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Abstract

Background: Linalool is a monoterpenoid, also a vital silvichemical with commercial applications in cosmetics,
flavoring ingredients, and medicines. Regulation of mevalonate (MVA) pathway metabolic flux is a common strategy
to engineer Saccharomyces cerevisiae for efficient linalool production. However, metabolic regulation of the MVA
pathway is complex and involves competition for central carbon metabolism, resulting in limited contents of target
metabolites.

Results: In this study, first, a truncated linalool synthase (t26AalLS1) from Actinidia arguta was selected for the produc-
tion of linalool in S. cerevisiae. To simplify the complexity of the metabolic regulation of the MVA pathway and increase
the flux of isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), we introduced the two-step
isopenteny! utilization pathway (IUP) into S. cerevisiae, which could produce large amounts of IPP/DMAPP. Further,

the S. cerevisiae IDI1 (ecoding isopentenyl diphosphate delta-isomerase) and ERG20™" N2/ (encoding farnesyl
diphosphate synthase) genes were integrated into the yeast genome, combined with the strategies of copy number
variation of the t26AaLS1 and ERG207W=N1?7W genes to increase the metabolic flux of the downstream IPP, as well

as optimization of isoprenol and prenol concentrations, resulting in a 4.8-fold increase in the linalool titer. Eventually,
under the optimization of carbon sources and Mg?* addition, a maximum linalool titer of 142.88 mg/L was obtained
in the two-phase extractive shake flask fermentation.

Conclusions: The results show that the efficient synthesis of linalool in S. cerevisiae could be achieved through a two-
step pathway, gene expression adjustment, and optimization of culture conditions. The study may provide a valuable
reference for the other monoterpenoid production in S. cerevisiae.

Keywords: Linalool, Saccharomyces cerevisiae, Metabolic engineering, Isopenteny! utilization pathway, Two-phase
fermentation

Background
Terpenoids comprise the most abundant and diverse
class of natural products with more than 80,000 identi-
fied compounds, widely used in medicine, flavors, bio-
fuels and so on [1-3]. Many of those compounds have
critical pharmacological properties in the treatment of
cancer, malaria, inflammation, and a variety of infectious
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perfumes and medicines due to its unique aroma and
various biological activities such as sedative [4], antibac-
terial [5] and anticancer [6]. However, natural linalool,
obtained mainly from spices such as camphor wood oil,
is restricted by plant resources and insufficient to fulfill
market demand. And synthetic linalool has poor enan-
tioselectivity, health issues, and environmental pollu-
tion problems. Therefore, linalool synthesis in microbial
platforms via fermentation has received extensive atten-
tion, which may provide a safe and sustainable alter-
native [7].So far, Saccharomyces cerevisiae, Yarrowia
lipolytica, Escherichia coli, and Pantoea ananatis have
been employed for the biosynthesis of linalool [8—11].
Nitta et al. expressed AaLINS from Actinidia arguta
and the S80F mutant of farnesyl diphosphate synthase
gene (IspASEF) from E. coli combined with elevation of
the precursor supply via the mevalonate pathway in P
ananatis, obtaining the highest ever reported linalool
titer of 10.9 g/L in fed-batch fermentation [12]. S. cerevi-
siae is the attractive model organism and widely used for
the commercial production of high-value chemicals due
to its high safety, clear genetic background, and strong
fermentation process stability [13].

Usually, the essential factors for the biosynthesis of
linalool in microorganisms are linalool synthase and
the immediate precursor geranyl pyrophosphate (GPP).
GPP as a substrate for heterologous linalool synthase
can synthesize enantioselective linalool [14]. In S. cer-
evisiae, GPP is synthesized from isopentenyl pyroph-
osphate (IPP) and dimethylallyl diphosphate (DM APP)
generated by the mevalonate (MVA) pathway with the
catalysis of farnesyl diphosphate synthase (ERG20).
However, ERG20 is a bifunctional enzyme that cata-
lyzes the condensation of GPP and IPP into FPP, result-
ing in the inability to accumulate GPP. Meanwhile,
FPP is an indispensable precursor in living organisms,
so removing the FPP pool is not feasible. Therefore,
enough GPP is one of the keys to improve linalool pro-
duction. Several studies have shown that mutations at
K197, F96, and N127 of ERG20 can prefer to produce
GPP, especially double mutations of F96W and N127W
(ERG20P6WNR27W) showed excellent ability to increase
monoterpene production [15-17]. To date, several
strategies have been established to increase the flux of
GPP to linalool synthesis [8, 18—21]. A maximum linal-
ool titer obtained in S. cerevisiae is 80.9 mg/L in shake-
flask cultivation using a combinatorial modulation
strategy that involved improving the expression level of
linalool synthase by fusion a SKIK tag to N-terminus of
t67OMCcLISE3*3P/ESS2H - ipcreasing the conversion effi-
ciency of GPP to linalool by attaching RIDD and RIAD
peptide tags with the C-terminus of ERG20F¢¥—N127%
and SKIK-t670OMCcLISE3*3P/E352H - and downregulation
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of native ERG20 to reduce sterol flux [20]. Never-
theless, compared with other monoterpenes such as
limonene [22, 23], the linalool production by recombi-
nant S. cerevisiae is still very low.

