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Abstract

More than 70,000 different terpenoid structures are known so far; many of them offer highly interesting applications as phar-
maceuticals, flavors and fragrances, or biofuels. Extraction of these compounds from their natural sources or chemical synthesis
is—in many cases—technically challenging with low or moderate yields while wasting valuable resources. Microbial production
of terpenoids offers a sustainable and environment-friendly alternative starting from simple carbon sources and, frequently,
safeguards high product specificity. Here, we provide an overview on employing recombinant bacteria and yeasts for heterolo-
gous de novo production of terpenoids. Currently, Escherichia coli and Saccharomyces cerevisiae are the two best-established
production hosts for terpenoids. An increasing number of studies have been successful in engineering alternative microorganisms
for terpenoid biosynthesis, which we intend to highlight in this review. Moreover, we discuss the specific engineering challenges
as well as recent advances for microbial production of different classes of terpenoids. Rationalizing the current stages of
development for different terpenoid production hosts as well as future prospects shall provide a valuable decision basis for the

selection and engineering of the cell factory(ies) for industrial production of terpenoid target molecules.
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Introduction

Terpenoids, i.e., terpenes and their functionalized derivatives,
constitute one of the largest and structurally most diverse
groups of natural compounds with over 70,000 different
chemical structures (as listed in the Dictionary of Natural
Products database (Vickers et al. 2017)). Although the major-
ity of terpenoids have been found in plants, they also occur in
insects (Laurent et al. 2003; Sobotnik et al. 2010), in bacteria
(Yamada et al. 2015), and in fungi (Quin et al. 2014). In
accordance with their structural diversity, the functions of ter-
penoids range from mediating symbiotic or antagonistic inter-
actions between organisms to electron transfer, protein
prenylation, or contribution to membrane fluidity
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(Gershenzon and Dudareva 2007; Wriessnegger and Pichler
2013; Pichersky and Raguso 2016). These properties render
terpenoids highly interesting for various applications, such as
pharmaceuticals, flavors and fragrances, biofuels and fuel ad-
ditives, or in agriculture as pesticides (Wang et al. 2005;
Zwenger and Basu 2008; Bohlmann and Keeling 2008;
George et al. 2015). Many of these compounds are still ex-
tracted from their natural sources, in most cases plants, al-
though this approach often suffers from seasonal and geo-
graphical variations in supply and quality. For example, low
yields or even lack of sufficient plant material was demon-
strated in the case of the potent anticancer drug Taxol
(paclitaxel) that had been found in the bark of mature pacific
yew trees. It was calculated that 2—3 million pacific yew trees
would have to be sacrificed per year to cover the demand for
cancer treatment in the USA only (Suffness 1995).

As an alternative supply route for many compounds, chem-
ical synthesis has been established successfully (Jansen and
Shenvi 2014). However, taking into account the progress
made during the last two decades, biotechnological produc-
tion of terpenoids now offers some major benefits. As recently
analyzed for the example of C;3-apocarotenoids (Cataldo et al.
2016), these advantages include renewable starting material,
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increased product specificity, mild process conditions, and the
possibility to generate products considered natural. The latter
feature is gaining importance especially in the fields of flavors
and nutraceuticals. Microbial production hosts can start terpe-
noid biosynthesis from simple carbon sources due to endoge-
nous metabolic pathways generating the universal precursors
for all terpenoids, namely, isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP) (Fig. 1). The 2-C-meth-
yl-D-erythritol-4-phosphate (MEP) pathway (also called DXP
pathway) occurs in most bacteria as well as in plant chloro-
plasts and algae (Rohmer 1999) while the mevalonate (MVA)
pathway is present in most eukaryotes, including plant cyto-
sol, archaea, and eubacteria (Miziorko 2011). As shown in
Fig. 1, condensation of two or more of the previously men-
tioned Cs molecules, IPP and DMAPP, leads to the formation
of the larger prenyl diphosphate compounds farnesyl diphos-
phate (FPP), geranyl diphosphate (GPP), or geranylgeranyl
diphosphate (GGPP) which represent the pool of precursors
for terpenoid biosynthesis. Terpenoids are classified according
to the number of carbon atoms they contain, starting from
monoterpenoids (Cyg), sesquiterpenoids (Cys), diterpenoids
(Cy) to triterpenoids (Csg), and tetraterpenoids (carotenoids,
Cy4o) (Fig. 1). Additionally, a few special classes of terpenoids
have been described such as hemiterpenoids (Cs) (Li et al.
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2018), sesterterpenoids (C,5) (Wang et al. 2013a),
sesquarterpenoids (Css) (Sato 2013), and polyterpenoids (>
C40) (Swiezewska and Danikiewicz 2005) which will not be
discussed in more detail within in this review.

Metabolic engineering of microbial hosts
for recombinant terpenoid production

The MEP and the MVA pathways constitute the two main
targets of cell engineering approaches aiming to enhance ter-
penoid productivity. To increase precursor levels, one possi-
bility is to focus on key enzymes in precursor supply that
might be flux-limiting. Examples for such enzymes include,
amongst others, DXP synthase (dxs) and isopentenyl diphos-
phate isomerase (idi) in the MEP pathway, which have been
overexpressed in numerous studies of metabolic engineering
of Escherichia coli (Albrecht et al. 1999; Kim and Keasling
2001; Leonard et al. 2010). Also in yeast, overexpression of
either selected genes such as truncated HMG-CoA reductase 1
(tHMG) and FPP synthase (ERG20) (Ro et al. 2006; Shiba
etal. 2007; Ignea et al. 2011) or even the whole MVA pathway
(Westfall et al. 2012) significantly increased terpenoid yields.
Another possibility to secure enhanced precursor supply is the
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Fig. 1 Overview of precursor production for terpenoid biosynthesis
starting with the mevalonate (MVA) pathway (most eukaryotes) or the
2-C-methyl-D-erythritol-4-phosphate (MEP) pathway (bacteria and plant
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expression of heterologous pathway genes. Martin et al.
(2003) integrated the MVA pathway of Saccharomyces
cerevisiae into E. coli in addition to the native MEP pathway,
which greatly enhanced supply of prenyl diphosphate mole-
cules. It is hypothesized that this effect can be attributed to the
lack of tight regulation of the heterologous pathway by the
host cell (Martin et al. 2003). Several subsequent studies dem-
onstrated the positive impact of heterologous pathway gene
expression in E. coli on precursor production (Tabata and
Hashimoto 2004; Tsuruta et al. 2009; Yoon et al. 2009; Zhao
et al. 2011). In contrast, results for the opposite approach,
namely, introduction of the MEP pathway of E. coli into yeast,
have been far from being as successful. This is especially
relevant since, when starting from glucose, the MEP pathway
in E. coli has a theoretically higher carbon efficiency due to
the carbon loss of acetyl-CoA formation for the MVA path-
way. Moreover, efficiency of both pathways is also highly
dependent of the selected carbon source (Gruchattka et al.
2013). Only recently, a functional substitution of the native
MVA pathway by a heterologous MEP pathway has been
achieved in S. cerevisiae. The last two enzymes of the MEP
pathway, IspG and IspH, which contain iron—sulfur clusters
and also require additional redox partners, seem to be the
major bottlenecks as they cannot easily be expressed in solu-
ble fashion in yeast (Kirby et al. 2016).

