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ABSTRACT

Resveratrol is an antioxidant abundant in plants like grapes and peanuts and has garnered
significant attention for its potential therapeutic applications. This review explores its chemical
attributes, stability, and solubility, influencing its diverse applications and bioavailability. Resveratrol’s
multifaceted therapeutic roles encompass: antioxidant, cardioprotective, anti-inflammatory,
neuroprotective, anti-aging, and anticancer properties. While traditionally studied in preclinical
settings, a surge in clinical trials underscores resveratrol’s promise for human health. Over 250
recent clinical trials investigate its effects alone and in combination with other compounds.
Commercially utilized in food, cosmetics, supplements, and pharmaceuticals, the resveratrol market
is expanding, driven by microbial fermentation. Microbes offer advantages over plant extraction
and chemical synthesis, providing cost-effective, pure, and sustainable production. Microbial
biosynthesis can be attained from carbon sources, such as glucose or xylose, among others, which
can be obtained from renewable resources or agro-industrial wastes. While Saccharomyces cerevisiae
has been the most used host, non-conventional yeasts like Yarrowia lipolytica and bacteria like
Escherichia coli have also demonstrated potential. Genetic modifications such as increasing
acetyl-CoA/malonyl-CoA pools, boosting the shikimate pathway, or multi-copy expression of
pathway genes, allied to the optimization of fermentation strategies have been promising in
increasing titers. Microbial biosynthesis of resveratrol aligns with the shift toward sustainable and
renewable bio-based compounds, exemplifying a circular bioeconomy. Concluding, microbial
fermentation presents a promising avenue for efficient resveratrol production, driven by genetic
engineering, pathway optimization, and fermentation strategies. These advances hold the key to
unlocking the potential of resveratrol for diverse therapeutic applications, contributing to a greener
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and sustainable future.

Introduction

Resveratrol (3,4',5-trihydroxystilbene) is a stilbenoid
with strong antioxidant activity that plays a role in
plant defence against environmental stresses [1]. It was
first isolated in 1939 from Veratrum grandiflorum, a poi-
sonous plant used at that time for therapeutic applica-
tions [2]. The generic name “resveratrol” is speculated
to arise from the combination of its chemical structure
and the plant source used for isolation: a derivative
from resorcinol occurring in Veratrum species, compris-
ing hydroxy groups that form alcohol [3]. A couple of
decades later, resveratrol was found in root extracts of
the Japanese knotweed, Fallopia japonica, also known
as Polygonum cuspidatum [4], a Chinese medicinal plant
considered an invasive species, which is currently the
main source of commercialized resveratrol [5]. It was

later isolated from the grapes of Vitis vinifera and clas-
sified as a phytoalexin, due to its production in plants
being driven by the response to fungal infection or
exposure to UV light [6]. After the detection of resver-
atrol in red wine [7], the “French Paradox” was coined
in 1992, which relied on epidemiological data from the
French population and correlated the low incidence of
coronary heart diseases with moderate consumption of
red wine, despite the significant content of high satu-
rated fat in their diet [8]. Even though this concept has
evolved over the years, as more detailed information
has arisen on the negative health impact of heavy eth-
anol consumption [9], and the presence of other phe-
nolic compounds with therapeutic properties like
flavonols or phenolic acids in red wine [10], it drove
the focus to the understanding of the underlying
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mechanisms behind the concept. After the reports of
its pleiotropic effect connected to cancer prevention
and other disease conditions in the late 1990s [11], res-
veratrol started being the subject of extensive research,
with thousands of scientific reports arising in the fol-
lowing decades (Figure 1).

Resveratrol naturally occurs in more than 70 plant
species [12] most of which are edible, such as grapes
(V. vinifera) [13] or peanuts (Arachis hypogea) [14]
among many others [15]. Together with the Japanese
knotweed, grapes (particularly grape skin) and peanuts
are the most abundant natural sources of resveratrol
being the main sources used for chemical extraction
processes, traditionally with organic solvents, to obtain
resveratrol [16]. However, plant extraction of resveratrol
is highly dependent on the availability of plant
resources, relying heavily on environmental factors like
weather, and has low efficiency [17], with high varia-
tions in its purity [18].

Resveratrol can also be chemically synthesized
with relatively high yields. However, it is very chal-
lenging, often requiring multiple steps and harsh
conditions (high temperatures, pollutant catalysts,
etc.), with contamination and control of the region
selectivity and stereo-chemistry of the synthetic pro-
cess being a major concern [19]. The intricacy of the
chemical synthesis procedures and the availability of

several undesirable by-products, restrict the use of
chemically synthesized resveratrol produced, which
helps to understand why plant extraction is still the
preferred choice for resveratrol [20]. In its turn,
microbial production of resveratrol is a valuable
alternative, having several advantages over
petroleum-based processes, such as being environ-
mentally friendly, low cost, leading to a high purity
product, with high stereoselectivity [21]. In order to
establish an efficient bioprocess, from the first engi-
neering steps to the final stages encompassing prod-
uct purification, it is vital to be aware of all the
product’s characteristics and specificities. Despite the
rising interest in this molecule, information in the lit-
erature regarding the chemical properties of resvera-
trol, such as its stability and solubility, is often hard
to find. Additionally, while there are a vast number
of reports on the beneficial properties of resveratrol,
many of them lack evidence and/or were not tested
in a clinical context. Therefore, this review compiles
resveratrol’s  main  properties, discloses the
state-of-the-art on clinically tested health benefits
and provides an extensive overview of the break-
throughs accomplished in the last decades on syn-
thetic biology approaches for resveratrol production
by precision fermentation, to increase the usefulness
of this high-value molecule.

