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Abstract
Ethyl acetate has attracted much attention as an important chemical raw material and a flavor component of alcoholic bever-
ages. In this study, the biosynthetic pathway for the production of ethyl acetate in Chinese liquor yeast was unblocked. In 
addition to engineering Saccharomyces cerevisiae to increased intracellular CoA and acetyl-CoA levels, we also increased the 
combining efficiency of acetyl-CoA to ethanol. The genes encoding phosphopantothenate-cysteine ligase, acetyl-CoA syn-
thetase, and alcohol acetyltransferase were overexpressed by inserting the strong promoter PGK1p and the terminator PGK1t, 
respectively, and then combine them. Our results finally showed that the ethyl acetate levels of all engineering strains were 
improved. The final engineering strain CLy12a-ATF1-ACS2-CAB2 had a significant increase in ethyl acetate yield, reaching 
610.26 (± 14.28) mg/L, and the yield of higher alcohols was significantly decreased. It is proved that the modification of 
ethyl acetate metabolic pathway is extremely important for the production of ethyl acetate from Saccharomyces cerevisiae.
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Introduction

Carboxylate esters such as ethyl acetate and isoamyl ace-
tate are lipophilic molecules that generally have low odor 
thresholds. Ethyl acetate is widely present in many types of 
fermented alcoholic beverages, providing a pleasant fruit 
aroma that affects sensory quality and flavor characteristics 

[10]. In the freshly brewed liquor of Chinese Fenjiu, the 
content of ethyl acetate exceeds 2000 mg/L [11]. How to 
effectively improve and control the ethyl acetate production 
have always been the research focus of alcohol beverage 
improvement [16]. In industrial production, the synthesis 
of ethyl acetate is mainly accomplished by standard chemi-
cal means [9]. However, a recent bioprocessing pilot plant 
using K. marxianus produced 10.9 g/L ethyl acetate titer 
from waste whey feed, providing a new idea for industrial 
production of ethyl acetate [8]. Ethyl acetate is produced as 
a secondary metabolite in the alcohol fermentation process 
through three metabolic pathways [23]. The use of yeast to 
produce ethyl acetate is a potential option in the future [17].

Ethyl acetate production can be improved to a certain 
extent by improving and optimizing the production process, 
but the degree of improvement is not obvious [3]. Genetic 
engineering technology has brought us new thoughts. One 
possible limiting factor is the lack of supply of reactive pre-
cursor materials [4, 5]. A significant increase in CoA level 
was observed following overexpression of the rate-control-
ling enzyme pantothenate kinase and supplementation of 
the precursor pantothenic acid simultaneously [19]. In yeast, 
YIL083C encoding a phosphopantothenate-cysteine ligase 
has been identified (gene designation: CAB2) [12]. In the 
metabolic pathway from pantothenic acid to coenzyme A, 
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gene CAB2 responsible for late CoA biosynthesis is turned 
out to be essential [13]. The ACS2 knockout strain lost its 
abilities to grow on glucose media, demonstrating that the 
ACS2 gene is essential for the utilization of glucose in the 
fermentation medium [20]. