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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- The traditional chemical synthesis of vitamin E is complex and could be explosive

- An innovative way to synthesize isophytol from biofermented farnesene is established

- This process is safer and cheaper, changing the production and marketing of vitamin E

- Co-production of b-farnesene and lycopene improves the competitiveness of this process
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ABSTRACT
Vitamin E is one of the most widely used vitamins. In the classical commer-
cial synthesis of vitamin E (a-tocopherol), the chemical synthesis of isophytol
is the key technical barrier. Here, we establish a new process for isophytol
synthesis from microbial fermented farnesene. To achieve an efficient
pathway for farnesene production, Saccharomyces cerevisiae was selected
as the host strain. First, b-farnesene synthase genes from different sources
were screened, and through protein engineering and system metabolic engi-
neering, a high production of b-farnesene in S. cerevisiae was achieved (55.4
g/L). This farnesene can be chemically converted into isophytol in three steps
with approximately 92% yield, which is economically equal to that from the
best total chemical synthesis. Furthermore, we co-produced lycopene and
farnesene to reduce the cost of farnesene. A factory based on this new pro-
cess was successfully operated in Hubei Province, China, in 2017, with an
annual output of 30,000 tons of vitamin E. This new process has completely
changed the vitamin E market due to its low cost and safety.

INTRODUCTION
Vitamin E is the general term for tocopherols and tocotrienols, essential fat-sol-

uble vitamins for humans.1 It has a wide range of physiological functions based
on its antioxidation properties, including improving the body’s immunity and
fertility, possessing anti-cancer and anti-inflammatory properties, heart protec-
tion, nerve protection, and other functional characteristics.2-4 Thus, it is widely
used in feed additives, medicine, food, cosmetics, and other fields. Together
with vitamins C and A, it is listed as one of the three pillar products of the vitamin
series.

Vitamin E includes natural and synthetic vitamin E. For industrial production,
natural vitamin E is mainly extracted from vegetable oil deodorizer distillate
and other plants rich in vitamin E.5 Although this process preserves its natural ac-
tivity, the low yield, complex extraction and purification processes, and depen-
dence on the climate and culture make it difficult to meet the market demand.
Only 20% of vitamin E comes from plant extraction.6 With the development of
biotechnology, the biosynthetic pathway of vitamin E has been elucidated.7,8 In
plants, vitamin E biosynthesis is initiated by homogentisate synthesized by the
shikimate pathway and various hydrophobic polyprenyl pyrophosphates that
determine the final type of vitamin E. Geranylgeranyl pyrophosphate (GGPP)
derived from the 2C-methyl-D-erythritol-4-phosphate pathway is the precursor
for tocotrienol, and phytyl pyrophosphate obtained from GGPP reduction or chlo-
rophyll degradation followed by phosphorylation is used for tocopherol biosyn-
thesis (Figure 1A).9,10 Researchers have attempted to increase the vitamin E con-
tent of plants by pathway engineering. Overexpression of barley homogentisate
geranylgeranyl transferase, which catalyzes the committed step of tocotrienol
biosynthesis in Arabidopsis thaliana leaves, resulted in a 10- to 15-fold increase
in tocotrienol and tocopherol levels,7 and its overexpression in soybean seeds
has also sufficiently increased tocochromanol levels by 8- to 10-fold.11 In Nico-
tiana benthamiana, the transient expression of tocopherol cyclase and homoge-
ntisate phytyltransferase from A. thaliana has increased a-tocopherol levels by
11.3 fold.12 However, it is still difficult to meet the increasing market demand
for vitamin E.

Currently, 80% of commercial vitamin E comes from chemical synthesis, and it
is mainly consumed in the feed industry. Classical synthesis of vitamin E
(a-tocopherol) is via the condensation of isophytol and trimethylhydroquinone,
and the production capacity and cost largely depend on the production of these
two materials. Due to the increasing demand for vitamin E, many different syn-
thetic routes have been developed and optimized to synthesize vitamin E precur-
ll
sors. The M-cresol and pseudoionone processes are the main synthetic routes
for synthesizing trimethylhydroquinone and isophytol,13 respectively. By 2017,
the classical processes used to synthesize isophytol and trimethylhydroquinone
were relatively mature, and the entire market price of vitamin E was approxi-
mately US$20/kg based on the use of classical technology.
The rapid development of metabolic engineering and synthetic biology has

