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Highlights
¢ Plant metabolites have numerous applications in the food industry
¢ Most plant metabolites with food applications are (poly)phenols and terpenoids
¢ Microorganisms can be engineered towards producing plant metabolites

e Precursor supply and product toxicity are key limitations during microbial production
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Abstract

Secondary plant metabolites are extensively used in today’s food industries, e.g. as coloring-
, flavouring- or texturizing agents. In particular, metabolites with antioxidative properties find
applications as preservatives or anti-browning agents. Today, extraction from plant material
represents the major source of these metabolites, but progress in the field of metabolic
engineering also enabled the microbial production of these valuable compounds as a more
economic and ecological alternative. This review article presents the current state of
metabolic engineering of microorganisms for production of plant metabolites with applications
in the food industries. We focus on compounds, which are already used in food applications,
discuss current limitations of microbial plant metabolite production, and outline strategies on

how these challenges can be addressed in the future.
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Introduction

Food additives typically improve the food quality, modify the food texture or structure, or
increase the food’s shelf life. Quality as well as texture and structure are related to the visual
impression or taste, whereas an increased shelf life results from protection against spoilage
or contamination with microorganisms such as fungi and bacteria. Most of phytochemicals
with applications in the food industries are secondary metabolites, which are not essential for
plant growth and propagation, but enable interaction of the plant with its biotic and abiotic
environment [1]. Natural functions of these compounds include protection against UV
radiation, scavenging of radicals, defense against phytopathogenic bacteria, fungi or viruses,
or attraction of pollinators [2]. Characteristics such as antioxidative and antimicrobial
activities render plant metabolites interesting for food applications. Secondary plant
metabolites can be grouped into three major classes, namely phenols, terpenoids and
alkaloids. Compounds of the same secondary metabolite class are typically synthesized from
the same set of precursors originating from the primary carbon metabolism. Plant phenols
(including the large class of polyphenols) are derived from aromatic amino acids, whereas
terpenoids are produced from intermediates of glycolysis (either acetyl-CoA or
pyruvate/glyceraldehyde-3-phosphate) [3]. Alkaloids are a structurally more diverse class of
N-heterocycles, which are either derived from the three aromatic amino acids or from
glutamate, aspartate or glycine [4]. Since most of the plant-derived compounds relevant for
food applications are either phenols (e.g. phenylpropanoids, hydroxybenzoic acids,
flavonoids, coumarins, and curcuminoids) or terpenoids (e.g. monoterpenes, sesquiterpenes,
or diterpenes), we focus on these to close and do not discuss alkaloids further. A small
number of compounds, which cannot be assigned to one of these big groups, are glycosides,

amino acids, proteins, or vitamins.

Today, many plant secondary metabolites are obtained by direct extraction them from plant
material. This strategy is only economically feasible for a very small number of plant-derived

compounds. Extraction from plant material as a general strategy for getting access to these
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compounds is typically challenging because plants often harbor complex mixtures of
chemically closely related secondary metabolites. | addition, not every desired compound is
produced at all times and in all plant tissues, and product concentrations are low or subject to
seasonal and geographical variations. In contrast, microorganisms engineered for plant
metabolite production represent a promising alternative as they reach high growth rates and

can be easily cultivated in cheap cultivation media yielding high biomass concentrations.

In this review article we describe the current state of metabolic engineering of
microorganisms for production of plant metabolites with applications in the food industries.
We focus on compounds, which are already used in food applications, discuss current
limitations of microbial plant metabolite production, and outline strategies on how these
challenges can be addressed in the future. In the context of food applications, plant
secondary metabolites can be classified in two ways: (a) based on the same area of
application or (b) according to the natural compound class they belong to. Since the
metabolic engineering strategy during microbial strain development largely depends on the
precursors, which need to be provided by the endogenous microbial metabolism, we

organized the text according to the latter classification.

