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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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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-
sors. The M-cresol and pseudoionone processes are the main synthetic routes
ll
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 in microorganisms. Albermann et al.
heterologously 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. comprehensively 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 warranted 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 extrac-
tion and chemical synthesis. Chemical synthesis of vitamin E has great advan-
tages and occupies the entire market in the feedstock industry. It is achieved
by condensing isophytol and trimethylhydroquinone (Figure 1D). The synthesis
of trimethylhydroquinone is relatively easy, whereas the chemical synthesis of
isophytol is difficult. The pseudoionone process is the classical process used
to prepare isophytol and is initiated by the condensation of citral and acetone
to pseudoionone,27 and isophytol can be obtained by hydrogenation, ethynylation,
and condensation of pseudoionone in seven steps (Figure 1B).28 This process in-
volves amultistepalkyne reaction under highpressure,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

Report

w
w
w
.t
he

-in
no

va
tio

n.
or
g

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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Materials and reagents. PCR amplification for plasmid construction was performed using

Phusion High-Fidelity polymerase (New England Biolabs, NEB) and Prime STAR GXL

DNA polymerase (TaKaRa). A 2×Taq Plus Master Mix (Vazyme) was used for colony PCR

diagnosis and error-prone PCR. PCR primers were synthesized by GeneGreate. Fast

digestion restriction enzymes were purchased from Thermo Fisher Scientific. Enzymes for

the Goldengate were purchased from New England Biolabs (NEB; Ipswich, MA, USA).

Strains and culture conditions. Escherichia coli DH10B was used to propagate the

recombinant plasmids and was cultivated at 37 °C in Luria–Bertani (LB) medium

containing 100 g/mL ampicillin for selection. S. cerevisiae CEN.PK 2-1D was used as the

host strain for farnesene-producing strains construction, and engineered yeast strains

were selected at 30 °C on synthetic medium (0.67% yeast nitrogen base with (NH4)2SO4,

2% glucose, and appropriate amino acid drop-out mix) under auxotroph-screening

conditions (uracil 20 mg/L, histidine 20 mg/L, tryptophan 20 mg/L, and leucine 100 mg/L)

or cultured in yeast extract–peptone–dextrose (YPD) medium (2% tryptone, 1% yeast

extract, and 2% glucose) with antibiotic screening (hygromycin 200 mg/L). Synthetic

medium supplemented with 1 g/L 5-fluoroorotic acid (5-FOA) was used to select positive

colonies that lost the gRNA expression plasmid targeting the rDNA site. Agar was added

to the medium at a concentration of 20 g/L, if a solid plate was needed.



Shake-flask fermentation. Seed cultures were prepared by inoculating glycerol stock

into 5 mL of YPD medium or synthetic medium and cultured overnight at 30 °C in a rotary

shaker at 220 rpm. Then seed cultures were transferred with initial OD600= 0.1 into 250 mL

shake flasks containing 50 mL corresponding medium, YPD or YPDHG (2% tryptone, 1%

yeast extract, 1% glucose, and 1% galactose), or synthetic complete medium as

described previously,1 and 10 % v/v isopropyl myristate (IPM) was added into the medium

to capture the farnesene. Flask cultivation was performed at 30 °C and 200 rpm for 72 h.

All cultivations were performed in triplicates.

Construction of plasmids and strains. The strains and plasmids used in this study are

listed in Table S2, S3. The primers used for plasmid construction are listed in Table S4. All

heterologous genes used for gene screening were codon-optimized and synthesized by

GenScript according to S. cerevisiae preference. The Golden Gate assembly,2 Gibson

method,3 or yeast assembly4 were used for plasmid construction. Gene deletion and

genomic integrations for engineered yeast strain construction were conducted using the

LiAc/SS carrier DNA/PEG method5 and verified by diagnostic PCR.

Design and construction of farnesene synthase mutant libraries. Error-prone PCR

using 2×Taq Plus Master Mix (Vazyme) with 6 mM additional Mg2+ was conducted to

create the mutant libraries. The error-prone PCR fragments of bFS and vector bone

pZY900 (BsaI digested) were co-transformed to strain JCR27 to obtain farnesene

synthase mutant libraries (Figure 3).

High-throughput cultivation and detection. Single colonies of recombinant yeast



strains harboring plasmids with different site-mutations of farnesene synthase were

inoculated into 96-deep well microtiter plates with 350 µL Sc-ura medium and cultured for

24 h at 30 °C in a rotary shaker at 999 rpm. To avoid the edge effect, the same volume of

medium was added to the outer margin of the 96-deep well plate without inoculation. The

seed broth was transferred into 350 µL YPDHG with 20% v/v IPM overlay and grown for

72 h. IPM (200 µL) was added to each well to extract the product with 999 rpm shaking for

10 min, and the microtiter plate was centrifuged at 3500 rpm for 10 min. The organic

phase (15 µL) was transferred into a 96-well plate; 120 µL of 75% H2SO4 and 15 µL of 8

mg/mL vanillin aqueous solution were added and the samples were incubated at 65 °C for

20 min in a rotary shaker at 999 rpm. The absorbance was measured at 454 nm using a

plate reader. Strains with high absorbance were chosen for further shake flask

fermentation to ensure actual improvement compared to the wild type. Positive mutants

were cultured for plasmid extraction and sequencing.

Fed-batch fermentation. One-liter bioreactors (T&J Bio-engineering Co., Ltd.) were used

to evaluate the performance of the engineered strains. The fermentation medium used in

this study was based on a previously described medium.6,7,8 The medium for the batch

phase contained (per L): glucose, 40 g; (NH4)2SO4, 15 g; KH2PO4, 8.0 g; and

MgSO4∙7H2O, 6.2 g. The medium was sterilized in the fermenter at 115 °C for 30 min.

After sterilization, 12 mL/L trace metal solution and 15 mL/L vitamin solution were added.

Feeding solution I contained 500 g/L glucose, 9 g/L KH2PO4, 5.2 g/L MgSO4∙7H2O, 3.5 g/L

K2SO4, 0.28 g/L Na2SO4, 12 mL/L trace metal solution, and 15 mL/L vitamin solution.

Feeding solution II contained 800 g/L sucrose, 9 g/L KH2PO4, 5.2 g/L MgSO4∙7H2O, 3.5



g/L K2SO4, 0.28 g/L Na2SO4, 12 mL/L trace metal solution, and 15 mL/L vitamin solution.

The concentrated trace metal solution contained (per L): ethylenediaminetetraacetic acid

(EDTA), 15 g; ZnSO4∙7H2O, 5.75 g; MnCl2∙4H2O, 0.32 g; CuSO4∙5H2O, 0.75 g;

CoCl2∙6H2O, 0.47 g; Na2MoO4∙2H2O, 0.48 g; CaCl2∙2H2O, 2.9 g; and FeSO4∙7H2O, 2.8 g.