made the microbial cell factory a game changer in chemical production.14 The
efficient production of various compounds, such as the anti-cancer drug taxol
precursor taxadiene,15 anti-malarial drug precursor artemisinic acid,16,17

advanced biofuel short-chain alkanes,18 fatty acids,19,20 and biopolymer polyhy-
droxyalkanoates,21 has demonstrated the advantages and potential of microbial
fermentation in terms of cost effectiveness. Some studies have also achieved the
heterologous synthesis of vitamin E inmicroorganisms. Albermann et al. heterol-
ogously expressed vitamin E biosynthesis genes from Synechocystis and
A. thaliana in Escherichia coli, resulting in 15 mg/g d-tocotrienols.22 The de novo
production of d-tocotrienol from glucose with a titer of 4.1 mg/L in fed-batch
fermentation was achieved in S. cerevisiae.23 Furthermore, Shen et al. compre-
hensively optimized the vitamin E heterologous pathway and the endogenous
precursor pathway, designed a cold-shock-triggered temperature control system,
and successfully constructed high-tocotrienol-producing S. cerevisiae with the
production of 320 mg/L.24 Although these studies have laid the foundation for
the production of vitamin E by microbial fermentation, continued efforts are war-
ranted to ensure the possibility of commercial production.
In 2014, our group efficiently synthesized farnesene by refactoring the meval-

onate (MVA) pathway in E. coli.25 In the same year, Nenter & Co. innovated the
synthesis of trimethylhydroquinone and was eagerly looking for a way to break
through the isophytol synthesis process.26 Upon noticing this need, we proposed
a new innovative process of using biofermented farnesene as a substrate to syn-
thesize isophytol to subvert the isophytol synthesis pathway (Figure 1C). Here, we
provide a retrospect on how this disruptive new approach was established in
detail.

RESULTS
Evaluating the possibility of different methods to generate isophytol
We evaluated potential routes for synthesizing vitamin E based on cost, safety,

and efficiency. Previously, vitamin E could be obtained only by plant extraction
and chemical synthesis. Chemical synthesis of vitamin E has great advantages
and occupies the entire market in the feedstock industry. It is achieved by
condensing isophytol and trimethylhydroquinone (Figure 1D). The synthesis of tri-
methylhydroquinone is relatively easy, whereas the chemical synthesis of isophy-
tol is difficult. The pseudoionone process is the classical process used to prepare
isophytol and is initiated by the condensation of citral and acetone to pseudoio-
none,27 and isophytol can be obtained by hydrogenation, ethynylation, and
condensation of pseudoionone in seven steps (Figure 1B).28 This process in-
volves a multistep alkyne reaction under high pressure, with high requirements
for equipment and safety.
Synthetic biology is a highly safe procedure used to produce bulk chemicals

with a low environmental burden. However, several difficulties are associated
with the microbial synthesis of vitamin E by heterologous expression of
synthetic genes from plants or other suitable resources. First, this biosynthesis
pathway needs to introduce multiple heterologous genes with many uncer-
tainties regarding their protein expression and catalytic efficiency. Meanwhile,
achieving a high titer of intracellular products with the relatively higher
molecular weights and cell toxicity is difficult.29-32 Most importantly, the cost
of the chemical synthesis of vitamin E is approximately US$10/kg; thus, it is
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Figure 1. Synthesis of vitamin E (A) Vitamin E biosynthetic pathway in plants. G-3-P, D-glyceraldehyde 3-phosphate; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate;
GGPP, geranylgeranyl pyrophosphate; PPP, phytyl diphosphate; PEP, phosphoenolpyruvate; E-4-P, D-erythrose 4-phosphate; HPP, 4-hydroxyphenylpyruvate; HGA, homogentisic acid;
MPBQ, 2-methyl-6-phytylquinol; GGR, geranylgeranyl reductase; HPPD, 4-hydroxyphenylpyruvate dioxygenase; HPT, homogentisate phytyltransferase; MT, 2-methyl-6-
phytylbenzoquinol methyltransferase; TC, tocopherol cyclase; g-TMT, g-tocopherol methyltransferase. (B) Traditional synthesis process of isophytol. (C) Farnesene biosynthetic
pathway in S. cerevisiae and new process for isophytol synthesis discussed in this study. Ac-CoA, acetyl-CoA; AcAc-CoA, acetoacetyl-CoA; HMG-CoA, (S)-3-hydroxy-3-methylglutaryl-
CoA; MVA, (R)-mevalonate; MVP, (R)-5-phosphomevalonate; MVPP, (R)-5-diphosphomevalonate; FPP, farnesyl diphosphate; ERG10, acetoacetyl-CoA thiolase; ERG13, hydrox-
ymethylglutaryl-CoA synthase; tHMG1, truncated 3-hydroxy-3-methylglutaryl-CoA reductase; ERG12, mevalonate kinase; ERG8, phosphomevalonate kinase; MVD1, mevalonate-5-py-
rophosphate decarboxylase; IDI1, isopentenylpyrophosphate isomerase; ERG20, farnesyl pyrophosphate synthase; a-FS, a-farnesene synthase; b-FS, b-farnesene synthase. (D)
Chemical synthesis of vitamin E. TMHQ, trimethylhydroquinone.
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difficult for a process using fermented vitamin E to compete with this in a short
period.