Phenolic compounds

Plant-derived phenols comprise a large family of aromatic compounds ranging from
hydroxylated monocyclic benzoic acids to more complex polycyclic compounds such as
stilbenes and flavonoids [5] (Fig. 1). Natural monocyclic aromatics, which are used as
flavoring agents, include e.g. vanillin (4-hydroxy-3-methoxybenzaldehyde), benzaldehyde
and raspberry ketone [4-(4-Hydroxyphenyl)-2-butanone]. Vanillin, the most important
flavoring agent used world-wide, can in principle be extracted from beans of the vanilla
orchid [6]. However, the low vanillin concentration in the natural plant producer renders large-
scale vanillin extraction expensive. In fact, less than 1 % of globally produced vanillin is
obtained from the vanilla orchid (Vanilla planifolia) today, whereas most vanillin is produced

with engineered microorganisms [6]. Usually, vanillin is produced by biotransformation of
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ferulic acid using Escherichia coli, Pseudomonas fluorescens or Streptomyces sannanensis
as production hosts. To this end, microbial catabolic pathways for ferulic acid leading to
vanillin are often exploited [7,8]. Alternatively, a combined cultivation process involving
Aspergillus niger and Pycnoporus cinnabarinus [9-12] can be used. Noteworthy, the highest
reported conversion yield of ferulic acid to vanillin was 75 % in Amycolatopsis sp. [13,14]. In
contrast, vanillin production from cheap glucose could be successfully established in Schizo-
saccharomyces pombe and Saccharomyces cerevisiae [15¢]. In this study, the natural
aromatic amino acid-forming shikimate pathway was recruited for the production of the
aromatic precursor protocatechuate, which was then converted to vanillin by reduction and
subsequent O-methylation (Fig. 1). However, rather low product titers of 65 mg/L (0.42 mm)
and 45 mg/L (0.30 mMm), respectively, currently prohibit any large scale application of these
strains. Interestingly, introduction of a glycosyltransferase from Arabidopsis thaliana into
S. cerevisiae, enabled the production of up to 500 mg/L (1.59 mm) vanillin B-D-glucoside,
which has similar applications as vanillin but turned out to be less toxic to the microbial host
[16]. In 2014, it could be demonstrated that a single enzyme, the vanillin synthase of
V. planifolia, is capable of converting ferulic acid to vanillin [17]. This enzyme is very
interesting for future microbial biotransformations of ferulic acid as only one heterologous

gene needs to be functionally expressed.

Benzaldehyde, a major constituent of almond oil, is an important flavoring compound for
cakes and other baked goods [18]. Production of 0.79 g/L (7.5 mM) benzaldehyde could be
achieved in the fungus P. cinnabarinus starting from supplemented L-phenylalanine [19]. To
this end, the aromatic amino acid was first deaminated to the phenylpropanoid cinnamic acid.
Subsequently, the same enzymes relevant for converting ferulic acid to vanillin in this

microorganism were exploited for converting cinnamic acid to benzaldehyde.

The biosynthetic pathway leading to raspberry ketone [4-(4-Hydroxyphenyl)butan-2-one] as
primary aroma compound in raspberries, was reconstructed in S. cerevisiae, which allowed

for product titers of up to 7.5 mg/L (0.045 mm) from supplemented p-coumaric acid (Fig. 1)

5
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[20]. Gallic acid (3,4,5-trihydroxybenzoic acid) represents the precursor for different gallate
esters (food additives E310, E311, E312), which are used as antioxidants to protect oils and
fats from oxidation [21]. Already in 2000, production of 20 g/L (118 mM) gallic acid was
achieved in E. coli by deregulation of the shikimate pathway and oxidation of the pathway

intermediate dehydroshikimic acid to gallic acid [22].