Strikingly, expression of heterologous MVA pathway genes
turned out to be beneficial for yeast hosts in some cases, espe-
cially when the upper part of the pathway was targeted (Hansen
2011; Lietal. 2013; Peng et al. 2017). Particularly in yeast(s), it
is essential to downregulate the endogenous ergosterol biosyn-
thesis pathway, which is competing for precursors. A certain
level of ergosterol is essential for cell viability and proliferation,
though (Daum et al. 1998). Very often, this has been achieved
by exchanging native promoters for weaker ones that are re-
sponsive to glucose (Scalcinati et al. 2012) or methionine
(Asadollahi et al. 2008) levels in the cultivation medium or to
intracellular ergosterol levels (Yuan and Ching 2015). Another
possibility that has been described recently was to tag the com-
peting enzyme for degradation. This strategy has been success-
ful both for reducing squalene synthase levels by fusing it to a
C-terminal peptide recognized by the endoplasmic reticulum-
associated protein degradation mechanism in a sesquiterpenoid-
producing yeast (Peng et al. 2017). In a similar approach aiming
to improve a monoterpenoid-producing strain by targeting FPP
synthase for degradation (Peng et al. 2018), an N-terminal
degron was added to the enzyme. To ensure efficient channel-
ing of prenyl precursors to heterologous terpenoid biosynthesis,
bringing precursor pathway enzymes in close proximity to ter-
pene synthases has been the strategy in several examples in the
literature. Both attempts of direct fusion of enzymes (Albertsen
et al. 2011; Wang et al. 2011; Zhou et al. 2012; Baadhe et al.
2013; Yang et al. 2016) and employing assembly domains
(Zhao et al. 2016) have been beneficial in both E. coli and

various yeast species as well as for various classes of
terpenoids.

Particularly in yeasts—with only one pathway providing
prenyl diphosphate precursors for terpenoid biosynthesis—
the issue of acetyl-CoA supply for the mevalonate pathway
has been addressed (reviewed recently in more detail also by
Vickers et al. (2017)). A pyruvate dehydrogenase (PDH) by-
pass was engineered that by providing additional acetyl-
CoA—through overexpression of native acetaldehyde dehy-
drogenase(s) together with a Salmonella enterica acetyl-CoA
synthetase variant—clearly increased flux through the
mevalonate pathway resulting in a further twofold increase
in amorphadiene levels in the best strain available (Shiba
et al. 2007). Based on this strategy, acetyl-CoA supply for
terpenoid production was pushed even further by engineering
a push—pull block strategy that enhanced production of the
sesquiterpene o-santalene fourfold. This increase in produc-
tivity was achieved by overexpressing a native alcohol dehy-
drogenase that converts ethanol to acetaldehyde and thereby
channels it for additional acetyl-CoA supply (push).
Furthermore, the first enzyme in the mevalonate pathway,
acetyl-CoA C-acetyltransferase (pull), was overexpressed
while reactions in the glyoxylate cycle competing for acetyl-
CoA were inhibited (block) (Chen et al. 2013). A different
approach, also aiming to improve overall acetyl-CoA supply,
was to additionally utilize the mitochondrial acetyl-CoA pool
by expressing the terpene synthase both in mitochondria and
in the cytosol (Farhi et al. 2011). Engineering of central carbon
metabolism for terpenoid biosynthesis was shifted to a new
level by Meadows et al. (2016) who rendered S. cerevisiae
more efficient in terms of ATP consumption and carbon flux.
Endogenous pathways were replaced by heterologous meta-
bolic reactions. For example, the previously described PDH
bypass was substituted with an acetaldehyde dehydrogenase
acylating (ADA) from Dickeya zeae which reduced the meta-
bolic cost of farnesene by 18 ATPs, while expression of
bacteria-derived xylulose-5-phosphate specific
phosphoketolase and phosphotransacetylase circumvented
CO,-emitting reactions. In addition, oxygen demand—of
great importance for large-scale production—was decreased
by astonishing 75%. Combined, these engineering approaches
resulted in> 130 g L' of B-farnesene, by far the highest value
reported so far for recombinant terpenoid production
(Meadows et al. 2016).

For more detailed information on host engineering, we re-
fer the reader to several excellent reviews that focus either on
specific hosts, especially E. coli (Li and Wang 2016; Ward
et al. 2018) and S. cerevisiae (Paramasivan and Mutturi
2017; Vickers et al. 2017; Zhang et al. 2017) or on strain
engineering for selected targets such as isoprene (Ye et al.
2016) mono- (Zebec et al. 2016) or diterpenoids (Kemper
et al. 2017), lycopene (Ma et al. 2016a), or fragrance and
flavor molecules (Carroll et al. 2016).