The vitamin solution contained (per L): biotin, 0.1 g; calcium pantothenate, 3.0 g; nicotinic

acid, 1.0 g; myo-inositol, 25.0 g; thiamine hydrochloride, 1.5 g; pyridoxol hydrochloride, 1

g; and p-aminobenzoic acid, 0.2 g. The trace metal and vitamin solutions were

filter-sterilized before use. Seed cultures were prepared by inoculating glycerol stock into

5 mL of YPD medium and cultured overnight at 30 ºC in a rotary shaker at 220 rpm. Then,

10 % seed cultures were transferred into 250 mL shake flasks containing 50 mL YPD and

cultured at 30 ºC with shaking at 220 rpm for 14 h; 10% of the seed culture was then

inoculated into 350 mL fermentation medium in a 1 L fermenter for fed-batch fermentation

at 30 ºC, with the pH maintained at 5 using ammonia. Fermentation was performed at an

agitation speed of between 200 rpm and 600 rpm and an airflow rate ranging from 0.2 vvm

to 2 vvm to hold the DO beyond 20%. Similarly, a two-phase culture system using IPM

was applied for farnesene production.

GC/MS detection of -farnesene. The organic phase of the two-phase culture was

collected and centrifuged for 10 min at 3500 rpm to remove cell debris and diluted with

hexane to an appropriate range. Samples were then subjected to gas

chromatography–mass spectrometry (GC-MS) to quantify the concentration of farnesene

using a Thermo Fisher Scientific TSQ QUANTUM XLS with a TR-5MS column (30 m ×

0.25 mm × 0.25 m). The oven temperature was initially held at 50 ºC for 1 min, increased



at a rate of 15 ºC/min to 280 ºC holding on for 1 min, then increased to 300 ºC at a rate of

20 °C/min, and held for 2 min. -farnesene in hexane was used as the calibration

standard, and valencene was used as an internal standard.

Lycopene extraction and quantitation. 100 L of the sampled culture was centrifuged at

12,000 rpm for 2 min in a 2-mL tube, and the supernatant was discarded. Then, 200 L

glass beads (diameter, 0.5 mm) were added to the pelleted cells, vortexed for 3 min to

lyse the cell, extracted with acetone in the dark, and centrifuged at 13,000 for 5 min. The

supernatant was then transferred to sample vials for HPLC analysis. An HPLC instrument

(Thermo Fisher Scientific) equipped with a UV detector and an Agilent Zorbax C18 column

(150 mm × 4.6 mm × 5 m) was used for lycopene analysis. The absorption wavelength of

lycopene was 474 nm. Mobile phases A (acetonitrile/water = 9:1, v/v) and B

(methanol/isopropanol = 3:2, v/v) were eluted as follows: 0%–90% B (0−15 min), 90% B

(15−30 min), and 90%−0% B (30−35 min), with a flow rate of 1 mL/min.

Synthetic procedure of isophytol from -farnesene.

A Schlenk tube was charged with [RhCl(cod)]2 (12.6 mg, 0.025 mmol), TPPMS (364.2 mg,

1 mmol), and Na2CO3 (10.7 mg, 0.1 mmol). The tube was degassed and refilled with N2

three times. Then, β-farnesene (2.4 mL, 10 mmol), methyl acetoacetate (1.3 mL, 12

mmol), MeOH (5 mL) and H2O (5 mL) were added via syringe under N2. The resulting



mixture was stirred at 100 °C for 24 h, cooled to room temperature, and extracted with

EtOAc. The combined extracts were dried over Na2SO4, filtered, and concentrated. The

residue was dissolved in an aqueous solution of NaOH (6 M in H2O, 12 mL). MeOH (30

mL) was added to the mixture. The resulting mixture was stirred under reflux for 7.5 h,

cooled to room temperature, and extracted with EtOAc. The combined extracts were

filtered through a pad of silica gel. The filtrate was concentrated under reduced pressure

to provide 1 as a mixture of two inseparable regioisomers (2.49 g, 95% yield, 65:35 ratio).

1H NMR (400 MHz, CDCl3):  5.17–5.06 (m, 2.35H), 4.73 (s, 0.65H), 4.71 (s, 0.65H),

2.46–2.40 (m, 2.00H), 2.25 (dd, J = 14.8, 7.6 Hz, 0.70H), 2.12–1.96 (m, 12.30H),

1.74–1.67 (m, 4.30H), 1.60–1.58 (m, 7.05H); 13C NMR (100 MHz, CDCl3):  208.8, 148.5,

136.2, 135.1, 134.9, 131.1, 124.3, 124.2, 123.9, 123.8, 122.4, 109.5, 43.6, 42.9, 39.61,

39.59, 39.5, 35.7, 35.2, 29.8, 26.63, 26.56, 26.4, 26.1, 25.6, 22.3, 21.5, 17.6, 15.90,

15.86.

To a 50 mL round-bottom flask was added 10% Pd/C (157.5 mg), 1 (788.0 mg, 3 mmol),

and MeOH (15 mL) under N2. An atmosphere of hydrogen was introduced by briefly

evacuating the flask and flushing with H2 gas (1 atm, hydrogen balloon). The mixture was

stirred at room temperature overnight under H2 atmosphere. The hydrogen was then

removed under vacuum and the flask was refilled with nitrogen. The mixture was filtered

through a pale of Celite, and the filtrate was concentrated under reduced pressure to



obtain 2 as a colorless oil (785.7 mg, 98% yield); 1H NMR (400 MHz, CDCl3):  2.39 (t, J =

7.6 Hz, 2H), 2.12 (s, 3H), 1.62–1.47 (m, 3H), 1.36–1.31 (m, 2H), 1.30–1.16 (m, 8H),

1.14–0.99 (m, 6H), 0.86–0.82 (m, 12H); 13C NMR (100 MHz, CDCl3):  209.2, 44.0, 39.3,

37.31, 37.29, 37.26, 37.2, 37.14, 37.09, 36.5, 36.4, 32.69, 32.67, 32.58, 32.56, 29.7, 29.6,

27.9, 24.73, 24.71, 24.3, 22.6, 22.5, 21.3, 19.7, 19.6, 19.5, 19.4.

A 100 mL round-bottom flask was charged with 2 (796.0 mg, 3 mmol). The flask was

degassed and refilled with N2 three times. Then, THF (30 mL) and vinyl magnesium

chloride (1.0 M solution in THF, 9 mL, 3 equiv) were added under N2. The resulting mixture

was stirred at room temperature for 1 h and then quenched by the addition of a saturated

aqueous solution of NH4Cl. The organic layer was separated, and the aqueous layer was

extracted with EtOAc. The combined organic layers were dried over Na2SO4 and filtered.