In S. cerevisiae, the MVA pathway requires seven
steps, two nicotinamide adenine dinucleotide phos-
phate (NADPH) and three Adenosine triphosphate
(ATP), involving a complex regulatory mechanism
and competition for central carbon metabolism, which
is responsible for product yields far below the theo-
retical maximum. Recently, the isopentenol utiliza-
tion pathway (IUP), two-step synthesis of IPP and
DMAPP using isoprenol or prenol as substrates, has
been developed and can replace the MVA pathway for
terpenoids biosynthesis [24—29]. For instance, engi-
neering the linalool/nerolidol synthase (bLinS) of
Streptomyces clavuligerus in combination with the IUP
to construct recombinant E. coli resulted in an 800-
fold increase in linalool production [30]. The advan-
tage of the IUP is that it can bypass the complexity of
the inherent pathway, consume minimal cofactors, and
synthesize IPP in high throughput [24, 27]. In our pre-
vious work, the linalool synthase from Cinnamomum
osmophloeum (CoLIS) and the FO96W-N127W mutant
of farnesyl pyrophosphate (ERG207°WN127W) yere co-
expressed respectively in the mitochondria that inte-
grated the entire MVA pathway and in the cytoplasm
that expressed the key enzymes tHMG1 and IDI1 as
well as down-regulated endogenous ERG20, producing
23.45 mg/L linalool by fermentation [21]. However, the
growth of engineered strains was severely affected due
to the metabolic burden caused by overexpression of
multiple genes [21]. Therefore, we speculated the IUP
introduced into S. cerevisiae can simplify metabolic
regulation and reduce the metabolic burden.

In the work, we sought to utilize the IUP to boost the
production of linalool in S. cerevisiae (Fig. 1). First, dif-
ferent N-terminal truncated linalool synthases from
Actinidia arguta were individually overexpressed in engi-
neered S. cerevisiae to investigate the effect on linalool
production in S. cerevisiae. Subsequently, the IUP was
introduced into S. cerevisiae, and intracellular IPP and
DMAPP contents were compared using the engineered
MVA pathway and the IUP to determine the utility of IUP
in S. cerevisiae. Further, three key enzyme genes involved
in the linalool biosynthesis pathway were integrated into
the S. cerevisiae genome and meanwhile optimized iso-
prenol and prenol to increase the linalool production. In
addition, the effect of t26AaLSI1 and ERG20"5W—NI27W
genes copy number on the linalool production was also
examined. Finally, through the optimization of carbon
source and Mg?", the linalool production was increased
to a high level in engineered S. cerevisiae.
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Fig. 1 Scheme for linalool production in S. cerevisiae using the IUP. Native pathways in S. cerevisiae are shown by the black arrows. Engineered

$288C; AtIPK, isopentenyl phosphate kinase from A. thaliana; IDI1, isopentenyl diphosphate delta-isomerase from S. cerevisige $288C; ERG20F*W~
, geranyl pyrophosphate synthase from S. cerevisiae S288C; t26AalLS1, linalool synthase from A. arguta
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Results and discussion

Comparison of two linalool synthases for linalool
production in engineered S. cerevisiae

Generally, plant-derived linalool synthases exhibit low
catalytic efficiency when heterologously expressed and
are often considered the impediment to high linalool
production. In a previous study, the performance of six
(S)-specific linalool synthases from the plants was com-
pared in Pantoea ananatis, and Actinidia arguta linalool
synthase (AaLS1) showed the best (S)-linalool production
with 100% enantio excess [31]. Therefore, to optimize
heterologous linalool production in S. cerevisiae, the co-
expression plasmid pYC-MAaLSI-MERG20PW—N27W
including AaLSI and ERG20F°V~NI27W with mitochon-
drial localization signal (MLS) sequence was transformed
into strain BY4742-MC-02, generating strain YMC217.
S. cerevisiae BY4742-MC-02 was reported in our previ-
ous work [21], which showed the strain with the whole
MVA pathway in both mitochondria and cytoplasm and
with a sufficient precursor supply. The strain YMC214
harboring the pYC-MLIS-MERG205V=N12"W" plasmid
including (S)-linalool synthase gene from Cinnamo-
mum osmophloeum was used as the experimental group
and BY4742-MC-02 was used as the control. Since

the parental strain BY4742-MC-02 has a GAL80 dele-
tion, genes under the control of the GAL promoter also
allows gene expression in the absence of galactose. Thus,
GC-MS analysis was performed after the recombinant
strains were cultured in SS-URA medium with 20% iso-
propyl myristate (IPM) for 72 h. As shown in Fig. 2, lin-
alool was detected in YMC217, and the retention time
was 11.37 min. Specifically, although both the strains
YMC217 and YMC214 had little difference in the cell
growth and sucrose consumption ability (Fig. 2D), the
production of linalool by YMC217 overexpressing AaLS1
was determined to be 12.67 mg/L and showed 1.4-fold
higher than that by YMC214 overexpressing CoLINS
(9.22 mg/L). The results reflected that AaLS1 could at
least equally or more effectively convert GPP to linalool
than CoLINS used in our previous work [21].

Meanwhile, monoterpene synthases in plants have
an N-terminal plastidic transit peptide, and the proper
truncation site for monoterpene synthases can improve
microbial monoterpene production [31]. The RR-heu-
ristic motif is a conserved double arginine motif and
residues upstream of the highly conserved RR motif
are not required for monoterpene synthase activ-
ity [32]. And a previous study reported that deletion of
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Fig. 2 Linalool production from engineered S. cerevisiae strains. A Total ion chromatogram for linalool standard, the engineered strain YMC214,
YMC217 and the control strainBY4742-MC-02. B Mass spectra for linalool production by the strain YMC217. C Mass spectra for linalool standard. D
Sucrose consumption, cell growth and linalool production curves of the engineered strain YMC214, YMC217 and the control strain BY4742-MC-02.
The strains were cultured in SS-URA medium with 20% isopropyl myristate (IPM) for 72 h

residues upstream of the RR motif improved monoter-
pene synthase expression in yeast [31]. Thus, to improve
the expression and activity of linalool synthase in S.