@ Springer



5504

Appl Microbiol Biotechnol (2019) 103:5501-5516

Alternative microbial hosts for terpenoid
production

To date, the majority of studies that aimed for microbial ter-
penoid production were based on E. coli or S. cerevisiae as
production chassis. Accordingly, the highest terpenoid titers
have been reported for these two hosts (Tsuruta et al. 2009;
Westfall et al. 2012; Meadows et al. 2016). This preference
can mainly be attributed to the extensive knowledge of geno-
mics, genetic engineering, metabolism, and cell biology of
these two microbes, which was available already two decades
ago when metabolic engineering for terpenoid production was
still in its infancy. In addition, also fast growth and relatively
simple cultivation conditions are properties of high impor-
tance when selecting a host for production at industrial scale.
Therefore, especially for bulk chemical production for which
the efficient utilization of each supplied carbon atom is of high
economic importance, these two organisms still remain to be
the first choice for production of most terpenoid molecules.
However, considering recent developments of genetic engi-
neering tools for other microorganisms (reviewed by Cho
etal. (2018) and Raschmanova et al. (2018)), potential advan-
tages of alternative production hosts over the two model or-
ganisms gain momentum. Although current terpenoid titers in
alternative hosts may still lack economic feasibility, future
metabolic engineering approaches will benefit from already
established large-scale production processes of other valuable
compounds by various microorganisms such as amino acids
from Corynebacterium glutamicum (Ikeda and Takeno 2013)
or heterologous proteins secreted from Bacillus subtilis
(Schallmey et al. 2004). To achieve economic and sustainable
production, the utilization of cheap, preferably nonsugar/
nonfood carbon sources plays a major role. Substrates such
as glycerol, ethanol, or methanol have been successfully
employed for cultivation of Pichia pastoris, Yarrowia
lipolytica, or Methylobacterium extorquens for terpenoid pro-
duction (Matthdus et al. 2014; Wriessnegger et al. 2014,
Sonntag et al. 2015; Czajka et al. 2018). Meanwhile, even
lignocellulosic feedstocks become more amenable, although
for most microorganisms, substantial cell engineering is nec-
essary to achieve sufficient yields on this nutrient source (Wei
et al. 2015a; Wendisch et al. 2016; Nichus et al. 2018).
Autotrophic bacteria, such as the cyanobacteria
Synechococcus sp. and Synechocystis sp., Rhodobacter
sphaeroides, or Cupriavidus necator, have been engineered
for terpenoid production, in some cases actually utilizing
CO, as carbon source (Beekwilder et al. 2013; Choi et al.
2016; Formighieri and Melis 2017; Lee et al. 2017; Krieg
et al. 2018). Photosynthetic bacteria are of specific interest
as they are natural, high-level producers of terpenoids, more
precisely pigments such as carotenoids, and therefore already
operate the necessary metabolic pathways which can be fur-
ther engineered to improve terpenoid yields (Pattanaik and
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Lindberg 2015; Su et al. 2018). Another factor that may influ-
ence the choice of production host is the type of enzyme(s)
required to obtain the target molecule(s). While many terpene
synthases can be expressed solubly in diverse hosts, expres-
sion of cytochrome P450 enzymes (CYP450s) which
functionalize terpenes and, thereby, contribute to the great
diversity of terpenoids has been challenging in many cases
(Renault et al. 2014). Most CYP450s of plant origin are
membrane-anchored to the endoplasmic reticulum (ER).
Accordingly, functional expression of these enzymes in bac-
teria often is poor compared with eukaryotic hosts.
Furthermore, CYP450s require coexpression of CYP450 re-
ductases (CPRs) also inserted into the ER membrane as
reviewed by Renault et al. (2014). Yet, functional CYP450/
CPR coexpression in yeast(s) may bring along its issues as
well, e.g., CPR instability, that may be cured by coexpression
of ICE2 (Emmerstorfer et al. 2015). Another issue that should
be considered when selecting a microbial chassis and that we
discuss in the next section in more detail is the toxicity of
intermediates or terminal products on the microbial hosts
themselves, which can considerably lower the yields.
Therefore, genetically amenable bacteria that, by nature, are
more tolerant to solvents, such as Pseudomonas putida or
B. subtilis (Sardessai and Bhosle 2002; Nielsen et al. 2009),
might be advantageous for terpenoid production. Ultimately,
aiming for commercial applications, the selection of an alter-
native host might allow more freedom to operate since engi-
neering of terpenoid biosynthesis in E. coli or S. cerevisiae is
already restricted due to broad patent claims.

In the following section, we survey the specific challenges
of microbial de novo biosynthesis for each terpenoid class in
more detail. We provide an overview on how far various mi-
crobial hosts have been developed to reach industrially feasi-
ble terpenoid titers (see also Fig. 2).

Microbial production of different terpenoid
classes

Monoterpenoids

The precursor molecule of monoterpenoids, geranyl diphos-
phate (GPP), is formed by condensation of dimethylallyl di-
phosphate (DMAPP) and isopentenyl diphosphate (IPP)
(Fig. 1). Only low levels of endogenous GPP can be detected
in microorganisms as most of GPP is efficiently converted to
farnesyl pyrophosphate (FPP) by condensation with another
molecule of IPP (Anderson et al. 1989; Thulasiram and
Poulter 2006). In order to ensure sufficient precursor supply
for monoterpenoid biosynthesis in microbial hosts, two differ-
ent approaches have proven to be successful. Expression of
heterologous GPP synthases from plant yielded improved
monoterpenoid levels in E. coli (Yang et al. 2013; Alonso-



Appl Microbiol Biotechnol (2019) 103:5501-5516

5505

20mg L

Diterpenoids

Triterpenoids

Tetraterpenoids

Bacillus subtilis amorphadiene' sf
(Zhou et al. 2013)
i i 0.18 mg L 60mg L 2.4mg g DCW
Corynebacterium glutamicum a-pinene’ sf patchoulol’ br lycopene sf
(Kang et al. 2014) (Henke et al. 2018) (Heider et al. 2012)
L. 11 mg L-:
Cupriavidus necator a-humulene’ br
(Krieg et al. 2018)
- . 2.65g L 27.49L- 1.5gL 8.63mg L1
Escherichia coli sabinene’br amorphadiene” br sclareol’ br dammarenediol II” sf
(Zhang et al. 2014) (Tsuruta et al. 2009) (Schalk et al. 2012) (Li et al. 2016)
n i 1.65g L7
@ | Methylobacterium extorquens a-humulene’ br
° (Sonntag et al. 2015)
> . 193 mg L 239mg L
< Pseudomonas putida geranic acid "°br zeaxanthin'' sf
X (Mi et al. 2014) (Beuttler et al. 2011)
° ) 352mg L 66 mgL -
o Rhodobacter sphaeroides valencene sf lycopene*sf
(Beekwilder et al. 2013) (Suetal. 2018)
110 mg L-11
Rhodococcus capsulatus botryococcene ™ br
(Khan et al. 2015)
11 mgL-! 212mg L ' 82mgg'DCW
Streptomyces sp. bisabolene’sf botryococcene " sf lycopene” sf.
(Phelan et al. 2015) (Khalid et al. 2017) (Bai etal. 2015)
4mglL? 20mg L~
Synechococcus sp. limonene"*sf amorphadiene
(Davies et al. 2014) (Choi et al. 2016)
i 11 mg g~ DCW 46pgLt 2mglLt 1.41mglL:! 1.11 mg L'd
Synechocystis sp. B-phellandrene™br B-caryophyllene 13R-manoyl oxide cycloartenol”* sf astaxanthin
(Formighieri et al. 2016) (Reinsvold et al. 2011) (Vavitsaset al. 2017) (Loeschcke et al. 2017) (Albers 2016)
L. 3 208 mg L1 94mglL- 105 mg L; 74mgL-1
g Pichia pastoris nootkatone™ br taxadiene””sf (+)-ambrein”® br lycopene® br
- (Wriessnegger et al. 2014) (Vogl et al. 2016) (Moser et al. 2018) (Bhatayaet al. 2009)
° - 1.68g L >130g L 331gL | 150mgg'DCW
> Saccharomyces cerevisiae geraniol*® br B-farnesene® br geranylgeraniol™” br ‘ B-carotene’’sf
g (Jiang et al. 2017) (Meadows et al. 2016) (Tokuhiro et al. 2009) & (Hansen 2011)
S o . 23.56 mg L 260mg L ~ esgLT
T} Yarrowia lipolytica limonene®sf a-farnesene™ br B-carotene™ br
(Cao et al. 2016) (Yang et al. 2016) ~ (Larroude et al. 2018)