The filtrate was concentrated under reduced pressure to obtain 3 as a colorless oil (880.7

mg, 99% yield). 1H NMR (400 MHz, CDCl3):  5.91 (dd, J = 17.2, 10.8 Hz, 1H), 5.19 (d, J =

18.4 Hz, 1H), 5.03 (d, J = 10.8 Hz, 1H), 1.55–1.45 (m, 4H), 1.38–1.33 (m, 3H), 1.31–1.19

(m, 13H), 1.15–1.11 (m, 2H), 1.10–1.03 (m, 4H), 0.86 (s, 3H), 0.85 (s, 3H), 0.84 (s, 3H),

0.82 (s, 3H); 13C NMR (100 MHz, CDCl3):  145.24, 145.22, 111.4, 73.3, 42.7, 39.3, 37.5,

37.4, 37.3, 37.2, 32.74, 32.72, 27.9, 27.63, 27.60, 24.77, 24.76, 24.4, 22.7, 22.6, 21.33,

21.31, 19.7, 19.63, 19.59.

Synthesis of Farnesyl Acetone from -Farnesene.



A Schlenk tube was charged with [RhCl(cod)]2 (6.2 mg, 0.0125 mmol), TPPMS (182.2

mg, 0.5 mmol), and Na2CO3 (5.3 mg, 0.05 mmol). The tube was degassed and refilled

with N2 three times. Then -farnesene (1.2 mL, 5 mmol), methyl acetoacetate (0.65 mL, 6

mmol), MeOH (2.5 mL), and H2O (2.5 mL) were added via syringe under N2. The resulting

mixture was allowed to stirred at 100 °C for 24 h, cooled to room temperature, and

extracted with EtOAc. The combined extracts were dried over Na2SO4, filtered, and

concentrated. The residue was dissolved in an aqueous solution of NaOH (6 M in H2O, 6

mL). MeOH (15 mL) was added to the mixture. The resulting mixture was stirred under

reflux for 7.5 h, cooled to room temperature, and extracted with EtOAc. The combined

extracts were filtered through a pad of silica gel. Purification by column chromatography

(5% EtOAc in petroleum ether) gave 1’ as a mixture of two inseparable regioisomers

(141.1 mg, 11% yield, 65:35 ratio). 1H NMR (400 MHz, CDCl3):  5.20–5.00 (m, 3H), 2.68

(t, J = 7.2 Hz, 1.30H), 2.44 (t, J = 7.2 Hz, 0.70H), 2.38 (t, J = 7.2 Hz, 1.30H), 2.26 (t, J =

7.2 Hz, 0.70H), 2.13 (s, 1.05H), 2.12 (s, 1.95H), 2.10–1.92 (m, 7H), 1.75–1.55 (m, 13H);

13C NMR (100 MHz, CDCl3):  209.3, 208.9, 136.5, 135.2, 135.0, 134.0, 131.3, 124.2,

124.1, 123.9, 123.2, 122.9, 43.9, 42.9, 39.7, 39.6, 39.7, 39.7, 31.8, 30.0, 29.9, 26.8, 26.6,

26.3, 25.6, 23.3, 22.2, 21.7, 17.6, 16.0, 15.9, 15.7.



Figure S1. The 3D structure (upper) and 2D interaction map (bottom) between

simulated BFS1 (wild-type) and farnesyl diphosphate (FPP). The red arcs with rays

denote hydrophobic contacts, green dashed lines denote putative hydrogens bonds and

metal contacts, and numbers over the dashed lines denote the distance (Å).



Figure S2. The 3D structure (upper) and 2D interaction map (bottom) between

simulated BFS9 (F11S mutation) and farnesyl diphosphate (FPP). The red arcs with

rays denote hydrophobic contacts, green dashed lines denote putative hydrogens bonds

and metal contacts, and numbers over the dashed lines denote the distance (Å).



Figure S3. The 3D structure (upper) and 2D interaction map (bottom) between

simulated BFS12 (M35T mutation) and farnesyl diphosphate (FPP). The red arcs with

rays denote hydrophobic contacts, green dashed lines denote putative hydrogens bonds

and metal contacts, and numbers over the dashed lines denote the distance (Å).



Figure S4. The 3D structure (upper) and 2D interaction map (bottom) between

simulated BFS15 (T319S mutation) and farnesyl diphosphate (FPP). The red arcs

with rays denote hydrophobic contacts, green dashed lines denote putative hydrogens

bonds and metal contacts, and numbers over the dashed lines denote the distance (Å).



Figure S5. The 3D structure (upper) and 2D interaction map (bottom) between

simulated BFS18 (I434T mutation) and farnesyl diphosphate (FPP). The red arcs with

rays denote hydrophobic contacts, green dashed lines denote putative hydrogens bonds

and metal contacts, and numbers over the dashed lines denote the distance (Å).



Figure S6. The 3D structure (upper) and 2D interaction map (bottom) between

simulated BFS20 (I460V mutation) and farnesyl diphosphate (FPP). The red arcs with

rays denote hydrophobic contacts, green dashed lines denote putative hydrogens bonds

and metal contacts, and numbers over the dashed lines denote the distance (Å).



Figure S7. 1H NMR spectrum of biosynthetic -farnesene.

1H NMR (400 MHz, CDCl3):  6.38 (dd, J = 17.2, 10.8 Hz, 1H), 5.46 (t, J = 7.2 Hz, 1H), 5.18–5.05 (m, 2H), 5.10 (d, J = 17.2 Hz, 1H), 4.93 (d, J = 10.8 Hz,

1H), 2.84 (t, J = 7.2 Hz, 2H), 2.15–2.05 (m, 2H), 2.05–1.95 (m, 2H), 1.77 (s, 3H), 1.68 (s, 3H), 1.64 (s, 3H), 1.60 (s, 3H).



Figure S8. 1H NMR spectrum of biosynthetic -farnesene.

1H NMR (400 MHz, CDCl3):  6.39 (dd, J = 17.6, 10.8 Hz, 1H), 5.26 (d, J = 17.6 Hz, 1H), 5.21–5.14 (m, 1H), 5.14–5.08 (m, 1H), 5.06 (d, J = 10.8 Hz, 1H),

5.02 (s, 1H), 5.00 (s, 1H), 2.30–2.15 (m, 4H), 2.15–2.05 (m, 2H), 2.05–1.95 (m, 2H), 1.69 (s, 3H), 1.61 (s, 6H).



Figure S9. 1H NMR spectrum of compound 1.



Figure S10. 13C NMR spectrum of compound 1.



Figure S11. 1H NMR spectrum of compound 2.



Figure S12. 13C NMR spectrum of compound 2.