3000
O Original research articles M
O Total documents M

»n 2000
=
K] A
L~ =
©
L M
S Mo | A
= *
(@l M <l
v
O —
P - 5
5 | i B
3 2
g -
= 1000 . |

TN N S W0 OIS0 0O @ AN OO <& 10O OIS0 O0OO O Y AN MO - 10O O N0 00 O —F N

232352335838888383888c8c¢c8¢c8c8ca88s

Year

Figure 1. Total number of publications contemplating resveratrol in the last 30 years (1991-2021). Data were obtained from
Scopus (http://www.scopus.com/) using the queries: TITLE-ABS-KEY (resveratrol) AND (LIMIT-TO (PUBYEAR, YYYY)) for the total num-
ber of documents in each year; and TITLE-ABSKEY (resveratrol) AND (LIMIT-TO (PUBYEAR, YYYY)) AND (LIMIT-TO (DOCTYPE, “ar")) for
Original Research Articles in each year, where YYYY corresponds to each year from 1991 to 2022. Accessed in September 2023.
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Resveratrol properties
Chemical properties

Resveratrol (C,4H,,05, IUPAC name 5-[(E)-2-
(4-Hydroxyphenyl)ethen-1-yl]benzene-1,3-diol) has a
molecular weight of 228.24g/mol and has two isomers,
trans-resveratrol (or (E)-resveratrol, according to the E-Z
system) and cis-resveratrol (or (Z)-resveratrol) (Figure 2),
differing in the conformation of the double hydrogen
bond that ligates both phenolic rings. These are con-
nected through an ethylene bridge, encompassing two
different groups, 4-hydroxystyryl and m-hydroquinone,
which are responsible for their biological properties, by
modulation of molecular targets [22]. Due to its aro-
matic rings, resveratrol is known to display superior free
radical scavenging properties in comparison with other
antioxidants like vitamin C or E [23]. Both isoforms of
resveratrol can be distinguished by distinct UV spectra,
with a reported maximum absorbance between 304 nm
[24] and 306nm [25] for trans-resveratrol, and between
280nm [26] and 286nm [27] for cis-resveratrol. Trans-
resveratrol is the primary biologically active isoform,
being responsible for the majority of the therapeutic
properties of resveratrol [28].

Stability

Resveratrol is highly reactive to light, pH, and tempera-
ture changes, mainly due to its unstable hydroxyl
groups and C—C double bond [16]. The most common
and stable isoform in nature is trans-resveratrol, having
a higher bioavailability [29], though it can suffer
cis-isomerization under exposure to sunlight [30] or
natural and artificial UV radiation [27]. Nevertheless,
trans-resveratrol can maintain its stability for several
months when in the absence of light and a low-pH
environment [31]. Resveratrol was found to keep its
stability at low pH conditions for several days at 37°C.
After 7days of incubation, approximately 90% of res-
veratrol was still preserved at pH 4 or less, and more

OH

HO

trans-resveratrol
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than 70% at pH 5 or 6 [32]. Still, cultivation conditions
at 35°C were previously found to cause some degrada-
tion of resveratrol [33], so this phenomenon can be
also correlated with the incubation temperature and
not exclusively dependent on pH. At pH 8 or above,
less than 2% of resveratrol remained intact, showing its
clear instability in basic conditions [32].

Solubility

Resveratrol has relatively high lipophilicity (log p=3.4)
[34], being practically insoluble in water [35], which
hinders severely its bioavailability (Table 1). It is widely
reported to be soluble in ethanol [32, 36], and slightly
soluble in natural food-grade oils, such as soybean,
almond, or olive oils [37], which has additional interest
due to its possible incorporation into foods with con-
stant oil phase, like butter or cooking oils [38].
Resveratrol is also very soluble in surfactants/deter-
gents, like Tween 20 [36], and the nonionic emulsifier
polyethylene glycol 400 (PEG 400), with a reported sol-
ubility of up to 374g/L [32]. Recent studies using nat-
ural deep eutectic solvents (DES), a nontoxic and highly
recyclable class of ionic liquids [39], also showed their

Table 1. Solubility of resveratrol in different solvents.

Temperature

Compound Solubility (g/L) (°Q) Reference
Water 0.03-0.05 Room [35,133]
Glycerine 3.83 37 °C [36]
Soybean oil 4,004 Room [37]
Almond oil 4.066 Room [37]
Olive oil 523 Room [37]
Tween 80 7.46-76.8 Room — 37°C [32,37,134]
Ethanol 87.98-129.86 Room — 37°C  [32,36]
Tween 20 107.75-248.38 37°C [36,134]
Tween 60 105.16 37°C [36]
PEG 400 139.95-373.85  Room [32,36]
DES 1,2-propanediol: >20 40°C [135]

choline chloride:water

(1:1:1)
DES Choline 321 n.r. [40]

chloride:glycerol (1:2)
n.r.. not reported.

\
HO
HO OH

cis-resveratrol

Figure 2. Chemical structures of trans-resveratrol, with identification of both moieties of the molecule, and cis-resveratrol.
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potential as solvents for resveratrol, with DES like
Choline chloride:glycerol, at a molar ratio of 1:2, exhib-
iting a solubility of 321g/L [40].

Biological activities and therapeutic applications

The 21st century has been particularly prolific in an
extensive study of the biological activities of resvera-
trol and its application as a therapeutic agent. These
activities are mainly based on the ability of resveratrol
to modulate multiple cell signaling molecules, such as
sirtuin type 1 (SIRT1), highly associated with aging [41],
insulin-like growth factor 1 (IGF-1), insulin-like growth
factor-binding protein 3 (IGFB-3), Ras association
domain family 1a (RASSF-1a), cytokines, caspases,
among many others, therefore being considered a mul-
titargeting agent [42]. As long-term use of rationally
designed medications is frequently associated with
many adverse effects, the shift to multitargeted thera-
pies, that are less potent but still modify several tar-
gets to elicit multiple responses, is desired [42].
Resveratrol has been recognized as having multiple
bioactive properties, such as antioxidant, cardioprotec-
tive, anti-inflammatory, anti-aging, neuroprotective,
and anticancer activities, among others [12].

Resveratrol is rapidly absorbed and metabolized in
the human body and has low bioavailability (roughly
1% when taken orally), being some of the main limita-
tions to its therapeutic use [43]. This is particularly
challenging when addressing organs that are far from
the digestive tract [44], but clinical research has shown
that resveratrol is effective on its own or in conjunc-
tion with other medications [45], and efforts are being
made deal with this restraint. Micronised resveratrol
(SRT501) has been reported to have 3.6-fold higher
levels in plasma (1942ng/mL) from a single dose
administration when compared to standard resveratrol
[46], and its concentration in hepatic tissues was equiv-
alent to pharmacologically effective doses shown in
preclinical tests [47]. Resveratrol has been taken in the
quotidian diet for a long time, being therefore
well-tested from a safety standpoint. It was found to
be safe in doses of up to 5g per day [48]. Certain side
effects were observed in a relatively small number of
patients, consisting mainly of mild and sporadic condi-
tions like headache, dizziness, and epididymitis, by
recurrent administration in short periods of time or
high doses (2.5 and 5g/day) [49].