Fig. 2 Highest reported value for each terpenoid class produced by
different microbial hosts. Color intensity correlates to produced
amounts for each class. Mode of cultivation: shake flask (sf), bioreactor
(br), microtiter plate (mtp). If no cultivation mode is stated, details were
not elaborated in literature, or the values could not be clearly assigned to
one of the three modes of cultivation. Since titers and yields cannot easily
be correlated due to considerable variations in growth and cell densities of
different species and engineered strains, values were taken as stated in
literature, preferably as titer (mg L™' or g L™"), otherwise as space time
yield (mg L' d™") or specific yield (mg g " dry cell weight (DCW)).
Superscript numbers behind the terpenoid molecule refer to footnotes
with additional information on production time frame and eventually
specific yield or space time yield, if available. Values that resulted from
our own calculations based on available data in the respective study are
given in italics. Asterisk indicates that this work has been substantially
challenged by other authors (see Bian et al. 2018). 'Induction for 2 days;
cultivation in 14 mL [sic!] Falcon tubes; *induction for 52 h; specific yield
204 pg g ' DCW; 3cultivation for 142 h; maximum space time yield
18 mg L™'d""; specific yield 2 mg g' DCW; “cultivation for 7 days;
specific yield 17 mg g~' DCW; maximum space time yield
0.08 mg L'h'; %12 hof growth and 24 h of induction; maximum

Gutierrez et al. 2013; Zhang et al. 2014), S. cerevisiae (Ignea
et al. 2011), P. putida (Mi et al. 2014), and C. glutamicum
(Kang et al. 2014). Alternatively, the native FPP synthases
of E. coli (Zhou et al. 2014) and S. cerevisiae (Fischer et al.
2011; Ignea et al. 2015) have been engineered to primarily
yield GPP.

A major issue of microbial monoterpenoid production con-
cerns the toxicity of these compounds to their production hosts.

specific productivity 0.018 g h™' ¢! DCW; cultivation rounds lasted
between 120 and 160 h; “cultivation lasted close to 2 days including
20 h of induction; *induction for 48 h; °after 104 h of induction; average
space time yield 14.6 mg L™ h™'; specific yield 55 mg g~' DCW;
1Ogrowth for 24 h and induction for 48 h; ''48 h of induction; %cultivation
for 72 h; cultivation for 168 h; specific yield 10.32 mg g ' DCW;
Meultivation for 110 h; specific yield 16.7 mg g~' DCW; "“cultivation
for 72 h; '®cultivation for 9 days; 7¢ultivation for 5 days; 18cultivation for
96 h; highest rate 50 pg L' h"; “cultivation for 10 days; specific pro-
ductivity over a 48 h culture 0.492 mg L 'OD530 1; *°cultivation for
48 h;*! cultivation for 1 week; specific yield 3.7 ug g! DCW; 222 days
of cultivation; specific yield 0.98 mg g ' DCW; *specific yield
2.06 mg g ' DCW; specific titer 0.92 mg L™'OD'; **induction for
108 h; >cultivation for 60 h; *®induction for 74 h; *’cultivation for
39.5 h; specific yield 4.6 mg g ' DCW; Zafter 130 h of cultivation; after
2 weeks; maximum space time yield 2.24 g L' h™"; 3°206 h of cultiva-
tion; specific yield 70.9 mg g~' DCW; 2'144 h of fermentation; specific
yield 76.9 mg g~ ' DCW; **cultivation for 48 h; **cultivation for 3 days;
specific yield 1.36 mg g~' DCW; **cultivation for 120 h; specific yield
33.98 mg g ' DCW; *cultivation for 122 h; specific yield 90 mg g
DCW

Apparent detrimental effects on membrane integrity have been
described for different bacteria including E. coli as well as for
S. cerevisiae (Sikkema et al. 1995; Trombetta et al. 2005). One
possibility to overcome product toxicity is to perform biphasic
cultivations for in situ extraction using dibutyl phthalate
(Brennan et al. 2012), diisononyl phthalate (Willrodt et al.
2014), or dodecane (Alonso-Gutierrez et al. 2013) which also
prevents loss of these highly volatile compounds. The same
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strategy is valid for cultures producing sesquiterpenoids. Another
way is to heterologously express efflux pumps, a concept suc-
cessfully implemented both in £. coli (Dunlop et al. 2011) and
S. cerevisiae (Wang et al. 2013b). Recently, it has been demon-
strated for S. cerevisiae that the toxic effect of limonene can
primarily be attributed to disturbing cell wall integrity (Brennan
et al. 2013). Accordingly, expression of a truncated form of
tricalbin 3, a protein with possible involvement in cell wall in-
tegrity regulation, was found to be highly beneficial for increas-
ing S. cerevisiae tolerance against limonene, (3-pinene, and
myrcene (Brennan et al. 2015). In E. coli, expression of a mutat-
ed alkyl hydroperoxidase reduced the accumulation of the spon-
taneous oxidation product of limonene, limonene hydroxide,
which seems to constitute the actually toxic compound for mi-
croorganisms in the presence of limonene (Chubukov et al.
2016).

