:' frontiers ‘ Frontiers in Bioengineering and Biotechnology

’ @ Check for updates

OPEN ACCESS

EDITED BY
Silvia Turroni,
University of Bologna, Italy

REVIEWED BY
Bo Yu,

Chinese Academy of Sciences (CAS), China
Taek Soon Lee,

Berkeley Lab (DOE), United States

*CORRESPONDENCE
Liting Lyu,
llt@dicp.ac.cn

These authors have contributed equally to this
work and share first authorship

RECEIVED 09 October 2023
ACCEPTED 27 December 2023
PUBLISHED 19 January 2024

CITATION

Lyu L, Chen Q, Xue H, Mustafa S,

Manzoor Shah A, Huang Q, Zhang Y, Wang S
and Zhao ZK (2024), Modularly engineering
Rhodotorula toruloides for a-

terpineol production.

Front. Bioeng. Biotechnol. 11:1310069.

doi: 10.3389/fbioce.2023.1310069

COPYRIGHT

© 2024 Lyu, Chen, Xue, Mustafa, Manzoor Shah,
Huang, Zhang, Wang and Zhao. This is an open-
access article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Bioengineering and Biotechnology

TvPE Original Research
PUBLISHED 19 January 2024
po1 10.3389/fbioe.2023.1310069

Modularly engineering
Rhodotorula toruloides for
a-terpineol production

Liting Lyu®?*!, Qionggiong Chen™*', Haizhao Xue'?,
Sumayya Mustafa®?, Aabid Manzoor Shah?, Qitian Huang?,
Yue Zhang™?, Shuang Wang'*® and Zongbao Kent Zhao'?

Laboratory of Biotechnology, Dalian Institute of Chemical Physics, Dalian, China, 2MOE Key Laboratory
of Bio-Intelligent Manufacturing, School of Bioengineering, Dalian University of Technology, Dalian,
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a-Terpineol is a monoterpenoid alcohol that has been widely used in the flavor,
fragrance, and pharmaceutical industries because of its sensory and biological
properties. However, few studies have focused on the microbial production of a-
terpineol. The oleaginous yeast Rhodotorula toruloides is endowed with a natural
mevalonate pathway and is a promising host in synthetic biology and biorefinery.
The primary objective of this work was to engineer R. toruloides for the direct
biosynthesis of a-terpineol. The improvement in monoterpenoid production was
achieved through the implementation of modular engineering strategies, which
included the enhancement of precursor supply, blocking of downstream
pathways, and disruption of competing pathways. The results of these three
methods showed varying degrees of favorable outcomes in enhancing a-
terpineol production. The engineered strain 5L6HES5, with competitive
pathway disruption and increased substrate supply, reached the highest
product titer of 1.5mg/L, indicating that reducing lipid accumulation is an
efficient method in R. toruloides engineering for terpenoid synthesis. This
study reveals the potential of R. toruloides as a host platform for the synthesis
of a-terpineol as well as other monoterpenoid compounds.

KEYWORDS

Rhodotorula toruloides, modularly engineering, CRISPR/Cas9, monoterpenoid,
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1 Introduction