Even though the pleiotropic activities of resveratrol
have been explored for a long time [11, 50], the vast
part of the discussion on these effects relied primarily
on preclinical tests. Currently, there are more than 250
clinical trials, either complete or ongoing, focusing on

the resveratrol effects on human health, as the sole
therapeutic agent or combined with other pharmaco-
logical compounds, with more than 95% being devel-
oped in the last decade. Some of the outcomes of
clinical trials completed to date are discussed below.

Aging

Resveratrol, as an anti-aging agent, is one of its most
prominent properties since the first studies on its abil-
ity to mimic calorie restriction effects and expand the
lifespan of several (micro)organisms by activating the
sirtuin pathways, were reported [41, 51]. While it indi-
rectly activates human SIRT1, direct evidence for
increased human lifespan remains inconclusive.
Commercially, resveratrol finds application in facial skin
products as it displays a superior antioxidant capacity
compared to idebenone [52]. Additionally, distinct
nanocarriers for topical administration and micro-
emulsions (e.g., containing a large amount of natural
deep eutectic solvents) [53] can also: improve resver-
atrol solubility, provide photoprotection, enhance skin
penetration, and inhibit trans-to-cis isomerization (de
Vries et al. 2021). Resveratrol topical use includes
wrinkle reduction and enhanced skin vitality [55],
anti-scarring [56], acne reduction [57], and wound
healing properties [58].

Cancer

Micronised resveratrol SRT501 enhanced cleaved
caspase-3 expression in malignant hepatic tissue of
colorectal cancer patients, potentially benefiting dis-
ease outcomes [46]. In colon cancer patients, resvera-
trol downregulated CD133 and LGR5, associated with
colon cancer cell growth inhibition [59]. However, res-
veratrol administration in multiple myeloma patients
had adverse effects [60]. Resveratrol was found to
diminish IGF-1 and IGFBP-3 levels in healthy volunteers
[48], which are associated with different types of can-
cer, showing potential as a cancer chemopreventive
agent, though more clinical trials are needed to cor-
roborate preclinical findings.

Diabetes

Resveratrol demonstrates efficacy against metabolic
disorders, such as diabetes mellitus and obesity.
Noteworthy outcomes include reductions in fasting
blood sugar, hemoglobin Alc (HbA1c), insulin levels,
and insulin resistance in type-2 diabetes patients [61].
Notably, the significant reduction in HbA1c levels
observed in this study was comparable with the reduc-
tion in type-2 diabetes patients treated with met-
formin, a first-line commercial treatment for diabetes



[62]. Other trials with patients with type-2 diabetes
revealed a reduction in oxidative stress and blood
sugar levels and enhanced insulin solubility [63]. Effects
on quicker healing and size reduction of foot ulcers
[64] and enhanced vasodilator function were also
reported [65]. Regarding other metabolic diseases,
such as obesity, resveratrol administration led to signif-
icant loss of weight in obese patients after 6 months of
treatment [66]. The use of resveratrol alone or as an
adjuvant has been established in various clinical stud-
ies, with very encouraging results in the field of diabe-
tes treatment and other metabolic diseases. Still, there
is a lot to learn about the best resveratrol dosages for
auxiliary treatment.

Cardiovascular diseases

The French Paradox sparked interest in studying resver-
atrol's impact on cardiovascular function, showing
promise as a treatment for cardiovascular disease
(CVD), a leading global cause of mortality [67]. Limited
clinical trials support these claims, often combining
resveratrol with other agents, obscuring its individual
effects. Some trials noted reduced cholesterol,
apolipoprotein-B, and improved lipid profiles in pri-
mary CVD [68], as well as improved diastolic function
and reduced LDL cholesterol post-myocardial infarction
[69] and enhanced diastolic function of the left ventri-
cle and endothelia function was observed in
post-myocardial infarction patients, as well as a reduc-
tion in low-density lipoprotein (LDL cholesterol) [70].
Effects of factors like ethnicity, age, and gender on res-
veratrol’s CVD efficacy warrant comprehensive explora-
tion in future trials [42].

Neurological diseases

Resveratrol plays a vital role in neuroprotection by mit-
igating oxidative damage, mitochondrial dysfunction,
and chronic inflammation in the brain and nervous
system [71]. Studies indicate that resveratrol enhances
memory by fortifying hippocampal functional connec-
tivity and improving glucose metabolism in healthy
older adults [72]. Although resveratrol shows therapeu-
tic potential for Alzheimer’s disease, a prevalent neuro-
degenerative disorder linked to oxidative stress and
mitochondrial damage [73], clinical trials have yet to
report significant treatment effects [74].

Resveratrol biosynthesis

The resveratrol market size reached $118.6 million in
2022, with a projected 8% compound annual growth
rate (CAGR) from 2023 to 2033 [75]. Europe currently

CRITICAL REVIEWS IN BIOTECHNOLOGY e 5

dominates the worldwide resveratrol market, and while
plant extraction is still the main source of commercial
resveratrol, chemical synthesis (DSM, Netherlands) and
microbial fermentation (Evolva, Switzerland) are gain-
ing ground in the market [5, 76].

Resveratrol microbial production by precision fer-
mentation can side many of the aforementioned draw-
backs associated with the alternative routes to obtain
this polyphenol. It has several advantages over tradi-
tional processes, such as reduced costs, high product
purity, proneness to produce trans-resveratrol, straight-
forward purification processes [77] and it is indepen-
dent of season changes [5], being sustainable and
environmentally friendly.

The yeast Saccharomyces cerevisiae as resveratrol
producer

The first reports on microbial resveratrol production
relied on p-coumaric acid as a substrate (Table 2). The
first study goes back to 2003 when Becker et al. [78]
co-expressed the coenzyme-A ligase gene from a
hybrid poplar and the grapevine resveratrol synthase
gene in a laboratory S. cerevisiae strain. This led to a
titer of 1.45ug/L of resveratrol in the form of piceid, a
resveratrol glucoside, by feeding 10 mg/L of p-coumaric
acid to the yeast culture. Soon after, the integration of
a 4-coumarate-CoA ligase from Nicotiana tabacum, and
stilbene synthase (STS) from V. vinifera, led to a produc-
tion of 5.8mg/L of non-glycosylated resveratrol from
820.8mg/L of p-coumaric acid [77]. All these studies
used laboratory S. cerevisiae strains. In its place, Sydor
et al. [79] expressed 4CL1 from A. thaliana and STS
from V. vinifera into an industrial yeast, isolated from a
sugar cane plantation in Brazil. This resulted in the pro-
duction of 391mg/L of resveratrol from 2.46g/L
p-coumaric acid in YPD medium.