Currently, E. coli or S. cerevisiae constitute the most pro-
ductive monoterpenoid hosts, with the reported titers being in
the low g L' range. Engineered E. coli yielded 2.65 g L' of
the biofuel precursor sabinene (Zhang et al. 2014),0.9 gL' of
limonene (Willrodt et al. 2014), or 0.97 g L™ of x-pinene
(Yang et al. 2013). Both Yang et al. (2013) and Zhang et al.
(2014) employed an E. coli strain expressing a hybrid MVA
pathway from Enterococcus faecalis and S. cerevisiae which
was shown to be clearly superior to the native MEP pathway.
The highest reported titers for S. cerevisiae were 1.68 g L' of
geraniol after screening nine different synthases, improving
expression thereof and fusing it to FPP synthase (Jiang et al.
2017) and 1.1 g L™" of cineol by overexpressing, amongst
others, a more stable variant of the HMGR isoenzyme
HMG?2 (K6R) as well as a chaperone (HSP90) (Ignea et al.
2011). Although levels are still markedly lower, some alterna-
tive hosts exhibit a significantly higher resistance to
monoterpenoids, rendering them interesting production chas-
sis for this terpenoid class. In particular, P. putida offers high
tolerance to monoterpenoids (Speelmans et al. 1998), and
engineered strains have been successfully applied for de novo
production of geranic acid yielding 193 mg L™ (Mi et al.
2014) as well as for conversion of 1,8-cineole (Mi et al.
2016) and limonene (Mirata et al. 2009). The study by Mi
et al. (2014) underlined the potential advantage of P. putida
as monoterpenoid producer as it exhibited a markedly higher
resistance—Dby at least a factor of 6—to geranic acid in com-
parison with both S. cerevisiae and E. coli (Mi et al. 2014).
Also, the oleaginous yeast Y. lipolytica was engineered to
produce 23.6 mg L™ of limonene (Cao et al. 2016) and
7 mg L™ of linalool (Cao et al. 2017). Other hosts that had
been engineered for monoterpenoid production include
cyanobacteria for the production of limonene (Davies et al.
2014) or B-phellandrene (Formighieri and Melis 2016) with
the titers being in the low mg L' range. For the production of
- and [3-pinene in C. glutamicum, product levels are still in
the low, triple-digit ug L' dimension (Kang et al. 2014).
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In contrast to the above described biosynthesis of terpenoid
backbones, further modifications of the hydrocarbons, as for
example the conversion of limonene to menthol catalyzed by
an enzyme cascade involving CYP450s from Mentha spp.
(Turner and Croteau 2004), still remain a major challenge in
microbial hosts. To our knowledge, no de novo biosynthesis
of menthol from simple carbon source has been described, yet.
However, a few approaches have been described that success-
fully produced menthol from pathway intermediates added
externally (Toogood et al. 2015; Currin et al. 2018).
Moreover, production and subsequent hydroxylation of limo-
nene to another product, perillyl alcohol, in E. coli were re-
ported to yield around ~ 100 mg L™" of functionalized mono-
terpene (Alonso-Gutierrez et al. 2013).

Sesquiterpenoids

To date, the most successful examples of microbial terpenoid
production all fall into the class of sesquiterpenoids—which
is not counterintuitive considering the essential nature of
FPP-derived metabolites, e.g., sterols in eukaryotes. By far,
the highest titers at > 130 g L™ have been reported for pro-
duction of [3-farnesene—a building block for products rang-
ing from cosmetics to fuel—using engineered S. cerevisiae.
While synthesis of (3-farnesene from FPP requires only a
single enzyme, i.c., 3-farnesene synthase, the major chal-
lenge was to modify carbon metabolism towards economic
production of this bulk chemical by reducing ATP consump-
tion and oxygen demand while improving carbon flux
(Meadows et al. 2016), as discussed above. A far more com-
plex biosynthetic route involving CYP450 activity and yield-
ing in sufficient terpenoid for industrial scale was the produc-
tion of precursors for artemisinin, an antimalarial drug. In
S. cerevisiae, >40 g L™ of amorphadiene (Westfall et al.
2012) and 25 g L ! of artemisinic acid (Paddon et al. 2013)
that can be chemically converted to artemisinin were pro-
duced. In comparison with these values, the maximum titers
reported for E. coli are 8.74 g L™ of B-famesene (You et al.
2017)and 27.4 g L!of amorphadiene (Tsuruta et al. 2009).
Similarly, for two more sesquiterpenoids that can be produced
in the low g L' range, S. cerevisiae appears to be superior to
E. coli at the moment. Bisabolene levels reached 5.2 g L™
after screening of a yeast deletion collection (Ozaydin et al.
2013) while a principal component analysis of proteomics
(PCAP) study for E. coli resulted in 1.15 g L' of bisabolene
(Alonso-Gutierrez et al. 2015). An early patent of Millis et al.
(2001) described a S. cerevisiae strain capable of producing
4.95 g L' of farnesol while another study on isoprenoid
alcohol production in E. coli reported farnesol levels of
1.4 g L' (Zada et al. 2018). In contrast, engineering of
E. coli for production of (—)-a-bisabolol and subsequent
upscaling yielded 9.1 g L™ which surpasses values reported
for S. cerevisiae (Han et al. 2016).
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Partially, based on the extensive work done in the two best-
established production hosts, engineering of a few other mi-
croorganisms has advanced far enough to achieve
sesquiterpenoid production in 3-digit mg L' range or higher.
Sesquiterpenoid levels produced in such microbial hosts in-
clude for example 1.65 g L™ of o-humulene in M. extorquens,
which is remarkable considering that this bacterium was, until
then, mainly known as a model organism for methylotrophy
and not as a production chassis (Sonntag et al. 2015). Another
methylotrophic microorganism, the yeast P. pastoris, was suc-
cessfully employed for the functional expression of a
CYP450/CPR pair in addition to valencene synthase, resulting
in 208 mg L' of the grapefruit flavor (+)-nootkatone
(Wriessnegger et al. 2014). The oleaginous yeast
Y. lipolytica was engineered to produce 260 mg L™ of «-
farnesene by expressing a recombinant FPP synthase/o-
farnesene synthase protein fusion in a strain modified for im-
proved precursor production (Yang et al. 2016). Expression of
a valencene synthase in a R. sphaeroides strain with a heter-
ologous MVA pathway yielded 352 mg L' of valencene, a
major aspect being the selection of a well-expressing syn-
thase. In the same study, this synthase was also tested in a
wild-type S. cerevisiae strain, but titers were considerably
higher for the nonengineered bacterial host, thereby highlight-
ing the potential of this phototrophic bacterium (Beekwilder
et al. 2013). Also, a few other organisms were engineered for
sesquiterpenoid biosynthesis such as C. glutamicum produc-
ing 60 mg L™" of patchoulol (Henke et al. 2018), as well as
2.4 mg L™ of valencene (Frohwitter et al. 2014) or B. subtilis
yielding 20 mg L™ of amorphadiene (Zhou et al. 2013). A f-
caryophyllene synthase was introduced into the cyanobacteri-
um Synechocystis sp. PCC6803 yielding 3.7 pg g ' DCW
(Reinsvold et al. 2011) while Streptomyces venezuelae was
engineered to produce 10.5 mg L™ of bisabolene (Phelan
et al. 2015). In the latter study, also more complex carbon
sources, such as cellobiose or ionic liquid-pretreated switch-
grass, were successfully tested for bisabolene production, al-
though titers were lower than with optimized medium. Further
very interesting studies with regard to feedstock utilization
were the production of 20 mg L™ of amorphadiene (Choi
et al. 2016) and 4.6 mg L' of -farnesene (Lee et al. 2017)
by Synechococcus elongatus PCC 7942, and remarkable
17 mg g ' DCW of a-humulene by C. necator (Krieg et al.
2018), using CO, as sole carbon source in all cases.