cerevisiae, the N-terminal plastid targeting sequence
truncation site of AaLS1 was predicted by the ChloroP or
RR-heuristic method to obtain t26Aal.S1 and t78AaLS1.
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The t26AalS1 and t78AaLS1 fragments were obtained
to construct pYC-Mt26AaLS1-MERG20YV—N127W and
pYC-Mt78AaLS1-MERG20PW—NI27W, respectively,
which were transformed into strain BY4742-MC-02,
generating the strains YMC218 and YMC219, respec-
tively (Fig. 3A). The results showed that YMC218 car-
rying t26AaLS1 produced 23.81 mg/L of linalool, which
was almost 1.9-fold higher than that of YMC217 car-
rying AaLSI (Fig. 3B). Nevertheless, YMC219 carry-
ing t78AaLS1 produced 5.29 mg/L of linalool and did
not increase the production of linalool but harmed lin-
alool synthesis (Fig. 3B), most likely due to improper
N-terminal truncation position that impaired the activ-
ity of t78AaLS1. Similarly, the highest linalool titer and
geraniol titer in S. cerevisiae from truncated Actinidia
polygama LIS (t26ApLIS) and truncated Phyla dulcis
geraniol synthase (t43PdGES), respectively, while the S.
cerevisiae strains expressing t78ApLIS and t86PdGES
produced less linalool and geraniol than ApLIS and
PdLIS [31]. In addition, an aqueous-organic two-phase
system to extract fermentation of terpenoids in recom-
binant S. cerevisiae is adopted as an effective strategy to
reduce product toxicity and collect hydrophobic prod-
ucts [33, 34]. Isopropyl myristate (IPM) is a commonly
used solvent in two-phase extractive fermentation and
has been used to improve the production of terpenoids
such as Alpha-Terpineol and linalool [17, 19, 20, 23]. A
recent study showed that the use of isopropyl myristate
as the extraction solvent in the ultrasonic-irradiated two-
phase extractive fermentation significantly improved the
carotenoid production of recombinant S. cerevisiae, and
isopropyl myristate exhibited obvious advantages over
dodecane and butyl oleate in the extraction of carote-
noids [35]. To evaluate the effects of linalool production
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in two-phase extract fermentation using IPM, the above
engineering strains in this study were cultured in SS-
URA medium with and without IPM. When 20% IPM
was added to the culture medium, the yield of linalool by
YMC218 reached 23.94 mg/g DCW, representing a 103%
increase compared with no overlay (11.81 mg/g DCW).
As shown during linalool production, we confirmed that
the medium covered with IPM can improve the produc-
tion of linalool and hardly affect the growth of the strain.
Furthermore, we also tested the effect of different con-
centrations of linalool added to the SS-URA medium on
growth of the engineered S. cerevisiae strain. The results
showed that the cell growth was significantly inhibited by
more than 250 mg/L linalool (Additional file 1: Fig. S1).

Effects of introducing the IUP on synthesis of IPP/DMAPP

in S. cerevisiae

Before constructing IUP in S. cerevisiae, we examined
the tolerance of S. cerevisiae against isoprenol and/or
prenol due to their toxicity to microbial hosts, affect-
ing cell growth and target product yield [36, 37]. S. cer-
evisiae strain BY4742 was cultured in YPD medium
supplemented with isoprenol and/or prenol at different
concentrations. And optical density at 600 nm (ODg)
was taken to evaluate the toxicity of isoprene and pre-
nol in S. cerevisiae. After 24 h, the cell growth decreased
by 55% and 73% for the addition of 100 mM isoprenol
or prenol, respectively, compared with that without iso-
prenol or prenol (Additional file 1: Fig. S2A, B). With
the addition of 200 mM isoprenol or prenol, cell growth
was severely inhibited. A previous study has also shown
that S. cerevisiae was more tolerant to isoprenol than E.
coli, with a maximum half-inhibitory concentration of
7.79 g/L (~90 mM) to isoprenol, and S. cerevisiae showed
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Fig. 3 Effects of different truncation position in N-terminus of AaLST and IPM layer on linalool production. A Scheme of the screening strategy
for the truncated position of N-terminus of AaLS1. B Linalool production and cell growth in strains overexpressing AalLS1, t26AalS1 and t78AalS1,
respectively. The strains were cultured in SS-URA medium with 20% isopropyl myristate (IPM) for 72 h. All values represent the mean + standard
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no growth at 20 g/L isoprenol (~232 mM) [37]. When
supplemented with 50 mM isoprenol and prenol, bio-
mass decreased by 65%, and cell growth was dramatically
affected (Additional file 1: Fig. S2C).