More complex phenols with food applications include phenylpropanoid esters, coumarins,
curcumins, and several members of the large flavonoid family, in particular anthocyanins.
Production of antioxidants such as the phenylpropanoid ester rosmarinic acid and the
coumarin umbelliferone was demonstrated in E. coli by functional introduction of the
phenylpropanoid-converting enzymes rosmarinic acid synthase and p-coumarate 6’-
hydroxylase, respectively [23,24]. In strains further engineered towards increased precursor
supply, product titers of 130 mg/L (0.36 mM) rosmarinic acid and of 66 mg/L (0.41 mm)
umbelliferone were obtained. Curcumin (E100) is a natural yellow colorant and flavor
originally produced by turmeric (Curcuma longa). It is synthesized via conjugation of the
phenylpropanoid ferulic acid and a ferulic acid diketide catalyzed by curcuminoid synthases.
Functional introduction of a curcuminoid synthase from rice (Oryza sativa) into E. coli
enabled the accumulation of 60 mg/L (0.16 mM) curcumin in the culture supernatant [25].
Neohesperidin dihydrochalcone (E959), a rutinosylated chalcone found in citrus, is used as a
natural sweetener in beverages, yoghurt and ice cream. Although this compound was not
produced in engineered microbes so far, naringin dihydrochalcone, a very similar compound
differing from neohesperidin dihydrochalcone only by a single O-methyl group, could be
produced by an engineered S. cerevisiae strain [26¢]. In addition, with a strain expressing
heterologous genes coding for nine enzymes, de novo production of 12 mg/L (0.021 mM)

naringin dihydrochalcone could be achieved.

For the microbial production of colorful plant anthocyanins (E163), E. coli has been
extensively engineered in the last 15 years [27,28]. Until today, the highest titer of 350 mg/L

cyanidin-3-O-glucoside (0.78 mM) was obtained in a biotransformation of catechin [29]. More

6
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recently, production of 10 mg/L (0.023 mM) pelargonidin-3-O-glucoside was achieved by a
polyculture of four engineered E. coli strains [30ee]. Corynebacterium glutamicum and
S. cerevisiae were used for the production of several other plant polyphenols, in particular
stilbenes (e.g. resveratrol) and flavonoids (e.g. quercetin) [31¢,32,33¢¢]. The application of
different metabolic engineering strategies for the microbial production of important stilbenes

and other flavonoids has been reviewed in more detail recently [34].

Terpenoids

Terpenoids (also referred to as isoprenoids) are aliphatic or aromatic molecules, which are in
most cases formed by cyclization of precursor molecules, which in turn are derived from
condensation of two to eight units of isoprene (2-methyl-1,3-butadiene) [35] (Fig. 2).
Terpenoid precursor molecules provided by the central metabolism are either acetyl-CoA
(mevalonate pathway) or pyruvate and glyceraldehyde-3-phosphate (methylerythritol
phosphate pathway, also referred to as non-mevalonate pathway) (Fig. 2) [36].
Monoterpenes (C+), compounds derived from two isoprene units, are typically used as
flavorings and odorants, e.g. linalool (lavandula-like odor), a-pinene (woody type flavor),
terpineol (lilac/conifer type flavor), menthol (mint type flavor), thymol (characteristic smell of
thyme) and carvacrol (pungent type flavor). Some of these compounds also have anti-

microbial or antioxidative properties [37,38].

Microbial production of linalool was demonstrated in a wine yeast strain of S. cerevisiae.
After functional introduction of a linalool synthase of the wildflower Clarkia breweri the
recombinant strain accumulated 80 ug/L (0.52 um) linalool from the geranyldiphophate
percursor supplied by the endogenous yeast isoprenoid metabolism [39]. In a more recent
study, a comparable product titer of 96 pg/L (0.62 uM) was reached when the linalool
synthase gene from Lavandula angustifolia was functionally expressed in S. cerevisiae [40].
Furthermore, E. coli and C. glutamicum were exploited for the production of the monoterpene

