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INTRODUCTION

Natural antioxidants, such as phenolic com-
pounds, carotenoids, vitamins, and microelements,
are found in nature mainly in plants. Fat-soluble anti-
oxidants are strategically important molecules with a
broad range of applications. The key antioxidants in-
clude such compounds as molecules of vitamin E (to-
copherol and tocotrienols), carotenoids (B-carotenes,
lycopene, lutein, astaxanthin). These compounds ac-
tively protect lipid structures against peroxidation,
participate in regulation of signaling pathway, and
are capable to reduce development of cardiovascular
diseases, atherosclerosis, neurodegenerative process-
es, metabolic syndrome, allergy [1]. They also im-
prove immune functions [2], exhibit anti-diabetes [3]
and anti-inflammatory functions [4].

These compounds are widely used in food indus-
try as preservatives, in cosmetics industry as stabi-
lizers, as well as in feed industry [5-12]. For exam-
ple, vitamin E plays a critical role in maintenance of
health in farm animals providing resistance against
oxidation, immunomodulation, preservation of fertil-
ity [13], and carotenoids in aquaculture not only pro-
vide antioxidant defense, but also facilitate desirable

* To whom correspondence should be addressed.

fish pigmentation [9, 12]. Due to unique functions of
antioxidants, global demand for their use in every-
day life increases, which attract interest of research-
ers and technologists to the development of effective
methods of synthesis, bioproduction, and isolation of
biologically active fat-soluble compounds of natural
origin [14].

Traditional methods for isolation of biological-
ly active compounds from plant raw materials are
not very effective at present due to the high cost of
extraction requiring costly processing methods, geo-
graphic factors, and dependence on seasons. In par-
ticular, approximately 2 g of mixture of a- and B-car-
otene could be produced from 50 kg of carrots [15].
And extraction of astaxanthin from natural sources
(microalgae) could cost as high as US $7000 per kg
in comparison with US $1000 per kg in the case of
chemical synthesis [16].

Chemical synthesis, despite the low cost, often
results in formation of a mixture of stereoisomers
and xenobiotics that do not exist in nature. For ex-
ample, the main part of the commercial astaxan-
thin is currently synthesized using a double Wittig
reaction [5]. As a result, a racemic mixture of ste-
reoisomers (3S,3'S), (3R,3'S), and (3R,3'R) is produced
with an approximate ratio of 1:2:1 [17]. Such syn-
thetic astaxanthin is used predominantly as pigment
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supplement in aquaculture feed to enhance coloring
of such fishes as salmon, shrimp, crustaceans, and
decorative fishes [18]. However, despite the absence
of convincing evidence confirming different biological
activity of each isomer [19], the chemically synthe-
sized astaxanthin was not approved for human con-
sumption due to the health problems associated with
the presence of toxic intermediate and side products
[20]. Chemical synthesis of vitamin E, which is rath-
er complex, includes multistep alkene reaction under
high pressure, and, hence, imposes high requirements
in terms of equipment and safety measures, also pro-
duces a racemic mixture of isomers [21]. Commercial
synthesis of pure isomers of tocopherols and tocot-
rienols has not been developed yet due to complexity
of the process, low yield, and insufficient purity [22].

Explosive development of metabolic engineering
and synthetic biology resulted in emergence of micro-
bial factories, which now play a key role in scalable,
controlled, sustainable, and economically effective
bioproduction of valuable compounds [21]. Microbial
cells provide the possibility for production of large
quantities of biologically active compounds with min-
imal effect on the environment.

However, the issues of maintenance of intracel-
lular homeostasis after introduction of heterologous
synthetic pathways, decrease of the internal flows to
competing reactions, optimization of cultivation con-
ditions and scalability of fermentation processes, as
well as development of the processes of isolation and
purification of the target product remain not fully re-
solved [23].

The number of biotechnological processes using
yeast cells as producers has increased in recent de-
cades [24-29]. Yeasts offer some advantages in com-
parison with other microorganisms: they have large
cells, which are capable of accumulating high bio-
mass within rather short period of time, the yeast-
based processes are easily scalable, and these cells
are resistant to various stress factors and allow using
a broad range of carbon sources including industri-
al waste and complex substrates. In this review we
present recent advances in development of yeast-
based microorganisms-producers for production of
two main groups of fat-soluble antioxidants such as
carotenoids and compounds of the vitamin E group.

BIOSYNTHESIS OF VITAMIN E

Vitamin E is a common name for tocopherols
and tocotrienols, which are fat-soluble vitamins es-
sential for humans [30]. Vitamin E consists of eight
different molecules: a-, B-, y-, and S-tocopherols; as
well as a-, B-, y-, and §-tocotrienols. Vitamin E mol-
ecules protect cells against oxidative stress by de-
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creasing intracellular reactive oxygen species (ROS)
and enhancing antioxidant defense. This property is
especially valuable in the treatment of cells damaged
in osteoporosis, neurodegenerative diseases, and ag-
ing [31]. It was shown in experimental studies that
tocotrienols exhibit more pronounced antioxidant
properties in comparison with tocopherol due to
their structure and better distribution in lipid layers
of cellular membranes. Unsaturated chain in tocotrie-
nols facilitates effective penetration into the tissues
with saturated fat layers, such as brain and liver [32].
It was also shown in the studies that §-tocotrienol en-
hances regenerative potential of bone marrow stem
cells, thus facilitating wound healing [33]. Tocotrie-
nols also exhibit anticancer properties inhibiting tu-
mor cell growth by inducing apoptosis and paraptosis
and disrupting pro-tumor signals; and §-tocotrienol
exhibits enhanced activity in combination with tra-
ditional chemotherapy in pre-clinical studies [34].
In addition, molecules of vitamin E are used in the
modern methods of drug delivery due to high lipo-
philicity of these molecules, including in composition
of nanoemulsions and polymeric carriers, in order to
improve bioavailability and targeted therapeutic ac-
tions of different drugs [35].

In nature biosynthesis of vitamin E compounds
occurs predominantly in plants, algae, and certain cy-
anobacteria, which are photosynthesizing organisms
[36]. In plants vitamin E biosynthesis occurs at the in-
ner envelope of plastids through combination of two
main pathways (Fig. 1). The biosynthetic pathway in-
volves two main precursors: homogentisic acid (HGA)
from the shikimate pathway, which is condensed
with geranylgeranyl pyrophosphate (GGPP) from the
mevalonate (MVA) pathway in the case of tocotrie-
nol synthesis, or with phytyl pyrophosphate (PhPP),
also from the MVA pathway in the case of tocopherol
synthesis [37]. As a result of condensation reaction
catalyzed either by homogentisate geranylgeranyl
transferase (HGGT), or homogentisate phytyltransfer-
ase (HPT), 2-methyl-6-geranylgeranyl benzoquinone
(MGGBQ) is formed. Next, MGGBQ is subjected to
methylation and/or cyclization under the action of
three main enzymes, 2-methyl-6-phytyl benzoquinone
methyltransferase (MPBQMT), tocopherol cyclase (TC),
and y-tocopherol methyltransferase (y-TMT). Specific
presence and sequence of these enzymatic reactions
result in the synthesis of §, y, a, and B forms of to-
copherols and tocotrienols.