Figure S13. 1H NMR spectrum of compound 3.



Figure S14. 13C NMR spectrum of compound 3.



Figure S15. 1H NMR spectrum of compound 1’.



Figure S16. 13C NMR spectrum of compound 1’.



Table S1. Summary of Mac-bFS positive mutations and the impact with respect to binding energy with farnesyl diphosphate (FPP).

Mutations Productivity (fold) Binding energy

wild 1.0000 -7.1

F11S 1.4625 -7.8

M35T 1.2324 -7.2

T319S 1.1186 -7.5

I434T 1.4036 -7.8

I460V 1.2066 -7.4

Table S2. Strains used in this study.

Strain Genotype Source

CEN.PK2-1D MATα, ura3–52, trp1–289, leu2-3,112, his3Δ1, MAL2–8C, SUC2 EUROSCARF



JCR27

CEN.PK2-1D ChrXII-2Δ::HygR_PTEF1_Cas9, ChrXI-3Δ::PGAL1_ERG8, PGAL10_tHMG1,

PGAL7_ERG12, ChrX-3Δ::PGAL1_ERG13, PGAL10_tHMG1, ChrXII-4Δ::PGAL1_IDI1, PGAL10_ERG10,

PGAL7_MVD1

Ref.7

T16 S. cerevisiae:: PGAL10-tHMG1; PGAL10-FgJ03939; PGAL1-ERG20 Ref.9

F4 BL21(DE3)/pMH1/pFZ81/pFZ71 Ref.10

BFS1 JCR27 pBFS1 This work

BFS2 JCR27 pBFS2 This work

BFS4 JCR27 pBFS4 This work

BFS5 JCR27 pBFS5 This work

BFS6 JCR27 pBFS6 This work

BFS7 JCR27 pBFS7 This work

BFS45 JCR27 pBFS45 This work

JVA94 JCR27 leu2Δ::PGAL1_ERG20,PGAL10_Mac-bFS, LEU2 This work



JVA122 JCR27 leu2Δ::PGAL1_ERG20, PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), LEU2 This work

JVA124
JCR27 leu2Δ::PGAL1_ERG20, PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), LEU2,

ura3Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V), PGAL10_tHMG1, HIS3
This work

JVA125
JCR27 leu2Δ::PGAL1_ERG20, PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), LEU2, ura3Δ::

PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V), HIS3
This work

JVA127

JCR27 leu2Δ::PGAL1_ERG20, PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), LEU2,

ura3Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V), PGAL10_tHMG1, HIS3,

YPRCdelta15Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V), PGAL10_tHMG1,TRP1

This work

JVA128

JCR27 leu2Δ::PGAL1_ERG20, PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), LEU2,

ura3Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V), PGAL10_tHMG1, HIS3,

YPRCdelta15Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),TRP1

This work

JVA129
JCR27 leu2Δ::PGAL1_ERG20, PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), LEU2,

ura3Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),
This work



PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), HIS3

JVA134

JCR27 leu2Δ::PGAL1_ERG20, PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), LEU2,

ura3Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),

PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), HIS3,

YPRCdelta15Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V), PGAL10_tHMG1,TRP1

This work

JVA135

JCR27 leu2Δ::PGAL1_ERG20, PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), LEU2,

ura3Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),

PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), HIS3, YPRCdelta15Δ::

PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),TRP1

This work

JVA139

JCR27 leu2Δ::PGAL1_ERG20, PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), LEU2,

ura3Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),

PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), HIS3,

This work



YPRCdelta15Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),

PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V),TRP1

JVA140

JCR27 leu2Δ::PGAL1_ERG20, PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), LEU2,

ura3Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),

PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), HIS3,

YPRCdelta15Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),

PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V),TRP1, gal80Δ::URA3

This work

JZL29

JCR27 leu2Δ::PGAL1_ERG20, PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), LEU2,

ura3Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),

PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), HIS3, YPRCdelta15Δ::

PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),

PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V),TRP1, rDNAΔ::PGAL1_PaCrtE, PGAL10_BtCrtI,

rDNAΔ:: PGAL1_PagCrtB, PGAL10_tHMG1

This work



JZL32

JCR27 Leu2Δ::PGAL1_ERG20, PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), LEU2,

ura3Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),

PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), HIS3,

YPRCdelta15Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),

PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V),TRP1, rDNAΔ::PGAL1_PaCrtE, PGAL10_BtCrtI,

rDNAΔ::PGAL1_PagCrtB, PGAL10_tHMG1, gal80Δ::URA3

This work

Table S3. Plasmids used in this study.

Plasmids Description Source

pZY900 pRS426, leu2Δ::LEU2_PGAL1_ERG20, PGAL10_LacZ, URA3 This work

pBFS1 pRS426, leu2Δ::LEU2_PGAL1_ERG20, PGAL10_Mac-bFS, URA3 This work

pBFS2 pRS426, leu2Δ::LEU2_PGAL1_ERG20, PGAL10_Hea-bFS, URA3 This work

pBFS4 pRS426, leu2Δ::LEU2_PGAL1_ERG20, PGAL10_Tac-bFS, URA3 This work



pBFS5 pRS426, leu2Δ::LEU2_PGAL1_ERG20, PGAL10_Cyc-bFS, URA3 This work

pBFS6 pRS426, leu2Δ::LEU2_PGAL1_ERG20, PGAL10_Las-bFS, URA3 This work

pBFS7 pRS426, leu2Δ::LEU2_PGAL1_ERG20, PGAL10_Aa-bFS, URA3 This work

pBFS9 pRS426, leu2Δ::LEU2_PGAL1_ERG20, PGAL10_Mac-bFS(F11S), URA3 This work

pBFS12 pRS426, leu2Δ::LEU2_PGAL1_ERG20, PGAL10_Mac-bFS(M35T), URA3 This work

pBFS15 pRS426, leu2Δ::LEU2_PGAL1_ERG20, PGAL10_Mac-bFS(T319S), URA3 This work

pBFS18 pRS426, leu2Δ::LEU2_PGAL1_ERG20, PGAL10_Mac-bFS(I434T), URA3 This work

pBFS20 pRS426, leu2Δ::LEU2_PGAL1_ERG20, PGAL10_Mac-bFS(I460V), URA3 This work

pBFS45 pRS426, leu2Δ::LEU2_PGAL1_ERG20, PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), URA3 This work

pBFS45-P2 pRS426, ura3Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V), PGAL10_tHMG1, HIS3 This work

pBFS45-P3 pRS426, ura3Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V), HIS3 This work

pBFS45-P4
pRS426, ura3Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),

PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), HIS3
This work



pBFS45-P5 pRS426, YPRCdelta15Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V), PGAL10_tHMG1, TRP1 This work

pBFS45-P6 pRS426, YPRCdelta15Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V), TRP1 This work

pBFS45-P7
pRS426, YPRCdelta15Δ::PGAL1_Mac-bFS(F11S,M35T,T319S,I434T,I460V),

PGAL10_Mac-bFS(F11S,M35T,T319S,I434T,I460V), TRP1
This work

pXZ162 pCas derived,11 PTEF1_iCas9, PSNR52_gRNA.rDNA This work

pXZ147 pRS426, rDNAΔ::PGAL1_PaCrtE, PGAL10_BtCrtI This work

pXZ148 pRS426, rDNAΔ::PGAL1_PagCrtB, PGAL10_tHMG1 This work

Table S4. Primers used in this study.