Although the claim for the first report on de novo
resveratrol production came only a few years later, the
first steps toward it came with the attempt to use the
amino acid precursors of the phenylpropanoids path-
way (Table 2). After a failed first attempt at resveratrol
production from tyrosine, due to complications with
the expression of tyrosine ammonia lyase (TAL) from
Rhodobacter sphaeroides in S. cerevisiae [80], resveratrol
production from this amino acid was accomplished by
using a codon-optimised TAL gene. Together with the
expression of a fused 4-coumaroyl-CoA ligase:stilbene
synthase with a Gly-Ser-Gly linker, previously reported
to enhance resveratrol yield [80], and an
arabinose-proton symporter from E. coli, the strain
achieved a titer of 1.90mg/L from 12mg/L tyrosine on
induction media with SD dropout and 2% (w/v) of
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Table 2. Studies reporting microbial production of resveratrol using S. cerevisiae strains.

Substrate/

Reference Relevant genotype Engineering strategy precursor fed Titer (mg/L)

[78] 4CL (Populus trichocarpa x Populus deltoids) ~ Episomal plasmid p-Coumaric acid 1451073
STS (V. vinifera)

[771 4CL (N. tabacum) Genomic integration (single copy) p-Coumaric acid 6
STS (V. vinifera)

[80] 4CL::STS Episomal plasmid p-Coumaric acid 5.25
(A. thaliana, V. vinifera)
Fusion enzyme

[84] PAL, CPR (P. trichocarpa x P. deltoides) Episomal plasmid p-Coumaric acid 0.31
C4H, 4CL (Glycine max)
RS (V. vinifera)

[79] 4CL (A. thaliana) Episomal plasmid p-Coumaric acid 391
STS (V. vinifera)

[81] TAL (R. sphaeroides) Genomic integration (single copy) p-Coumaric acid 3.1
4CL::STS (A. thaliana, V. vinifera)
arak (E. coli)

[90] 4CL1 (A. thaliana) Episomal plasmid p-Coumaric acid 3.1
STS (A. hypogaea)

[83] PAL (R. toruloides) Episomal plasmid Galactose 34
4CL (A. thaliana)
STS (A. hypogaea) L-tyrosine 5.8
ACCT1 (S. cerevisiae)

[91] 4CL1 (A. thaliana) Episomal plasmid p-Coumaric acid 14.4
STS (V. vinifera)

[136] 4CL (A. thaliana) Episomal plasmid p-Coumaric acid 8.249
STS (V. vinifera)

[21] TAL (H. aurantiacus) Cre-LoxP recombination (single/multi copy) Glucose and ethanol 531.41
4CL (A. thaliana)
VST (V. vinifera)
ARO4K229L, ARO7GI4IS, ACC75659A,51757A
(S. cerevisiae)

[87] PAL, C4H, 4CL, ATR2 Cre-LoxP recombination, CRISPR/ Glucose 812
(A. thaliana) Cas9-mediated gene integration (single/
VST (V. vinifera) multi copy)
ACS (S. enterica)
ARO4%", ARO7™", CYB5, ACC15659A S1157A
(S. cerevisiae)
AAROT0

[89] PAL2, 4CL1, ATR2, C4H (A. thaliana) CRISPR/Cas9-mediated gene integration Glucose 263.4
TAL (F. johnsoniae) (single copy)
STS (V. vinifera)
CYBE, ACC]5659A, S1157A
(S. cerevisiae)?

[137] 4CL1 (P. appendiculatum) Episomal plasmid p-Coumaric acid 39
STS (P. cuspidatum)
+ 5 other STS

[92] STS (V. vinifera) Bacterial expression vectors Glucose 36
TAL (T. cutaneum)
- in E. coli
4CL (A. thaliana) Genomic integration (single copy) p-Coumaric acid
- in S. cerevisiae (secreted from E. coli)
aCo-culture

[94] PAL2, 4CL2, C4H (A. thaliana) CRISPR/Cas9-mediated gene integration Glucose, Ethanol 187
VST1 (V. vinifera) (single copy)

[95] PAL2, 4CL2, C4H (A. thaliana) CRISPR/Cas9-mediated gene integration Lactose 210
VST1 (V. vinifera) (single copy)
a

[96] PAL2, 4CL2, C4H, ATR2 (A. thaliana) CRISPR/Cas9-mediated gene integration Xylose, Glucose 388
VST1 (V. vinifera), CYB5 (S. cerevisiae) (single copy)
a

[88] PAL/TAL (R. toruloides) CRISPR/Cas9-mediated gene integration Glucose 4100

STS (V. vinifera)
ARO4K229L, ARO7G]4IS

(S. cerevisiae)
a

(single/multi-copy)

aMultiple modifications, refer to the original research article.

galactose [81]. Interestingly, without the addition of
tyrosine, 1.06 mg/L resveratrol was accumulated in the
fermentation media. An alternative to TAL, phenylala-
nine ammonia lyase (PAL) (Figure 3) from Rhodosporidium

toruloides was found to have catalytic activity on both
tyrosine and phenylalanine [82], and its introduction in
S. cerevisiae alongside AtC4H (encoding for cinnamic
acid 4-hydroxylase) and AhSTS led to a resveratrol
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WPhe

Figure 3. Resveratrol biosynthetic pathway via phenylalanine or tyrosine. PAL, Phenylalanine ammonia lyase; TAL, Tyrosine ammonia
lyase; C4H, Cinnamate-4-hydroxylase; 4CL, 4-coumarate lyase; VST, Resveratrol synthase.

production of 3.4mg/L from 2% galactose, accumulat-
ing also 2.6 mg/L of p-coumaric acid [83]. After switch-
ing the ACCT promoter for a stronger galactose-inducible
GAL1 promoter (leading to a 2-fold increase in ACC1
transcription levels) in an attempt to increase the pool
of malonyl-CoA, and supplementing the media with
12mM of tyrosine, a titer of 5.8 mg/L of resveratrol was
obtained [83]. The introduction of PAL was also
attempted to produce resveratrol using phenylalanine
as a precursor. By the expression of PAL from a Populus
hybrid, C4H and 4CL from Glycine max and WSTS, an
accumulation of 0.29mg/L of resveratrol was observed
when the medium was supplemented with 10mM
phenylalanine, and a nearly identical titer of 0.31 mg/L
when supplemented with TmM p-coumaric acid [84].
Vos et al. [85] provided valuable insight into the influ-
ence of specific growth rates on the physiology of
resveratrol-producing previously engineered yeast
strains [86]. Resveratrol production processes require
high amounts of energy translated into an estimation
of 13 moles of ATP per mole of resveratrol. Given this
and the participation of critical precursors that are
growth rate-dependent, a stoichiometric study indi-
cated that the de novo generation of resveratrol was
closely associated with yeast cell growth. The introduc-
tion of the resveratrol pathway into S. cerevisiae led to
clear transcriptional changes in precursor biosynthesis
genes, namely TKL1, ARO7, and ARO9, altogether
underlining the need to decouple growth and synthe-
sis of resveratrol for industrial use [85].