BIOSYNTHESIS OF CAROTENOIDS

Carotenoids comprise a diverse group of natural
compounds of the class of tetraterpenoids containing
isoprene polymers with 40 carbon atoms. Carotenoids
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play important functions in plants, animals, and
microorganisms, including body pigmentation, biocom-
munication, synthesis of vitamin A, and also exhibit
strong antioxidant properties. It has been forecasted
that the market for carotenoids would grow from
1.5 billion US dollars in 2019 to 2 billion US dollars
by 2026 [38]. Carotenoids have a condensed structure,
which implies that they absorb blue and green light,
and are colored from yellow to red. At present more
than 1100 carotenoids have been described [39]. Carot-
enoids with the highest antioxidant properties include:

1) Astaxanthin, which has a unique ability to neu-
tralize reactive oxygen species and free radicals,
exhibits activity 6000-fold higher than activity
of vitamin C, 200-fold higher than activity of
tea polyphenols, and 17-fold higher than activity
of the extract of grape seeds [40]. Astaxanthin
protects against oxidative stress, reduces inflam-
mation, and maintains skin health and health of
cardio-vascular system.

2) Lycopene effectively eliminates free radicals and
protects cells against damages. It also decelerates
aging processes, decreases risk of cancer devel-
opment, and improves skin state [41].

3) B-Carotene is transformed in an organism into
retinol (provitamin A), which is important for
development, growth, and vision. Among all ca-
rotenoids, this compound is the highest source of
vitamin A [15]. The US Food and Drug Adminis-
tration (FDA) approved the use of B-carotene as
a food supplement and in composition of baby
formula as a source of vitamin A.

4) Canthaxanthin that exhibits strong antioxidant ef-
fects eliminating free radicals and stimulates ac-
tivities of catalase and superoxide dismutase fa-
cilitates protection of cellular membranes against
peroxidation and reduces inflammation [42].
Biosynthesis of all carotenoids is based on se-

quential condensation of the 5-carbon monomer of
isopentenyl diphosphate (IPP) and its isomer dimeth-
ylallyl diphosphate (DMAPP) (Fig. 1) synthesized in
yeast via the mevalonate pathway (MVA) [43, 44].
IPP and DMAPP are subjected to condensation with
formation of 10-, 15-, and 20-carbon molecules of ge-
ranyl pyrophosphate (GPP), farnesyl pyrophosphate
(FPP), and geranylgeranyl pyrophosphate (GGPP) in
two reactions catalyzed by the enzymes farnesyl py-
rophosphate synthase and geranylgeranyl pyrophos-
phate synthase, respectively [45]. Next, the enzyme
phytoene synthase catalyzes condensation reaction of
two GGPP molecules producing a phytoene molecule.
Phytoene is transformed into lycopene in the dehy-
drogenase reaction catalyzed by phytoene dehydroge-
nase. After that, B-carotene is synthesized from lyco-
pene in the reaction catalyzed by lycopene B-cyclase
[46]. It is known that both reactions of phytoene and

PANINA et al.

B-carotene synthesis could be catalyzed by one bifunc-
tional enzyme phytoene synthase/lycopene B-cyclase
[47]. Canthaxanthin is synthesized from B-carotene by
introducing keto-groups with the help of the B-caro-
tene ketolase enzyme [27]. Astaxanthin is synthesized
from canthaxanthin by introducing hydroxy groups
with the help of the B-carotene-3-hydroxylase [48],
or from B-carotene via oxidation of B-carotene in the
reaction catalyzed by astaxanthin synthase operating
together with the cytochrome P450 reductase [24].

SOLUTIONS FOR THE UNIQUE CHALLENGES
DURING MICROBIOLOGICAL SYNTHESIS
OF LIPOPHILIC COMPOUNDS

The production process of carotenoids, tocopher-
ols, and tocotrienols in yeast cells could be divided
into two modules. The first module includes produc-
tion of native precursors synthesized according to the
mevalonate pathway (for carotenoids) or synthesized
in two pathways — mevalonate pathway and shikimate
pathway (for vitamin E). Further synthesis proceeds
by the non-native pathway that involves heterologous
enzymes from different organisms [26, 23, 49]. How-
ever, simple integration of the genes of heterologous
enzymes under control of strong promoters does
not guarantee a good level of synthesis of the final
compound. In order to maintain stable and balanced
functioning of the yeast cell-producers it is necessary
to increase activity of native metabolic pathways to-
gether with fine optimization of expression of the
heterologous genes. Moreover, lipophilic compounds
are poorly transported across the subcellular and
cellular membranes due to their hydrophobic nature
and could exhibit toxic effect if accumulated in the
cells thus interfering with further cell growth.

Production of fat-soluble antioxidants in yeast
cells became possible due to the introduction of com-
plex strategies of metabolic engineering, improved
methods of fermentation, and new systems con-
trolling intracellular processes. Significant increase of
the yields of tocopherol, tocotrienols, and carotenoids
reported in the emerging papers as well as increase
of production efficiency make yeast cells an attractive
platform for commercial production of antioxidants
and similar compounds.

Main studies and advances in biosynthesis of to-
copherols and tocotrienols, as well as of B-carotene,
lycopene, canthaxanthin, and astaxanthin, will be dis-
cussed further in this review. Main genetic engineer-
ing approaches will be described, and innovative strat-
egies for enhancing production of these compounds
in yeast will be presented. Summary of the realized
strategies and corresponding fermentation results
are shown in Table 1.
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Table 1. Brief description of genetic modifications of yeast cells that improved yields of carotenoids, tocotrie-
nols, and tocopherols

Yeast- Genetic modifications Production, References
producers cultivation method
S-tocotrienol
S. cerevisiae | HPPD (HPD) of Pseudomonas putida, HGGT/HPT 4.10 mg/1 [50]
of Synechocystis sp., VTE1 of Arabidopsis thaliana, (2-1 fermenter)
1GGPP: tHMG1, GGPPsa of Sulfolobus acidocaldarius
S. cerevisiae | HPPD of A. thaliana, HGGT of Synechocystis sp. (slr1736), | 3.262 mg/l (flasks) [26]
VTE1 of A. thaliana; complex HPPD-SH3 ligand/SH3
domain-HGGT-GGGGS3—-tTC; 1GGPP: CrtE, FPSF112A;
THGA: AAro10, AAro3, APdc5, Aro4 (K229L),
Aro7 (G141S), Tall, Tyrl, Eno2, Aro2;
expression of endogenous reporter Pdrllp
Y. lipolytica HGGT/HPT of Synechocystis sp. and Triticumae., 467 mg/l [53]
VTE1 of A. thaliana (VTE1); (5-1 fermenter)
design of SyHPT, fusion SyHPT-GSG-AtVTE1;
tGGPP: tHMG, GGPPs of S. acidocaldarius and Xanth.;
THGA: ARO4K221L, ARO7G139S, Arol
a, B, y, 6-tocotrienols
S. cerevisiae HPPD, tMPBQMT, ty-TMT, tVTE1 of Arabidopsis thaliana; 320 mg/l [51]
SyHPT of Synechocystis sp.; (5-1 fermenter)
tHMG1, crtE (GGPP) of Xanth. dendrorhous;
THGA:AAro010, Aro4(K229L), Aro7(G141S), TyrC, Tkl1l
S. cerevisiae AMOT3, AROX1 82.68 mg/l (flasks) [52]
1GGPP: tHMG, CrtE(CrtEO3M), POS5 (1NADPH);
expression of endogenous reporters Pdr1lp, Yol075cp
PB-farnesene
S. cerevisiae tGGPP: ERGS8, 2x tHMG1, ERG12, MVD1, ERG10, 791 mg/1 (flasks) [21]
IDI1, and ERG13; mutant synthase 5x bFS
Lycopene
S. cerevisiae 2x TmCrtE, PaCrtB, 2x BtCrtl, tHMG1, ADH2, SeACS, 2.4 g/l (7-1 bioreactor) [54]
ALD6, PAH1, DGA1, ACC1S659A, S1157A, OLE1
DwCrtE, DwCrtB, DwCrtI 10.1 mg/g of dry [55]
weight (flasks)
Y. lipolytica XdCrtE, CarB, CarRPE78K, ERG12, tHMG1, ERG20, IDI, 17.6 g/l (3-1 bioreactor) [56]
CK, IPK
B-carotene
S. cerevisiae XdCrtE, XdCrtYB, XdCrtl, Aald6, SsXYL1, SsXYL2, ScXKS1; 772.8 mg/l [50]
integrated xylose utilization pathway (3-1 bioreactor)
XdCrtE, XdCrtYB, XdCrtl, YILIP2, YILIP7, YILIPS; 477.9 mg/l (flasks) [57]
expression of lipases from Y. lipolytica for utilization
of hydrophobic substrates
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Table 1 (cont.)