Beyond artemisinic acid and (+)-nootkatone, also some
further examples of de novo biosynthesis and subsequent
functionalization of sesquiterpenes catalyzed by CYP450s
have been described, although titers are still relatively low.
E. coli has been engineered to produce 105 mg L™ of 8-
hydroxycadinene (Chang et al. 2007) and—in a different
study—an equivalent amount of costunolide which required
heterologous expression of two CYP450s (Yin et al. 2015).
S. cerevisiae was engineered to produce 50 mg L™ of the

dihydroxylated capsidiol (Takahashi et al. 2007) and, very
recently, 40 mg L™ of zerumbone which required biosynthe-
sis of a-humulene, subsequent hydroxylation catalyzed by a
CYP450, and conversion by a zerumbone synthase variant
(Zhang et al. 2018D).

Due to the extensive work done in the field of microbial
sesquiterpenoid production within the last two decades, most
of the terpenoids that are currently produced at commercial
scale belong to this class. In addition to the already described
high-level production of (3-farnesene and artemisinic acid,
also microbially produced flavor and fragrance molecules
such as valencene or patchoulol are already on the market,
as reviewed in more detail by Schempp et al. (2018).

Diterpenoids

Biosynthesis of diterpenoids starts from GGPP which is
formed by condensation of FPP with IPP (Fig. 1). GGPP
levels in microbial production hosts are too low under stan-
dard conditions and, thus, need to be boosted for recombinant
diterpenoid production. Different strategies have been
employed; therefore, S. cerevisiae possesses a native GGPP
synthase, BTSI (Jiang et al. 1995), that has been
overexpressed either as single protein or as a part of fusion
constructs with other pathway enzymes to enable efficient
channeling of intermediates to push GGPP levels (Tokuhiro
et al. 2009; Dai et al. 2012). Nevertheless, Btslp catalytic
activity is relatively low compared with GGPP synthases from
other hosts (Ding et al. 2014). Therefore, in most studies en-
gineering E. coli or S. cerevisiae for diterpenoid production,
expression of heterologous GGPP synthases was the method
of choice (Ajikumar et al. 2010; Morrone et al. 2010; Leonard
et al. 2010; Dai et al. 2012; Schalk et al. 2012). Another
possible solution was described by Ignea et al. (2015) who
engineered the native FPP synthase of S. cerevisiae to a bi-
functional enzyme that additionally produced significant
amounts of GGPP. The benchmark for highest diterpenoid
productivity is currently set by the production of 3.3 g L™
(or 70.9 mg g~ ' DCW) of geranylgeraniol which was achieved
by creating fusion constructs of GGPP synthase with either
FPP synthase or the endogenous diacylglycerol diphosphate
phosphatase (Dpplp) (Tokuhiro et al. 2009). A similar fusion
approach was applied by Dai et al. (2012) for the generation of
488 mg L' of the tanshinone precursor miltiradiene, while
Trikka et al. (2015) engineered S. cerevisiae for the production
of 750 mg L™ of the Ambrox precursor sclareol by knocking
out six at first sight unrelated genes that had been identified in
a carotenogenic screen. E. coli was employed to obtain
1.5 g L™! of sclareol using two optimized synthases from
Clary sage (Schalk et al. 2012). In the same host,
700 mg L™ of levopimaradiene was reached through combi-
natorial mutagenesis of both GGPP and levopimaradiene syn-
thase (Leonard et al. 2010).
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The most publicity for microbial diterpenoid biosynthesis
was attracted by the production of precursors of Taxol, an
anticancer drug whose natural synthesis from GGPP involves
19 steps (Jennewein et al. 2004). Biosynthesis of taxadiene,
the first intermediate in Taxol biosynthesis reached 1 g L ™" in
E. coli (Ajikumar et al. 2010), while for S. cerevisiae, the
highest reported value is 8.7 mg L™ (Engels et al. 2008).
Accordingly, CYP450-mediated generation of oxygenated
taxanes, the next intermediates en route to Taxol, was reported
to yield 570 mg L' in E. coli (Biggs et al. 2016). The same
intermediates could only be produced by S. cerevisiae in a
cocultivation strategy with taxadiene-producing E. coli, yet
the levels were still clearly lower at 33 mg L™' (Zhou et al.
2015). In the same study, another functionalized diterpenoid
was produced in a similar way by combining miltiradiene-
producing E. coli with S. cerevisiae expressing a CYP450
required for subsequent conversion to ferruginol at
18 mg L. Very interesting with regard to cheap feedstock
utilization was the recent engineering of E. coli for the pro-
duction of 364 mg L™ of taxadiene utilizing corn steep liquor
and glycerol as carbon source (Hirte et al. 2018). On the other
hand, S. cerevisiae has been engineered to produce about
800 mg/L of jolkinol C and a record >1 g L' of oxidized
casbanes that are potential intermediates for the synthesis of
various pharmaceuticals (Wong et al. 2018). To our knowl-
edge, the only examples for diterpenoid production in alterna-
tive hosts are the biosynthesis of 360 ug g ' DCW of
geranyllinalool (Formighieri and Melis 2017) and
0.98 mg g ' DCW of 13R-manoyl oxide (Vavitsas et al.
2017) in Synechocystis sp. PCC 6803 as well as the biosyn-
thesis of 9.4 mg L™ of taxadiene in P. pastoris (Vogl et al.
2016). Further analysis of the impact of these recombinant
pathways and the resulting products on the cell as well as
additional work on alleviating the bottleneck of GGPP supply
will contribute to improving diterpenoid yields in alternative
host.