Up to this point, academic studies using S. cerevisiae
strains were mostly based on proof-of-concept
approaches and still exhibited low resveratrol titers
(below 10mg/L). Li et al. [21] reported, for the first
time, efficient de novo production of resveratrol from

glucose or ethanol, in a minimal medium, via tyrosine.
The authors introduced multiple copies of the genes
TAL from Herpetosiphon aurantiacus, encoding for tyro-
sine ammonia lyase, At4CL1 from A. thaliana and VST1
from V. vinifera, into a strain overexpressing the
feedback-inhibition resistant versions of DAHP synthase
(ARO4K22%L) and chorismate mutase (ARO4¥22%L), and the
inactivation-resistant version of acetyl-CoA carboxylase
(ACC1%659A, ST1578) " |n fed-batch fermentation, the final
recombinant haploid laboratory strain (a CEN.PK102-5B
derivative), achieved resveratrol titers of 415.65 and
531.41mg/L from glucose and ethanol feeds, respec-
tively, after an initial batch phase on 40g/L of glucose
in both fermentations. Later on, the same authors
reported resveratrol production from glucose via the
phenylalanine pathway by applying a pull-push-block
engineering strategy. This comprised multicopy overex-
pression of the resveratrol biosynthetic pathway
(AtPAL2, AtC4H, At4CL2, and WVSTI), optimization of
the electron transfer to the cytochrome P450 monoox-
ygenase, increase of the precursor supply, and the
block of competing pathways to avoid degradation of
pathway intermediates [87]. The resultant laboratory
recombinant strain produced 812mg/L of resveratrol in
fed-batch fermentation, with a feed of 88g/L of glu-
cose and a batch phase of 40g/L of glucose [87].

In another study, the combination of both phenylal-
anine and tyrosine pathways was evaluated by express-
ing a bi-functional phenylalanine/tyrosine ammonia
lyase from R. toruloides. This strategy allied with the
integration of multi-copy biosynthetic genes to improve
the metabolic flux to malonyl-CoA and aromatic amino
acids ultimately led to a resveratrol titer of 4.1g/L in a
glucose fed-batch fermentation in minimal media,
which is the highest titer reported to date using S.



8 (&) C.ECOSTAETAL

cerevisiae [88]. Nevertheless, the reported yields so far,
a parameter often overlooked and rarely reported in
the vast majority of studies, are still far from the theo-
retical maximum of  0.28mol/mol glucose
(354.7mg/qg) [85].

The importance of rewiring the carbon flux toward
aromatic amino acid (AAA) biosynthesis for high-level
production of its derivatives was also shown by exten-
sive engineering of a laboratory S. cerevisiae where the
authors introduced a phosphoketolase-based pathway
to deflect glycolytic flux toward erythrose 4-phosphate
formation [89]. Using the resveratrol biosynthetic path-
way via phenylalanine, alongside several other genetic
modifications to optimize carbon distribution amid gly-
colysis and the AAA biosynthesis, the authors reported
a resveratrol production of 263.4mg/L, while still accu-
mulating nearly 2g/L of p-coumaric acid [89]. These
studies coincide with the upsurge of revolutionary
genome-editing technologies like CRISPR/Cas9. Until
then, the vast majority of studies focusing on resvera-
trol production in yeast used expression vectors relying
on the presence of auxotrophic markers and galactose
induction [80, 81, 84, 90, 91]. Modular engineering and
co-culture fermentation to divide the metabolic labor
between two microorganisms were also assessed for
resveratrol bioprocesses. Constitutive overexpression of
TcTAL, a feedback-inhibition-resistant DAHP synthase
(aroGfbr) and chorismate mutase/prephenate dehydro-
genase (tyrAfbr) in a strain lacking tyrR, a transcrip-
tional regulator that represses tyrosine synthesis, the
upstream E. coli module can produce p-coumaric acid
into the culture medium. The excreted p-coumaric acid
was subsequently utilized by an S. cerevisiae strain,
expressing At4CL, VwSTS and ACCT°63945T157A  producing
36mg/L of resveratrol after optimization of the inocu-
lation ratio between the two populations [92].

Noteworthy, only a few studies have reported the
use of industrial yeast strains for resveratrol production
[79, 93-96]. Due to their increased robustness, the use
of industrial strains paves the way for the valorization
of several agro-industrial wastes for resveratrol
production.

Renewable resources as substrate

A biorefinery consists, at its core, of the processing of
biomass into commercially viable products and/or
energy. This explains the utilization of different tech-
nologies to convert renewable resources into building
blocks to produce biofuels or other value-added prod-
ucts [97]. It is imperative to demonstrate the viability
of exploiting low-cost carbon sources, such as lignocel-
lulosic materials, to manufacture high-value chemicals
other than bioethanol in the search for a bio-based

economy [97]. The most plentiful and easily accessible
renewable resource is lignocellulosic biomass, which
contains 40-50% of cellulose, the most prevalent poly-
mer on Earth. Numerous D-glucose molecules are
joined in a linear chain by B(1,4)-glycosidic linkages to
form the structure of cellulose. To improve the enzy-
matic saccharification of cellulose into glucose, a pre-
treatment is necessary to disassemble the resistant
lignocellulosic structure. Depending on the pretreat-
ment and conditions, as well as on the lignocellulosic
biomass type, different compounds may be generated
during pretreatment that inhibit the subsequent steps
of saccharification and fermentation. These compounds
comprise furans (mainly furfural and HMF), weak car-
boxylic acids, and phenolic compounds and are com-
monly designated as inhibitors [98]. Furthermore, due
to its phenolic nature, resveratrol can act synergistically
with the above-mentioned inhibitory compounds [99],
which can represent an additional burden to fermenta-
tion, therefore highlighting the necessity of selecting a
suitable chassis for a biomass-to-resveratrol process.
Yeast tolerance to these inhibitors is strain dependent
with industrial isolates presenting increased robustness
[100] and often beneficial intrinsic characteristics for
the target metabolic engineering purpose [101-103].