Plasmids Fragments Template Primer Sequence（5’-3’）

pZY900 Leu2 left arm S288C 900-1F
ACTAAAGGGAACAAAAGCTGGAGCTCTAGTAGTTTAAACATAACGAGA

ACACACAGGGG

900-1R CATTAAAGTAACTTAAGGAGTTAAATTTAAGCAAGGATTTTCTTAACTT



CTTC

TTDH2 S288C 900-2F
GAAGTTAAGAAAATCCTTGCTTAAATTTAACTCCTTAAGTTACTTTAATG

ATTTAG

900-2R TCGAAGGCTTTAATTTGCGCGAAAAGCCAATTAGTGTGATA

TCYC1
CEN.PK

2-1D
900-3F TAGTATCACACTAATTGGCTTTTCGCGCAAATTAAAGCCTTCGAGC

900-3R
GGGACGCGCCCTGTAGCGGCTGAGGTCTCAACAGGCCCCTTTTCCTT

TG

lacZ pCas 900-4F
CATGATATCGACAAAGGAAAAGGGGCCTGTTGAGACCTCAGCCGCTA

CAGGGCGC

900-4R gaatttttgaaaattcaatataaATGTGAGACCACCATGATTACGCCAAGCG

PGAL10-PGAL1

CEN.PK

2-1D
900-5F TAATCATGGTGGTCTCACATttatattgaattttcaaaaattcttactttttttttg



900-5R ATCTCTCTCTCCTAATTTCTTTTTCTGAAGCcattatagttttttctccttgacgttaaagt

ERG20-TERG20 S288C 900-6F ttaacgtcaaggagaaaaaactataatgGCTTCAGAAAAAGAAATTAGGA

900-6R
ATGTACAAATATCATAAAAAAAGAGAATCTTTTTAAAAAAAATCCTTGGA

CTAGTCACG

Leu2 right arm S288C 900-7F
ACTAGTCCAAGGATTTTTTTTAAAAAGATTCTCTTTTTTTATGATATTTG

TACATAAAC

900-7R
GCGCCATTCGCCATTCAGGCTGCGCAACTGTTGTTTAAACGACAACGA

CCAAGCTCACA

URA3 marker,

AmpR, ori
pRS426 900-8F

GATGTGAGCTTGGTCGTTGTCGTTTAAACAACAGTTGCGCAGCCTGAA

TG

900-8R
TCAACAGTATAGAACCGTGGATGATGTGGTtTCTACAGGATCTGACATT

ATTATTGTTG

URA3 marker, pRS426 900-9F ATAGTCCTCTTCCAACAATAATAATGTCAGATCCTGTAGAaACCACATC



AmpR, ori ATCCACGGTT

900-9R
AGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGcGACCCA

CGCTCACCGGCT

URA3 marker,

AmpR, ori
pRS426 900-10F

TGATAAATCTGGAGCCGGTGAGCGTGGGTCgCGCGGTATCATTGCAG

CACTGGGGCCAG

900-10R
CGATAGCGCCCCTGTGTGTTCTCGTTATGTTTAAACTACTAGAGCTCC

AGCTTTTGTTC

pBFS1 Mac-bFS Mac-bFS
pBFS1-1

F
AAAGGTCTCACTGTTCAAATGACCATTGGGTGGACAAAG

pBFS1-1

R
AAAGGTCTCAaATGTCTACTATCCCTGTTTCCAGTG

pBFS2 Hea-bFS Hea-bFS
pBFS2-1

F
aaaggtctcaCTGTTCAGATAACAGCTGGTTGAACGA



pBFS2-1

R
AAAGGTCTCAaATGGTCTGTATTTCCGACTTTTTC

pBFS4 Tac-bFS Tac-bFS
pBFS4-1

F
aaaggtctcaCTGTTCAGACAATCATTGGTTGAACAA

pBFS4-1

R
AAAGGTCTCAaATGTTGAGAAAGATTTCTTGTCCTAG

pBFS5 Cyc-bFS Cyc-bFS
pBFS5-1

F
aaaggtctcaCTGTTCAAATCAATGGGTGAACTAGC

pBFS5-1

R
AAAGGTCTCAaATGTCCTCCTTTGAAATGTCCA

pBFS6 Las-bFS Las-bFS
pBFS6-1

F
aaaggtctcaCTGTTCAAACGGACATGGAGTTGG

pBFS6-1 AAAGGTCTCAaATGTCTTCTCCAGTTTTGTGCTC



R

pBFS7 Aa-bFS Aa-bFS
pBFS7-1

F
AAAGGTCTCACTGTTCAAACAACCATTGGATGAACAAAGAAAGAC

pBFS7-1

R
AAAGGTCTCaaATGTCTACTTTGCCAATCTCTTCAGTTTC

For

pBFS1

mutant

library

screening

Mac-bFS

variants
pBFS1

pBFS1-m

utation-F

ATTACATGATATCGACAAAGGAAAAGGGGCCTGTTCAAATGACCATTG

GGTGGACAAAG

pBFS1-m

utation-R
aaaaaaagtaagaatttttgaaaattcaatataaATGTCTACTATCCCTGTTTCCAGTG

pBFS45 Mac-bFS-I460V pBFS20 pBFS1-1 AAAGGTCTCACTGTTCAAATGACCATTGGGTGGACAAAG



F

pBFS45-

2R
TTCTTCTTACCCACCAATCGTCAAGGCTTCCTGTGTTATTG

Mac-bFS-I434T pBFS18
pBFS45-

3F
ACACAGGAAGCCTTGACGATTGGTGGGTAAGAAGAAAC

pBFS45-

3R
ACTTACGGTTTGATGACTGCTAGATCCTACGTTGGTAG

Mac-bFS-T319

S
pBFS15

pBFS45-

4F
ACCAACGTAGGATCTAGCAGTCATCAAACCGTAAGTACCG

pBFS45-

4R
AGAATGTTCTTGATGAAGTCTTGTATGTGGCTTGTTGTTTTG

Mac-bFS-M35T pBFS12
pBFS45-

5F
AAGCCACATACAAGACTTCATCAAGAACATTCTGGTTC



pBFS45-

5R
TGTTGTCAGACACACCACCAACTTTTCTGCTTCTATCTGG

Mac-bFS-F11S pBFS9
pBFS45-

6F
GAAGCAGAAAAGTTGGTGGTGTGTCTGACAACATC

pBFS45-

6R

AAAGGTCTCaaATGTCTACTATCCCTGTTTCCAGTGTTTCTTCCTCTAG

TTCTGCCTC

pBFS45-

P2
Ura3 left arm

CEN.PK

2-1D

pAFS1-P

2-1F

ATTAACCCTCACTAAAGGGAACAAAAGCGTTTAAACacgcagataattccaggt