Terpenoids, the most diverse class of organic compounds, contain more than
70,000 distinct molecules with a substantially broader range of biological functions. The
two most used precursors for nearly all terpenoids are dimethylallyl diphosphate (DMAPP)
and isopentenyl diphosphate (IPP), which are synthesized either via the mevalonate (MVA)
pathway or the 1-deoxy-D-xylulose 5-phosphate (DXP) pathway (Christianson, 2007;
Daletos et al., 2020; Liu et al., 2021b). Plant-driven terpenoids encounter sustainability
challenges due to their low yield and extremely high cost of the final purified product. The
chemical synthesis of terpenoids is challenging due to their complicated structure. The rapid
development in metabolic engineering techniques together with the latest synthetic
biological tools to be applied to microbial hosts provides an alternative approach to the
aforementioned sustainability issues regarding cost-effectiveness and yield production (Ren
et al., 2020).
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Terpineols (C;oH;30) are monocyclic monoterpenoid tertiary
alcohols. a-Terpineol is an isomer that widely exists in natural
sources. a-Terpineol, like other monoterpenoids, has applications in
the flavor and fragrance industries. In the last several years, data
have been published linking this chemical to a wide range of
biological characteristics, including anti-microbial, antioxidant,
anti-inflammatory, anti-carcinogenic, and anticonvulsant effects
(Khaleel et al., 2018; Sales et al., 2020). Except for direct
extraction of terpenoids from plants or isolation from essential
oils, chemical synthesis and biocatalytic production of a-terpineol
have also been proposed previously. The conventional chemical
method commonly employed for the synthesis of a-terpineol
typically entails the hydration of a-pinene or crude turpentine oil
using aqueous mineral acid (Sales et al., 2020). The majority of a-
terpineol biocatalysts involve the biotransformation of their
monoterpene counterparts like limonene and alpha- and beta-
pinenes (Vespermann et al., 2017; Sales et al., 2018). However,
this approach often results in the formation of undesired chemical
byproducts.

R. toruloides is an oleaginous yeast that possesses its own
mevalonate (MVA) pathway. R. foruloides has a powerful lipid
metabolic machinery to drive the carbon flux for lipid
production, as evidenced by the fact that cellular contents of
carotenoids and lipids can reach 0.1% and 70%, respectively, on
a dry cell mass basis (Ratledge and Wynn, 2002; Li et al., 2007). Due
to the excellent consumption of lignocellulosic feedstock, R.
toruloides has become a promising host in biorefinery and
synthetic biology (Wen et al., 2020; Zhao et al., 2022). In recent
years, this yeast has been engineered to produce terpenoids
including  monoterpene  (limonene, etc.),  sesquiterpene
(bisabolene, etc.), and diterpene (ent-kaurene, etc.) at a titer
ranging from mg/L to g/L (Geiselman et al, 2020; Liu et al,
2021a; Walls et al., 2023). Conventional strategies are often used
in R. toruloides engineering, like overexpression of rate-limiting
enzymes and increase in the copy number of terpenoid synthase
genes (Geiselman et al, 2020; Liu et al.,, 2021a). In our previous
investigation, a reduction of lipid accumulation was observed with
the inactivation of lipid droplet structural proteins in R. toruloides,
while the production of carotenoids was improved (Jiao et al., 2021).
Particularly, the knockout of the perilipin gene LDPI led to a 13%
decrease in lipid content and a 93% increase in carotenoid content.
This study aims to explore the potential of R. toruloides to directly
produce monoterpenoid a-terpineol through modular engineering,
including the enhancement of precursor supply, the blocking of
downstream pathways, and the disruption of competing pathways.

2 Materials and methods
2.1 Strains and media

All strains used in this study are listed in Supplementary Table
S1.R. toruloides NP11, a haploid yeast strain of CGMCC 2.1389, was
isolated in our laboratory. Yeast cells were cultured in the yeast
extract-peptone-dextrose (YPD) medium (glucose 20 g/L, yeast
extract 10g/L, and peptone 20g/L) at 30 C. Escherichia coli
DHI10B and Agrobacterium tumefaciens AGL1 used for routine
molecular manipulation were cultured in the Luria-Bertani
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medium (NaCl 10 g/L, tryptone 10 g/L, and yeast extract 5 g/L)
at 37°C and 30°C, respectively. Antibiotics were used at the following
concentrations: kanamycin 50 ug/mL, hygromycin 50 pg/mL,
nourseothricin 50 pg/mL, zeocin 50 ug/mL, and cefotaxime
300 ug/mL. For yeast culturing, the engineered strains were
cultured in Y;oT,0Dso medium (tryptone 20 g/L, yeast extract
10g/L, and glucose 50 g/L, pH 6.0) or nitrogen-limited (NL)
medium (glucose 50.0 g/L, yeast extract 1.1 g/L, (NH,4),SO, 0.1 g/
L, MgSO, 1.5 g/L, and KH,S0, 1.0 g/L at a C/N ratio of 125, pH 6.0).