Yeast- Genetic modifications Production, References
producers cultivation method
Y. lipolytica 2x GGS1, CarB, 5x CarRP, 3x tHMG1, Apox3-6, IDI, ERG10, 4.0 g/1 (2-1 bioreactor) [58]
ERG12, ERG13
GGS1, CarB, CarRP, HMG1, Apox1-6, tgl4, DGA2, GPD1 6.5 g/1 (5-1 bioreactor) [59]
GGS1, 2x CarB, 3x CarRP, HMG1, Apox2-3, ERG13 4.5 g/l (5-1 bioreactor) [46]
GGS1, CarB, CarRP, Apex10, ACBP ZWF1, ACC1, 625.8 mg/l (tubes) [60]
DGA1, ScSUC2, HXK1;
saccharose utilization pathway introduced
XdCrtE, CarB, CarRPY?’R, ERG12, tHMG, ERG20, IDI, 39.5 g/l (3-1 bioreactor) [56]
CK, IPK
Complex CarRP-GGPPs7, CarB 149 mg/l (tubes) [61]
HMG1, ERG12, ERG20, Apex10, ACBP ZWF1, ACC1, DGA1,
ScSUC2, HXK1
GGS1, fused CarRP-GGPPs7, fused CarRP-ERG20%38C, 2.4 g/l (31 bioreactor) [62]
CarRP, 2x CarB, HMG1, ERG12, ERG20, Apex10, ACBP,
ZWF1, ACC1, DGA1, ScSUC2, HXK1
Canthaxanthin
S. cerevisiae 2x CrtE0O3M, 2x XdCrtl, 4x XdCrtYB, SctHMG1, 1.4 g/l (5-1 bioreactor) [27]
OBKTM29, PM5¢V-C.OBKTM29, PDR1, PDR3, GAL4MO9;
increased stress resistance
Y. lipolytica GGS1, CarB, CarRP, BsCrtW 36.1 mg/1 (flasks) [63]
GGS1, fused CarRP-GGPPs7, fused CarRP-ERG2088C, 1.8 g/l (3-1 bioreactor, [64]
CarRP, 2x CarB, 3x HpBKT, HMG1, ERG12, ERG20, ACBP, saccharose)
ZWF1, ACC1, DGA1, ScSUC2, HXK1, SpHXK1, YHT1, YHTS3, 1.2 g/1 (3-1 bioreactor,
YHT4, POT1; expression of hexose transporters, effective hydrolysate
saccharose utilization of methanotrophs +
molasses)
Astaxantine
S. cerevisiae CrtE, Crtl, CrtYB, BTS1, BvCrtW, AaCrtZ, SCERG20, 217.9 mg/l [65]
SctHMG1, ACSS1 (5-1 bioreactor)
CrtE0O3M, 2x Crtl, 3x CrtYB, 2x OCrtZM1, OBKTM29, 446.4 mg/l [66]
tHMG1 (5-1 bioreactor)
Y. lipolytica XdCrtE, XdCrtYB, XdCrtl, PsCrtW, PaCrtZ, HMG1, 1SQS 54.6 mg/l (culture [24]
plate)
XdCrtE, SsGGPPS, XdCrtYB, XdCrtl, HpBKT, HpCrtZ, 285 mg/l [48]
HMG1, 1SQS (1-1 bioreactor)
SaGGPPS, CarRP, CarB, fused PsCrtW-HpCrtZ-SKL, 858 mg/l [67]
fused PsCrtW-HpCrtZ-oleosin, fused PsCrtW-HpCrtZ-KDEL, (3-1 bioreactor)
localization in peroxisome, endoplasmic reticulum,
and lipid droplets
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Table 1 (cont.)
Yeast- Genetic modifications Production, References
producers cultivation method
Y. lipolytica tHMG1, GGS1, CarRP, CarB, 3.3 g/l (5-1 bioreactor) [69]
multiple copies of HpBKTRIDD, multiple copies
of HpCrtZRIAD
GGS1, fused CarRP-GGPPs7, fused CarRP-ERG2088C, 973 mg/l [62]
CarRP, 2x CarB, 3x HpBKT, 3x HpCrtZ, HMGI, (3-1 bioreactor,
ERG12, ERG20, Apex10, ACBP ZWF1, ACC1, DGA1, glucose + olive oil)
ScSUC2, HXK1
2x GGPPSa, ERG20"88S, CrtYB, 4x CarRPY?’R, 4x CarB, 2.8 g/l (5-1 bioreactor) [69]
multiple copies of HpCrtZ-RIAD and HpBKT-RIDD,
multiple copies of HpcrtZN83A.RIAD and HpBKTV264P-RIDD,
multiple copies of HpBKTV264P-RIDD-Oleosin,
1SQS, 2x tHMG1, MVAE, MVAS, ERG12,
2x IDI DGA1

MAIN ACIEVEMENTS IN BIOTECHNOLOGY
OF VITAMIN E PRODUCTION

Pathways of tocopherol biosynthesis in nature
are observed in photosynthesizing organisms, such
as plants and certain algae, but they are absent in
yeasts. Hence, the endogenous mevalonate and shi-
kimate pathways, which mediate synthesis of precur-
sors (geranylgeranyl pyrophosphate and 4-HPP/ho-
mogentisic acid) are supplemented with the genes of
heterologous enzymes required for complete synthesis
of tocopherols and tocotrienols: 4-hydroxyphenylpy-
ruvate dioxygenase (HPPD), HPT/HGGT, MPBQMT, TC,
and y-TMT [51, 53].

HPPD transforms 4-hydroxyphenyl pyruvate
(4-HPP) into homogentisic acid (HGA), aromatic pre-
cursor of vitamin E; HPT/HGGT (homogentisate phy-
tyl transferase/homogentisate geranylgeranyl trans-
ferase) catalyzes condensation of HGA with phytyl
diphosphate (to produce tocopherols) or with gera-
nylgeranyl diphosphate GGPP (to produce tocotrien-
ols); MPBQMT (MPBQ methyltransferase) methylates
condensed (prenylated) intermediate products in this
pathway; TC (tocopherol cyclase) catalyzes cyclization
of intermediate products with formation of tocoph-
erol and tocotrienol rings; y-TMT (gamma-tocopherol
methyltransferase) performs further methylation of
intermediate products of tocopherol or tocotrienol
with formation of various isoforms.