Isophytol is the key chemical intermediate for vitamin E chemical synthesis,
and phytol obtained by chlorophyll degradation can also be used as a precursor
for vitamin E synthesis.33,34 However, there are few studies on isophytol
biosynthesis by microorganisms and phytol synthesis. Furthermore, phytol and
isophytol are long-carbon-chain alcohols, and in previous studies, other long-car-
bon-chain alcohols, such as fatty alcohols, were found to be highly toxic; their
accumulation in cells would affect the growth of strains and eventually lead to
low yields.35-37 Therefore, we considered that replacing the existing isophytol
chemical synthesis process with the microbial synthesis of phytol/isophytol
would not be an optimal choice.

In 2014, our group constructed a farnesene-overproducing strain by engineer-
ing key enzymes in E. coli based on the information obtained from in vitro
reconstitution.25 Farnesene can be secreted out of the cell and has no obvious
effect on the growth of the strain; furthermore, it is easy to realize highly effi-
cient synthesis in the microorganism. For the past 10 years, most groups
considered that farnesene was only the precursor for jet fuel. However, we pre-
viously conceived a process to obtain farnesyl acetone via farnesene,38 which
was then converted to isophytol by hydrogenation and addition reactions (Fig-
ure 1C). In this process, the three-step reaction via the conversion of farnesene
to isophytol can simplify the synthesis process and reduce the use of explosive
raw materials.
2 The Innovation 3(3): 100228, May 10, 2022
Therefore, this new method for synthesizing isophytol via farnesene obtained
by microbial fermentation could be promising in producing vitamin E.

Evaluation of a- or b-farnesene to isophytol
Farnesene includes a- and b-farnesene, and discrepancies in their structures

may influence the efficiency of conversion to isophytol. To validate our proposed
process for the synthesis of isophytol using farnesene as a substrate, E. coli F425,
withnearly 2 g/L production reported in previouswork,was fermented fora-farne-
senepreparation; after 100hof shake-flask fermentation, the strainwasextracted
with hexane/ethyl acetate (4:1) and then separated using silica gel column chro-
matography to obtain a-farnesenewith 95% purity, as confirmed by nuclearmag-
netic resonance.S. cerevisiaeT16 (CEN.PK2-1Dwithanadditional copyof tHMG1,
FgJ03939, and ERG20) was used for b-farnesene preparation, and themethod for
compound isolation was consistent with that reported previously.39