Yeast extract, peptone, and tryptone were acquired from Oxoid
(Basingstoke, Hampshire, UK), while other chemicals were acquired
Ltd.

from Bonuo Biological and Chemical

(Dalian, China).

Reagent Co.

2.2 Plasmid construction

The rational sgRNAs, corresponding to particular loci of target
genes, were designed according to the previous protocol to obtain
the gene-targeted strain (Jiao et al., 2019). The a-terpineol synthase
(aTS) gene from Vitis vinifera (GenBank ID: AAS79352.1) was
codon-optimized and synthesized by Synbio Technologies (Suzhou,
China). This synthetic gene has been submitted to NCBI (Accession
Number: 0Q983656). The truncated 3-hydroxy-3-methylglutaryl-
CoA reductase (tHMG]I) gene was amplified from the plasmid p424-
tHMG1 (Zhou et al, 2012). ERG20 was amplified from the
Saccharomyces cerevisiae genome and then mutated to ERG20"™
(FO6W/N127W). All plasmids were constructed using the
restriction-free cloning method (Unger et al., 2010). The plasmid
extraction kit and DNA gel purification kit were purchased from
Sangon Biotech Co., Ltd. (Shanghai, China), and polymerase chain
reaction (PCR) enzymes were purchased from Takara Bio (Dalian,
China). All the sequences of plasmids and primers are provided in
Supplementary Tables S2, 3.

2.3 Transformation and screening

The correct plasmids were transformed into Agrobacterium
tumefaciens AGL1 by electroporation, and strains were selected
on LB plates supplemented with 50 ug/mL kanamycin.
Transformation of R. toruloides was done according to a
published Agrobacterium tumefaciens-mediated transformation
(ATMT) method (Lin et al, 2014). PCR analysis of the R.
toruloides colony for transformant verification was assayed
according to previous reports (Lin et al., 2012; Lin et al,, 2014).
The pairs
Supplementary Table S3.

primer used in this study are shown in

2.4 Genome walking

The genome walking protocol was followed as previously
reported (Liu and Chen, 2007). High-quality genome DNA was
extracted from the engineered red yeast based on the standard
protocol (Lin et al., 2014). Amplified PCR products were purified
and sequenced following second thermal asymmetric interlaced
PCR. DNA sequences were blasted against the R. toruloides
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NP11
insertion sites.

local genomic database to determine the accurate

2.5 Well plate and shake-flask culturing

Seed cultures of 5mL of YPD medium were prepared by
inoculating a single colony and incubating it for 24 h. A measure
of 200 uL of the seed culture was inoculated into each column of a
24-well culturing plate. Subsequently, 1,800 uL of Y;oT,Dso media
was added, and the plate was incubated at 30°C for 144 h with
agitation at a speed of 200 rpm.

For shake-flask culturing, seed cultures were prepared by
inoculating a single colony from selected culture plates into 5 mL
YPD medium and incubating it for 24 h followed by reviving using
1 mL volume into 50 mL YPD. Then, 5 mL of these seed cultures was
transferred into 45 mL Y,(T,yDso medium in a 250-mL shake flask
kept at 30°C for 144 h at 200 rpm. Fermentation was performed in
triplicate.

2.6 Extraction and quantification of
a-terpineol

A measure of 2 mL of the fermented liquor was taken, and the
same amount of n-hexane was added. The organic solvent and
medium mixture were incubated at 200 rpm and 25°C for 1 h before
being centrifuged at 4,000 g for 5 min. Following the extraction
process, a measure of 500 uL from the n-hexane layer was carefully
transferred into a vial made of darkened glass in order to facilitate
subsequent analysis. a-Terpineol was identified by GC-MS (Agilent
Technologies 7890A GC system equipped with a 5975C insert
143 XL EI/CI MSD detector) with a DB-WAX column (30 m x
0.32 mm x 0.25 um). The amount of a-terpineol was determined
from linear calibration curves (Supplementary Figure S1). The
standard a-terpineol was purchased from Solarbio (China, GC >
99.0%). For GC analysis, 1 pL of the n-hexane sample was injected
with a split ratio of 10:1, and nitrogen was used as the carrier gas
with a flow rate of 1 mL/min. The injector temperature and detector
temperature were maintained at 250°C and 260°C, respectively. The
oven temperature was maintained as follows: 80°C for 1 min and
sequentially increased at the rate of 10°C/min to 180°C and 10°C/min
to 250°C.

