-
mal plant growth; also, the probable toxic effects of transgenes
are indispensable. A key point is that for a successful meta-
bolic engineering in plants, several issues should be consid-
ered. It is important to produce sufficient content of the de-
sired SL; however, this will be mainly determined by the bio-
chemical nature of the host plant which for the time being is
not well known for most of the plant species. For example,
some newly synthesized sesquiterpenes are being converted
by endogenous enzymes that normally exist in host plants.
These enzymes have broad substrate specificity, such as hy-
droxylases, dehydrogenases, and glucosyltransferases. Meta-
bolic engineering strategies to increase SL production may be
affected by unpredicted metabolic consequences such as fur-
ther modification of the desired SL or its negative effects on
plant growth and development. Based on endeavors toward
terpene engineering, it has been denoted that metabolic engi-
neering of sesquiterpenes is more challenging and pretty com-
plicated. Sesquiterpene engineering is not as easy as the engi-
neering of other terpenes, for example, monoterpenes are
biosynthesized exclusively through the methylerythritol phos-
phate (MEP) pathway in the plastids while both the cytosolic
MVA and plastidic MEP pathways are most likely involved in
sesquiterpene biosynthesis. The precursor trafficking of ter-
penes between organelles depends on the plant species, tissue,
and physiological state of the plant (Steliopoulos et al. 2002;
Dudareva et al. 2005). Furthermore, a larger quantity of FDP

is usually being used for sterol biosynthesis compared with
sesquiterpene biosynthesis; thus, it might be less available for
sesquiterpene synthases.

Conclusions

SL compounds are highly valuable and play a key role in
human health due to their pharmaceutical properties, e.g.,
artemisinin as a potent antimalarial drug in 4. annua and
parthenolide as an anticancer compound in 7. parthenium.
However, the concentrations of SLs in native plants are usu-
ally quite low, which makes them difficult for economical
extraction. In recent years, an increasing number of attempts
have been carried out to uncover SL biosynthetic pathways or
their regulatory mechanism including biosynthesis, transpor-
tation, and accumulation. At the time being, some knowledge
is available about the SL biosynthesis in plants/
microorganisms and some attempts have been conducted for
their heterologous expression in microbial or plants platforms,
nevertheless further elucidation of their biosynthetic pathway
and regulatory mechanisms is needed to develop the high-
yield production platforms. Based on recent improvement in
the elucidation of SL biosynthetic pathways and some techni-
cal improvements for transformation of related genes, a sus-
tainable plant/microbe-based platforms for SL production
would be feasible in near future.
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