<BRNE

T Kobe University Repository : Kernel

S
4ope

PDF issue: 2025-12-06

Enhanced production of isobutyl and isoamyl
acetate using Yarrowia lipolytica

Koshiba, Ayumi ; Nakano, Mariko ; Hirata, Yuuki ; Konishi, Rie ;
Matsuoka, Yuta ; Miwa, Yuta ; Mori, Ayana ; Kondo, Akihiko ; Tanaka, :--

(Citation)
Biotechnology Progress, 40(6) :e3499

(Issue Date)
2024-11

(Resource Type)
journal article

(Version)
Accepted Manuscript

(Rights)

This is the peer reviewed version of the following article: [Koshiba A, Nakano M,
Hirata Y, et al. Enhanced production of isobutyl and isoamyl acetate using Yarrowia
lipolytica. Biotechnol. Prog. 2024; 40(6):e3499.], which has been published in final
form at [https://doi.org/10.1002/btpr.3499]. This article may be used for non---

(URL)
https://hdl. handle. net/20.500. 14094/0100491519

‘[1.\]\1:“1‘“ Y
I AN



10

11

12

13

14

15
16
17
18
19
20
21
22
23
24
25
26

27
28
29
30
31
32
33

34
35

Enhanced Production of Isobutyl and Isoamyl Acetate Using Yarrowia lipolytica

Ayumi Koshiba'!, Mariko Nakano', Yuuki Hirata!, Rie Konishi'!, Yuta Matsuoka', Yuta Miwa',
Ayana Mori', Akihiko Kondo? and Tsutomu Tanaka'"

'Department of Chemical Science and Engineering, Graduate School of Engineering, Kobe
University, 1-1 Rokkodai-cho, Nada-ku, Kobe, Hyogo 657-8501, Japan

’Graduate School of Science, Technology and Innovation, Kobe University, 1-1 Rokkodai-cho,
Nada-ku, Kobe, Hyogo 657-8501, Japan

*Corresponding Author: tanaka@kitty.kobe-u.ac.jp (T.T.)

Abstract

Short-chain esters, particularly isobutyl acetate and isoamyl acetate, hold significant industrial
value due to their wide-ranging applications in flavors, fragrances, solvents, and biofuels. In this
study, we demonstrated the biosynthesis of acetate esters using Yarrowia lipolytica as a host by
feeding alcohols to the yeast culture. Initially, we screened for optimal alcohol acyltransferases
for ester biosynthesis in Y. lipolytica. Strains of Y. lipolytica expressing atf1 from Saccharomyces
cerevisiae, produced 251 mg/L or 613 mg/L of isobutyl acetate or of isoamyl acetate, respectively.
We found that introducing additional copies of ATF'1 enhanced ester production. Furthermore, by
increasing the supply of acetyl-CoA and refining the culture conditions, we achieved high
production of isoamyl acetate, reaching titers of 3404 mg/L. We expanded our study to include
the synthesis of a range of acetate esters, facilitated by enriching the culture medium with various
alcohols. This study underscores the versatility and potential of Y. lipolytica in the industrial
production of acetate esters.

Keywords: acetate ester, Yarrowia lipolytica, alcohol acyltransferase, metabolic engineering

1. Introduction

Short-chain esters, which are volatile organic compounds, are commonly found in a variety of
botanical sources, such as flowers, ripened fruits, and yeast cultures undergoing fermentation.'-
They have numerous industrial applications, serving as essential components in the production of
flavors, fragrances, solvents, and potential biofuels.? Isobutyl acetate is a promising candidate for
biofuel applications due to its superior volatility, reduced polarity, and diminished hygroscopicity
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compared to its alcohol-based counterparts, like isobutanol.* Isoamyl acetate, also known as 3-
methyl-1-butyl acetate or banana oil due to its characteristic scent, had a substantial market value,
estimated at $5 billion in 2019.° Ethyl valerate, an isomeric counterpart of isoamyl acetate,
demonstrates excellent compatibility with traditional fuel sources such as gasoline or diesel,
highlighting the potential of isoamyl acetate as a viable biofuel substitute.®