atttt

pAFS1-P

2-1R
AATACGACTCACTATAGGGCGAATTGGGTACcttcgtttcctgcaggtttttgt

HIS3 marker pRS423
pAFS1-P

2-2F
caaaaacctgcaggaaacgaagGTACCCAATTCGCCCTATAGTGAG

pAFS1-P GTTTTGGGACGCTCGAAGGCTTTAATTTGCTCACAGCTTGTCTGTAAG



2-2R CG

TCYC1
CEN.PK

2-1D

pAFS1-P

2-3F

TTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGAGCAAATTAAA

GCCTTCGAGCG

pAFS1-P

2-3R

GTTTGAAAGATGGGTCCGTCACCTGCATTAAATCCTAAACAGGCCCCT

TTTCCTTTGTC

tHMG1 S288C
pAFS1-P

2-4F

TAATTACATGATATCGACAAAGGAAAAGGGGCCTGTTTAGGATTTAAT

GCAGGTGACGG

pAFS1-P

2-4R
gaatttttgaaaattcaatataaATGGTTTTAACCAATAAAACAGTCAT

PGAL10-PGAL1

CEN.PK

2-1D

pAFS1-P

2-5F
GTTTTATTGGTTAAAACCATttatattgaattttcaaaaattcttactttttttttgg

pBFS45-

P2-5R
CTGGAAACAGGGATAGTAGACATtatagttttttctccttgacgttaaagt



Mac-bFS(F11S,

M35T,T319S,I4

34T,I460V)

pBFS45
pBFS45-

P2-6F
ctatactttaacgtcaaggagaaaaaactataATGTCTACTATCCCTGTTTCC

pBFS45-

P2-6R

GAAAAAAATTGATCTATCGATTTCAATTCAATTCAATTCAAATGACCATT

GGGTGGAC

TPGK1
CEN.PK

2-1D

pBFS45-

P2-7F

GTCCACCCAATGGTCATTTGAATTGAATTGAATTGAAATCGATAGATCA

AT

pAFS1-P

2-7R
ttgaagctctaatttgtgagtttagtatacatgcatttacAACGAACGCAGAATTTTCG

Ura3 right arm
CEN.PK

2-1D

pAFS1-P

2-8F

GTTTAATAACTCGAAAATTCTGCGTTCGTTgtaaatgcatgtatactaaactcacaa

at

pAFS1-P

2-8R
GACGGTCACAGCTTGTCTGTGTTTAAACcgtttaagggcaaatgtactct



URA3 marker,

AmpR, ori
pRS426

pAFS1-P

2-9F
agagtacatttgcccttaaacgGTTTAAACACAGACAAGCTGTGACCGTC

pAFS1-P

2-9R
tgcttcaaaatacctggaattatctgcgtGTTTAAACGCTTTTGTTCCCTTTAGTGAGG

pBFS45-

P3
Ura3 left arm

CEN.PK

2-1D

pAFS1-P

2-1F

ATTAACCCTCACTAAAGGGAACAAAAGCGTTTAAACacgcagataattccaggt

atttt

pAFS1-P

2-1R
AATACGACTCACTATAGGGCGAATTGGGTACcttcgtttcctgcaggtttttgt

HIS3 marker pRS423
pAFS1-P

2-2F
caaaaacctgcaggaaacgaagGTACCCAATTCGCCCTATAGTGAG

pAFS1-P

2-2R

GTTTTGGGACGCTCGAAGGCTTTAATTTGCTCACAGCTTGTCTGTAAG

CG

TCYC1 CEN.PK pAFS1-P TTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGAGCAAATTAAA



2-1D 2-3F GCCTTCGAGCG

pAFS1-P

3-3R
gaatttttgaaaattcaatataaACAGGCCCCTTTTCCTTTGTC

PGAL10-PGAL1

CEN.PK

2-1D

pAFS1-P

3-5F
GACAAAGGAAAAGGGGCCTGTttatattgaattttcaaaaattc

pBFS45-

P3-5R
GGAAACAGGGATAGTAGACATtatagttttttctccttgacg

Mac-bFS(F11S,

M35T,T319S,I4

34T,I460V)

pBFS45
pBFS45-

P3-6F
cgtcaaggagaaaaaactataATGTCTACTATCCCTGTTTCC

pBFS45-

P3-6R
CGATTTCAATTCAATTCAATTCAAATGACCATTGGGTGGAC

TPGK1 CEN.PK pBFS45- GTCCACCCAATGGTCATTTGAATTGAATTGAATTGAAATCG



2-1D P3-7F

pAFS1-P

2-7R
ttgaagctctaatttgtgagtttagtatacatgcatttacAACGAACGCAGAATTTTCG

Ura3 right arm
CEN.PK

2-1D

pAFS1-P

2-8F

GTTTAATAACTCGAAAATTCTGCGTTCGTTgtaaatgcatgtatactaaactcacaa

at

pAFS1-P

2-8R
GACGGTCACAGCTTGTCTGTGTTTAAACcgtttaagggcaaatgtactct

URA3 marker,

AmpR, ori
pRS426

pAFS1-P

2-9F
agagtacatttgcccttaaacgGTTTAAACACAGACAAGCTGTGACCGTC

pAFS1-P

2-9R
tgcttcaaaatacctggaattatctgcgtGTTTAAACGCTTTTGTTCCCTTTAGTGAGG

pBFS45-

P4
Ura3 left arm

CEN.PK

2-1D

pAFS1-P

2-1F

ATTAACCCTCACTAAAGGGAACAAAAGCGTTTAAACacgcagataattccaggt

atttt



pAFS1-P

2-1R
AATACGACTCACTATAGGGCGAATTGGGTACcttcgtttcctgcaggtttttgt

HIS3 marker pRS423
pAFS1-P

2-2F
caaaaacctgcaggaaacgaagGTACCCAATTCGCCCTATAGTGAG

pAFS1-P

2-2R

GTTTTGGGACGCTCGAAGGCTTTAATTTGCTCACAGCTTGTCTGTAAG

CG

TCYC1
CEN.PK

2-1D

pAFS1-P

2-3F

TTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGAGCAAATTAAA

GCCTTCGAGCG

pBFS45-

P4-3R
GTCCACCCAATGGTCATTTGAACAGGCCCCTTTTCCTTTGTC

Mac-bFS(F11S,

M35T,T319S,I4

34T,I460V)