Although in our previous study, BY4742-MC-02 we
constructed could increase the production of linalool
through dual regulation of MVA pathways in the mito-
chondrial and cytoplasmic, the biomass was significantly
reduced due to the excessive metabolic burden [21]. Sev-
eral studies have demonstrated that the IUP can avoid
complex regulation and central carbon metabolism,
achieving efficient biosynthesis of terpenoids [24-29].
Therefore, to simplify the means of metabolic regulation
and reduce the metabolic burden, we introduced IUP
into S. cerevisiae. In order to use glucose or sucrose as
a carbon source to regulate the expression of genes in
the system, Sclin01 was obtained by knocking out the
GALS8O0 gene on the BY4742 genome, which was the con-
trol group. It was reported that choline kinase from S.
cerevisiae (ScCK) could convert isoprenol to appreciable
amounts of both IP and DMAP and isopentenyl phos-
phate kinase from Arabidopsis thaliana (AtIPK) exhib-
ited excellent performance in catalyzing the second step
of IUP [24]. Thus, the AtIPK and ScCK genes encoding
the IUP were cloned in the pUMRI-G plasmid, result-
ing in the plasmid pUMRI-G-At/PK-ScCK. This plas-
mid was transformed into BY4742 so that the AtIPK
and ScCK genes were inserted into the GAL8O locus in
strain BY4742, generating strain Sclin02 (Fig. 4A). Sub-
sequently, the intracellular IPP/DMAPP contents were
analyzed by LC-MS/MS. As expected, a small amount
of intracellular IPP/DMAPP was detected in Sclin01
using the native MVA pathway as a control, while the
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IUP-introduced strain Sclin02 significantly increased by
6.4-fold. And the biomass of Sclin02 decreased by 18.91%
compared to Sclin01 (Fig. 4B). Importantly, IPP/DMAPP
contents were not significantly different between Sclin02
and BY4742-MC-02, but the biomass of Sclin02 was
2.0-fold higher than that of BY4742-MC-02 (Fig. 4B).
The effects of introducing IUP into S. cerevisiae on the
synthesis of IPP and DMAPP in our study were consist-
ent with that of introducing IUP into the peroxisome of
Pichia pastoris (i.e., 7.8-fold) [38], but neither exhibited
excellent performance as the introduction of IUP into the
cytoplasm of Yarrowia lipolytica (i.e., 15.7-fold) [28]. The
phenomenon may be related to the limited permeability
of cells [38]. Overall, the results indicate that the IUP is
an efficient strategy for the two-step synthesis of native
MVA pathway products IPP/DMAPP in S. cerevisiae.

Enhancement linalool synthesis in S. cerevisiae using

the IUP

To evaluate the utility of this strategy on linalool pro-
duction in S. cerevisiae, t26AalLS1 and ERG20"°Y~
NI2ZW were first introduced into Sclin02 by the plasmid
pUMRI-H-£26AaLS1-ERG20"°V~N127W " generating the
strain Sclin03. Meanwhile, previous studies have shown
that it is an effective strategy to increase the synthesis of
terpenoids by either adding an appropriate concentration
of isoprenol [28] or controlling the ratio between isopre-
nol and prenol [26, 30]. Thus, Sclin03 was first tested for
linalool production using various concentrations of iso-
prenol and/or prenol. After 96 h two-phase shake-flask
culture, a maximum linalool titer of 23.44 mg/L supplied
with 17.5 mM each of isoprenol and prenol was obtained.
And linalool was also detected supplemented with other
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Fig. 4 Effect of introducing the IUP on the synthesis of IPP and DMAPP. A Scheme of introducing the IUP into S. cerevisiae. B Comparison of
intracellular IPP and DMAPP contents in S. cerevisiae control strain Sclin01, strain BY4742-MC-02 with the whole MVA pathway in both mitochondria
and cytoplasm, and strain Sclin02 with the IUP. Strains Sclin01 and Sclin02 were cultured in YPS medium containing 17.5 mM isoprenol and prenol,
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concentrations of isoprenol and prenol in combination
(data not shown). However, no linalool was detected in
cultures supplemented with only one of the two, probably
due to isoprenol and prenol producing separately large
amounts of IPP and DMAPP through the IUP pathway,
resulting in excessive content of one of them not condu-
cive to the formation of linalool.

IDII1 and ERG20 are the key enzyme genes in the lin-
alool synthesis pathway, which play individually impor-
tant roles in the interconversion and balance of IPP and
DMAPP and the synthesis of GPP available, affecting the
linalool production [39]. Thus, to investigate the effects
of IDII and ERG20™YW~NI27W o1 the production of lin-
alool based on the IUP, two copies of IDII, one copy of
IDI1 and ERG20"°W~NI27W yyere introduced into Sclin03,
respectively, generating Sclin04 and Sclin05. As expected,
the results showed that overexpression of either two cop-
ies of IDII or one copy of IDII together with ERG207%~
NI27W increased linalool production. Different contents of
linalool were produced in Sclin04 when various concen-
trations of prenol were added to the medium (data not
shown). However, with the addition of isoprenol to the
medium, nerolidol significantly increased while linalool
was not detected. We speculate that the conversion of
IPP to DMAPP catalyzed by IDI1 enzyme is restricted,
resulting in the unbalanced ratio of IPP and DMAPP,
while the precursor GPP for linalool synthesis requires a
1:1 ratio of IPP to DMAPP, and when a lower intracellu-
lar level of DMAPP than IPP, IPP may still react with GPP
to form other terpenoid precursors, such as FPP, result-
ing in a decrease in the metabolic flux of GPP to linal-
ool. Notably, the highest titer of linalool in strain Sclin04
represented approximately 1.6-fold increases relative to
Sclin03 at 17.5 mM each of isoprenol and prenol, reach-
ing about 37.01 mg/L. To sum up, the results revealed
that the combination of isoprenol and prenol had a sig-
nificant effect on linalool production, which was similar
to the results obtained in previous studies [25, 30].