a-pinene (Fig. 2) [41+,42]. In both organisms heterologous genes coding for a geranyl
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diphosphate synthase and a pinene synthase were co-expressed. During shaking flask
cultivation of the engineered C. glutamicum strain up to 0.18 mg/L (1.3 uM) a-pinene
accumulated in the supernatant [41], whereas a maximal product titer of 5.4 mg/L (40 um)
and 970 mg/L (7.1 mm) a-pinene could be determined during shaking flask- and fed-batch
cultivations, respectively using an accordingly engineered E. coli strain [42]. Biotechnological
production of the natural flavor a-terpineol could be realized in a biotransformation setup
starting from supplemented limonene or with B-pinene employing yeast and fungi such as
Fusarium oxysporum and Penicillium digitatum as host organisms [43-45]. These
approaches led to overall product titers ranging from 1.8 - 4 g/L (12.1 - 26.0 mM). By
following a similar strategy in E. coli, menthol was produced from pulegone or via hydrolysis

of menthyl acetate [46,47].

Sesquiterpenes (C1s) are cyclic molecules derived from the precursor farnesyl diphosphate,
which in turn is obtained from condensation of three isoprene units. Relevant sesquiterpenes
for food applications are e.g. valencene and nootkatone. Valencene is an aroma compound
from citrus and serves as a precursor for the production of nootkatone, the flavor-determining
compound in grapefruit [48]. C. glutamicum, which naturally produces the Cso isoprenoid
decaprenoxanthin, was engineered towards the production of valencene [49]. In initial
experiments, heterologous expression of a gene coding for the valencene synthase from
Citrus sinensis did not lead to valencene production. After elimination of competing
endogenous prenyltransferase activity and by increasing the flux into the isoprenoid-
supplying methylerythritol phosphate pathway 2.4 mg/L (0.011 mMm) valencene was produced
using an alternative valencene synthase from Callitropsis nootkatensis (Nootka cypress) [49].
The same enzyme was also functionally introduced into a Rhodobacter sphaeroides strain,
which co-expressed heterologous genes coding for enzymes of the farnesyl diphosphate-
forming mevalonate pathway [50]. This strategy led to the production of 352 mg/L (1.73 mMm)
valencene. Production of nootkatone was demonstrated in engineered Pichia pastoris [51].

The production strain expressed a gene coding for a truncated hydroxy-methylglutaryl-CoA
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reductase, the rate-limiting enzyme of the mevalonate pathway, along with genes coding for
the C. nootkatensis valencene synthase. For hydroxylation of valencene a remnaspirodiene
oxygenase gene was additionally expressed and an endogenous alcohol dehydrogenase
was capable of converting the resulting nootkatol to nootkatone [51]. The final strain was
capable of producing up to 208 mg/L (0.95 mM) nootkatone from glucose. In a different
approach, six microorganisms were analyzed with regard to an efficient conversion of
valencene to nootkatone [52]. In these experiments, Botryodiplodia theobromae and
Yarrowia lipolytica were identified as promising alternative host strains for nootkatone

production.

More complex diterpenes (C2o) derived from four isoprene units include carnosic acid (E392)
and carnosol (Fig. 2), both of which are potent antioxidants and putative anti-cancer agents
found in rosemary extracts [53]. The complete pathway for the production of carnosol was
elucidated and reconstructed in S. cerevisiae [54¢]. Tetraterpene (Cao) precursors obtained
from eight molecules of isoprene give rise to carotenoids such as -carotene and lycopene
(E160d) (Fig. 2), which are used as natural colorants or antioxidants [55]. An operon for -
carotene biosynthesis from the bacterium Pantoea agglomerans was functionally expressed
in E.coli principally enabling the B-carotene synthesis in this microorganism [56ee].
Subsequently, the activity of the central carbon metabolism (citrate cycle, pentose phosphate
pathway, ATP synthesis) of the host strain was modulated and the impact on [(3-carotene
synthesis was systematically analyzed. An optimized genetic background finally enabled the
production of 2.1 g/L (3.9 mMm) of B-carotene. In S. cerevisiae, expression of heterologous
genes coding for enzymes of the B-carotene pathway in Xanthophyllomyces dendrorhous led
to production of 5.9 mg (0.011 mM) B-carotene per gram dry weight [57]. Very similar
metabolic engineering strategies enabling the microbial production of lycopene were
reviewed recently [58]. Noteworthy, the highest reported lycopene titer of 1.44 g/L (2.7 mm)
could be reached employing an engineered E. coli strain expressing genes from the