pBFS45
pBFS45-

P4-4F

TAATTACATGATATCGACAAAGGAAAAGGGGCCTGTTCAAATGACCAT

TGGGTGGAC



pBFS45-

P4-4R
gaatttttgaaaattcaatataaATGTCTACTATCCCTGTTTCCA

PGAL10-PGAL1

CEN.PK

2-1D

pBFS45-

P4-5F
CAGGGATAGTAGACATttatattgaattttcaaaaattcttactttttttttg

pBFS45-

P4-5R
GGAAACAGGGATAGTAGACATtatagttttttctccttgacgttaaagt

Mac-bFS(F11S,

M35T,T319S,I4

34T,I460V)

pBFS45
pBFS45-

P4-6F
ctctatactttaacgtcaaggagaaaaaactataATGTCTACTATCCCTGTTTCC

pBFS45-

P4-6R

AAATTGATCTATCGATTTCAATTCAATTCAATTCAAATGACCATTGGGT

GGAC

TPGK1
CEN.PK

2-1D

pBFS45-

P4-7F
CCACCCAATGGTCATTTGAATTGAATTGAATTGAAATCGATAGATCAAT



pAFS1-P

2-7R
ttgaagctctaatttgtgagtttagtatacatgcatttacAACGAACGCAGAATTTTCG

Ura3 right arm
CEN.PK

2-1D

pAFS1-P

2-8F

GTTTAATAACTCGAAAATTCTGCGTTCGTTgtaaatgcatgtatactaaactcacaa

at

pAFS1-P

2-8R
GACGGTCACAGCTTGTCTGTGTTTAAACcgtttaagggcaaatgtactct

URA3 marker,

AmpR, ori
pRS426

pAFS1-P

2-9F
agagtacatttgcccttaaacgGTTTAAACACAGACAAGCTGTGACCGTC

pAFS1-P

2-9R
tgcttcaaaatacctggaattatctgcgtGTTTAAACGCTTTTGTTCCCTTTAGTGAGG

pBFS45-

P5

YPRCdelta15

left arm

CEN.PK

2-1D

pAFS1-P

5-1F

CTAAAGGGAACAAAAGCGCGGCCGCGGCAATTTGGTACAAAAATCAC

G

pAFS1-P CTATATTATATATATAGTAATGTCGTTTTTGCGAAACCCTATGCTC



5-1R

TRP1 marker pRS424
pAFS1-P

5-2F
GAGCATAGGGTTTCGCAAAAACGACATTACTATATATATAATATAG

pAFS1-P

5-2R
GCTCGAAGGCTTTAATTTGCCCTGATGCGGTATTTTCTCC

TCYC1
CEN.PK

2-1D

pAFS1-P

5-3F
GGAGAAAATACCGCATCAGGGCAAATTAAAGCCTTCGAGCG

pAFS1-P

7-3R

GTTTGAAAGATGGGTCCGTCACCTGCATTAAATCCTAAACAGGCCCCT

TTTCCTTTGTC

tHMG1 S288C
pAFS1-P

7-4F

TAATTACATGATATCGACAAAGGAAAAGGGGCCTGTTTAGGATTTAAT

GCAGGTGACGG

pAFS1-P

7-4R
gaatttttgaaaattcaatataaATGGTTTTAACCAATAAAACAGTCATTT



PGAL10-PGAL1

CEN.PK

2-1D

pAFS1-P

7-5F
GTTTTATTGGTTAAAACCATttatattgaattttcaaaaattcttactttttttttg

pBFS45-

P5-5R
GGAAACAGGGATAGTAGACATtatagttttttctccttgacg

Mac-bFS(F11S,

M35T,T319S,I4

34T,I460V)

pBFS45
pBFS45-

P5-6F
cgtcaaggagaaaaaactataATGTCTACTATCCCTGTTTCC

pBFS45-

P5-6R
CGATTTCAATTCAATTCAATTCAAATGACCATTGGGTGGAC

TPGK1
CEN.PK

2-1D

pBFS45-

P5-7F
GTCCACCCAATGGTCATTTGAATTGAATTGAATTGAAATCG

pAFS1-P

5-7R
GCTCATCCCGACCTTCCATTAACGAACGCAGAATTTTCGAG



YPRCdelta15

right arm

CEN.PK

2-1D

pAFS1-P

5-8F
CTCGAAAATTCTGCGTTCGTTAATGGAAGGTCGGGATGAGC

pAFS1-P

5-8R

AGACGGTCACAGCTTGTCTGTGCGGCCGCGCTTCTAATAAACCGATG

AACGC

AmpR, ori pRS426
pAFS1-P

5-9F

GCGTTCATCGGTTTATTAGAAGCGCGGCCGCACAGACAAGCTGTGAC

CGTCT

pAFS1-P

5-9R
TTTTGTACCAAATTGCCGCGGCCGCGCTTTTGTTCCCTTTAGTGAGG

pBFS45-

P6

YPRCdelta15

left arm

CEN.PK

2-1D

pAFS1-P

5-1F

CTAAAGGGAACAAAAGCGCGGCCGCGGCAATTTGGTACAAAAATCAC

G

pAFS1-P

5-1R
CTATATTATATATATAGTAATGTCGTTTTTGCGAAACCCTATGCTC

TRP1 marker pRS424 pAFS1-P GAGCATAGGGTTTCGCAAAAACGACATTACTATATATATAATATAG



5-2F

pAFS1-P

6-2R
GCTGAATGGGCAGTTCGAATACCTGATGCGGTATTTTCTCC

TGPM1 S288C
pAFS1-P

6-3F
GGAGAAAATACCGCATCAGGTATTCGAACTGCCCATTCAGC

pAFS1-P

6-3R
gtaagaatttttgaaaattcaatataaGTCTGAAGAATGAATGATTTGATGAT

PGAL10-PGAL1

CEN.PK

2-1D

pAFS1-P

6-5F
AATCATTCATTCTTCAGACttatattgaattttcaaaaattcttactttttttttg

pBFS45-

P6-5R
GGAAACAGGGATAGTAGACATtatagttttttctccttgacg

Mac-bFS(F11S,

M35T,T319S,I4
pBFS45

pBFS45-

P6-6F
cgtcaaggagaaaaaactataATGTCTACTATCCCTGTTTCC



34T,I460V)