When Sclin05 was tested using various concentrations
of isoprenol and/or prenol, the results showed that the
strain produced 8.55 mg/L linalool at 35 mM isoprenol,
17.28 mg/L at 35 mM prenol, and 53.03 mg/L at 17.5 mM
each of isoprenol and prenol (Fig. 5). Specifically, the
highest linalool titer in Sclin05 was almost 1.4-fold higher
than that in Sclin04 under the same conditions, indicat-
ing that overexpression of IDII and ERG20/6W~—NI27W
could better improve the production of linalool. The
results illustrate that overexpression of IDI and ERG20
can enhance the downstream metabolic synthesis flux of
IPP [28, 29]. In addition, in order to fully utilize IPP and
DMAPP to convert into GPP, the geranyl pyrophosphate
synthase gene from Abies grandis with the plastid-target-
ing sequence removed to generate tAgGPPS, which was
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inserted into strain Sclin03 together with IDI1. Unexpect-
edly, the resulting strain Sclin06 produced 24.65 mg/L of
linalool, which decreased by 53% compared with Sclin05,
although a previous study showed that overexpression
of AgGPPS increased the production of geraniol in S.
cerevisiae with ERG20'°’F [40]. Herein, plant-derived
GPP synthases introduced into S. cerevisiae to promote
monoterpene synthesis requires further investigation.

Effect of increasing gene copy numbers on linalool
production

The use of IUP to produce terpenoids may have to
deal with the low utilization of IPP and DMAPP by
downstream terpenoid synthesis [24]. Enhancing
gene expression by regulating gene copy number is an
effective approach to increasing metabolic pathway
flux [29, 41]. For example, increasing the copy num-
ber of the related rate-limiting enzymes genes CrtE
(encoding geranylgeranyl pyrophosphate synthase)
and Crtl (encoding phytoene desaturase) in S. cerevi-
siae increased lycopene production from 118 mg/L to
186 mg/L [41]. As such, to further improve the produc-
tion of linalool, 2, 3, 5, and 7 copies of t26AaLS1 and
ERG20PW—NIZZW yere introduced into the genome
of Sclin05, generating the strains Sclin05-2, Sclin05-3,
Sclin05-5, and Sclin05-7, respectively, which required
searching for suitable insertion sites on the genome.
Genes LPPI and DPPI encode two phosphatases that
accounted for most of the hydrolytic activities and
deleting genes LPP1 and DPPI could improve the pro-
duction of terpenoids in yeast [42]. We first explored
the effect of deleting LPP1 and DPPI on cell growth
and linalool production in strain Sclin05. The LPPI
and DPP1 genes were knocked out in Sclin05, generat-
ing single-knockout Sclin05-C2 (ALPPI) and double-
knockout Sclin05-C3 (ALPPI, ADPPI), respectively.
The results showed no visible effect on cell growth
(Fig. 6A) and linalool production (data not shown)
compared with Sclin05. Subsequently, t26AaLS1 was
inserted together with ERG20"5W~NZ7W into the
LPPI1 or LPPI and DPPI sites in Sclin05 using the
plasmids pUMRI-L-£26AaLS1-ERG2077V—N27W  and
pUMRI-D-£26AaLS1-ERG20PW—NI27W, generat-
ing strain Sclin05-2 and Sclin05-3, respectively. As
shown in Fig. 6B, the linalool titer of Sclin05-2 and
Sclin05-3 was 79.48 mg/L and 94.39 mg/L, which were
49.9% and 78.0% higher than that of Sclin05, respec-
tively. To investigate whether the genes t26AaLSI and
ERG20PW—NIZZW \yere still the rate-limiting steps for
Sclin05-3, we constructed Sclin05-5 and Sclin05-7
expressing 5 and 7 copies of t26AaLS1 together with
ERG20PW-NIZZW  respectively. The MLSI gene,
encoding cytosolic malate synthase, is involved in
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acetyl-CoA catabolism, and the deletion of the MLSI
gene can reduce the competition for acetyl-CoA with
the MVA pathway and increase the production of ter-
penoids [23, 43]. And several studies have reported
that deleting genes YPLO62W, YJL064W, and ROXI can
improve the production of terpenoids in yeast [23, 29,
44, 45]. Thus, we further explored the effect of delet-
ing genes MLS1, YPLO62W, YJL064W, and ROXI on
cell growth and linalool production in Sclin05-C3.
The above genes were knocked out in Sclin05-C3,
generating double-knockout Sclin05-C5 (AMLS],
AYPLO62W) and quadruple-knockout Sclin05-C7
(AMLS1, AYPL0O62W, AYJL064W, AROXI), respec-
tively, resulting in a 37% increase in biomass (Fig. 6A)

but no visible effect on linalool production (data not
shown). Similarly, £26AaLS1 together with ERG20™°%~
NI27W were inserted into MLS1, YPLO62W, YJLO64W,
and ROXI sites in Sclin05-3, generating Sclin05-5 and
Sclin05-7, respectively. Compared with the linalool titer
in Sclin05-3, the titer of linalool was increased by 19.4%
to 112.75 mg/L in Sclin05-5 and 20.8% to 114.08 mg/L
in Sclin05-7, respectively (Fig. 6B). The results indicated
that further integration of another two or four copies of
t26AalS1 together with ERG207°W=NI27W only led to a
marginal increase in linalool production of the strains
Sclin05-5 and Sclin05-7 when compared with Sclin05-
3, and there was no significant change in linalool titer
between Sclin05-5 and Sclin05-7. Moreover, compared
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to Sclin05-5, the biomass of Sclin05-7 decreased by
27%. Similarly, a previous study showed that adding one
copy of Crtl increased lycopene production by 80.6%
while introducing three copies of CrtI decreased both
lycopene production and biomass [46]. The reason
may be that excessive copy number increase imposes
a metabolic burden on microbial growth [47]. Finally,
the linalool production reached the maximum in the
engineered strain Sclin05-5. The data suggested that
increased downstream terpenoid metabolic flux is nec-
essary when utilizing IUP to increase the heterologous
synthesis of terpenoids.