bacterium Pantoea ananatis [59].
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Apocarotenoids are terpene-like compounds, which are produced by oxidative cleavage of
carotenoids (Fig. 2) [60]. B-lonone, characteristic of the scent of violets, is an important
flavoring agent produced at a scale of 8,000 tons per year [61]. A B-carotene-cleaving
dioxygenase from Petunia x hybrida was functionally introduced into a B-carotene-producing
S. cerevisiae strain, enabling the production of 5 mg/L (0.03 mM) B-ionone [62]. Similarly,
heterologous introduction of a zeaxanthin-cleaving dioxygenase from Crocus together with
an aldehyde dehydrogenase from Synechocystis sp PCC6803 in a zeaxanthin-producing
S. cerevisiae strain resulted in synthesis of crocetin, one of the coloring components of
saffron, at final product titers of 1.2 mg/L (0.004 mm) [63]. Up to 600 mg/L (2.1 mm) retinal,
the aldehyde of retinol (vitamin A), was produced from a mixture of glucose, glycerol and

arabinose in engineered E. coli after extensive optimization of fermentation conditions [64].

Other compounds

Additional plant-derived compounds, which do not belong to one of the three major classes
of plant secondary metabolites, do also find numerous applications in the food industries.
These plant metabolites include non-proteinogenic amino acids, proteins, vitamins and fatty
acid derivatives (Fig. 3). y-Decalactone (4-decanolide) is the main volatile compound found
in peaches and is used as a flavoring agent e.g. in beverages [65]. This natural lactone is a
fatty acid derivative typically produced from ricinoleic acid or methyl ricinoleate, the main
components of castor oil, using yeasts such as Y. lipolytica, S. cerevisiae or Pichia etchelsii
[66]. During the biotransformation, the endogenous peroxisomal B-oxidation machinery of the
host strains is recruited for chain-shortening of ricinoleic acid to y-decalactone, which also
led to the accumulation of several undesired side products [67]. Therefore, strain engineering
focused on decreasing side product formation by altering the activity of the B-oxidation
machinery in order to improve product yields [68]. Under optimized cultivation conditions 6.8

g/L (40 mm) y-decalactone was produced from crude castor oil in Y. lipolytica [69], whereas
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the yeast Lindnera saturnus produced 5.8 g/L (34 mmMm) y-decalactone from crude glycerol

[70e].

The non-proteinogenic amino acid L-theanine (y-glutamylethylamide), responsible for the
“‘umami” taste of (green) tea, is naturally produced by condensation of L-glutamate with
ethylamine (obtained from the decarboxylation of L-alanine) [71]. In vitro L-theanine
production from L-glutamate and ethylamine with maximal yields of more than 90% could be
succesfully demonstrated using purified bacterial y-glutamyltranspeptidases from various
organisms [72-74]. In an E. coli strain overexpressing the native y-glutamyltranspeptidase
gene ggt, a conversion yield of 95 % was achieved from supplemented glutamic acid y-

methyl ester and ethylamine [75].

L-Ascorbic acid (vitamin C), a vitamin traditionally consumed with fruits and vegetables, is
also produced at the scale of more than 100,000 tons per year and added to foods,
beverages and pharmaceuticals [76]. Biotechnological production of L-ascorbic acid starts
from D-sorbitol or sorbose, which is first oxidized to 2-keto-L-gulonic acid by
Gluconobacter oxydans or Ketogulonicigenium vulgare, respectively and then chemically

converted to L-ascorbic acid.