For the chemical synthesis of isophytol, Rh-catalyzed alkylation of farnesene
with methyl acetoacetate and subsequent decarboxylation under alkaline condi-
tions afforded farnesyl acetone 1 and 10 (supplemental materials and methods).
The yield of farnesyl acetone was only 11% using a-farnesene as the substrate,
while that using b-farnesene was 95%. The difference in yields obtained using
a- or b-farnesene as the substrate may be the result of different substitutions
on 1,3-butadiene in a- and b-farnesene. In addition, farnesyl acetone was further
converted to hexahydrofarnesylacetone (2) in 98% yield using the catalyst Pd/C in
methanol under an H2 atmosphere (supplemental materials and methods). The
www.cell.com/the-innovation
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Figure 2. Screening of farnesene synthases for
b-farnesene production in S. cerevisiae (A) Flow-
chart of plasmid and strain construction for gene
screening. ERG20, farnesyl pyrophosphate synthase
from S. cerevisiae; ERG10, acetyl-CoA acetyltransfer-
ase from S. cerevisiae; ERG13, 3-hydroxy-3-
methylglutaryl CoA synthase from S. cerevisiae;
tHMG1, truncated 3-hydroxy-3-methylglutaryl CoA
reductase from S. cerevisiae; ERG12, mevalonate ki-
nase from S. cerevisiae; ERG8, phosphomevalonate
kinase from S. cerevisiae; MVD1, mevalonate diphos-
phate decarboxylase from S. cerevisiae; and IDI1, iso-
pentenyl diphosphate isomerase from S. cerevisiae.
(B) b-farnesene production by strains with b-farne-
sene synthase from different sources. BFS1 contains
b-farnesene synthase of M. chamomilla var. recutita
and BFS7 contains b-farnesene synthase of A. annua.
Error bars indicate the standard deviations of three
biological replicates.
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reaction was performed at room temperature and atmospheric pressure
hydrogenwithout heating and high pressure; it was safe and energy efficient. Iso-
phytol (3) was obtained in 99% yield by the reaction of hexahydrofarnesylacetone
(2) with vinyl magnesium chloride in tetrahydrofuran under an N2 atmosphere
(supplemental materials and methods).

This three-step reaction can be used to realize the conversion of b-farnesene
obtained by microbial fermentation to isophytol, with an overall yield of 92%.
This result demonstrates the excellent potential of this new process to replace
the traditional process of isophytol synthesis. In 2017, the process from farne-
sene to isophytol and further to vitamin E verified in this study was successfully
put into production by Nenter & Co. in Jingzhou, Hubei Province, China, and an
annual output of 30,000 tons of vitamin E has since been achieved.

Efficient microbial synthesis of farnesene
The conversion of farnesene to isophytol was confirmed. However, whether

this process is revolutionary depends on the yield, titer, and productivity of farne-
sene. Therefore, the efficient synthesis of farnesene is very important, and in this
study, we aimed to achieve high production of b-farnesene.

Chassis selection. E. coli is easily infected by phages; it is not very good for
biomass use and is not tolerant to high farnesene concentrations. Compared
with E. coli, S. cerevisiae is generally regarded as safe and robust under harsh in-
dustrial conditions,40 and it was thus selected as the chassis strain. Farnesyl
diphosphate (FPP) is derived from theMVApathway for sesquiterpene synthesis,
and theweak synthetic capacity of the nativeMVApathway in yeast limits the pro-
duction of sesquiterpenes.41,42 To achieve high production, the flux of the MVA
pathway needs to be increased.43 We used the CRISPR-Cas9 system for MVA
pathway engineering to avoid a lack of markers. First, the Cas9 gene from the
type II bacterial CRISPR system of Streptococcus pyogenes was integrated into
CEN.PK 2-1D to generate JCR1. Then ERG8, tHMG1 (two copies) and ERG12,
MVD1, ERG10, IDI1, and ERG13 under the control of PGAL1-PGAL10 and PGAL7
were overexpressed in the JCR1 genome via three integration steps to generate
JCR27. Our group successfully produced sesquiterpene guaia-6,10(14)-diene at a
high titer in a previous study based on this precursor-providing platform;44 there-
fore, strain JCR27, with overexpression all the MVA pathway genes, was used as
the platform strain.