Certain microorganisms have the ability to synthesize esters through the enzymatic
condensation of alcohols with acyl-CoA substrates, a process mediated by alcohol
acyltransferases (AATs).”” Acetate esters, among the most common esters in nature, originate
from the ubiquitous and vital metabolic intermediary, acetyl-CoA. The yeast Saccharomyces
cerevisiae has shown the ability to metabolize sugars into ethyl acetate, which significantly
contributes to the organoleptic profile of wines and beers.'*!" Ethyl acetate biosynthesis has also
been observed in other yeasts such as Wickerhamomyces anomalus and Kluyveromyces marxianus,
achieving ethyl acetate production with yields of 0.18 g/g-sugar and 0.29 g/g-sugar,
respectively.'>!* The physiological parameters governing the production of ethyl acetate by these
yeasts have been characterized; W. anomalus produces ethyl acetate under conditions of oxygen
limitation,'* whereas K. marxianus does so in response to iron limitation.'® Despite numerous
research findings, significant challenges remain in the strategic development of strains optimized
for enhanced production.'®

The transition toward microbial synthesis offers a sustainable alternative to traditional
petrochemical-based processes and extraction from natural sources. Microorganisms have been
successfully engineered to produce a wide range of bioactive compounds and industrially relevant
chemicals from renewable substrates, such as sugars and CO,. This field has witnessed significant
advancements.!>?! For instance, Escherichia coli, when engineered with the isobutanol
biosynthetic pathway and alcohol acyltransferase (Atflp), has demonstrated a notable capacity
for isobutyl acetate production, reaching up to 36 g/L.* Furthermore, the biosynthesis of isoamyl
acetate has been achieved through the condensation of isoamyl alcohol with acetyl-CoA, with
reported titers reaching 8.8 g/L.'¢

Yarrowia lipolytica is a nonconventional yeast species that is phylogenetically distinct from
the extensively studied S. cerevisiae. It is characterized by its easy genetic tractability, robust
growth kinetics, and GRAS status by FDA. These characteristics make it an ideal host for the
biosynthesis of pharmacologically active compounds such as resveratrol,”*** itaconic acid,**
and triacetic acid lactone.?’* Furthermore, Y. lipolytica is adept at lipid and fatty acid biosynthesis
owing to its inherent mechanisms for acetyl-CoA and malonyl-CoA syntheses.”' Despite these
promising applications, refining microbial ester production represents a complex challenge,
necessitating extensive research to identify and manipulate the metabolic pathways involved,
thereby enabling the sustainable exploitation of ester synthesis.

This study investigated the production of esters using Y. lipolytica as a production platform.
We first screened for AATs that are optimally suited for ester biosynthesis in Y. lipolytica.
Subsequently, we attempted to increase the intracellular pool of acetyl-CoA and the expression
levels of AAT, affirming the potential of Y. lipolytica as a viable microbial factory for ester
production. This approach underscores the strategic manipulation of metabolic pathways to
enhance the yield and productivity of target biochemicals.

2. Materials and methods
2.1 Strains and media
The study utilized various strains, all of which are detailed in Table 1. The parental strain
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employed was Y. lipolytica PO1fAku70Aku80.?® The yeast strains were cultivated in YPD medium
(BD Diagnostic Systems, Sparks, MD, USA) or YNB medium (Formedium, Norfolk, UK).