pBFS45-

P6-6R
CGATTTCAATTCAATTCAATTCAAATGACCATTGGGTGGAC

TPGK1
CEN.PK

2-1D

pBFS45-

P6-7F
GTCCACCCAATGGTCATTTGAATTGAATTGAATTGAAATCG

pAFS1-P

5-7R
GCTCATCCCGACCTTCCATTAACGAACGCAGAATTTTCGAG

YPRCdelta15

right arm

CEN.PK

2-1D

pAFS1-P

5-8F
CTCGAAAATTCTGCGTTCGTTAATGGAAGGTCGGGATGAGC

pAFS1-P

5-8R

AGACGGTCACAGCTTGTCTGTGCGGCCGCGCTTCTAATAAACCGATG

AACGC

AmpR, ori pRS426
pAFS1-P

5-9F

GCGTTCATCGGTTTATTAGAAGCGCGGCCGCACAGACAAGCTGTGAC

CGTCT



pAFS1-P

5-9R
TTTTGTACCAAATTGCCGCGGCCGCGCTTTTGTTCCCTTTAGTGAGG

pBFS45-

P7

YPRCdelta15

left arm

CEN.PK

2-1D

pAFS1-P

5-1F

CTAAAGGGAACAAAAGCGCGGCCGCGGCAATTTGGTACAAAAATCAC

G

pAFS1-P

5-1R
CTATATTATATATATAGTAATGTCGTTTTTGCGAAACCCTATGCTC

TRP1 marker pRS424
pAFS1-P

5-2F
GAGCATAGGGTTTCGCAAAAACGACATTACTATATATATAATATAG

pAFS1-P

5-2R
GCTCGAAGGCTTTAATTTGCCCTGATGCGGTATTTTCTCC

TCYC1
CEN.PK

2-1D

pAFS1-P

5-3F
GGAGAAAATACCGCATCAGGGCAAATTAAAGCCTTCGAGCG

pBFS45- CTTTGTCCACCCAATGGTCATTTGAACAGGCCCCTTTTCCTTTGTC



P7-3R

Mac-bFS(F11S,

M35T,T319S,I4

34T,I460V)

pBFS45
pBFS45-

P7-4F
ATCGACAAAGGAAAAGGGGCCTGTTCAAATGACCATTGGGTGGAC

pBFS45-

P7-4R
gtaagaatttttgaaaattcaatataaATGTCTACTATCCCTGTTTCCAGT

PGAL10-PGAL1

CEN.PK

2-1D

pBFS45-

P7-5F
CAGGGATAGTAGACATttatattgaattttcaaaaattcttactttttttttg

pBFS45-

P7-5R
CACTGGAAACAGGGATAGTAGACATtatagttttttctccttgacgttaaagt

Mac-bFS(F11S,

M35T,T319S,I4

34T,I460V)

pBFS45
pBFS45-

P7-6F
cgtcaaggagaaaaaactataATGTCTACTATCCCTGTTTCCAGTG



pBFS45-

P7-6R
GATCTATCGATTTCAATTCAATTCAATTCAAATGACCATTGGGTGGAC

TPGK1
CEN.PK

2-1D

pBFS45-

P7-7F
CCACCCAATGGTCATTTGAATTGAATTGAATTGAAATCGATAGATCAAT

pAFS1-P

5-7R
GCTCATCCCGACCTTCCATTAACGAACGCAGAATTTTCGAG

YPRCdelta15

right arm

CEN.PK

2-1D

pAFS1-P

5-8F
CTCGAAAATTCTGCGTTCGTTAATGGAAGGTCGGGATGAGC

pAFS1-P

5-8R

AGACGGTCACAGCTTGTCTGTGCGGCCGCGCTTCTAATAAACCGATG

AACGC

AmpR, ori pRS426
pAFS1-P

5-9F

GCGTTCATCGGTTTATTAGAAGCGCGGCCGCACAGACAAGCTGTGAC

CGTCT

pAFS1-P TTTTGTACCAAATTGCCGCGGCCGCGCTTTTGTTCCCTTTAGTGAGG



5-9R

pXZ162
PSNR52_gRNA.r

DNA, KlURA3

pKlURA3

100
1621-F

AAAGGTCTCAgatcTCCAAAGTGACAGGTGCCCCGTTTTAGAGCTAGAA

ATAGCAAGTT

1621-R aaaggtctcaaaacTCTAGACTTTTTCGATGATGTAGTTTC

pCas

pXZ147 rDNA left arm S288C 1471-F
GCTCGGTACCCGGGGATCCTCTAGAGATtGTTTAAACTTTCCTCTAATC

AGGTTCCACC

1471-R
GGTTTTGGGACGCTCGAAGGCTTTAATTTGCTCACTTTGGAAAAAAAA

TATACGCTAAG

PGAL10-BtCrtI-TC

YC1

pZY1841 1472-F
TCTCCAAAAATCTTAGCGTATATTTTTTTTCCAAAGTGAGCAAATTAAA

GCCTTCGAGC

1114-F ttcctcttcataaccataaaagctag

PGAL1-PaCrtE-T pZY1531 1115-R actgctccgaacaataaagat



GPM1

1473-R
TAAAAAATAGTGAGGAACTGGGTTACCCGGGGCACCTGTATTCGAACT

GCCCATTCAGC

rDNA right arm S288C 1474-F
CACCAATTGCAAAGGGAAAAGCTGAATGGGCAGTTCGAATACAGGTG

CCCCGGGTAACC

1474-R
CCAAGCTTGCATGCCTGCAGGTCGACGATGTTTAAACCATGAGAGTA

GCAAACGTAAGT

pMD19T

pXZ148 rDNA left arm S288C 1471-F
GCTCGGTACCCGGGGATCCTCTAGAGATtGTTTAAACTTTCCTCTAATC

AGGTTCCACC

1481-R
ATAAAAAATGTTTATCCATTGGACCGTGTATCACTTTGGAAAAAAAATA

TACGCTAAGA

PGAL10-tHMG1- pZY1411 1482-F CCAAAAATCTTAGCGTATATTTTTTTTCCAAAGTGATACACGGTCCAAT



TACT1 GGATAAACAT

1114-F ttcctcttcataaccataaaagctag

PGAL1-PagCrtB-

TPGK1
pZY184 1115-R actgctccgaacaataaagat

1483-R
GTAAAAAATAGTGAGGAACTGGGTTACCCGGGGCACCTGAACGAACG

CAGAATTTTCGA

rDNA right arm S288C 1484-F
GCGTATTTTAAGTTTAATAACTCGAAAATTCTGCGTTCGTTCAGGTGCC

CCGGGTAACC

1474-R
CCAAGCTTGCATGCCTGCAGGTCGACGATGTTTAAACCATGAGAGTA

GCAAACGTAAGT

pMD19T
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