Selection of farnesene synthase. Farnesene is present in various plants and
varies in content. For gene screening, we selectedMac-bFS fromMatricaria cha-
momilla var. recutita (GenBank: AIG92847.1)45 andAa-bFS fromArtemisia annua
(GenBank: AAX39387.1),46 both of which have been isolated and characterized.
To expand the screening ranges for b-farnesene synthases, we also
ll Th
selected several putative b-farnesene synthases
from the NCBI database, including predicted
b-farnesene synthases from Helianthus annuus
(GenBank: KAF5755268), Tanacetum cinerariifo-
lium (GenBank: GEU62861.1), Cynara carduncu-
lus (GenBank: XP_024994934.1), and Lactuca
sativa (GenBank: XP_023749309.1). ERG20 to
improve FPP flux and b-farnesene synthase
under the control of PGAL1-PGAL10 were overex-
pressed by episomal plasmids in the MVA-overexpressing strain JCR27,
resulting in strains BFS1 (Mac-bFS), BFS2 (Hea-bFS), BFS4 (Tac-bFS), BFS5
(Cyc-bFS), BFS6 (Las-bFS), and BFS7 (Aa-bFS). BFS1 produced 203 ± 3.8 mg/L
b-farnesene after 72 h of incubation, which was higher than that produced by
BFS7 (184 ± 5.27mg/L) (Figure 2B), but strains BFS2, 4, 5, and 6 failed to detect
the targetproduct in vivo, indicating that theactivity ofb-farnesenesynthase from
M. chamomilla var. recutita was higher in S. cerevisiae than that of others.
Therefore,Mac-bFS was chosen for use in the next construction.
Farnesene synthase engineering. The catalytic efficiency of farnesene syn-

thase determines the flux from FPP to farnesene. Further enhancing the catalytic
activity of farnesene synthase can increase the titer of farnesene. Directed evolu-
tion is a powerful strategy used to change the catalytic activity of enzymes, and it
is possible to obtainmutantswith improved performance based on a suitable tar-
geted screening method.47,48 In this study, directed evolution was employed to
improve the Mac-bFS activity. The crystal structure of farnesene synthase from
M. chamomilla var. recutita has not been solved yet; therefore, a random
approach was adopted tomutateMac-bFS (Figure 3). To isolate improved farne-
sene synthase variants, we developed a simple high-throughput screening
method to single out improved farnesene synthase variants that detect the con-
tent difference of farnesene in strains based on the vanillin-sulfuric acid method.
The expression of wild-type farnesene synthases resulted in low absorbance, and
mutantswith improved farnesene synthase activity were identifiedbased on their
higher absorbance. We screened b-farnesene synthasemutants from a library of
about 2,000 transformants, and mutants with an increased b-farnesene yield
were selected. After further shake-flask fermentation, plasmid extraction, and
sequencing, we identified mutations in pBFS9 (F11S, TTC-TCC), pBFS12
(M35T, ATG-ACC), pBFS15 (T319S, ACT-TCT), pBFS18 (I434T, ATT-ACT), and
pBFS20 (I460V, ATC-GTC), and the production in these variants was 1.46-,
1.23-, 1.12-, 1.40-, and 1.21-fold, respectively, compared with that in BFS1 with
wild-type b-farnesene synthase (Table S1).
The 3D structure of proteins, including those in BFS1 (wild type), BFS9 (F11S),

BFS12 (M35T), BFS15 (T319S), BFS18 (I434T), and BFS20 (I460V), was simu-
lated using SWISS-MODEL (https://swissmodel.expasy.org/), and the crystal
structure of (+)-delta-cadinene synthase (PDB: 3G4D) was used as the template
for wild-type and mutant modeling. The substrate FPP was docked to the simu-
lated structures using AutoDock 4, and the binding site for the docking procedure
was defined according to the crystal structure of another homologous sesquiter-
pene synthase (PDB: 4RNQ). The docking parameters were set as default. The
results showed that the distance between the five mutation sites and FPP was
more than 5 Å. The docking results are shown in Figures S1–S6. In addition,
e Innovation 3(3): 100228, May 10, 2022 3
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Figure 3. Overview of screening procedures for b-farnesene synthase variants
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the docking binding energy between FPP and the enzymes showed that the five
mutations had a stronger affinity with the substrate than the wild type (Table S1);
therefore, we inferred that thismight be the reason for the increase in activity. The
beneficial effects of singlemutations are often additive;49 therefore, we combined
the improved mutation in Mac-bFS, and the best b-farnesene synthase variant
BFS45 (F11S, M35T, T319S, I434T, I460V) improved the titer by approxi-
mately 2-fold.