2.2 Construction of plasmids and transformation

The plasmids and primers used in this study are listed in Tables S1 and S2, respectively. The
plasmid pCRISPRyl*? was procured from Addgene (Watertown, MA, USA). A 20-base seed
sequence, along with the NGG PAM sequence (N20NGG) in the Y. lipolytica genome, was
selected using CHOPCHOP (https://chopchop.cbu.uib.no/). The homologous recombination (HR)
donor sequences included donor arms approximately 500 bp in length, both upstream and
downstream of the Cas9 cutting site and the intended insertion sites. A Cas9 protein expression
plasmid, targeting 408, was assembled using the KOD-Plus-Mutagenesis Kit (TOYOBO, Co.
Ltd., Osaka, Japan), following the manufacturer’s instructions. pCRISPRyl was used as a template
with the primer pair fw-Cas9-A08-inv/rev-Cas9-A08-inv. The resultant plasmid was named
pCRISPRyl A0S8. Other plasmids for Cas9 targeting were similarly constructed and are
summarized in Table S1.

An HR donor for ATFI expression was constructed as follows: A DNA fragment was
amplified using the primer pair fw-pHR-atf1-insert/rev-pHR-atf1-insert, with a codon-optimized
atfl fragment (Invitrogen, Waltham, MA, USA; Table S3) as a template. The fragment was ligated
into the Ascl and Nhel sites of the plasmid pHR A08 hrGFP. Using this resultant plasmid as a
template, the region encoding UAS1B8-TEF(136) promoter-PEX10-CYCterminator was
amplified using the primer pair fw-Avr2-xyr6/rev-Spel-xyr6. The upstream and downstream
regions of xyr6 were amplified with the primer pairs fw-xyr6-1/rev-xyr6-2 and fw-xyr-3/rev-xyr6-
4, respectively. These three amplified fragments were conjugated using overlap extension PCR.
Other fragments were similarly constructed. To construct HR donor DNA to disrupt DGAI, the
upstream and downstream regions were amplified using the primer pairs fw-dgal-knock out-
1/rev-dgal-knock out-2 and fw-dgal-knock out-3/rev-dgal-knock out-4, respectively. The two
amplified fragments were conjugated using overlap extension PCR. Other HR donor DNAs were
similarly constructed.

All strains were constructed using the lithium acetate method™® by co-transformation of 100
ng of the pCRISPRyl vector series with 500 ng of the respective HR donor DNA. Before the
transformation, the cells were incubated overnight at 30°C with shaking at 220 rpm in test tubes
containing 5 mL of YPD medium. The transformants were then spread onto YNB plates
supplemented with 125 mg/L uracil when necessary.

2.3 Culture conditions and analytical conditions

For the production of esters, the strains were initially precultured in 5 mL of YPD medium for 48
h at 30°C. This starter culture was used to inoculate 5 mL of YNB medium supplemented with
20g/L glucose and 5 g/L of ethanol or appropriate alcohol at an initial O.D.gp of 0.3 in a 50-mL
conical tube. After overlaying with 2 mL of oleyl alcohol, the tubes were wrapped in PTFE tape
to seal the threading and then capped to ensure complete anaerobic conditions. The resulting
culture was agitated for 72 h at 30°C and 220 rpm.

After cultivation, oleyl alcohol overlay was collected and stored at room temperature for
ester analysis. The amount of ester was evaluated using a gas chromatograph (GC-2025,
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Shimadzu, Kyoto, Japan) equipped with an SH-stabilwax column (30 m, 0.25-mm internal
diameter; Shimadzu). Helium was used as the carrier gas at a flow rate of 2 mL/min. The injection
volume was set at 1 pL with a split ratio of 1:50. The oven temperature was initially maintained
at 40°C for 1 min, after which it was gradually increased to 120°C at a rate of 20°C/min and
further to 250°C at a rate of 120°C/min.