The first successful de novo biosynthesis of 8-to-
cotrienol was realized in the cells of baker’s yeast
Saccharomyces cerevisiae. In their study Hong Sun
[50] with colleagues in 2020 constructed heterologous
biosynthetic pathway in S. cerevisiae by introduction
of the genes from different species: HPPD (HPD) from
Pseudomonas putida, HPT from Synechocystis sp.,

and VTE1 from Arabidopsis thaliana. To increase the
amount of a key precursor, geranylgeranyl diphosphate
(GGPP), the researchers overexpressed the supplemen-
tary genes tHMG1 (truncated gene 3-hydroxyl-3-meth-
ylglutaryl-CoA reductase) and GGPPs (geranylgeranyl
diphosphate synthase) from Sulfolobus acidocaldarius.
In the course of initial fermentations in glucose, the
titer of delta-tocotrienol was 1.39 mg/l, which further
was increased to 3.56 mg/l by optimizing fermentation
medium using response surface methodology. Further
improvement using fed-batch fermentation in a 2-1
fermenter allowed increasing the titer to 4.10 mg/l.
In the next study [51] with S. cerevisiae yeast
another strain-producer of §-tocotrienol was con-
structed by integration of four plant genes HPPD,
MPBQMT, y-TMT, codon-optimized TC from A. thali-
ana, and one codon-optimized gene of HPT from
cyanobacteria Synechocystis sp. into S. cerevisiae.
The sequences of some proteins (MPBQMT, TC, and
y-TMT) were truncated by removing the plant transit
peptides from the N-end to improve enzyme func-
tioning in yeasts. Expression of GGPP via the meva-
lonate pathway (MVA) was enhanced by overexpres-
sion of tHMG1 and introduction of the GGPPs CrtE
from Xanthophyllomyces dendrorhous; and ensuring
of sufficient supply 4-HPP via cofactor enhancement
resulted in the higher level of HGA synthesis. These
modifications allowed improving the precursor for-
mation via the mevalonate and shikimate pathways
and eliminate metabolic bottlenecks thus increasing
total yield of trienols. A new two-step system of tem-
perature control was developed for the enzymatic
synthesis induced by cold shock, which allowed in-
creasing the yield to 7.6 mg/g of dry biomass and the
titer of 320 mg/l in the 5-1 fermenter. This control sys-
tem optimizes the phases of cell growth and product
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accumulation, which increases the overall efficien-
cy of production. Temporal separation of the growth
phase and production phase allowed to eliminate met-
abolic stress with preservation of high product yield.
The same research group from the Institute of
Bioengineering, Hangzhou, published a new paper in
2022 [52], which provided a significant contribution
to the development and simplification of the process
of extraction and purification of tocotrienols by im-
proving secretory production of tocotrienols in the
modified S. cerevisiae strain. This approach makes
the following processes of purification and scaling-up
production easier. First, the scientists optimized the
heterologous pathway of tocotrienol synthesis by in-
creasing supply of precursor through removal of the
MOT3 gene encoding transcriptional repressor of hy-
poxic genes, which increased production of ergosterol
for improving membrane fluidity and its permeation
capacity [70], and of the ROX1 gene, transcriptional
repressor, inactivation of which increased production
of carotenoids [71]. The mevalonate pathway (MVA)
was enhanced by introduction of additional copy of
the tHMG gene encoding the truncated HMG-CoA re-
ductase, additional copy of NADPH kinase POS5 [55]
that increases the NADPH/NADP ratio required for
functioning of the additional tHMG, as well as over-
expression of the mutant GGPP synthase (CrtE03M)
[25]. Next, excretion of tocotrienols into the culture
medium was realized by the two-phase fermentation
in 50-ml flasks with rich medium supplemented with
olive oil as an extractant together with overexpres-
sion of endogenous PDR-transporters Pdrllp and
Yol075cp. As a result, the yield of tocotrienols was
increased to 25.57 mg/g of DCW with 73.66% secreted
into the organic phase [52]. Isolation of tocotrienols
as extracellular products simplifies significantly the
following purification process and could serve as an
example for the development of fermentation tech-
nology for production of other hydrophobic products.
Luyano Han [26] with colleagues created and op-
timized the pathway of de novo biosynthesis of one
form of vitamin E — 8-tocotrienol, also in S. cerevisiae.
In this study bottlenecks that limited the pathway
flow were eliminated, and the key enzymes were
combined into one module, which allowed to create
a system of unidirectional substrate transfer and in-
crease efficiency of the catalyzed reactions. The me-
valonate pathway was enhanced via increase of pro-
duction of GGPP by the heterologous GGPP-synthases
(CrtE [55] and FPSF112A [72]), the enzymes of §-tocot-
rienol synthesis pathway were optimized, and tVTE1
[51, 73] together with HGGT were anchored in en-
doplasmic reticulum [53]. Overexpression of the en-
dogenous transporter Pdrll and two-phase extractive
fermentation was used for production of §-tocotrienol
providing 8-tocotrienol yield of 3262.2 pg/l.
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Another interesting study was published in 2022
in which Ye et al. [21] suggesting a new effective
process for biosynthesis of the vitamin E precursor —
farnesene, in yeast. Next, farnesene is transformed
into isophytol with 92% efficiency, which further is
transformed into a-tocopherol in the condensation re-
action with trimethylhydroxyphenone. Based on the
process developed in this study a factory was built
in China in 2017, which produces 300,000 ton of vita-
min E annually. The method is based on optimization
of the mevalonate pathway for excessive production
of B-farnesene in the S. cerevisiae cells and engineer-
ing of B-farnesene synthase (bFS) of Artemisia annua.
Engineering of bFS involved introduction of random
mutations using a special polymerase during PCR.
The high-throughput screening allowed to identify
the best variant of the synthase with 5 mutations,
BFS45 (F11S, M35T, T319S, 1434T, 1460V). To enhance
the flow in the mevalonate pathway, majority of the
genes in this pathway were overexpressed (ERGS,
tHMG1, ERG12, MVD1, ERG10, IDI1, and ERG13).
In order to balance the upstream (MVA pathway)
and downstream (farnesene-synthase) pathways of
farnesene synthesis, the number of copies of tHMGI
(2 copies) and bFS mutant (5 copies) were optimized.
The final strain allowed production of 791 mg/l of
B-farnesene during cultivation in flasks with 50 ml
of rich medium [21].

In one of the recent studies by Xiang et al. [53],
the Yarrowia lipolytica strain was designed that could
be used for de novo biosynthesis of 8-tocotrienol by
integration of complete biosynthetic pathways and
increase of precursor supply. The shikimate pathway
was enhanced by overexpression of the mutant genes
ARO4K?21L and ARO7613% [74], the MVA pathway was
enhanced by overexpression of the key genes, as well
as by combined expression of the genes of GGPP-syn-
thase from two different sources, Sulfolobus acidocal-
darius and Xanthophyllomyces dendrorhous. To in-
crease catalytic activity of the enzymes, the strategy
of fusion of the genes encoding key enzymes SyHPT
and AtVTE1 was employed using linkers forming sub-
strate catalytic channels, as well as semi-rational de-
sign to improve activity of the SyHPT enzyme, and
integration of multiple copies of the genes. These ap-
proaches allowed to increase the titer of 8-tocotrien-
ol to approximately 467 mg/l in the fed-batch reactor,
which is the highest yield of microbial synthesis of
tocotrienols reported in the literature so far [53].

RECENT ACHIEVEMENTS IN BIOTECHNOLOGY
OF CAROTENOID PRODUCTION

To construct lycopene producer in S. cerevisiae,
yeast the following genes were expressed: TmCrtE
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encoding geranylgeranyl pyrophosphate synthase
of Taxus mairei, PaCrtB encoding phytoene syn-
thase of Pantoea agglomerans and BtCrtI encoding
phytoene desaturase of Blakeslea trispora. Lycopene
production in a 7-liter bioreactor was 2.37 g/l and
73.3 mg/l of dry weight [54].