Pathway engineering. The expression system of chromosomal integration is
preferred over an episomal plasmid for industrial applications as it is more sta-
ble.50 Therefore, for the construction of producing strains, all modifications to
the host strain were made by chromosomal integration. pBFS45 harboring the
FPP synthase Erg20 and the best b-farnesene synthase variant was linearized
and integrated into the JCR27 genome, and JVA122was obtainedwith a b-farne-
sene titer of 437 mg/L (Figure 4).

To achieve commercially viable farnesene production, metabolic fluxes must
be fine-tuned to maximize farnesene titers. The farnesene biosynthetic pathway
4 The Innovation 3(3): 100228, May 10, 2022
can be divided into an upstreamMVApathway and a downstream farnesene syn-
thetic pathway. We adopted a “push-pull” strategy to balance the upstream and
downstream fluxes and tuned the copy number of the rate-limiting enzyme
tHMG1 in the upstream pathway and farnesene synthase in the downstream
pathway to increase the production. b-farnesene production increased with the
increase in copy number, and the titer in the b-farnesene-producing strain
JVA139 with a copy number of 5 for Mac-bFS45 based on JCR27 was
791 mg/L (Figure 4). We further deleted GAL80 to constitutively express all het-
erologous genes under the control of galactose-inducible promoters, and the titer
of the resulting strain JVA140 reached up to 736 mg/L, without the addition of
galactose, which would thus reduce the fermentation cost.

Farnesene overproduction by high-cell-density fermentation
To test the performance of JVA140 for farnesene production, we con-

ducted fed-batch fermentation in 1 L bioreactors. The fermentation media
are listed in the supplemental materials and methods. Under two-stage
www.cell.com/the-innovation
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Figure 4. b-farnesene production by fine-tuning FS
and tHMG1 Effects of the expression of different
copy numbers of Mac-bFS (F11S, M35T, T319S,
I434T, I460V) and tHMG1 on b-farnesene production
in S. cerevisiae. +* means wild-type b-farnesene Mac-
bFS. Error bars indicate the standard deviations of
three biological replicates.
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fermentation, biomass accumulated quickly in the first stage, and the prod-
ucts accumulated after glucose exhaustion. At the beginning of fermenta-
tion, the glucose concentration was 40 g/L; it was then consumed due to
cell growth, and when it was close to 1 g/L, feeding solution I was added
at a controlled feeding rate to sustain cell growth and to maintain the
glucose concentration at approximately 0–1 g/L. Furthermore, 10% v/v iso-
propyl myristate was added to cultures at 24 h to reduce product loss.
When cell growth slowed, feeding solution II was used for product accumu-
lation, and the ethanol concentration was maintained at 5–10 g/L. JVA140
achieved a titer of 55.4 g/L b-farnesene and a yield of 6.5% grams of far-
nesene per gram of glucose after 126 h cultivation (Figure 5A).

The new process of vitamin E synthesis using farnesene was considered to
have a competitive cost advantage over that of chemical vitamin E synthesis
only when the microbial fermentation cost for farnesene was estimated to be
lower than US$6/kg. However, the carbon cost of JVA140microbial fermentation
for farnesene is approximately US$6/kg. As the titer by Amyris can reach 130 g/L
of b-farnesene and the glucose conversion rate of nearly 20% in yeast, with a car-
bon cost of US$2.3/kg, which was the minimum cost calculated based on the
price of glucose (US$0.4/kg),51 Nenter & Co. further collaborated with Amyris
to provide b-farnesene as the raw material for vitamin E synthesis using this
newprocess; however, it is generally necessary to further reduce the fermentation
cost to improve the competitiveness.

Co-production of farnesene and lycopene
We envisaged the introduction of high-value-added compounds based on far-