Effects of carbon sources and Mg+ addition in medium

Carbon sources can directly influence microbial growth
and provide energy and carbon skeletons for the repro-
duction of microorganisms via a series of chemical
reactions in vivo. In the strain Sclin05-5, the GAL regu-
lation system was modified by GAL80 deletion, result-
ing in independence of gene expression on the absence
of galactose. Depletion of glucose was able to induce
the expression of P, ;-driven genes in this background
[48, 49]. Therefore, glucose, galactose and sucrose were
used individually as the carbon source of strain Sclin05-5
to explore the effect of carbon sources on the produc-
tion of linalool. As shown in Fig. 7A, when galactose and
sucrose were added to the medium separately to pro-
vide energy and carbon skeleton for the reproduction of
microorganisms, the linalool yield reached 120.92 mg/L
and 112.75 mg/L after being cultivated for 96 h, indicat-
ing that strain Sclin05-5 could utilize sucrose to produce
linalool. And there was no significant difference in cell
growth. The lowest linalool titer (43.58 +1.04 pg/L) was

detected in YPD medium, although the cells grew better
in YPD medium than in YPG and YPS.

Generally, Mg”" plays a role in the process of growth
and metabolism of living cells [50] and is related to the
activity of monoterpene synthase [51, 52]. A previous
study showed that adding Mg®* to the medium increased
the production of limonene by engineered Yarrowia
lipolytica [52]. Herein, the effect of different concentra-
tions of Mg?" added to the medium on the linalool pro-
duction by engineered S. cerevisiae was investigated.
No significant changes were found in DCW under the
experimental conditions, indicating that adding of Mg*"
had no visible effect on the growth of the engineered S.
cerevisiae (Fig. 7B). With the addition of 10 mM Mg>"
to the medium, a maximum titer of linalool reached
142.88 mg/L, 27% higher than the control group (Fig. 7B).
The results show that the optimized Mg>" concentration
can further improve the linalool titer.

Conclusion

In the present work, a S. cerevisiae platform was success-
fully developed as a high-linalool producer using IUP, a
heterologously expressed linalool synthase, and an ERG20
mutation in S. cerevisiae to increase the linalool synthesis
in S. cerevisiae. We first selected the truncated Actinidia
arguta linalool synthase t26AalS1, which improved lin-
alool production when overexpressed in engineered S.
cerevisiae strain with dual regulation of the MVA path-
way in the mitochondria and cytoplasm, obtaining a lin-
alool titer of 23.81 mg/L, a 2.6-fold increase compared to
CoLIS. Further, by integrating t26AaLS1, ERG20"°Y~
NI27W_and IDI into the yeast genome, the linalool titer
in Sclin05 was 53.03 mg/L, a 2.3-fold increase compared
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to Sclin03, demonstrating the potential of utilizing the
IUP pathway to increase linalool synthesis. Additionally,
the strategy of copy number variation of the t26AaLS1
and ERG20P°W=NI27W genes was employed to increase
the metabolic flux of the downstream IPP, resulting in
a significant increase in the linalool titer. Finally, strain
Sclin05-5 was grown in YPS medium supplemented with
10 mM Mg?*, 17.5 mM isoprenol and prenol, and a max-
imum linalool titer reached 142.88 mg/L in a shake flask,
which was the highest reported yet in engineered yeast
strains, demonstrating the utility of these strategies for
monoterpenes biosynthesis in yeast. Although we also
tried to use plant-derived GPPS to improve the efficiency
of converting IPP and DMAPP to GPP, the result was not
as expected. Therefore, further research can focus on the
supply of the precursor GPP. Besides that, placing the
entire biosynthetic pathway that utilizes the IUP pathway
to produce linalool in different cellular compartments of
yeast may further increase linalool production [21, 29].

Methods

Strains and culture media

E. coli Trans1-T1 phage resistant chemically competent
cell used for the construction of plasmids was cultivated
in Luria—Bertani (LB) medium with 50 pg/mL kanamy-
cin at 37 °C. S. cerevisiae BY4742 derived from S288c
was used as the parent strain and cultured at 30 °C in
YPD medium (1% yeast extract, 2% peptone, 2% glu-
cose). YPG medium (1% yeast extract, 2% peptone, 2%
galactose), and YPS medium (1% yeast extract, 2% pep-
tone, 2% Sucrose) were used to cultivate recombinant S.

cerevisiae strains. SS-URA medium (synthetic complete
drop-out medium with 2% Sucrose and without uracil)
was used to cultivate engineered S. cerevisiae strains
containing episomal plasmids. Synthetic complete drop-
out medium without a specific component (SD-URA or
SD-LEU) was used for auxotroph selection of S. cerevi-
siae transformants.SD-FOA (1 mg/mL of 5-fluoroorotic
acid in synthetic complete drop-out medium) was used
for screening S. cerevisiae strains with KanMX-URA-
PRB3220ri marker excision [53].

Plasmids and strains construction

The relevant descriptions of the S. cerevisiae strains are
summarized in Table 1. The corresponding plasmids and
primers used in the study are listed in Additional file 1:
Table S1 and S2, respectively. The pUMRI plasmids and
the recombinant strains were constructed as described
by Lv et al. [53]. The pUMRI-G, pUMRI-H, pUMRI-D,
pUMRI-L, pUMRI-M, pUMRI-062, pUMRI-064 and
pUMRI-R plasmids were constructed by replacing the
Ty4 homologous arm in plasmid pUMRI-16 [54] with
HO, DPP1, LPP1, MLS1, YPL062W, YJL0O64W and ROX1
homologous arms from S. cerevisiae BY4742, respec-
tively. The HO homologous arms were amplified using
primers HO-UP-F/HO-UP-R and HO-DN-F/HO-DN-
R. The DPPI homologous arms were amplified using
primers DPP1-UP-F/DPP1-UP-R and DPPI1-DN-F/
DPP1-DN-R. The LPPI homologous arms were ampli-
fied using primers LPP1-UP-F/LPP1-UP-R and LPP1-
DN-F/LPP1-DN-R. The MLS1 homologous arms were
amplified using primers MLS1-UP-F/MLS1-UP-R and
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Table 1 Strains used in this study
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Name Description Source
Strains