The phenomenon of substrate inhibition of lyco-
pene B-cyclase was identified as a key limiting factor
of carotenoid biosynthesis in the Y. lipolytica yeast
[57]. During optimization of lycopene synthesis path-
way and its accumulation in the cell, the attempts to
increase expression of lycopene cyclase by increasing
copy number of its gene or introduction of lycopene
cyclases from other organisms did not result in the
increase of B-carotene synthesis. The problem of lyco-
pene accumulation remained unsolved, which implied
that the level of the lycopene cyclase protein is not
the limiting factor in this case. As a result, two vari-
ants of mutations in the CarRP (phytoene synthase/
lycopene B-cyclase) gene encoding a bifunctional en-
zyme phytoene synthase/lycopene B-cyclase of Mucor
circinelloides, CarRPY?’R, and CarRPF7¥K, were sug-
gested. The CarRPY?’R mutation eliminated substrate
inhibition and provided a high level of B-carotene
production, while the CarRPF’8K mutation resulted
in accumulation of lycopene by stopping synthesis at
this stage. With the help of this strategy together with
introduction of the XdCrtE and CarB genes encoding
enzymes geranylgeranyl pyrophosphate synthase of
Xanthophyllomyces dendrorhous and phytoene dehy-
drogenase of M. circinelloides, respectively, as well as
also enhancing overexpression of the genes of meva-
lonate pathway and supplementation of the pools of
IPP and DMAPP from isopentanol is was possible to
reach in the 3-1 bioreactor a record level of lycopene
titer of 17.6 g/l, as well as the highest among the de-
scribed in the literature production of B-carotene —
39.5 g/l [56].

Synthesis of B-carotene in S. cerevisiae yeasts
was realized through heterologous expression of
the XdCrtYB, XdCrtl, and XdCrtE genes encoding en-
zymes from X. dendrorhous - bifunctional phytoene
synthase/lycopene cyclase, phytoene desaturase, and
geranylgeranyl diphosphate synthase, respectively
[75]. However, the producers based on S. cerevisiae
accumulated significantly lower amounts of B-caro-
tene (up to 772.8 mg/l, Table 1).

The studies by the R. Ledesma-Amaro research
group [59] also contributed to understanding the
process of designing the B-carotene producer based
on Y. lipolytica. It was shown in the studies that the
fat-soluble B-carotene is produced in higher amounts
in the yeasts capable of overaccumulation of lipids
that form the so-called lipid bodies. Expression of
the Hmg1, Ggsl, CarRP, and CarB genes encoding
3-hydroxy-3-methylglutaryl-CoA reductase (HMG1)
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and geranylgeranyl pyrophosphate synthase (GGS1)
from Y. lipolytica, as well as the bifunctional enzyme
phytoene synthase/lycopene B-cylase (CarRP) and phy-
toene dehydrogenase (CarB) from Mucor circinelloides
in the strain of Y. lipolytica capable of accumulating
lipids allowed producing B-carotene in the amounts
of 6.5 g/l (90 mg/g of dry weight) with simultaneous
synthesis of 42.6 g/l of lipids.

The following approaches were used to design a
microbial cell factory for bioproduction of canthax-
anthin. A mutant variant of B-carotene ketolase of
H. pluvialis OBKTM29 (with H165R, V264D, F298Y,
M1T, N188D, L271R mutations) was expressed in the
S. cerevisiae yeasts producing B-carotene [27]. To in-
crease stress resistance of the yeast cells, the pleo-
tropic regulators of drug resistance Pdrl and Pdr3
were simultaneously activated. However, fermenta-
tion of this recombinant organism in a bioreactor
was accompanied by the slow-down of growth and
premature cessation of production. To address this
problem the scientists suggested the system of two-
phase fermentation induced by cold shock. This strat-
egy ensured production of canthaxanthin with titer
1.436 g/l during 260-h fermentation in a 5-1 biore-
actor.

A new approach to canthaxanthin production
was demonstrated in the recent study, which was
based on bioconversion of the greenhouse gas meth-
ane into canthaxanthin using Methylococcus capsula-
tus (Bath) biomass and recombinant yeast Yarrowia
lipolytica [64]. For this purpose, the Y. lipolytica strain
producing B-carotene was modified via expression
of more than ten genes of the canthaxanthin syn-
thesis pathway (HpBKT - B-carotene ketolase from
Haematococcus pluvialis), enhancement of acetyl-CoA
flow, and increase of hexose catabolism. In particular,
the genes of invertase ScSUC2 of S. cerevisiae, hexoki-
nase SpHXK1 from Schizosaccharomyces pombe, and
hexose transporters YHT1, YHT3, and YHT4 were in-
troduced to accelerate sugar consumption. The devel-
oped strain allowed production of canthaxanthin at
the titer 1.8 g/l already after 120 h of fermentation
with saccharose as a carbon source. In addition, a
fermentation medium was developed based on the
biomass of methanotrophic bacterium M. capsulatus
(Bath). Scaling-up in a 3-1 bioreactor with the new
defined medium allowed to achieve the canthaxan-
thin titer of 1.4 g/l with saccharose, and 1.2 g/l, when
saccharose was replaced with molasses, byproduct of
sugar industry [64].

The best performance indicators of astaxanthin
production in S. cerevisiae were reported by Min
Li et al.; using the two-phase fermentation together
with the thermo-sensitive system GAL4M9 the titer
of 446.4 mg/l was achieved [66]. For this purpose,
the following genes were introduced: tHMGI1, mutant
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versions of B-carotene ketolase OBKTM29 and B-caro-
tene hydroxylase OCrtZM1 (HpCrtZ with L288R muta-
tion) from H. pluvialis, as well as CrtEO3M (CrtE with
C81T, A908G mutations) from X. dendrorhous encod-
ing geranylgeranyl diphosphate synthase, and CrtYB
from the same species encoding the bifunctional
phytoene synthase/lycopene cyclase.

The Y. lipolytica yeasts also are being actively in-
vestigated as a platform for astaxanthin production.
In the study by Ma et al. [67], the initial strain was a
variant with enhanced B-carotene synthesis produced
by integration of the SaGGPPS gene of Sulfolobus ac-
idocaldarius, as well as CarRP and CarB genes from
M. circinelloides. Next three different genes were in-
troduced encoding B-carotene ketolase and hydroxy-
lase, and the obtained combinations including PsCrtW
and HpCrtZ from Paracoccus sp. were tested, which
allowed to obtain better titers of astaxanthin. Devel-
opment of the enzymatic hybrid PsCrtW-HpCrtZ and
targeting this complex to the cellular compartments
with the help of signaling sequences allowed to
demonstrate yield of astaxanthin of 858 mg/l.

Zhu et al. [69] also modified the Y. lipolytica
strain to produce a high level of astaxanthin. First,
the genes of B-carotene ketolase (HpCrtZ) and B-caro-
tene hydroxylase (HpBKT) were selected that demon-
strated the highest activity in transformation of
B-carotene into astaxanthin in Y. lipolytica. Next, the
modular assembly of the enzymes HpCrtZ and HpBKT
with the RIDD/RIAD peptides was performed [69].
The peptides RIDD and RIAD are short hydrophobic
polypeptide motifs that originate form the proteins
regulators of signaling pathway, which are used for
creation of specific protein-protein interactions, for
example, they are used for effective fusion of the
enzymes thus facilitating their coordinated function-
ing and improved metabolic flow in the cell [76].
The authors integrated 20 copies of each of the mod-
ified genes (HpBKT-RIDD and HpCrtZ-RIAD), together
with the expression of the genes of B-carotene syn-
thesis pathway (GGS1, CarRP, CarB) and mevalonate
pathway (tHMG1). The use of this approach allowed
to achieve the astaxanthin titer of 3.3 g/l (26.5 mg/g
of dry weight) after 264-h fermentation in the 5-1 bio-
reactor [69], which is the highest level described in
the scientific literature.