Although artificial sweeteners are of commercial importance, their natural pendants increase
their market share continuously due to customers changing mind-set towards low-calorie
food and against synthetic ingredients. Intensively sweet-tasting proteins such as thaumatins
(E957), monellin and brazzein are applied as natural additives in sweets for diabetics, e.g. in
chocolate or chewing gums [77]. Thaumatin Il (one of the six proteins in the natural mixture
of thaumatins) was obtained in protease-deficient Aspergillus awamori strains as well as in
Bacillus subtilis by expression of a codon-optimized thaumatin Il gene and subsequent
protein secretion [78-80]. Similar strategies for protein production and secretion were
followed for establishing monellin production in B. subtilis, S. cerevisiae, E. coli and
Candida utilis [81-84]. Brazzein, which shows a higher thermo- and pH-stability compared to

thaumatins and monellin, was produced e.g. in Lactococcus lactis, P. pastoris and
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Kluyveromyces lactis [85,86]. Concentrations ranging from 1.5 to 410 mg/L of active brazzein
were obtained. In addition to thaumatin and steviol glycosides as sweeteners, sugar alcohols
(e.g. erythritol and xylitol), and indigestible sugars such as isomaltulose are of increasing
importance. Thus, more sustainable fermentative processes have been developed in addition
to chemical syntheses [87-90]. In addition to the application as sweeteners, sugars or more
precisely oligosaccharides may find other applications in the food industries due to their
texture- and viscosity-modifying properties, or prebiotic properties in case of human milk

saccharides [91].

Conclusions and Outlook

In the last years, predominantly E. coli and S. cerevisiae have been engineered towards
plant natural product synthesis for food applications (Tab. 1). This is not surprising when
considering the long history of these well-studied organisms in industrial biotechnology and
the availability of molecular tools for their manipulation. However, more recently also other
microorganisms proved to be valuable platforms for the synthesis of such compounds. In
particular bacteria such as C. glutamicum and Pseudomonas sp., both characterized by a
pronounced robustness against aromatic compounds, represent promising organisms e.g. for
the production of compounds derived from the shikimate pathway [31,92-94]. C. glutamicum
is also a suitable organism for terpenoid production as it naturally produces the Cso
carotenoid decaprenoxanthin and thus harbors the required pathways for isoprenoid
synthesis [95]. In addition, phototrophic bacteria such as cyanobacteria and purple o-
proteobacteria of the genus Synechocystis and Rhodobacter, intrinsically producing and
accumulating high amounts of carotenoids as photopigments, could achieve increasing
importance as alternative hosts for the sustainable production of plant-derived terpenes in

near future [96,97 ¢].

Already today, modular approaches are followed during metabolic engineering in which
separate genetic modules for precursor synthesis, product formation and product

diversification are functionally introduced into the platform organisms. This allows for a
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simple exchange of separate modules for the production of different compounds of the same
class. By following this strategy, many plant secondary metabolites relevant for food
applications can now be produced with bacteria and/or yeast, but in most cases low product
titers prevent their microbial production at industrial scale (Tab. 1). Future efforts for
increasing product titers may include additional rational strain construction using state-of-the-
art molecular tools such as CRISPR/Cas9 [98], but also biosensor-based high-throughput
screenings of genetically diverse production strain libraries might prove to be successful
approaches [99]. Targets will be predominantly the endogenous microbial carbon metabolism
to further improve the supply of relevant precursors for the functionally introduced plant
pathways. With increasing product titers, engineering of product export and in situ product
removal will also become increasingly important as most plant metabolites are potentially

toxic for the producing microorganism.
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Olsen CE, Motawia MS, Hansen J: De novo biosynthesis of vanillin in fission yeast
(Schizosaccharomyces pombe) and baker's yeast (Saccharomyces cerevisiae). Appl.
Environ. Microbiol. 2009, 75:2765-2774.