2.7 Copy number quantification

High-quality genomic DNA of engineered R. toruloides was
extracted following the previous protocol (Lin et al., 2014) and then
quantified using NanoDrop™ 1000 (Thermo Fisher Scientific). To
determine the relative copy number of the introduced transgenes,
quantitative PCR was performed using the ChamQ Universal SYBR
qPCR Master Mix (Vazyme Biotech Co., Ltd., China) on a real-time
PCR
manufacturer’s instructions. Each reaction required 20 uL and

quantitative system (Roche, Switzerland) wusing the
was set up in triplicate with 100 ng of genomic DNA as a
template. PCR products (approximately 3 kb) spanning the qPCR

amplicons were amplified from genomic DNA for the native
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sequences and plasmid DNA for the transgenes. These PCR
products were purified using the FastPure Gel DNA Extraction
Kit (Vazyme Biotech Co., Ltd., China) and used to generate standard
curves for each qPCR primer set (Supplementary Figure S2). Since
tHMG1, ERG20"", and HYG were designed into one cassette for co-
expression, the transgene HYG was used to represent the first two.
The standard curves were used to calculate the copy number of
transgenes relative to the native gene ACTIN (GenBank ID: RHTO_
03560) and the transgene HYG. The primers used are listed in
Supplementary Table S2.

3 Results

3.1 Re-casting the a-terpineol biosynthesis
by R. toruloides into three modules

To obtain an engineered strain of R. toruloides with the ability to
synthesize a-terpineol, aTS was initially incorporated into the R.
toruloides genome via the ATMT protocol. Using this modified
strain as a basis, three modular pathways (the enhancement of
precursor supply, the blocking of downstream pathways, and the
disruption of competing pathways) were adjusted to optimize the
production of a-terpineol synthase (Figure 1). Particularly, in the
module of precursor supply enhancement, tHMGI and ERG20™"
were co-expressed, which proved to be helpful in yeast monoterpene
production (Ignea et al., 2014). In the module of downstream
pathway blocking, the CRISPR/Cas9 system was used to knock
out the CRT gene (GenBank ID: RHTO_04602) encoding phytoene
dehydrogenase. Thus, the synthesis of carotenoids was blocked, and
the engineered strains showed white color. In the module of
competing pathway disruption, the lipid droplet structural
protein, namely, perilipin (Ldpl, GenBank ID: RHTO_05627),
was inactivated by the CRISPR/Cas9 system. This strategy was
based on our previous study, which suggested a reduction of
lipid accumulation and higher production of carotenoids via
knocking out the LDPI gene (Jiao et al., 2021). The sgRNAs of
two targeted genes (CRT and LDPI) were constructed according to
the protocol mentioned in Jiao et al. (2019).