Triterpenoids

Condensation of two FPP molecules leads to formation of
squalene which can either be used directly or get epoxidized
to 2,3-oxidosqualene for subsequent steps of triterpenoid pro-
duction. The majority of currently known triterpenoids found
in higher organisms are formed from 2,3-oxidosqualene while
prokaryotes usually take squalene as starting compound for
triterpenoid formation (Abe et al. 1993) Thus, yeasts naturally
producing both squalene and 2,3-oxidosqualene for ergosterol
biosynthesis have a major starting advantage over E. coli and
other prokaryotes that require expression of heterologous
squalene- and 2,3-oxiosqualene synthases. Accordingly, the
highest titers of triterpenoids have been reported for
S. cerevisiae. Dai et al. (2013) engineered S. cerevisiae for
production of 1.55 g L' of the ginsenoside precursor
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dammarenediol II, and upon coexpression of a CYP450/
CPR pair, a remarkable amount of 1.19 g L™' of
protopanaxadiol was reported. Very recently, the production
of dammarenediol II and subsequent conversion to
protopanaxadiol was markedly improved through modular
engineering of the MVA pathway combined with optimized
CYP450 expression, finally yielding 11.02 g L™ of
protopanaxadiol (corresponding to 76.9 mg g ' DCW)
(Wang et al. 2019). Protopanaxadiol is converted to
protopanaxatriol employing another CYP450 enzyme (Dai
et al. 2014). Decoration of protopanaxadiol and
protopanaxatriol through heterologous UDP-
glycosyltransferases in S. cerevisiae yielded natural (Wang
et al. 2015, 2019; Wei et al. 2015b) or novel (Liang et al.
2017) bioactive compounds. The highest titer reported for de
novo production of a fully functionalized and glycosylated
ginsenoside so far is 2.25 g L' of the potential anticancer
drug Rh2 in S. cerevisiae (Wang et al. 2019).
Dammarenediol IT production has also been described in
E. coli, requiring introduction of heterologous 2,3-
oxidosqualene biosynthesis as well truncation of all N-
terminal transmembrane domains of involved enzymes (Li
et al. 2016) and P. pastoris (Zhao et al. 2016) but, in compar-
ison with S. cerevisiae, at relatively low titers and specific
yields of 8.63 mg L' and 1.04 mg g ' DCW, respectively.
o- and (-amyrin as well as their CYP450-derived products
ursolic and oleanolic acid have been obtained in the low 3-
digit mg L™ range in S. cerevisiae (Lu et al. 2018). Recently,
Zhao et al. (2018) enhanced oleanolic acid levels to
607 mg L' in S. cerevisiae. In addition to pushing precursor
supply, the pairing of CYP450/CPR was optimized, and the
galactose regulatory network was targeted to avoid negative
effects on heterologous protein expression under the control of
the ubiquitously used GAL promoter in the presence of glu-
cose, which in addition also eliminated the requirement for
cost-intensive supplementation with high amounts of galac-
tose (Zhao et al. 2018). A very interesting approach with re-
gard to overcoming the bottleneck of heterologous CYP450
expression in S. cerevisiae was described by Arendt et al.
(2017) by engineering a yeast cell with significantly expanded
endoplasmic reticulum to accommodate several, plant-derived
CYP450 enzymes. This resulted in a 16-fold increase in pro-
duction levels of medicagenic-28-O-glucoside, an oxidized
and subsequently glycosylated derivative of [3-amyrin
(Arendt et al. 2017).

In contrast to E. coli, which is currently no competition for
S. cerevisiae in triterpenoid production, the potential of sever-
al other hosts has been demonstrated in recent years. Our
laboratory has recently reported the engineering of
methylotrophic yeast P. pastoris for the biosynthesis of the
squalene-derived (+)-ambrein, yielding 105 mg L™ (Moser
et al. 2018). Other hosts were modified to produce
botryococcene in a similar range, such as Streptomyces
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reveromyceticus SN-593, a strain with a native mevalonate
operon, that upon fine-tuning of expression of its global reg-
ulator of terpenoid biosynthesis, Fur22, yielded 212 mg L™
(Khalid et al. 2017). Rhodobacter capsulatus produced
110 mg L™ of botryococcene in an autotrophic cultivation
setup supplying only CO,, H,, and O, that yielded almost
threefold more in titer compared with a glucose-based fed
batch (Khan et al. 2015). The first synthesis of triterpenoids
derived from 2,3-oxidosqualene in cyanobacteria was de-
scribed by Loeschcke et al. (2017) who engineered
Synechocystis sp. PCC 6803 for the production of
cycloartenol, lupeol, and marneral. Additionally, traces of hy-
droxylated derivatives of lupeol and marneral were detected,
presumably due to endogenous CYP450 activity.

Tetraterpenoids (carotenoids)

Contrary to the terpenoid classes described above, for which
most terpene synthases were derived from plants, carotenoid
biosynthetic genes can also be found in many prokaryotes,
fungi, or archaea (Sandmann 2002). This might constitute a
possible advantage when heterologously overexpressing these
biosynthetic genes in microbial production hosts. This hy-
pothesis is supported by the fact that most studies in this sec-
tion describing successful carotenoid production employed
genes derived from microorganisms, fungi, or algae (Hansen
2011; Nam et al. 2013; Chen et al. 2016; Larroude et al. 2018).
Upon condensation of two GGPP molecules, phytoene, the
precursor for all carotenoids, is formed (Fig. 1). In
noncarotenogenic hosts, this step requires heterologous ex-
pression of a phytoene synthase. In contrast to the other ter-
penoid classes, for which E. coli and S. cerevisiae are
undisputedly the leading production hosts, the oleaginous
yeast Y. lipolytica has been engineered to reach similar or even
higher yields of different carotenoids. One major advantage of
Y. lipolytica is its capability to form large lipid bodies in which
high amounts of hydrophobic compounds, including caroten-
oids, can be stored (Matthéus et al. 2014). This ability can be
further exploited upon strain engineering. For example, its
native, already high acetyl-CoA flux can be engineered which
renders Y. lipolytica, a highly promising host platform for
terpenoid and lipid biosynthesis (Tai and Stephanopoulos
2013). Reported p-carotene yields are highest at 150 mg g
DCW for a S. cerevisiae strain that expressed a heterologous
mevalonate pathway; each gene of which was selected from a
different source, together with an ATP citrate lyase to push
cytosolic acetyl-CoA levels (Hansen 2011). Remarkably,
90 mg g ' DCW (corresponding to 6.5 mg L") was reported
for Y. lipolytica, for which the ideal promoter—gene combina-
tions were determined for all expression cassettes (Larroude
et al. 2018), while E. coli produced 72.6 mg g ' DCW after
optimization of cultivation media composition. (Nam et al.
2013). Thus, these engineered hosts are competitive to natural

microbial (3-carotene producers currently used for production
at industrial scale such as the microalga Dunaliella salina
which has been reported to synthesize 37.3 mg g~' DCW
per day (Garcia-Gonzalez et al. 2005) or the fungus
Blakeslea trispora which could be optimized to produce up
to 55mg g ' DCW of B-carotene per day (Roukas et al. 2015).
In contrast, yields of other hosts such as C. glutamicum or
P, pastoris are relatively low in the pg g ' DCW to single-
digit mg g ' DCW range (Araya-Garay et al. 2012; Henke
etal. 2016).