MAIN STRATEGIES IN METABOLIC
ENGINEERING FOR PRODUCTION
OF VITAMIN E AND CAROTENOIDS

Enhancement of synthesis of the shikimate
pathway precursors. Biosynthesis of aromatic ami-
no acids in S. cerevisiae is strongly suppressed by
phenylalanine and tyrosine via the feedback mech-
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anism. It was shown that this inhibition could be
overcome by introduction of the allele of tyro-
sine-insensitive gene ARO4 (AR04%%?65) [77, 78] in
combination with deletion of another allele of 3-de-
oxy-D-arabinose-heptulosonate-7-phosphate synthase
(DAHP) (ARO3), which results in 4-fold increase of
flow in the pathway of aromatic amino acid synthe-
sis. In addition, introduction of the mutant variant
of chorismate mutase (Aro7G141S) [79] together with
codon-optimized tyrosine-insensitive cyclohexadienyl
dehydrogenase (TyrC) from Zymomonas mobilis [80]
also facilitates reduction of tyrosine inhibition via the
feedback mechanism. Overexpression of transketolase
Tkl1 increases pool of erythrose-4-phosphate, which is
an important precursor in the synthesis of aromatic
amino acids [81]. It was shown in the studies [51, 82]
that all these modifications resulted in the 2.9-fold
increase of HGA synthesis. The optimized strain pro-
duced 3.6 mg/g of dry weight of tocotrienols in the
absence of exogenous tyrosine, which is 1.4-fold high-
er in comparison with the conditions with added ty-
rosine [51].

The similar strategy for the increase of HGA level
was used by Han et al. [26], which included inacti-
vation of the genes of phenylpyruvate decarboxylase
Arol0, 3-deoxy-7-phosphoheptulonate synthase Aro3
and Pdc5, expression of the mutants Aro4%??%L and
Aro7641S as well as overexpression of the genes Tall,
phosphopyruvate hydratase Eno2, chorismate syn-
thase Aro2, and cyclohexadienyl dehydrogenase Tyr1.
As a result, HGA formation increased 5.1-fold; the
S-tocotrienol titer in the YT28 strain was 796.1 pg/l
without exogenous tyrosine.

The following strategy for increase of HGA syn-
thesis (important precursor in the pathway of to-
copherol and tocotrienol synthesis) was suggested
[62]: suppression of the competing pathway of ty-
rosine synthesis followed by enhancement of the
de novo HGA synthesis. 4-Hydroxyphenylpyruvate is
a common precursor for synthesis of HGA and tyro-
sine, hence, the genes of aromatic aminotransferases
AROS8, AROY9, and AAT2, responsible for transfer of
4-hydroxyphenylpyruvate to the synthesis phenylala-
nine and tyrosine were deleted, while the mutants
ARO4(K229L) and ARO7(G141S) resistant to the tyro-
sine and phenylalanine feedback and the HPD1 gene
encoding 4-hydroxyphenylpyruvate dioxygenase from
Y. lipolytica were integrated for enhancement of the
de novo HGA synthesis. The conducted engineering
of the synthesis pathway resulted in the significant
accumulation of HGA and its polymerization into pyo-
melanin [62, 83].

Optimization of mevalonate pathway. Optimiza-
tion of mevalonate pathway usually is focused on the
increase of the geranylgeranyl pyrophosphate (GGPP)
supply using different approaches. This increase
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of mevalonate supply is realized through overexpres-
sion of the truncated gene of 3-hydroxyl-3-methylgl-
utaryl-CoA reductase (tHMGR) [25, 84, 85], gene of
FPP-synthase (ERG20), and isopentenyl diphosphate
isomerase (IDI) [86].

GGPP is synthesized in yeasts from IPP and
DMAPP through geranyl diphosphate (GPP) and FPP.
The mutant FPP-synthase (FPSF112A) can direct-
ly synthesize GGPP from IPP and DAMPP, in this
way competition with FPP is reduced. In order to
increase production of GGPP, Luyao Han with col-
leagues introduced a heterologous GGPP-synthase of
Taxus x media and a mutant FPSF112A of Gallus gal-
lus. As a result, the titer of §-tocotrienol increased
5.5-fold [26].

Hong Sun [50] with colleagues in their study
devoted to production of tocotrienol in S. cerevisiae,
overexpressed the truncated gene of hydroxymeth-
ylglutaryl-CoA-reductase (tHMGR) and the gene of
heterologous geranylgeranyl pyrophosphate synthase
(GGPPs) from Sulfolobus acidocaldarius to enhance
the mevalonate pathway, which resulted in the in-
crease of delta-tocotrienol titer to 1.39 mg/l.

In addition to the basic changes associated with
overexpression tHMG1 and integration of geranylger-
anyl pyrophosphate synthase CrtE from Xanthophyl-
lomyces dendrorhous, the improvements included
the deletion of YPLO62W for increase of the cytosolic
pool of acetyl-CA and introduction of the evolution-
ary mutant of CrtE03M with improved activity. These
combined modifications resulted in doubling produc-
tion of tocotrienol to 5.20 mg/g [51].

It was shown in the study by Ma et al. [54] that
expression of the mutant version (attenuated) of
geranylgeranyl pyrophosphate synthase GGPPsa of
Sulfolobus acidocaldarius effectively eliminated in-
hibition of lycopene cyclase by the substrate, which,
together with additional protein engineering of lyco-
pene cyclase itself facilitated optimal transformation
of precursors into B-carotene. Attenuation of the flow
mediated by GGPP, helped to balance metabolic flow
for lycopene synthesis and its further conversion into
B-carotene. At the end, a strain was designed, which
was capable of producing 39.5 g/l of B-carotene,
which is 1441-fold higher than the initial strain [56].

Yanping Lu et al. [86] used the strategy of stim-
ulation of the entire MVA pathway. It was found, as
a result, that overexpression of all genes of the MVA
pathway (ERG10, ERG13, ERG12, ERG8, ERG19, ERG20,
tHMG, and IDI) increased production of B-carotene
by 46%.

Increase of availability of coenzymes. Heterol-
ogous expression of enzymes from other organisms
could be ineffective due to the absence of suitable
coenzymes and a few intermediates. In particular, cel-
lular metabolism in eukaryotic organisms is divided
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by the compartments with membranes impermeable
to various cofactors and some metabolites. Deficiency
of coenzymes in the case of heterologous plant en-
zymes in yeasts could reduce their activity, and res-
toration of the synthesis of the required molecules
increases efficiency of enzyme operation.

It was shown in the previous studies that the
plant enzyme SyHTP exhibits low activity in yeasts.
The main reason is the deficit of the NADPH coen-
zyme [52].

Considering that synthesis of one molecule of
IPP or DMAPP via the MVA pathway requires two
molecules of NADPH and three molecules of ATP, the
genes of the key enzymes of the oxidative branch
of pentose phosphate pathway (PPP) and mitochon-
drial phosphorylation of NADH such as ZWF1 (glu-
cose-6-phosphate dehydrogenase), GND1 (phospho-
gluconate dehydrogenase), POS5 were overexpressed.
Overexpression of these genes increases the intra-
cellular pool of NADPH [23]. It is known that the
pentose phosphate pathway is the main source of
NADPH formation in cytoplasm. Due to overexpres-
sion of the transcription factor Stb5 involved in
NADP production it became possible to increase the
pool of NADPH and increase production of lycopene
to 41.8 mg/g of DCW, which is approximately 1.5-fold
higher than in the control stain JHY874D7 (27.2 mg/g
of DCW) and 74.6-fold higher than in the initial strain
JHY87 (0.56 mg/g of DCW) [87].