In comparison to separate hydrolysis and fermenta-
tion (SHF), simultaneous saccharification and fermenta-
tion (SSF) processes have several advantages for
process development, such as avoiding end-product
inhibition or requiring fewer vessels. SSF processes are
widely used to produce ethanol [104]. However, since
a temperature of 45-50°C is ideal for cellulase activity
and 30°C for yeast growth, the main downside of the
SSF process is the requirement for a thermotolerant
yeast to carry out both processes (saccharification and
fermentation) simultaneously. The incorporation of res-
veratrol production into biorefinery schemes, tradition-
ally focused exclusively on bioethanol production, has
the potential to augment its market penetration along
value chains [105].

Taking into account the constraints for lignocellu-
lose valorization processes, Costa et al. [94] expressed
a resveratrol biosynthetic pathway via phenylalanine in
three different industrial strains, known for their toler-
ance to fermentation inhibitors and/or high tempera-
tures [101, 102, 106]. The best thermotolerant
resveratrol-producing strain was able to produce 2.12g
of resveratrol per kg of eucalyptus wood at 39°C using
the cellulosic fraction of a pretreated Eucalyptus globu-
lus raw material (5% solids). Subsequently, the authors
expressed a heterologous [3-galactosidase and lactose
permease, both from Kluyveromyces lactis, in the previ-
ously engineered resveratrol-producing strain in order



to extend the range of sources of renewable substrates.
The strain was able to produce 210 mg/L of resveratrol
in a synthetic media with lactose as the sole carbon
source [95]. Furthermore, this study reported the use
of cheese whey, a highly pollutant by-product of the
dairy industry [107] as a source of lactose, reaching
111mg/L of resveratrol. A techno-economic analysis
showed the potential of whey-to-resveratrol biopro-
cesses by obtaining a minimum resveratrol sale price,
to ensure the economic viability of the process, below
the market average [108]. Costa et al. [96] have also
shown the positive impact of the co-utilization of glu-
cose and xylose, both present in lignocellulosic bio-
masses. By expressing this resveratrol biosynthetic
pathway in a xylose-consuming strain, the authors
reported a 1.31-fold increase in resveratrol production
when fermenting glucose and xylose simultaneously in
comparison with glucose alone, achieving a titer of
388 mg/L. With this strain, the authors used several
winery by-products to produce resveratrol from a wide
range of substrates, namely wine lees (ethanol as
C-source), the hemicellulosic hydrolysate of a hydro-
thermally pretreated vine pruning residue (glucose and
xylose as C-source), and grape must (glucose and fruc-
tose as C-source), with reported yields of 0.52, 1.40
and 2.25 grams of resveratrol per kg of raw material
[96]. Economic and environmental assessments of this
resveratrol production process using Life Cycle
Assessment (LCA) methodology showed that the use of
wine wastes is both sustainable and economically
attractive with grape must residues being the most
promising alternative [109].

Non-conventional yeasts as resveratrol producers

The yeast Scheffersomyces stipitis due to its ability to
naturally metabolize several carbon sources has been
also used as a host for de novo resveratrol from differ-
ent sugars like the monosaccharides: glucose (237.6mg/L),
fructose (204.6mg/L), galactose (170.6mg/L), xylose
(248.6mg/L) or maltose (206.9mg/L) and the disaccha-
rides cellobiose (529.8mg/L) and sucrose (668.6mg/L),
with 50g/L of initial sugar concentration in all of them
[110]. The authors introduced essential genes for res-
veratrol biosynthesis, namely TAL from Herpetosiphon
aurantiacus, At4CL2, and WVSTI, alongside a feedback-
insensitive allele of chorismate mutase (SSARO7¢3%). Using
this same resveratrol biosynthetic pathway, Kumokita et al.
[111] reported a production of 452mg/L of resveratrol
from 20g/L of glycerol using Pichia pastoris as host.
Regarding the use of non-conventional yeasts,
Yarrowia lipolytica has been gaining attention for res-
veratrol production processes. Saez-Saez et al. [5]
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reported the production of 12.4g/L of resveratrol in
fed-batch fermentation from glucose (Table 3). The
authors expressed 5 copies of the resveratrol synthetic
pathway comprising TAL from Flavobacterium johnso-
niae, alongside  YIARO4¥??1t/YIJARO76'3%,  mutated
feedback-insensitive versions of DAHP synthase and
chorismate mutase, respectively. The highest resvera-
trol titer reported in the literature was also attained
using a Y. lipolytica strain, expressing multiple copies of
a resveratrol biosynthetic pathway comprising FjTAL,
Pc4CL1 (from Petroselinum crispum), and WSTS, together
with engineering of the shikimic acid pathway and
diverting glycolytic flux toward erythrose-4-phosphate.
The final strain was able to produce 22.5g/L of resver-
atrol from glucose using a fed-batch strategy [112].
This is the highest yield reported so far (65.5mg of res-
veratrol per gram of glucose), corresponding to 18.5%
of the maximum theoretical yield. While there is still a

Table 3. Successful cases of microbial production of resveratrol
using different non-conventional yeasts as hosts.

Substrate/ Titer
precursor  (mg/L)  Ref.

Glycerol 452 [111]

Microbial host
P. pastoris

Relevant genotype

TAL (H. aurantiacus)
4CL (A. thaliana)
VST (V. vinifera)
ARO4K22%L (S,
cerevisiae)
ARO7611S (S,
cerevisiae)
TAL (H. aurantiacus)
4CL (A. thaliana)
STS (V. vinifera)

O. polymorpha Tyrosine 97.23 [124]

S. stipitis Glucose 237.6 [110]

Fructose 204.6

Galactose  170.6

Xylose 248.6

Maltose 206.9

Cellobiose  529.8

Sucrose 668.6

STS (A. hypogaea) p-Coumaric 0.4 [122]

4CL (S. coelicolor) acid

Apks

TAL (R. toruloides)

4CL (P. crispum)

VST (V. vinifera)

ARO4™" (S. cerevisiae)?