For the (3-carotene precursor lycopene, by far, the highest
reported value was for an engineered £. coli strain that was
reported to yield 448 mg g ' DCW (Coussement et al. 2017).
However, this report was challenged by Bian et al. (2018) very
recently, claiming that due to missing and/or incomplete in-
formation, the earlier work could not be reproduced by others.
For the yeasts S. cerevisiae (Chen et al. 2016) and Y. lipolytica
(Schwartz et al. 2017), reported yields were at least one order
of magnitude lower. Chen et al. (2016) produced 55.56 mg g
DCW of lycopene in a S. cerevisiae strain harboring several
knockouts, including the YPLO62W locus whose function
was unclear at that time. Only very recently, it was determined
by the same group that this locus functions as a promoter with
major influence on terpenoid production and that a knockout
positively influences production levels of all terpenoid classes
(Chen et al. 2019). Respective lycopene production values for
C. glutamicum or P. pastoris are markedly lower in the 1-digit
mg g ' DCW range (Bhataya et al. 2009; Heider et al. 2012).
A quite high yield of 82 mg g~' DCW was reported in a study
analyzing regulatory elements in Streptomyces avermitilis that
employed lycopene production as model pathway (Bai et al.
2015). In another study, the phototrophic and carotenogenic
bacterium R. sphaeroides was further engineered to increase
lycopene yields to 10 mg g~' DCW (Su et al. 2018). Another
carotenoid recombinantly produced in microorganisms is ze-
axanthin, with E. coli, P. putida, or C. glutamicum all yielding
in the mg g~' DCW range (Beuttler et al. 2011; Heider et al.
2014; Shen et al. 2016). For astaxanthin, the yields reported
for C. glutamicum (Henke et al. 2016), E. coli (Ma et al.
2016b), and S. cerevisiae (Zhou et al. 2017; Jin et al. 2018)
are all in the low, 2-digit mg g ' DCW range while production
in Synechocystis PCC 6803 resulted in 1.11 mg L' d™
(Albers 2016). This is still clearly lower than the values re-
ported for microalgae, as for example the production of
77.2mg g ' DCW of astaxanthin in Haematococcus pluvialis
(Kang et al. 2005).

On top of the very diverse applications of carotenoids
themselves, also their cleavage products, the so-called
apocarotenoids, are of high commercial value. Upon action
of carotenoid cleavage dioxygenases (CCDs) at double bonds
9-10 and 9'-10’, 3-ionone can be generated, which possesses
interesting properties as fragrance and aroma compound.
Remarkably, de novo biosynthesis of [3-ionone from
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carotenoid-producing E. coli and Y. lipolytica has been yield-
ing 500 and 380 mg L', respectively (Zhang et al. 2018a;
Czajka et al. 2018). Slightly older work in S. cerevisiae had
reported only around 5 mg L' (Lopez et al. 2015).
Furthermore, substantial amounts of x-ionone (480 mg LY
can be produced in engineered E. coli strains upon CCD
cleavage of e-carotene (derived from lycopene) (Zhang et al.
2018a). Expression of a 3-carotene 15,15'-oxygenase in
engineered E. coli led to cleavage of ¢-carotene, thereby gen-
erating 600 mg L' of the vitamin A alcohol retinal (Lee et al.
2012). Although the yields were clearly lower, also the saffron
spice component crocetin could be produced de novo in both
E. coli and S. cerevisiae through CCD-catalyzed cleavage of
zeaxanthin and subsequent oxidation catalyzed by an alde-
hyde dehydrogenase (Chai et al. 2017; Giuliano et al. 2018).

Conclusion and future perspective

Due to extensive, focused work on terpenoid production in
E. coli and S. cerevisiae during the last two decades, these
two microorganisms are the best-established hosts for a wide
variety of different terpenoid compounds, in several cases
already achieving industrially relevant yields (Westfall et al.
2012; Meadows et al. 2016; Larroude et al. 2018; Wang et al.
2019). However, quite a few studies on engineering of alter-
native hosts such as Y. lipolytica, P. pastoris, M. extorquens, or
S. avermitilis for the production of selected terpenoid com-
pounds demonstrated their potential, as yields are already
competitive to the two “standard” hosts (Fig. 2). Especially
for these novel hosts, it will be essential to analyze the impact
of recombinant terpenoid production on host metabolism and
accordingly adapt and balance pathway expression and regu-
lation in order to optimize flux while avoiding feedback inhi-
bition or toxicity by pathway intermediates. This approach
will be facilitated by the wide and established range of tools
for systems and synthetic biology that are available mean-
while. The positive impact of dynamic pathway regulation
and metabolic balancing has been demonstrated in many re-
cent studies for both E. coli and S. cerevisiae (Dahl et al. 2013;
Xie et al. 2015; Meadows et al. 2016; Kim et al. 2016).
Besides pathway engineering, also terpene synthases fre-
quently play a major role as insufficient expression or activity
can represent the major bottleneck. Selection of the best-
performing enzyme from a library of potential synthases as
well as further engineering towards enhanced selectivity and
catalytic efficiency can greatly improve terpenoid yields
(Leonard et al. 2010; Moses et al. 2014; Edgar et al. 2017,
Abdallah et al. 2018). Furthermore, the productivity of one
particular terpene synthase can differ markedly when
employing different hosts as demonstrated by the comparative
studies of Loeschcke et al. (2017) and Beckwilder et al.
(2013). These works indicate the necessity for carefully
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adjusting the respective host for each product individually.
In addition, also proteins that are not directly involved in the
pathway itself or its regulation as well as cultivation condi-
tions can have a major influence on host productivity. Such
factors, whose positive impact on terpenoid production cannot
always be rationally explained yet, were for example de-
scribed by Trikka et al. (2015) for S. cerevisiae-producing
sclareol and carotenoids or in our recent work for P. pastoris
that has been engineered for the production of valencene,
trans-nootkatol, and nootkatone (Wriessnegger et al. 2016).
Mitigation of metabolic stress elicited through recombinant
terpenoid production might be the reason for the described
effects. Engineering of microbes for terpenoid production
would be greatly facilitated by screening procedures for en-
hanced terpenoid synthesis as currently only a limited number
of high-throughput methods are available for selected com-
pounds (reviewed by Emmerstorfer-Augustin et al. (2016)).
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