3.2 a-Terpineol production and its
extraction

To test which medium was suitable for a-terpineol production,
two types of media, Y;0T20Dso and NL, were chosen for culturing.
YPD medium with a high concentration of glucose was often used in
terpene biosynthesis in order to accumulate a higher level of biomass
(Zhuang et al., 2019; Geiselman et al., 2020; Kirby et al., 2021). Here,
peptone was replaced by tryptone to speed up the fermentation
process. Because terpene is a secondary metabolite that has natural
storage for lipid droplets, NL medium was also considered. The aTS
gene was expressed in both strains of NP11 and CGMCC 2.1389.
The a-terpineol titer in the Y;¢T»oDso culture was higher than that in
the nitrogen-limited culture in all cases (Figure 2A), indicating a
competitive relationship between lipid accumulation and isoprenoid
synthesis. Therefore, the growth medium Y;0T»Ds seemed better
for a-terpineol production. Moreover, the diploid R. toruloides
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Modular engineering of Rhodotorula toruloides for a-terpineol production. ®, @, and @ represent the modules of precursor supply enhancement,
downstream pathway blocking, and competing pathway disruption, respectively. Combined modules ®® and ®® were assembled by directly
expressed cassettes under each module in R. toruloides that is not shown. PDH, pyruvate dehydrogenase; CTP1, citrate transporter; ACL1, ATP citrate
synthase; ACC1, acetyl-CoA carboxylase; HMG1, 3-hydroxy-3-methylglutaryl-CoA reductase; tHMGL1, truncated HMGI; IDI1, isoprene diphosphate
isomerase; ERG8, phosphomevalonate kinase; ERG12, mevalonate kinase; ERG19, mevalonate pyrophosphate decarboxylase; ERG20, bifunctional FPP
synthase; ERG20"", ERG20 mutant (FO6W/N127W); GGS1, geranylgerany! diphosphate synthase; CAR2, bifunctional lycopene cyclase/phytoene
synthase; CRT, phytoene dehydrogenase; aTS, a-terpineol synthase; FASI and FAS2, fatty acid synthase 1 and 2; IPP, 3-isopentenyl pyrophosphate;
DMAPP, dimethylallyl diphosphate; GPP, geranyl pyrophosphate; FPP, farnesyl pyrophosphate; GGPP, geranylgeranyl pyrophosphate; TAGs,

triacylglycerols; TCA, tricarboxylic acid.
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FIGURE 2

Comparison of different methods for yeast culturing (A) and production extracting (B). 11aTS-5 and 11aTS-6, engineered strains by expressing the a-
terpineol synthase gene aTS in haploid NP11; 4aTS-2 and 4aTS-3, engineered strains by expressing aTS in diploid CGMCC 2.1389; +, wild-type
NP11 cultured in Y10T20Ds0 medium with the addition of 1 uM (0.15 mg/L) standard a-terpineol; wild-type NP11 cultured in Y;0T20Ds0 medium.

CGMCC 2.1389 produced less a-terpineol yield than the haploid
NP11 strain.

Using n-dodecane as an organic solvent for in situ extraction of
terpenoid products, a commonly used method, was employed in this
study. However, the retention times of a-terpineol and n-dodecane
totally overlapped and became difficult to separate by our GC-MS
instrument. Due to the extremely high signal of the solvent, which
might damage the detector and contaminate the ion source, n-hexane
was used to extract the product after sampling. Since a-terpineol was
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an intracellular product, the question of whether or not it must be
extracted by disrupting the cell was investigated. Wild-type
NP11 cultured in Y,(T50Dsp medium with 1pM (0.15mg/L)
standard a-terpineol was used as the control. All strains were
grown for 96 h, after which samples were obtained. The findings
indicated that the direct extraction of a-terpineol yielded comparable
results to the extraction process conducted after cell destruction
(Figure 2B). The control group also demonstrated the stability of
a-terpineol under specific culturing conditions.
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Production of a-terpineol under three modular engineering strategies. (A) Titer and the content of a-terpineol; (B) genotype of engineered strains
with mutated CRT or LDP1. Significantly different values were calculated by the independent-samples t-test. * and ns represent p < 0.05 and no significant

difference, respectively. Experiments were performed in triplicate.

The engineered strain 11aTS-6 generated more a-terpineol

than 11aTS-5 under the same conditions. However, after
integrating an exogenous gene, the 11aTS-6 strain failed to
develop in a continuous strain engineering experiment. The

genome walking result showed that the aTS expression cassette
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was inserted in the exon of serine/threonine-protein kinase gene
(RHTO_08159, Scaffold_9_589106), which played a central role in
endocytosis in both humans and yeast (Smythe and Ayscough,
2003). It is speculated that the destruction of this gene might play a
role in abnormal cell differentiation.
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FIGURE 5

Comparison of a-terpineol production under individual or
combined modular engineering strategies. + and - represent
performing and not performing this gene manipulation, respectively.
Under each genotype, six engineered strains cultured with three
parallels were counted and analyzed.