4CL (N. tabacum) p-Coumaric 48.7 [139]

STS (A. hypogaea) acid

PEX10, ACCT (Y.
lipolytica)

TAL (F. johnsoniae)

PAL (V. vinifera)

C4H, 4CLT1 (A.
thaliana)

VST (V. vinifera)

TAL (F. johnsoniae)

4CL (A. thaliana)

VST (V. vinifera)

ARO4™r, ARO7™" (Y.
lipolytica)

a

TAL (F. johnsoniae)

4CL (P. crispum)

VST (V. vinifera)?

aMultiple modifications, refer to the original research article.

TAL (H. aurantiacus)
4CL2 (A. thaliana)
VST (V. vinifera)
ARQ7613% (S, stipitis)

S. venezuelae

Y. lipolytica Glucose 12.67 [138]

Y. lipolytica

Y. lipolytica Glycerol 430 [140]

Y. lipolytica Glucose 12,355 [5]

Y. lipolytica Glucose 22,500 [112]
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large room for improvement, the first reports on de
novo resveratrol production were below 1g/L with
yields up to 2.5% [87]. This means that in less than a
decade a dramatic rise in resveratrol yields and titers
was observed, which accentuates the feasibility and
profitability of resveratrol’s biosynthesis, supported by
recent LCA studies [108, 109].

Bacteria as resveratrol producers

Among bacteria, E. coli is one of the most employed
hosts for the introduction of resveratrol biosynthetic
pathways (Table 4). In parallel with the aforesaid inte-
gration of Nt4CL2 and WSTS in S. cerevisiae, Beekwilder
et al. [77] introduced the same genes in E. coli and
achieved a production of 16 mg/L of resveratrol in the
same rich medium (with 820.8 mg/L p-coumaric acid).
In another study, by expression At4CL1 and AASTS in
an E. coli strain, 104.5mg/L of resveratrol was obtained
on a mineral medium supplemented with 164 mg/L
p-coumaric acid [113]. Lim et al. [114] reported the
highest titer in literature for E. coli fermentation,
achieving 2.3 g/L of resveratrol from 2.46 g/L p-coumaric
acid supplemented with 0.05mM cerulenin, to reduce
carbon loss from the malonyl-CoA to fatty acid pro-
duction pathway. Other studies reported resveratrol
production in E. coli from tyrosine by using either PAL
[115] or TAL [116], achieving similar titers of 37 and
35mg/L of resveratrol from 540 and 544 mg/L tyrosine,
respectively, while coupling them with different addi-
tional modifications. Resveratrol production in E. coli
from glucose was first reported through site-specific
integration of RgTAL, Pc4CL, and WSTS into the loci of
the genes tyrR, a transcriptional regulatory gene, and
trpED, encoding anthranilate synthetase. The inactiva-
tion of these genes enhances the expression levels of
several genes in the shikimate pathway and abolishes
the competing production of L-tryptophan, respec-
tively. The authors reported a resveratrol concentration
of 4.612mg/L using the final recombinant strain [117].
Wu et al. [118] extensively engineered an E. coli strain
by constructing a de novo resveratrol synthetic path-
way from tyrosine (TAL from Trichosporon cutaneum,
Pc4CL and WSTS) and engineering the availability of
malonyl-CoA using CRISPR interference (CRISPRi) and
rational engineering of tyrosine ammonia lyase
through the reduction of mRNA secondary structure in
its 5’ region. Altogether, the final strain was able to
produce 304.5mg/L of resveratrol from 5g/L glucose,
though the strain was unable to consume all the glu-
cose in the medium. Modular engineering strategies
have also been reported using E. coli-E. coli consortia.
Resveratrol production from glycerol [119] and glucose

[120] was reported, with titers of 22.6 and 55.7 mg/L
of resveratrol, respectively. Both studies employed sim-
ilar strategies relying on the division of the biosyn-
thetic pathway in two strains, where the first produced
p-coumaric acid and the second converted the
excreted p-coumaric acid into resveratrol. More
recently, another E.coli-E. coli co-culture was used to
produce resveratrol from glucose and arabinose, using
a combination of CRISPR/Cas9 and CRISPRi technolo-
gies, where the first module was engineered to have
deficient arabinose utilization, producing p-coumaric
acid from glucose, and the second consumed arabi-
nose, glucose and the excreted p-coumaric acid, lead-
ing to a resveratrol titer of 204.8 mg/L [121].

Other hosts have been used for the biosynthesis of
resveratrol either from precursors such as p-coumaric
acid/tyrosine or from carbon sources like glucose or
glycerol, namely: Streptomyces venezuelae [122],
Lactococcus lactis [123], Ogataea polymorpha [124],
Corynebacterium glutamicum [125, 126] and Rhodotorula
toruloides [127].

Major advances and short-term challenges

Over the last two decades, research has significantly
advanced the shift from fossil fuels to biotechnological
methods for producing compounds like resveratrol.
While the first years were mostly spent evaluating the
conversion of p-coumaric acid into resveratrol and
understanding the fitness of microorganisms to accumu-
late this type of molecules, the heterologous expression
of the resveratrol biosynthetic pathway enabling its de
novo production from carbon sources via tyrosine or
phenylalanine was the major breakthrough of this
period. The evolution of bioinformatic tools and genomic
engineering, particularly CRISPR/Cas9, has expedited the
identification and evaluation of new production targets
at a fast pace, thereby substantially increasing resvera-
trol yields and titers in the recent decade.

Nevertheless, there remain a lot of short-term chal-
lenges in the quest for improved yields and titers.
Future research should focus on selective (rather than
extensive) engineering of the resveratrol biosynthetic
pathway and its precursors, and on optimizing the fer-
mentation process for better industrial-scale produc-
tion. These should be tackled together for a more
effective bioprocess, which requires a suitable microbe,
and vice-versa.

The shikimate pathway is critical for resveratrol pro-
duction, beginning with the condensation of
erythrose-4-phosphate and phosphoenolpyruvate to
form phenylpyruvate. Future studies should investigate
strategies to boost levels of these precursors and
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Table 4. Successful cases of microbial production of resveratrol using different bacteria hosts.

Microbial host Relevant genotype Substrate/precursor Titer (mg/L) Ref.

C. glutamicum

C. glutamicum

E. coli
E. coli

E. coli

E. coli

E. coli

E. coli

E. coli

E. coli

E. coli

E. coli

E. coli

E. coli

E. coli

E. coli

E. coli

E. coli

E. coli-E.coli
(co-culture)

E. coli-E. coli
(co-culture)

E. coli-E. coli
(co-culture)

L. lactis

R. toruloides

STS (A. hypogaea)
4CL (P. crispum)?