The authors combined genes from various sources (plants, bacteria) and human genes for
converting the shikimate pathway intermediate 3-dehydroshikimate to protocatechuate and
ultimately to vanillin. De novo production of vanillin from glucose was demonstrated for the
first time.

e 22. Kambourakis S, Draths K, Frost J: Synthesis of gallic acid and pyrogallol from
glucose: replacing natural product isolation with microbial catalysis. J. Am. Chem. Soc.
2000, 122:9042-9043.

The shikimate pathway in E. coli was exploited for the microbial production of gallic acid. The
final titer was sufficient for rendering the production strain a promising alternative for natural
product isolation.

e 26. Eichenberger M, Lehka BJ, Folly C, Fischer D, Martens S, Simén E, Naesby M:
Metabolic engineering of Saccharomyces cerevisiae for de novo production of
dihydrochalcones with known antioxidant, antidiabetic, and sweet tasting properties.
Metab. Eng. 2017, 39:80-89.

The authors identified a native enzyme in S. cerevisiae which is capable of converting p-
coumaroyl-CoA to p-dihydrocoumaryl-CoA. This enzyme was applied for the production of
the glycosylated naringin dihydrochalcone from glucose by additionally deregulating the
aromatic amino acid-forming shikimate pathway.

e 30. Jones JA, Vernacchio VR, Collins SM, Shirke AN, Xiu Y, Englaender JA, Cress BF,
McCutcheon CC, Linhardt RJ, Gross RA: Complete biosynthesis of anthocyanins using
E. coli polycultures. MBio 2017, 8:e00621-00617.

The entire pathway for anthocyanin production from glucose was reconstructed in four E. coli
strains collectively expressing 15 heterologous genes. The polyculture of the four strains was
capable of producing the glycosylated anthocyanin callistephin.

e 31. Kallscheuer N, Vogt M, Stenzel A, Gatgens J, Bott M, Marienhagen J: Construction of
a Corynebacterium glutamicum platform strain for the production of stilbenes and
(2S)-flavanones. Metab. Eng. 2016, 38:47-55.

The authors performed deletion of 21 genes in four gene clusters in C. glutamicum for
abolishing peripheral and central catabolic pathways for aromatic compounds. The
constructed strain was subsequently used for heterologous production of plant stilbenes and
flavanones, but also represents a promising platform for the production of additional
commercially relevant aromatic compounds.
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production of resveratrol from glucose or ethanol by engineered Saccharomyces
cerevisiae. Metab. Eng. 2015, 32:1-11.

The authors rationally engineered S. cerevisiae for production of the stilbene resveratrol. In
addition to the functional introduction of the resveratrol biosynthesis pathway, resveratrol
production was further optimized by increasing the flux leading to the precursor metabolites
L-tyrosine and malonyl-CoA. The final strain was capable of producing 0.53 g/L resveratrol
from glucose.
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The natural capability of C. glutamicum for isoprenoid production was exploited for the
production of the plant-derived terpene pinene. The constructed strain background is the
basis for further increasing the porfolio of microbially accessible portfolio based on C.
glutamicum.
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692  Cyclic triterpenes are a very diverse group of compounds and exhibit versatile bioactivities.
693 The results obtained in this study show that engineered photosynthetic bacteria are
694  promising host strains for the production of plant triterpenes.

695

696  Figure legends
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698 Figure 1. Biosynthetic pathways for plant-derived phenols relevant for in food

699 applications. Abbreviation: CoA: coenzyme A, PEP: phosphoenolpyruvate, Glc: glucose
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701  Figure 2. Biosynthetic pathways leading to plant-derived terpenes relevant for food

702  applications. Abbreviation: PP: diphosphate
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704  Figure 3. Biosynthetic pathways leading to other plant-derived compounds with
705 applications in food industries.
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Table 1. Microbially produced plant metabolites with applications in food industries.