Overexpression of the PPP enzymes and regen-
eration of NADPH - ZWF1, GND1, POS5 - and inte-
gration of non-native isopentanol utilization pathway
(IUP) increases significantly production of IPP/DMAPP,
thus ensuring production of the high titer of lycopene
(4.2 g/l [23].

S-adenosyl-L-methionine (SAM) is the key coen-
zyme participating in numerous reactions and physi-
ological processes mainly as a donor of methyl group
[88]. Furthermore, numerous processes of biosynthe-
sis of natural products include the stage of methyla-
tion catalyzed by SAM-dependent methyltransferases
[89]. It was shown in many studies that the level of
SAM affects the reactions of methylation more than
expression of methyltransferases [90].

Introduction of heterologous enzymes, pro-
tein engineering. Expression of the genes of heter-
ologous enzymes usually starts with optimization of
codons, removal of signal sequences (in the case of
plant proteins localized in chloroplasts), combining
enzymes from different organisms, which could in-
crease production in comparison with introduction of
the enzyme from a single source is also used, as well
as fusing proteins for formation of complexes [91],
which facilitate targeted use of substrates by decreas-
ing intermediate diffusion and prevent formation of
unstable intermediate products.
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Codon optimization and truncation of the N-ter-
mini of the plant enzymes (MPBQMT, TC, y-TMT)
played a crucial role in improving their functional
expression in the yeast cytosol. The complex ap-
proach combining truncated enzymes with strategic
overexpression (two copies of each gene) resulted in
the 8-fold increase of the total production of tocoph-
erols reaching 2.6 mg/g of DCW [51, 92].

Luyao Han and colleagues demonstrated that
the design of 16 truncated mutants of TC (tTC) us-
ing Rosetta Cartesian_ddg resulted in creation of the
most effective mutant TCN331P, which increased the
§-tocotrienol titer by 83% [26].

Astaxanthin biosynthesis proceeds through trans-
formation of B-carotene in the four-step reaction with
the help of enzymes B-carotene hydroxylase (CrtZ)
and B-carotene ketolase (CrtW). Ruizhao Wang with
colleagues conducted screening of nine CrtZ enzymes
and eight CrtW enzymes from different organisms
using S. cerevisiae and identified the combination
of CrtW from Brevundimonas vesicularis DC263 and
CrtZ from Alcaligenes sp. of the strain PC-1 as the
most effective that allowed obtaining the higher as-
taxanthin titer (81 mg/l) during cultivation in a 5-1
fermenter [93].

Han et al. designed protein complexes by com-
bining proteins HPPD, HGGT, and tTC. Screening of
the obtained complexes showed that fusion of two
of them through a flexible linker (HGGT-GGGGS3-tTC)
was more effective than other fused pairs and even
fusion of all three enzymes in production of &-to-
cotrienol (by 38%) providing yield of 409 mg/l [26].
To further improve yield of tocotrienol, synthetic
modules of the HPPD enzyme and the fused complex
were developed using SH3, PDZ, and GBD linkers to
organize targeted transfer of the substrate; among
those the SH3 ligand demonstrated the highest effi-
ciency increasing §-tocotrienol titer by 156%.

Directing biosynthesis pathways to different
compartments could ensure suitable physicochem-
ical conditions and sufficient amount of precursors
and enzymes for the complex biosynthesis pathway.
It was shown that in the case of tocotrienol synthe-
sis in S. cerevisiae the heterologous HGGT from Syn-
echocystis sp. PCC 6803 is anchored at the endoplas-
mic reticulum membrane. In turn, anchoring of the
next enzyme in this biosynthesis pathway, cyclase tTC
(VTE1), with the help of SEC12 facilitated increase of
the 8-tocotrienol titer to 336.7 yg/l. It was suggested
that exactly the decrease of distance between the en-
zymes improved their functioning [26].

With the goal of improving transformation of
B-carotene into astaxanthin and minimization of accu-
mulation of intermediate products — zeaxanthin and
canthaxanthin - two key enzymes were combined
into one polypeptide (PsCrtW-HpCrtZ). This fused
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gene was supplemented with two signaling sequenc-
es targeting the protein to peroxisomes (SKL), lipid
bodies (oleosin), and endoplasmic reticulum (KDEL).
Cultivation of the obtained strain YL17 for 12 days in
flasks under fed-batch conditions resulted in produc-
tion of astaxanthin with titer 858 mg/l (16.7 mg/g of
dry biomass), however, scaling-up of this process to
the 3-1 bioreactor resulted in reduction of production
to 453 mg/l (8.9 mg/g of dry biomass) [67].

The structure-guided protein engineering provid-
ed the possibility to eliminate substrate inhibition of
the bifunctional phytoene synthase/lycopene cyclase
CarRP from M. circinelloides during optimization of
B-carotene synthesis. Screening of the obtained mu-
tants allowed to identify the CarRP Y27R mutant en-
zyme, which demonstrated complete absence of inhi-
bition by lycopene without decrease in the enzyme
activity and, together with other modifications, al-
lowed producing B-carotene with final titer of 39.5 g/l
and 98% selectivity (in comparison with 18% in the
wild type) [56].

Zhu and co-authors performed modular assembly
of the enzymes using short peptides (RIAD and RIDD)
in order to form an enzyme complex of CrtW with
CrtZ. Binding stoichiometry of 2 : 1 between RIDD
and RIAD provided better results in the case of RIDD
addition to CrtW, which allows suggesting that CrtW
is a potential rate-limiting factor. The final strain with
20 copies of two genes integrated into the Y. lipolytica
genome was able to produce the highest described so
far yield of astaxanthin of 3.3 g/l during fermentation
in a 5-1 bioreactor [68].

IDL, last enzyme in the MVA pathway, is localized
in cytoplasm, and geranylgeranyl pyrophosphate syn-
thase (CrtE), the first enzyme in carotenoid synthesis
pathway, that catalyzes synthesis of the carotenoid
precursor GGPP, is associated with the membrane.
Also, with the help of the RIDD-RIAD peptide pair
the proteins IDI and CrtE were assembled into a sin-
gle complex in S. cerevisiae in order to target IPP/
DMAPP directly to the GGPP synthesis thus increasing
production of lycopene in S. cerevisiae by 58% [76].

Two-step fermentation and extraction of prod-
ucts. Cells in traditional fermentation systems are
subjected to metabolic overload, when the cells are
simultaneously growing and producing large quan-
tities of secondary metabolites. To obtain high pro-
duction levels, it is necessary to address the conflict
between accumulation of the target product and cell
growth [94].

Shen et al. [51] used an innovative system for
temperature control induced by the cold shock via
modification of the expression of transcription fac-
tor Gal4 with the help of its thermo-sensitive vari-
ant Gal4M9. The system allowed to separate the
phases of growth and production, to ensure high
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cell density during fermentation and final tocotrien-
ol titer of 320 mg/l. The system of cold shock uses
a complex two-level mechanism of regulation with
the thermo-sensitive Gal4M9 controlling expression
of the wild type Gal4. In the growth phase at 30°C,
the genes of metabolic pathways are practically in-
active, which ensures optimal biomass accumulation.
Short-term cold shock (24°C for 5 h) activates Gal4MJ9,
which initiates expression of the wild type Gal4.
After temperature returning to 30°C, the accumulated
Gal4 supports high expression of the genes of meta-
bolic pathways during the entire production phase.