3. Results and discussion
3.1. Construction of acetate ester-producing Y. lipolytica strains

We investigated the ability of the PO1f strain to produce acetate esters. A concentration of 5 g/
each of ethanol, isobutanol, and isoamyl alcohol was introduced into the culture medium,
followed by an overlay of oleyl alcohol. The cells were subsequently incubated at 30°C for 72 h.
As shown in Figure 1, the PO1f strain synthesized only 35 mg/L of ethyl acetate and failed to
produce isobutyl acetate or isoamyl acetate. Consequently, we attempted to identify potential
acetate ester-producing genes and integrated into Y. lipolytica. Our selection focused on four
genes—ATFI, ATF2, EATI, and EHTI—originating from S. cerevisiae. Atflp and Atf2p are
responsible for ethyl acetate production in yeast,” whereas Eatlp and Ehtlp contribute to ester
production.”® Furthermore, ester production has been reported in budding yeast expressing ATF1,
demonstrating that ATFI and ATF?2 are suitable for ester production when E. coli is used as a
host.*** Additionally, EATI, derived from K. marxianus, or W. anomalus, or Wickerhamomyces
ciferrii, has been reported to be effective in enhancing ethyl acetate production in S. cerevisiae as
a host.'? In our study, these genes were introduced into the XYR6 or XYRI locus of POf1 (Table
1). The constructed strains were cultivated in the presence of 5 g/L of ethanol, isobutanol, and
isoamyl alcohol, respectively, with an oleyl alcohol overlay. The results (Figure 1) indicated a
slight enhancement in ethyl acetate production across all genes, peaking at 61 mg/L. Conversely,
Y. lipolytica strains expressing ATF1 exhibited a significant increase, producing 251 mg/L of
isobutyl acetate or 613 mg/L of isoamyl acetate. These findings indicate the ability of Atflp to
synthesize esters in Y. lipolytica, thereby enabling the high-yield production of isobutyl and
isoamyl acetates.

The heterologous expression of ATF1 in E. coli has been observed to exhibit a higher activity
in ester production compared to ATF2."? Our findings suggest that ATF] is well-suited for the
production of isobutyl acetate or isoamyl acetate in Y. lipolytica. Interestingly, in E. coli
expressing ATF 1, a larger quantity of isobutyl acetate is produced compared to isoamyl acetate.**
However, when Y. lipolytica was used as the host, the titer of isoamyl acetate exceeded that of
isobutyl acetate (Figure 1). The reported kinetic parameters corroborate this observation,
demonstrating that the kcat/km value for isoamyl alcohol is higher than that for isobutanol.** This
disparity may be attributed to the membrane-dependent enzymatic activity of S. cerevisiae Atflp
and Atf2p, which localize to lipid droplets via amphipathic helices present at both their N- and C-
termini.*>*’” The observed variance in activity in Y, lipolytica could potentially be attributed to a
difference in enzyme localization, differing from that observed in its native host. The strain
expressing ATF1 was designated as EST-1 and was used in subsequent experiments.

Table 1. Strains used in this study.

Strain Genotype Source




Escherichia coli endAl, hsdR17, (rK-mK+), supE44, thi-1, gyrA96, Novagen

Nova Blue relAl, lac, recA1/F’ [proAB+, lac 1q Z AM15, Tnl10(tetr)] £

POI1f MATA ura3-302 leu2-270 xpr2-322 axp2-deltaNU49 ATCC
XPR2::SUC2

(MYA-
2613)

EST-1 POIf Aku704ku80, AXYR6.::ATF1 This study

atf2 POI1f Aku704ku80, AXYR6::ATF2 This study

eatl POI1f Aku704ku80, AXYR6.:EATI This study

chtl PO1f Aku704ku80, AXYRII::EHTI This study

Kma POI1f Aku704ku80, AXYR6.:EATI This study

Wan PO1f Aku704ku80, AXYRII::EATI This study

Wei POI1f Aku704ku80, AXYR6.:EATI This study

EST-2 PO1f Aku704ku80, AXYR6::ATF1, AA0S::ATF1 This study

EST-3 POI1f Aku704ku80, AXYRG6::ATF1, AA0S8::ATF1, This study
AXYRII::ATF1

EST-4 POI1f Aku704ku80, AXYR6.::ATF1, AD17::PEXI10 This study

EST-5 POI1f Aku704ku80, AXYR6.::ATF1, AC18::PORI This study

EST-6 PO1f Aku704ku80, AXYR6::ATF1, AD17::PEX10, This study
ACI18::PORI

EST-7 PO1f Aku704ku80, AXYR6::ATF1, AD17::PEX10, This study
ACI18::PORI1,Ainte3::ACS1