Precursor

Product Product titer Precursor titer Yield Organism Reference
mg/L mm mg/L mm  mol/mol

phenols
vanillin 2,520 16.6  ferulic acid 4,462  23.0 0.72 E. coli [10]
vanillin 710 4.7 ;(/arr}:ha? 22(:] esters in N N N 3.Ssannanen 9]
vanillin 1,280 8.4  ferulic acid 2328 12 0.70 E' fluorescen 145y
vanillic acid 2,200 13.1  ferulic acid 4,000 20.6 0.64 A. niger [11]
vanillin 65 0.42  none, from glucose -- - - S. pombe [15]
vanillin B-D-glucoside 500 1.59  none, from glucose - - - S. cerevisiae  [16]
benzaldehyde 790 7.5  L-phenylalanine 3,000 182  0.41 Eé cinnabarin - yq)
raspberry ketone 7.5 0.045 p-coumaric acid 492 3 0.01 S. cerevisiae  [20]
raspberry ketone 2.8 0.017  none, from glucose - - - S. cerevisiae  [20]
gallic acid 20,000 118 none, from glucose - - - E. coli [22]
rosmarinic acid 130 0.36 caffeic acid 360 2 0.18 E. coli [100]
rosmarinic acid 0.65 0.002 none, from glucose - - - E. coli [23]
umbelliferone 66 0.41  none, from glucose - - - E. coli [24]
curcumin 60 016 ;eltré‘rL'C acid i rice bran - - ~  E.col [25]
quercetin 10 0.033 caffeic acid 900 5 0.01 gl.utamicum [32]
resveratrol 158 0.69  p-coumaric acid 820 5 0.14 gl.utamicum [31]
gar)i/rc]i?rchalcone 12 0.021  none, from glucose - - - S. cerevisiae  [26]
;{j{;‘;‘s’zgf‘o' 35 078 catechin 725 25 031 E. col [29]
Sﬁjig%?dn;din'&o' 10 0.023 none, from glucose - - - E. coli [30]
terpenoids
geraniol 1,680 109 gfh“aer;oflrom glucose / - - - S. cerevisiae  [101]
linalool 0.08 <0.001 none, from glucose - - - S. cerevisiae  [39]
linalool 0.096  <0.001 none, from galactose - - - S. cerevisiae  [40]
a-pinene 0.18 <0.001 none, from glucose - - - 51 glutamicu [41]
a-pinene 970 71 none, from glucose - - - E. coli [42]
a-terpineol 4,000 26.0 limonene 5,000 36.8 0.71 F. oxysporum [45]
a-terpineol 1,864 121 limonene 2,000 14.7 0.82 P. digitatum [43]
menthol 53 0.34  pulegone 152 1 0.34 E. coli [47]
valencene 2.4 0.011  none, from glucose - - - g’l glutamicu [49]
valencene 352 1.73  none, from glucose - - - eRs sphaeroid [50]
nootkatone 208 0.95 g]oeq(;égglm glucose / - - - P. pastoris [51]
nootkatone 240 11 valencene 1,031 5 0.22 E" theobroma 55,
B-carotene 2,100 3.9 none, from glucose - - - E. coli [56]
lycopene 1,440 2.7 none, from glycerol - - - E. coli [59]
B-ionone 5 0.026  none, from glucose - - - S. cerevisiae  [62]
crocetin 1.2 0.004 none, from glucose - - - S. cerevisiae  [63]
retinal 600 2.1 gﬁﬂ;%sf;;abinose - - ~  E.col 164]
other compounds
y-decalactone 6,800 40 methyl ricinoleate 30,000 96 0.42 Y. lipolytica [69]
y-decalactone 5,800 34 crude glycerol - - - L. saturnus [70]
L-theanine 16,550 95 g'sﬁmic acid y-methy| 16,100 100 095 E.coli [75]
thaumatin 13 *) none, from glucose - - - A. awamori [79]
monellin 410 *) none, from glucose -- - - S. cerevisiae  [81]
brazzein 90 (*) none, from glucose - - - P. pastoris [86]
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(*) in the case of proteins no concentrations are given in mm
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