The system of two-phase fermentation was used
for effective production of canthaxanthin in the study
by Chen et al. [27]. Thermo-sensitive regulatory mech-
anism of GAL also allowed to separate the stages of
biomass accumulation and production of canthaxan-
thin. In the first stage, the cells were cultivated at
30°C with glucose supplementation. After that, tem-
perature was reduced to 24°C to induce synthesis of
canthaxanthin, and carbon source was replaced with
ethanol. This strategy ensured production of can-
thaxanthin with a titer of 1.436 g/l over the period
of 260 h in a 5-1 bioreactor.

The system of two-phase fermentation in the pro-
duction astaxanthin in S. cerevisiae allowed to reach
the product titer of 446.4 mg/l [66].

Jiao et al. [52] used fed-batch fermentation with
different carbon sources. This system included the
initial stage using a rich glucose-based medium to
support rapid growth of the cells. In the second
stage of feeding, when the yeast reached the late
logarithmic phase, the feeding was switched to eth-
anol-based medium to support biosynthesis of to-
cotrienols. Ethanol concentration was maintained
at the level lower than the inhibition level (~5 g/D).
Dissolved oxygen and pH were thoroughly controlled
(in particular, pH 5.5, dissolved oxygen ~40%) with
the help of stirring and aeration optimized for the
yeast metabolism.

A new approach to fermentation was demon-
strated in the recent study — two-step bioconversion
of greenhouse gas methane into canthaxanthin using
molasses (byproduct of sugar industry) as a carbon
source [64]. For this purpose, the Y. lipolytica strain
producing B-carotene was modified via expression of
more than ten genes to introduce pathways of can-
thaxanthin synthesis, increase of acetyl-CoA flow,
and enhance hexose catabolism. A fermentation me-
dium was developed based on biomass of methano-
trophic bacterium Methylococcus capsulatus (Bath).
Scaling-up of the process in a 3-1 bioreactor allowed
to produce canthaxanthin with titer 1.2 g/l using mo-
lasses.

Tocotrienols and carotenoids are hydrophobic
compounds, and their excessive accumulation could
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disrupt cellular homeostasis. To mitigate toxic effect,
the possibility of extracellular export of tocotrien-
ols was considered. To achieve maximum efficiency,
it is important to select a suitable extractant. Do-
decane has been used widely in the two-phase ex-
tractive fermentation of various terpenoids [95], and
olive oil has been used in the two-phase extractive
fermentation of modified yeast for production of vi-
tamin A [96]. Several types of extractants for secre-
tion of tocotrienols into organic phase were tested
by Jiao et al. [52] including dodecane and olive oil.
The best results were obtained with olive oil, addition
of 5% (vol./vol.) of olive oil after 24 h of cultivation
resulted in production of a mixture of tocotrienols
with yield 76.6 mg/l, in the process 56.12% of the
product was secreted into organic phase [52]. In an-
other study, the addition of 50% of dodecane resulted
in the maximum titer of the produced &-tocotrienol
(up to 3262.2 pg/), which was 1.7-fold higher than
the product titer produced during the single-phase
fermentation [26].

Another approach involves enhancement of lipid
accumulation as a cellular reservoir for fat-soluble
antioxidants. For example, Ma et al. [54] focused in
their study on optimization of triacylglycerols (TAG)
in S. cerevisiae. Increase of triacylglycerol content
was achieved through overexpression of the endog-
enous enzymes PAH1, DGA1, and the mutant variant
of ACC1 encoding ACC1 (S695A, S1175A) under con-
trol of strong constitutive promoters Ppsr; and Prppy.
This strategy allowed to increase lycopene content
by 25%, reaching the record levels of 2.37 g/l during
fed-batch fermentation of S. cerevisiae; in the pro-
cess, lycopene was found in cell in the form of drop-
lets and not dispersed in the cytoplasm. Expression
of the HMGR, GGS1, CarB, and CarRP genes in the
lipid-producing strain Y. lipolytica resulted in produc-
tion of B-carotene in the amount of 6.5 g/l (90 mg/g
of dry weight) with simultaneous synthesis of 42.6 g/1
of lipids [59].

Expression of endogenous transporters. In-
crease of expression of the corresponding transport-
ers could enhance transmembrane transport of the
target product across the cell membrane, thus reduc-
ing the cellular load and stimulating its production
[97, 98]. It is known that Pdrl1l facilitates transport
of heterogenous lipophilic products in S. cerevisiae
[52]. Expression of Pdril in S. cerevisiae mediated
production of 8-tocotrienol titer of 1965.5 pg/l with
extracellular secretion [26].

Secretion of tocotrienols in two-phase fermenta-
tion suggests the potential presence of endogenous
transporters specific for tocotrienols. However, at
present there is no information on the specific for
tocotrienol secretory transporters either in natural
producers or in yeasts [52]. Xiao Bu with colleagues
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in their study overexpressed several types of en-
dogenous PDR proteins, including transporters of
hydrophobic compounds such as sterols and carot-
enoids (Pdr5p, Pdr10p, Pdrllp, Pdri2p, Snq2p, Yorlp,
Yol075cp, and Auslp) and their transcriptional activa-
tors (Pdrlp, Pdr3p). It has been reported previously
that the enhanced expression of Pdr10p and Yol075cp
separately in S. cerevisiae significantly increases pro-
duction and secretion of B-carotene [99]. Indeed, the
stains overexpressing precisely Pdrllp and Yol075cp
demonstrated the highest capacity for secretion with
1.34- and 1.36-fold increase of extracellular tocotrien-
ols, respectively. In parallel with the increase of secre-
tion efficiency mediated by transporters, production
of trienols also increased by 11.92 and 5.15%, which
was explained by the accelerated removal of prod-
ucts from the cells. Co-overexpression of Pdrllp and
Yol075cp further increased efficiency of secretion.
A major fraction of tocotrienols (73.66%) was found
in the organic phase, and total content of tocotrien-
ols reached 82.68 mg/l [35]. These results imply that
a moderate expression rather than overexpression of
transporters is required for optimal growth and se-
cretion [100].

Morphology engineering. The Y. lipolytica yeast
is a dimorphic yeast existing either in the form of
budding cells with a round shape, or in the filamen-
tous (pseudomycelium) form. Although the mycelial
form facilitates resistance to harsh conditions, it is
not favorable for industrial processes due to effects
of its shape on the medium viscosity and efficiency
of mass/oxygen transport.

Yeast transition to pseudomycelium and hyphae
has been observed in the Y. lipolytica strains produc-
ing B-carotene with the increase of production lev-
els. Deletion of the serine/threonine protein kinase
(CLA4) in the mitogen-activated protein kinase path-
way and of the type C2H2 zinc finger transcription
factor (MHY1) in the cAMP-protein kinase A pathway
resulted in the complete arrest of hyphae growth,
which resulted in the increase of the B-carotene ti-
ter by 139% without decrease in the growth rate.
The designed strain mediated production of B-caro-
tene at the level 7.6 g/l (159 mg/g DCW) in the process
of cell cultivation in a periodic culture with stable
maintenance of the yeast shape during the entire fer-
mentation process [101].

CONCLUSION

Successful genetic engineering strategies for pro-
duction of vitamin E and carotenoids in yeast depend
of thorough selection and modification of the heter-
ologous biosynthesis enzymes, dynamic regulation
of expression of the genes to balance growth and
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production, removal of bottlenecks in metabolism
through increase of the pool and availability of inter-
mediates and coenzymes, fusion of the enzymes for
enhancing catalytic efficiency and targeted substrate
transport, use of endogenous transporters for excre-
tion of the target products, as well as development
and optimization of the fermentation process. The ex-
amples of achievements presented above demonstrate
high potential of synthetic biology in the creation of
yeast cell factories capable of producing biological-
ly active compounds, including antioxidants, with
industrially relevant yields.
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carB phytoene dehydrogenase
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