Considering the toxicity and instability of most monoterpenes
(Alonso-Gutierrez et al., 2013), it is inevitable to detect the inhibiting
effect exerted by terpineol. For economic reasons, a mixture of
terpineol isomers was considered to be the inhibitor of the yeast
(haploid NP11 and diploid CGMCC 2.1389) culture. Three
concentration gradients of 0.1, 1.0, and 5.0 g/L were set up. The
findings of the study indicate that the presence of terpineol at a
concentration as low as 0.1 g/L has a discernible impact on cell
development. Furthermore, it was observed that the growth of R.
toruloides is completely suppressed when exposed to a terpineol
concentration of 5.0 g/L (Figure 3). Due to the relatively low
concentrations of a-terpineol in this study (under 2 mg/L), its
inhibiting effect was not considered. However, when the
concentration of this product is higher than 0.1 g/L, other
extraction methods or manipulations to the strain need to be
used. In summary, strain 11aTS-5 was chosen to perform various
engineering tasks, including growing in the Y;¢T50Dso medium and
subsequent direct extraction using n-hexane following the
fermentation process.

3.3 Promoting the a-terpineol production
through the modular engineering strategy

The strategy of promoting a-terpineol production was organized
into three modules, including the enhancement of precursor supply,
the blocking of downstream pathways, and the disruption of
competing pathways (Figure 1). In each module, six
transformants were selected for titer and content detection of a-
terpineol (Figure 4A). Since the CRISPR/Cas9 system was
introduced into modules @ and ®, transformants with different

mutations of the target gene were chosen (Figure 4B). Consistent
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with the assumption, after the engineering of the baseline strain
11aTS-5, the production of a-terpineol was improved to varying
degrees (Figure 4A). Particularly, compared with the 11aTS-5 strain,
the optimal strain in each module, namely, 5HE2, 5C2, and 5L6,
achieved a 0.8-, 1.2-, and 2.5-fold increase in a-terpineol content,
respectively.

These results signify that sufficient precursor supply and
substantial and continuous carbon source increment into the a-
terpineol synthesis pathway become imperative. It also shows that
the reduction of lipid accumulation is an efficient strategy in
monoterpene a-terpineol synthesis.

3.4 Further improvement in the a-terpineol
production using combined strategies

In strain 5L6, the tHMGI-ERG20™ co-expression cassette and
the sgRNA cassette of the CRT gene target were integrated
®® and module @G
(Figure 1). For module ®®@®, the above two cassettes were co-
expressed in strain 5L6. As shown in Figure 5, the inactivation of both
Ldpl and Crt failed to increase the a-terpineol production as

individually to assemble module

expected. However, the expression of tHmgl and Erg20™" in either
the ldpIA strain or crtA strain could further improve the a-terpineol
content. It indicated that tHmgl and Erg20*" were also rate-limiting
enzymes in R. toruloides, and the synthesis of a-terpineol needs
enough precursor substance. Interestingly, the detected content of
a-terpineol in 5L6CHE strains, which combined three strategies, was
similar to that in the LDPI-and CRT-knockout strains 5L6C. It was a
widely accepted hypothesis that ATMT easily caused the insertion of
multiple T-DNAs into the same chromosomal site (Tzfira, 2004). In
this study, the 5SL6CHE strains were obtained by co-expressing the
tHMGI-ERG20"" cassette and the sgRNA cassette of the CRT gene
target (Figure 1). Thus, we speculated that the CRISPR editing system
interfered with the mechanism of forming high copies by ATMT.

3.5 Supplementation of the precursor is
crucial in a-terpineol production

To verify the above assumption, the copy numbers of genes
tHMGI and ERG20"" in 5L6CHE strains were first detected by
qPCR. The 500-bp fragments of genes HYG and ACTIN in each
strain genome were amplified to calculate the copy number of the
gene HYG, which actually represents the copy number of genes
tHMGI and ERG20™". Strains of 5L6HE with gene expression of
tHMGI and ERG20™ and knockout of LDPI1 were used as the
control. The results showed that the mean copy number of the HYG
gene in 5SL6CHE strains was 0.8, which was significantly lower than
that in the 5L6HE strains (Figure 6A; Supplementary Table S4),
which is consistent with the above assumption.