BY4742 MATa, his3A1, leu2A0, lys2A0, ura3A0 [55]
BY4742-MC-02  BY4742, ALPPTT yc - ERGT0-MLSP ) 1P at 1MLS- HMGS-T s 1 AHO: Trps - tHMGT-MLS-P iy ~Pop »MLS-ERGI 2 Tpgs (211

ADPPTT ey tHMGT-MLS-P Py 1 MLS-PMKT s

AGAL8OT 75 -MVDT-MLS-P i Py -MLS-IDI-T g,

AP g2 ERG20:P - ERG20-P e tHMG T

ATY4Pcy -IDITTeye,
YMC214 BY4742-MC-02, pYC-MLIS/MERG20™OW-N127W 21]
YMC217 BY4742-MC-02, pYC-MAaLS1/MERG20/*W-N127W This study
YMC218 BY4742-MC-02, pYC-Mt26Aal S 1/MERG20F W =N127W This study
YMC219 BY4742-MC-02, pYC-Mt78AalLS1/MERG20/PW-N127W This study
Sclin01 BY4742, AGAL8O:LEU2 This study
Sclin02 BY4742, AGAL8O: Ty AtUPK-P e 1P 157-SCCKT s This study
Sclin03 Sclin02, AHO:T e t26AaLS TPy -Pp 15 ERG20PVNIZWT, This study
Sclin04 Sclin03, ATy4:Teye IDIT-P s 7P onr 1071DH-T yors This study
Sclin05 Sclin03, ATy4:Teye - ID1T-P gy -Py 1o-ERG20PPOWNIZWT This study
Sclin05-2 Sclin05, ALPPT:T oy t26AaLS1-P iy P sy 1-ERG20PPVNIZNT o This study
Sclin05-3 Sclin05-2, ADPPI:T rye-t26AaLS1-P gy =Py 17 ERG207OW NPT This study
Sclin05-5 Sclin05-3, AMLS 13Ty t26AaLS 1-Pgy 1P p 1 ERG207PVNIZVT This study

AYPLOGIW-T pye - t26AALST-P iy =Py 1o-ERG20PVNIZWT
Sclin05-7 %%I;?VOTS—S, AYJLOGAW-T cyc-26AALS T-P g Py 16-ERG20FPWNIZZWT o AROXT:T cye-t26AaLS 1-P iy P 1-ERG207P™~ Thiis study

“VADHI

Sclin05-C2 Sclin05, ALPPT This study
Sclin05-C3 Sclin05-C2, ADPP1 This study
Sclin05-C5 Sclin05-C3, AYPLOG2W, AMLST This study
Sclin05-C7 Sclin05-C5, AYJLO64W, AROX1 This study

MLS1-DN-F/MLS1-DN-R. The YPL062W homologous
arms were amplified using primers 62-UP-F/62-UP-R
and 62-DN-F/62-DN-R. The Y/L064W homologous arms
were amplified using primers 64-UP-F/64-UP-R and
64-DN-F/64-DN-R. The ROXI1 homologous arms were
amplified using primers ROX1-UP-F/ROX1-UP-R and
ROX1-DN-F/ROX1-DN-R. The homologous arms above
were individually introduced into pUMRI-16 linearized
by primers pUMRI-F/pUMRI-R to generate the corre-
sponding pUMRI vectors.

The gene AaLS1 (GenBank ID: ADD81294) from
Actinidia arguta, AtIPK (GenBank ID: AAN12957)
from Arabidopsis thaliana, tAgGPPS (GenBank ID:
AANO01134) from Abies grandis and ScCK (GenBank
ID: AAA34499) from Saccharomyces cerevisiae were
codon-optimized and synthesized by Sangon Biotech
(Shanghai, China). The ERG207°Y~=N2"W IDII gene,
and LEU expression cassette were amplified from the
plasmids constructed previously [21]. The N-terminal
plastid targeting sequence truncation site of AaLSI was
predicted by the ChloroP or RR-heuristic method [31].
The full-length sequence of AaLSI and the N-terminus

truncated t26AaLS1 and t78AaLS1 were amplified using
primers AaLS1-F/AalLS1-R, t26AalS1-F/t26AaLS1-R
and t78AaLS1-F/t78AaLS1-R, respectively. Then the
genes mentioned above were cloned into the pYC-MLIS-
MERG20P°W=NI27W Jinearized by primers pYC-F/pYC-R
to obtain pYC-MAaLSI-MERG20"°V—NI27W  pyC-
Mt26Aal.S1-MERG20PV=NIZZW and pYC-Mt78AaLS1-
MERG20PW=NI27W " respectively. ERG20F5W—NI27W and
IDI1 genes were amplified using primers E20-F/E20-R
and IDI1-F/IDI1-R, respectively. The purified t26AaLS1
and ERG20V—NIZ7W fragments were introduced into
pUMRI-H/D/L/M/062/064/R using BamH 1/Sal 1 and
EcoR 1/Spe 1, respectively, resulting in pUMRI-H/D/L/
M/062/064/R-t26AaLS1-ERG207Y~—N27W The purified
IDI1 and ERG207°Y~=NI27W fragments were introduced
into pUMRI-16-IDI1 using EcoR I/Spe I to construct
plasmids pUMRI-16-IDI1-IDI1 and pUMRI-16-IDII-
ERG20F°W—NIZ7W respectively. The genes AtIPK and
ScCK were amplified using primers AtIPK-F/AtIPK-R and
ScCK-F/ScCK-R, respectively. The purified At/PK and
ScCK fragments were introduced into pUMRI-G using
BamH 1I/Sal I and EcoR 1/Spe I, respectively, resulting
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in plasmid pUMRI-G-A¢PK-ScCK. The GALS8OUP-
LEU-Gal80DN fragment was amplified using primers
GAL8OUP-F/GAL80OUP-R, GALSODN-F/GALSODN-R,
and LEU-F/LEU-R.