EST-8 POI1f Aku704ku80, AXYR6:ATF1, AD17::PEX10, This study
ACI18::PORI, Ainte3::PDC2

EST-9 PO1f Aku704ku80, AXYR6::ATF1, AD17::PEX10, This study
ACI18::PORI, Ainte3::PDC2, AXDH::ALDS

EST-13 PO1f Aku704ku80, AXYR6::ATF1, AA0S8::ATF1, This study
AXYRI1I::ATF1, ADGAI

EST-14 PO1f Aku704ku80, AXYR6::ATF1, AA0S8::ATF1, This study
AXYRI11::ATF1, ADGA2

EST-15 PO1f Aku704ku80, AXYRG6::ATF1, AA0S8::ATF 1, This study
AXYRII::ATF1, AIROI
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EST-16 PO1f Aku704ku80,AXYR6::ATF1, AA0S::ATF 1, This study
AXYRII::ATF1, AOILI

EST-17 POIf Aku704ku80,AXYR6::ATF 1, AA08::ATF I, This study

AXYRII::ATFI, ATGL4
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Figure 1. Ester production using AAT-expressing Y. lipolytica after 72 h of anaerobically
cultivation. Ethanol, isobutanol, or isoamyl alcohol (5 g/L) were supplemented in YNB medium
containing 20g/L glucose. Abbreviations: Wan; eat! from Wickerhamomyces anomalus, Wci; eatl
from Wickerhamomyces ciferrii, Kma; eatl from Kluyveromyces marxianus. Data are expressed
as the means and standard deviations of three independent experiments.

3.2. Effects of improved acetyl-CoA synthesis by enhanced B-oxidation or pyruvate bypass
pathway

To optimize ester production, we deliberately enhanced genes involved in the B-oxidation pathway,
a crucial metabolic route in Y. lipolytica, as depicted in Figure 2. In this organism, fatty acid
degradation proceeds through p-oxidation within peroxisomes, yielding acetyl-CoA and acyl-
CoA, which are essential intermediates utilized in the tricarboxylic acid cycle and glyoxylate
shunt.®® We focused on two key genes: PEX10 (YALIOC01023) and PORI (YALIOD12628).
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Overexpression of PEX10, responsible for peroxisome biogenesis, has been linked to enhanced
peroxisomal proliferation.* Meanwhile, upregulation of PORI, a vital regulator in fatty acid
metabolism has been shown to enhance polyketide synthesis.***' In Y. lipolytica, increased
expression of both genes has been associated with an increase in the production of TAL (triacetic
acid lactone).”®*? Given the central role of acetyl-CoA in these pathways, we hypothesized that
enhancing PEX10 and POR1 expression would increase ester biosynthesis.

To evaluate this hypothesis, we engineered three strains: EST-4 with elevated PEXI0
expression, EST-5 with increased PORI expression, and EST-6 with upregulated expression of
both genes. Contrary to expectations, all modified strains exhibited reduced ester synthesis
compared to the control EST-1 (Figure 3). This decrease was particularly pronounced in the
production of isobutyl acetate or isoamyl acetate, suggesting limited availability of the acetyl-
CoA substrate. Given that ester synthesis is predominantly active under microaerobic conditions,
it is conceivable that elevated expression of PEX1(0 and PORI may hinder peroxisomal activity.