Then, the co-expression cassette of tHMGI-ERG20™ was
incorporated into the genome of 5L6CHE strains again to
tHmgl and Erg20™™. After
16 transformants were selected randomly. The copy number of

overexpress transformation,

the HYG gene in each transformant was calculated. If the HYG copy

was twice, then the starting strains 5SL6CHE1, tHmg1, and Erg20*"
were considered to be overexpressed successfully. As a result, six
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FIGURE 6

Copy number calculation and overexpression of genes tHMGI1 and ERG20**. (A) Comparison of tHMG1 and ERG20"" copy numbers (represented

by copy numbers of HYG) in 5L6HE and 5L6CHE strains; (B) tHMG1 and ERG20"" copy numbers (represented by copy numbers of HYG) in

16 transformants with overexpression of these two genes, and the red border indicates the engineered strain chosen for product quantification; (C) titer of
a-terpineol in six cultured strains. Significantly different values were calculated by one-way ANOVA and post hoc Dunnett’s test. ** represents p <

0.01. Experiments were performed in triplicate.

strains with high copy numbers were chosen to detect the a-
terpineol production (Figures 6B,C). The results revealed that the
engineered strains 5L6CHED10 and 5L6CHEDI16 showed a

significant

increase in a-terpineol production, which was

1.5 times that of the starting strain 5L6CHEL.

3.6 Batch culturing

Lastly, three selected engineered strains created using various
strategies with the maximum content of a-terpineol were fermented
using the shake-flask method (Supplementary Figure S3). To assess
the efficacy of extending the culture time on enhancing product
accumulation, the duration of the culture was increased from 96 h to
144 h. The experimental findings indicated that the glucose was fully
metabolized within 120 h, as evidenced by a consistent ODgg
reading (Figures 7A,B). At this stage, the content of a-terpineol
was increased with time (Figure 7C). In a manner similar to the 2-
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mL culture method, it was observed that modified strains
5C2HE2 and 5L6HES5 exhibited a higher accumulation of the
product compared to strain 5HE2. On the other hand, a decrease
in a-terpineol content was observed when the culture period was
increased to 144 h. Longer periods of cultivation raise the possibility
that o-terpineol will evaporate or be transformed into other
compounds. Inconsistent with our expectation, the production of
a-terpineol in a 250-mL flask failed to be further promoted but
remained the same with 2-mL culturing (data were not shown).
Quantitative analysis showed that the maximum content of a-
terpineol observed in 5C2HE2 and 5L6HE5 was 0.20 and
0.17 mg/g DCW, respectively (Figure 7D).

4 Discussion

Modular engineering strategies, including the enhancement of
precursor supply, the blocking of downstream pathways, and the
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disruption of competing pathways, were applied to promote a-
terpineol production. It was found that these three strategies
improved the production of a-terpineol to a certain degree.
Future applications for using engineered R. toruloides for a-
terpineol production via expression of the aTS gene and
successful detection of a-terpineol are envisioned in this study.
Particularly, the strain 5L6HE5 with LDPI knock out and
tHMGI1 and ERG20™ expression achieved the highest product
titer, suggesting that the reduction of lipid accumulation is an
efficient strategy in a-terpineol synthesis. Additionally, the
synthesis and accumulation pathway of lipids was further
downregulated to derive more carbon flux into the MVA pathway.