The plasmids or Sfi I-digested pUMRI plasmids were
introduced into S. cerevisiae by electrotransformation
performed with a Scientz-2C electroporation appara-
tus (Scientz Biotech, Ningbo, China). The GAL80UP-
LEU-GALSODN fragment was transformed into BY4742
and selected on SD-LEU plates to create strain Sclin01.
To introduce the IUP into S. cerevisiae, the pUMRI-G-
AtIPK-ScCK plasmid was transformed into BY4742 and
selected on SD-URA plates to create strain Sclin02. The
genes t26AaLSI and ERG20"°Y~NIZ7W necessary for
linalool production were integrated into the genome
of Sclin02 using the recombinant pUMRI-H plasmid
to obtain ScLin03. Similarly, the pUMRI-16-ID/I-IDI1
and pUMRI-16-IDI1-ERG20™5W—NI27W plasmids were
transformed into Sclin03 to create Sclin04 and Sclin05,
respectively. The strains Sclin05-2/-3/-5/-7 were con-
structed using the same method above. Moreover, the
recombinant pUMRI vectors were transformed into
Sclin05 to create Sclin05-C2/C3/C5/C7. The genotypes
of the recombinant strains were identified by PCR using
primer pairs designed on the chromosomes and frag-
ments at the integrated gene locations, respectively.

Cultivation in shaking flasks

A single colony of the recombinant yeast was inocu-
lated into 5 mL of YPD medium for overnight growth
at 30 °C, 200 rpm. Then the precultures were inoculated
into 20 mL of YPD/YPG/YPS at an initial ODg, of 0.05.
The optimal combination of 17.5 mM isoprenol and iso-
prenol (in DMSO) was added to the culture medium as
substrates supply for IPP and DMAPP. 20% isopropyl
myristate was added to the medium to reduce isoprenol
and/or prenol volatilization and to extract linalool. Engi-
neered S. cerevisiae strains containing episomal plasmids
were cultured overnight in 5 mL SD-URA medium at
30 °C, 200 rpm. Then, the precultures were transfered
into 20 mL of SS-URA medium with 20% isopropyl
myristate (IPM) at an initial ODy, of 0.05, and cultured
for 3—4 days.

Analytical method The dry cell weight (DCW) of S.
cerevisiae was determined by harvesting 2 mL wet cell
culture, washing twice with water, centrifugation at
12,000 rpm for 5 min, and then measuring the weight of
cell pellet dried at 105 °C for 36 h.

The linalool from isopropyl myristate supernatants was
centrifuged at 12,000 rpm for 5 min, diluted in hexane,
and analyzed by gas chromatography-mass spectrometry
(GC-MS, Agilent 6890 N GC coupled with 59,751 MSD)
equipped with the DB-5 MS column (30 m x 0.25 mm,
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0.25 um film thickness, Agilent, USA). The sample (1 pL)
with naphthalene as internal standard was injected in
splitless mode. The temperature of the injector and mass
spectrometer source was 240 °C and 230 °C, respectively.
The carrier gas was helium at a flow rate of 1 mL/min.
The oven temperature was held at 50 °C for 1 min, sub-
sequently increased to 115 °C at a rate of 5 °C/min and
further raised to 300 °C at the rate of 10 °C/min (hold for
5 min). The detailed detection method of intracellular
IPP/DMAPP was described in the previous study [28].

Effects of isoprenol, prenol, and linalool on growth

The effects of isoprenol, prenol and linalool on the
growth of S. cerevisiae strains were evaluated by measur-
ing ODy,. The frozen cells of strain BY4742 with 40 per-
cent (vol/vol) glycerol were inoculated into YPD medium
for overnight at 30 °C, 200 rpm. Then the cultures were
transferred to YPS medium with different concentra-
tions of isoprenol and/or prenol, and cultured for 24 h
to make ODg,, measurements. Similar operations were
performed for the inhibitory effect of linalool on strain
By4742-MC-02, recording the cell growth curve for 72 h.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512934-022-01934-x.

Additional file 1: Fig. S1. Inhibitory effects of linalool on strain BY4742-
MC-02. Strain BY4742-MC-02 was grown in SS-URA medium with 0.5 %
Tween 80 (v v'') and cultured at 30°C, 200 rpm for 72 h. Then different
concentrations of linalool were added to the culture and recorded the cell
growth curve. All values represent the mean = standard deviation from
three biological replicates. Fig. S2. Effects of different combinations of iso-
prenol and prenol on S. cerevisiae growth. (A) Isoprenol was added to the
YPD medium of strain BY4742 to a final concentration of 10, 25, 35, 50, 100
and 200 mM. (B) Prenol was added to the YPD medium of strain BY4742
to a final concentration of 10, 25, 35, 50, 100 and 200 mM. (C) Isoprenol
and prenol were together added to the YPD medium of strain BY4742 to a
final concentration of 10, 25, 35, 50, 100 and 200 mM. All values represent
the mean =+ standard deviation from three biological replicates. Table S1.
Plasmids used in this study. Table S2. Primers used in this study.
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