In Y. lipolytica, the conversion of pyruvate to acetaldehyde is facilitated by pyruvate
decarboxylase (PDC) (YALIOD06930), followed by the transformation of acetaldehyde to acetate
via acetaldehyde dehydrogenase (ALD) (YALIODO07942), ultimately leading to acetyl-CoA
synthesis through acetyl-CoA synthetase (4CS)(YALIOF05962).* A previous study demonstrated
that upregulation of enzymes in this pathway enhances free fatty acids®', triacylglycerols®' or TAL
production in Y. lipolytica.*’ Building upon this, our study aimed to further augment ester
production by enhancing the expression of PDC2, ALDS5, and ACS1, thereby increasing acetyl-
CoA biosynthesis. We engineered the strains EST-7 (EST-6/4inte3::ACSI), EST-8 (EST-
6/4inte3::PDC2), and EST-9 (EST-6/4inte3::PDC2,Axdh::ALDY5). However, all strains exhibited
decreased ester production (Figure 3). Notably, ester production in the EST-7 strain was
comparable to that in the EST-5 and EST-6 strains. Minimal acetate accumulation was detected
in the culture media, suggesting an insufficient acetate supply. Additionally, expression levels of
PDC2 and ALD5 were inversely associated with ester production. These findings indicate that
although acetyl-CoA supply was adequate, alternative strategies are necessary for efficient ester
synthesis.

Glucose
l l Yarrowia lipolytica
1 Malonyl-CoA---->  %(DGA1
PDC2 | Emats W DGA2
Acetaldehyde v
Y PEX10 B-oxidation v i: IRO1
ALDS ACS1 POR1 N e
Acetate—>"Acetyl-CoA  +—= Fatty Acide----¥  gji1

-—

ATF1
/_' ester

Ethanol, or isobutanol, or isoamyl alcohol
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Figure 2. Metabolic engineering of ester-producing Yarrowia lipolytica. Red indicates the
expression of genes involved in ester synthesis, including PEX10, PORI, PDC2, ALDS5, and ACS].
Blue X indicates the disruption of OILI, DGAI, DGA2, IRO1, and TGL4. Abbreviations: ATFI,
alcohol acetyltransferase from Sacchromyces cerevisiae (YOR377W); pex10, peroxin-10; porl,
primary oleate regulator I; PDC2, pyruvate carboxylase; ALDS5, acetaldehyde dehydrogenase;
ACS1, acetyl-CoA synthetase; OIL1, oleaginicity inducing LD protein; DGA 1, diacylglycerol O-
acyltransferasel; IRO1, phospholipid:diacylglycerol acyltransferase; 7GL4, triacylglycerol lipase.

700
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POR1 - - + + + + +
ACS - - - - + - -
PDC2 - - - - - + +
ALD5 - - - - - - +

Figure 3. Modifying ester production through the B-oxidation and pyruvate bypass pathways.
Isobutanol or isoamyl alcohol (5 g/L) were supplemented in YNB medium containing 20g/L
glucose. and anaerobically cultivated for 72 h. Data are expressed as the means and standard
deviations of three independent experiments.

3.3. Pull strategy by introducing additional copies azf1

The pull strategy, which involves the overexpression of genes downstream in the desired pathway,
improves the efficiency of converting precursors into the target compound.*** This strategy has
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been shown to effectively increase the metabolic flux toward lipid biosynthesis in Y. lipolytica,®
through enhanced precursor production and the activation of subsequent precursor-consuming
reactions. In this study, we engineered two new strains, EST-2 and EST-3, by introducing an
additional ATF'] into the 408 and XYR11 loci, respectively. The ester biosynthesis results of these
strains are presented in Figure 4. Strain EST-2 produced 1414 mg/L of isoamyl acetate, whereas
strain EST-3 yielded 2918 mg/L of the same ester. These quantities represent a 2.3-fold and 4.7-
fold increase in production compared to the control strain EST-1, respectively. Furthermore, the
EST-3 strain synthesized 1075 mg/L of butyl acetate, a quantity that is 4.3-fold higher than that
produced by the EST-1 strain. These results highlight the efficacy of amplifying ATF I expression
in enhancing ester synthesis. Cell growth are almost same levels among the strains. It is suggested
that a pull strategy, which enhances ester production, is more suitable for Y. lipolytica than a push
strategy, which enhances the supply of acetyl-CoA.