Based on these engineering strategies, the titer of a-terpineol
failed to improve continuously through either supporting enough
precursors or scaling up the culture (Figures 6, 7). There may be
other rate-limiting enzymes in the monoterpenoid production
pathway that are preventing it from functioning at full capacity.
The catalysis mediated by aTS or other monoterpene synthases is
one of the main rate-limiting steps. In a previous study, which
currently stands as the sole investigation into the engineering of
microorganisms for the de novo synthesis of a-terpineol, the
researchers employed the upregulation of the monoterpene
synthase pathway. This was achieved through the overexpression
of tHMGI, IDI1, ERG20"", and ERGY genes in Saccharomyces
cerevisiae with the aim of enhancing a-terpineol production
(Zhang et al,, 2019). The highest terpineol production reached
1.88 mg/L using a 5-L bioreactor in batch and fed-batch
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fermentation processes. To further improve the product titer, the
expression level of aTS needs to be promoted by the increase in gene
copy number and the utilization of other strong promoters (like
P;ppr and Pgpp). Then, the expression of ERGY/LPP1/DPPI gene
(catalyzing FPP to squalene and farnesol) could be downregulated to
generate the GPP pool through the CRISPR/dCas9 system.

Unlike those for sesquiterpenes and other terpenoids, fewer
synthetic biology efforts have been devoted to monoterpenes, likely
due to their unstable property. Nonetheless, Zhuang et al. (2019)
expressed 1,8-cineole synthase Hyp3 from Hypoxylon sp. E74060B
and produced the highest titer of 14 mg/L in R. toruloides. In our
previous study, we expressed a limonene synthase Ls1 from Citrus
limon, and the maximum (R)-limonene titer was 37 mg/L (Liu S.
et al, 2021). It suggested an incomparable titer between
monoterpene and sesquiterpene. Albeit these previous works and
the current study failed to achieve the production of monoterpenes
in high titers, R. toruloides has currently been well documented as a
host for further exploration of its capacity. In addition, various
expression cassettes have been constructed during this study, which
can be directly used in other pathway designs for the synthesis of
various terpenes.

It is noteworthy that while analyzing the culturing medium for
the purpose of a-terpineol production, it was observed that the
diploid R. toruloides CGMCC 2.1389 exhibited a lower yield of a-
terpineol compared to the haploid NP11 strain (Figure 2A). In our
previous study, we also found that CGMCC 2.1389 would achieve
more cell mass and lipid content under the same culturing condition
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(Zhang et al., 2022). These results indicate that the diploid CGMCC
2.1389 was more robust than the haploid NP11 in cell growth and
lipid synthesis, leading to fewer carbon sources in the MVA
pathway. It needs to be further verified through other experiments.

To verify the speculation that the ATMT mechanism of forming
high copies would be interfered by the CRISPR/Cas9 editing system,
more genes like tHMGI1, ERGY, or ERG20 could be integrated into
the R. toruloides genome using different expression cassettes
CRT1.2(H) and HE-CRT1.2 as
transforming a same cassette by various methods (ATMT, LiAc,

(plasmids backbones) or
and electroporation). Subsequently, these randomly selected
colonies will be cultured, and the copy number will be detected.

ATMT facilitates the insertion of multiple T-DNAs into the
same chromosomal site (Tzfira, 2004), which causes the random
integration of more than one copy into the R. toruloides genome.
This mechanism confuses the integration loci yet is useful in
producing more effectively designed strains (Figures 4, 6).
Meanwhile, R. toruloides is a nonconventional yeast belonging to
basidiomycetes. This yeast has a well-developed non-homologous
end-joining (NHE]), which limits homologous recombination (HR).
Ploessl et al. (2022) discovered that the NHE] disruption in a NHE]-
proficient host could impede microbial factory performance. They
introduced a CRISPR platform that lowered the indel nuclease
system enabling accurate repair to improve the HR efficiency
without NHE]J disruption. This strategy might be an effective
measure in R. toruloides homology-directed repair.

In conclusion, this is the first study to synthesize a-terpineol in
R. toruloides with the best yield of 1.5 mg/L. Modular engineering of
R. toruloides was introduced, which proved to be beneficial and
necessary in monoterpenoid production. This study also indicated
that the ATMT mechanism of forming high copies would be
interfered by the CRISPR/Cas9 editing system, providing a
valuable reference for other gene regulation through the same
editing method.
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