nesene-producing strains to reduce the microbial synthesis cost. Lycopene is an
excellent antioxidant with favorable physiological effects and iswidely used in the
health care productmarket; the demand andmarket for lycopene have increased
dramatically. Our group has previously conducted a considerable amount of
research on the microbial synthesis of lycopene,29-31,52 and we have a relatively
solid experimental foundation; therefore, we considered introducing the lycopene
synthesis pathway into the farnesene-producing strain. In a previous study, the
ll Th
optimal combination of PaCrtE from Pantoea
ananatis, PagCrtB from P. agglomerans, and
BtCrtI from B. trispora was obtained, and
tHMG1, CrtE, and CrtI were found to be the rate-
limiting enzymes in the lycopene biosynthesis
pathway.30 For lycopene overproduction in the
farnesene-producing strain, ribosomal DNA
multi-copy integration of PaCrtE, BtCrtI, and
PagCrtB, tHMG1 was implemented in JVA139
to obtain mutants. Red colonies were selected
to integrate URA3 and delete GAL80 to generate
a prototrophic and non-galactose-inducible
strain. JZL32 can produce 106 ± 6mg/L b-farne-
sene and 63± 5mg/L lycopene after 72 h incuba-
tion. It was evident that the farnesene titer was
reduced significantly with lycopene production,
mainly because of the competition for the com-
mon precursor FPP. JZL32 was subjected to
1 L fed-batch fermentation, and the b-farnesene
and lycopene titers reached 616 and 419 mg/L
(6.5 mg/g dry cell weight (DCW)), respectively,
at 120 h (Figure 5B). The overall yield was
0.16% grams of products per gram of glucose,
with a carbon cost of approximately US$600/kg
lycopene plus 1.5 kg b-farnesene; although the
cost is still high, the market price of lycopene is
nearly US$2,000/kg, which can cover the fermentation cost. Therefore, microbial
fermentation for farnesene accompanied by lycopene is almost a cost-free pro-
cess, and only the purification cost needs to be considered.

DISCUSSION
Vitamin E is one of the most in-demand vitamin products in the global market.

At present, the global annual demand is approximately 80,000 tons. The price of
vitamin E fluctuates with the price of raw materials. In this study, we proposed a
newprocess for synthesizing the vitaminE precursor isophytol. The process uses
biosynthetic farnesene as the substrate to synthesize isophytol prior to synthesiz-
ing vitamin E. We first converted farnesene to isophytol, and the three-step reac-
tion can realize a traditional seven-step process. The new process is efficient, is
safe, and uses fewer explosive raw materials. Based on this new process pro-
posed and verified in this study, a plant with 30,000 ton capacity per year was es-
tablished in Jingzhou, Hubei Province, through the efforts of Nenter &Co. (200 km
from Wuhan University) and has been in production since 2017. The process
used is conducive for stabilizing the supply and price of vitamin E. As such, the
market price of vitamin E has dropped from US$20/kg to approximately
US$10/kg. This process combines synthetic biology with chemical synthesis,
and the production safety of this process is greatly improved compared with
that of previous methods. In addition, carbon dioxide emissions are reduced by
50%. The process is thus illustrative of the success of using synthetic biology
to improve the classical chemical process.
Currently, 20% of the global vitamin E yield is produced using this process, and

Nenter & Co. uses b-farnesene provided by the factory of Amyris in Brazil due to
the company’s lower-cost fermented b-farnesene. Further improving the titer and
yield of the microbial fermentation of farnesene would make this process more
competitive. We developed our method by first achieving the overproduction of
b-farnesene in S. cerevisiae through systematic metabolic engineering; however,
the titer and yield were not sufficient for the method to replace the use of chem-
ical synthesis. The lycopene synthesis pathway was then introduced into the
high-production strain of farnesene, and this realized the “cost-0” synthesis of
e Innovation 3(3): 100228, May 10, 2022 5
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Figure 5. b-farnesene and lycopene production in bioreactors (A) Fed-batch fermentation of JVA140 in a 1 L bioreactor. (B) Fed-batch fermentation of JZL32 in a 1 L bioreactor.
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farnesene accompanied by the production of the high-value-added antioxidant
lycopene by microbial fermentation. However, there was a significant reduction
in the production of farnesene when producing it together with lycopene due to
precursor competition, which may increase the difficulty of extraction. In the
future, we can further optimize the microbial fermentation pathway and reduce
the synthetic cost of farnesene in two ways: (1) by rewriting the central carbon
metabolism to improve precursor supply, downregulating the competitive
pathway, and prolonging the period of high productivity by introducing a genetic
circuit that can be used to improve the titer and yield of farnesene and (2) by
improving the microbial fermentation process of farnesene production by using
products in the non-MVA pathway, such as inositol and succinic acid, whichmay
be promising to reduce costs. It is anticipated that with further advances, the re-
maining 80% of the vitamin E capacity may be replaced by this process in the
future.
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