A) B)
3500 5
3000 | m isobuyl acetate
4
2500 isoamyl acetate l
3 -3
E 2000 | -]
— o
& .
g 1500 | -k
4 | )
1000 | 1
500 | ! o
0 ‘——- - - EST-1 EST-2 EST-3
EST-1 EST-2 EST-3

W with isoamyl alcohol ® with isobutyl alcohol

Figure 4. Enhancing ester production by introducing additional copies of ATFI. A) Isobutyl
acetate or isoamyl acetate production. B) Cell growth. Isobutanol or isoamyl alcohol (5 g/L) were
supplemented in YNB medium containing 20g/L glucose and anaerobically cultivated for 72 h.
Data are expressed as the means and standard deviations of three independent experiments.

3.4. Improving acetyl-CoA synthesis by modifying fatty acid biosynthesis pathways

To increase the accumulation of acetyl-CoA, we assumed that reducing the flux toward the
competing fatty acid biosynthesis pathway would be crucial. Prior research has shown that the
inhibition of fatty acid synthesis by cerulenin, a fatty acid synthesis inhibitor, results in a
substantial accumulation of malonyl-CoA.*® Given that acetyl-CoA is a direct precursor to
malonyl-CoA, we inferred that a high accumulation of malonyl-CoA would lead to increased
levels of acetyl-CoA. Consequently, we aimed to increase the production of acetic esters by
disrupting genes associated with the fatty acid biosynthetic pathway.

We focused on four types of genes: DGAI, DGA2, IROI, and TGL4. The genes DGAI and
DGA?2 encode diacylglycerol O-acyltransferase, which is involved in triacylglycerol (TAG)
synthesis, a primary storage lipid in oleaginous yeast. Similarly, /RO! gene encodes
phospholipid:diacylglycerol acyltransferase, whereas 7GL4 encodes triacylglycerol lipase,
responsible for converting TAG into glycerol.*** Studies in Y. lipolytica with disrupted DGAI

9
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and DGA2 have shown a reduction in total lipid content by over 50%.* In Rhodotorula toruloides,
disruption of DGAI led to an 11% increase in TAL production using acetyl-CoA as a precursor,
whereas disruption of IRO! resulted in a 19% increase in TAL production.*” Furthermore, we
focused on oill, implicated in the production of the Oillp protein (oleaginicity inducing LD
protein). The Y. lipolytica, in which oill was deleted, the amount of TAG accumulated decreased,
whereas in strains overexpressing oill, the amount of TAG accumulated increased.™

We engineered strains based on EST-3, disrupting DGAI, DGA2, IROI, TGL4, and Oill
(resulting in strains EST-13 to EST-17), aiming to inhibit fatty acid synthesis and increase the
accumulation of acetyl-CoA. The aim was to enhance the production of acetate ester. After a 72
h cultivation period, we confirmed that the ADGAI(EST-13) and ADGA2 (EST-14) strains
increased the production of isoamyl acetate (Figure 5). The targeted disruption of DGA1 or DGA2
is hypothesized to reduce fatty acid biosynthesis, thereby increasing the pool of acetyl-CoA
available for acetate ester synthesis. This genetic manipulation shifts metabolic fluxes to favor
ester production by reallocating precursor substrates. However, double deletion of DGAI and
DGA2 (ADGAI14DGA2) decreased ester production (data not shown). In contrast, strains EST-16
and EST-17 exhibited a decrease in ester production levels. This can be attributed to the role of
tgl4, which is involved in triacylglycerol degradation. The disruption of tgl4 did not inhibit TAG
synthesis, suggesting that the expected increase in acetyl-CoA supply did not occur, possibly due
to the continued synthesis of TAG. Furthermore, Oill is presumed to exert a negative regulatory
effect on lipase activity. The deletion of 0il/ may have increased lipase activity, leading to ester
hydrolysis. These gene disruptions did not seem to have a significant impact on cell growth. These
findings imply a complex regulatory mechanism governing lipid metabolism and ester production,
warranting further investigation to elucidate the precise molecular pathways involved.