TAL (F. johnsoniae)
4CL (P. crispum)

STS (A. hypogaea)
aroH (E. coli)?

4CL (N. tabacum)

STS (V. vinifera)

4CL (A. thaliana)

STS (A. hypogaea)
4CL (L. erythrorhizon)
STS (A. hypogaea)
ACC (C. glutamicum)
PAL (R. rubra)

4CL (L. erythrorhizon)
STS (A. hypogaea)
ACC (C. glutamicum)
TAL (S. espanaensis)
4CL (S. coelicolor)

STS (A. hypogaea)
4CL (A. thaliana)

STS (V. vinifera)

TAL (R. glutinis)

4CL (P. crispum)

STS (V. vinifera)

matB, matC (R. trifolii)
4CL (A. thaliana)

STS (V. vinifera)?

TAL (S. espanaensis)
4CL (S. coelicolor)

STS (A. hypogaea)
4CL (P. crispum)

STS (V. vinifera)

fabD downregulation
4CL::STS

(A. thaliana, A. hypogaea)
TAL (S. espanaensis)
4CL (A. thaliana)

STS (A. hypogaea)
4CL (A. thaliana)

STS (A. hypogaea)

TAL (R. glutinis)

4CL (P. crispum)

STS (V. vinifera)

AtyrR and AtrpED

TAL (T. cutaneum)
4CL (P. crispum)

STS (V. vinifera)

matB, matC (R. trifolii)?
TAL (Saccharothrix espanaensis)
4CL (Ocimum sanctum)
STS (V. vinifera)?

TAL (R. glutinis)

tktAr, aroG® (E. coli)
ApheA

4CL (Streptomyces coelicolor)
STS (V. vinifera)

TAL (R. glutinis)

tktA®" aroG®" (E. coli)
ApheA, Apgi

4CL (Petroselinum crispum)
STS (A. hypogaea)
ACC (C. glutamicum)
Azwf

TAL (Phanerochaete chrysosporium)?

4CL (A. thaliana)

STS (V. vinifera)?

TAL, 4CL, STS, ACC

(multiple sources)

C4H, 4CL, ATR2 (A. thaliana)
VISTS (Vitis labrusca)
At4CL::VISTS

CYB5 (R. toruloides)

p-Coumaric acid

Glucose

p-Coumaric acid
p-Coumaric acid

p-Coumaric acid

Tyrosine

p-Coumaric acid

p-Coumaric acid

Tyrosine

p-Coumaric acid

Glucose

p-Coumaric acid

p-Coumaric acid

Tyrosine

p-Coumaric acid

Glucose

Glucose

Glycerol

Glycerol

p-Coumaric (excreted)

Glucose

p-Coumaric (excreted)

Glucose

Arabinose, p-coumaric acid (excreted)

Glucose

Glucose

158

12

105

171

37

2300

35.02

1600

5.2

268.2

80.5

1144

160

4612

304.5

80.4

22.6

55.7

204.80

125.2

[125]

[126]

[77]
[113]

[115]

[141]

[142]

[114]

[116]

[143]

[144]

[145]

[146]

[147]

[148]

[117]

[118]

[149]

[119]

[120]

[121]

[123]

[127]

aMultiple modifications, refer to the original research article.
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optimize other shikimate pathway reactions to enhance
resveratrol titers. Tuning pyruvate kinase activity, by
using alternative variants [128], and suppressing com-
peting pathways can also have a positive impact on
aromatic amino acid formation or resveratrol produc-
tion. Bringing enzymes closer in multi-step pathways,
via fusion, scaffolding, or compartmentalization [129],
can increase resveratrol titers, as demonstrated previ-
ously with 4CL ligase and STS fusion [80], and the same
rationale could be applied to other enzymes of the res-
veratrol biosynthetic pathway. Further, increase in the
number of copies of the resveratrol biosynthetic path-
way expressed in a given microbe can be valuable, as
it was shown to be relevant in several studies [5, 21, 871.

Even though there is a lot to accomplish regarding
the fine-tuning of the resveratrol biosynthetic pathway,
developing efficient fermentation processes by thor-
oughly addressing the operation mode is mandatory in
an industrial context. The implementation of fed-batch
strategies has been associated with the highest resver-
atrol titers reported in the literature [5, 21, 87]. An
interesting strategy for increased resveratrol titers
should encompass the use of mixed feeding strategies,
such as glucose/ethanol, balancing yeast growth, which
preferably occurs in glucose cultivation, and resveratrol
production from ethanol, which is known to lead to
higher resveratrol yields. This has already been reported
to have a positive impact on the production of other
compounds like geranylgeraniol [130], also favored by
ethanol feed. Harnessing on the insolubility of resvera-
trol in water, exploiting configurations such as aqueous
two-phase systems for an extractive fermentation can
also be relevant, by coupling the aqueous fermenta-
tion medium with an organic phase, immiscible in
water, with a high affinity for resveratrol. This was
already reported to be beneficial for the biosynthesis
of other chemicals like limonene [131] or vitamin A
[132], and would potentially solve various problems at
once: possible cell toxicity associated with high resver-
atrol concentrations, product inhibition of fermentation
process, and downstream processing, by simultaneous
extracting the end product.

Conclusion

Resveratrol is gaining prominence for its nutritional
and therapeutic potential. Over the last decades, a sig-
nificant and, most importantly, constant rise in studies
on resveratrol has been observed, with almost 3000
articles being published in 2022 alone. These studies
focus not only on its production, but also on other
forms of synthesis/extraction and purification, and
comprehension of its underlying mechanisms of action

and its effects on humans. This goes hand-in-hand
with the increase in clinical trials completed or
on-going, which are filling in on the previous lack of
information at the beginning of the century. As more
knowledge is generated, more steps are taken toward
the integration and benefit from resveratrol’s known
beneficial properties. This review article does not sim-
ply compile the studies on resveratrol bioproduction
but rather focuses on the potential of this molecule,
showing at the same the feasibility of this process
itself. The rising demand for high-value chemicals asso-
ciated with the ever-growing environmental concern
correlated with fossil resource consumption is driving
the fast expansion and establishment of biobased pro-
cesses. And while there is still a lot to achieve to max-
imize yields and titers, the current scenario is already
fit for implementation, driving a greener circular bio-
economy through bioprocess engineering.
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