A
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= 1 |
3 4
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— 1 l 8
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H with isoamyl alcohol  ® with isobutyl alcohol

Figure 5. Improving ester production by gene deletions related the fatty acid synthesis pathway.
A) Isobutyl acetate or isoamyl acetate production. B) Cell growth. Isobutanol or isoamyl alcohol
(5 g/L) were supplemented in YNB medium containing 20g/L glucose and anaerobically
cultivated for 72 h. Data are expressed as the means and standard deviations of three independent
experiments. * p <0.01, compared with EST-3.

3.5. Production of other acetate esters with a high carbon/nitrogen ratio in culture medium

Increasing the C/N ratio in the growth medium has a profound impact on cellular metabolism,

1
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favoring lipid biosynthesis while inhibiting cell growth.”®! By adjusting this ratio, we can
intensify metabolic flux toward fatty acid and lipid synthesis, thereby enhancing the production
of acetyl-CoA, a crucial precursor for acetate esters. To assess ester production, we cultivated the
EST-14 strain in YNB+Ura+Leu medium supplemented with 50 g/L glucose, 5 g/L yeast extract,
and 10 g/L peptone, maintaining a (C:N ratio of 11:1)’". After 72 h of cultivation, the EST-14
strain achieved a high production of isoamyl acetate, reaching 3404 mg/L (Figure 6). This
outcome suggests that under anaerobic respiration conditions, a higher carbon source
consumption is necessary for energy generation, promoting both microbial growth and metabolite
production.

We further explored the potential for producing other acetate esters using the EST-14 strain.
Cultivating this strain in a medium with a C:N ratio of 11:1, supplemented with 5 g/L of propanol,
butanol, and amyl alcohol each, yielded promising results. As depicted in Figure 6, we
successfully produced 144 mg/L of ethyl acetate, 332 mg/L of propyl acetate, 896 mg/L of butyl
acetate, and 2542 mg/L of amyl acetate. Cell growth exhibited a slight decrease with the
increasing carbon number of the added alcohol. By introducing the corresponding alcohols as
supplements, our engineered strain demonstrated the capability to produce a total of six different
acetate esters. This achievement underscores the potential applicability of our developed strains
in industrial production settings, offering the flexibility to tailor production to specific esters
required for various applications.
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Figure 6. Ester production using EST-14 strain after 72 h of anaerobically cultivation. A) Ester
production. B) Cell growth. Ethanol, propanol, butanol, isobutanol, amyl alcohol or isoamyl
alcohol (5 g/L) were supplemented in YNB medium containing 50 g/L glucose, 5 g/L yeast extract,
and 10 g/L peptone. Data are expressed as the means and standard deviations of three independent
experiments.

4. Conclusion
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Our study demonstrated the ability of Y. lipolytica to biosynthesize significant short-chain acetate
esters, specifically isobutyl acetate or isoamyl acetate. This was achieved by genetically
engineering the yeast to overexpress atfl from S. cerevisiae. Efforts to enhance acetyl-CoA
synthesis and implement a pull strategy by adding extra atf] copies proved particularly effective
in increasing ester yields. We achieved a notably high production of isoamyl acetate, reaching
3404 mg/L. Furthermore, by modifying the culture medium with different alcohols, we expanded
the range of esters produced. Metabolic engineering efforts have enabled alcohol synthesis from
glucose, facilitating the direct production of esters from glucose. Although Y. lipolytica has been
reported to produce isoamyl alcohol at a level of 1.8 mg/L,** there remains a tangible need to
enhance the titer. Employing a co-culture system may offer a promising solution for ester
production without the need for exogenous alcohol supplementation. Our research not only
underscores the potential of Y. lipolytica in sustainable microbial ester production but also paves
the way for future advancements in microbial synthesis for industrial applications.
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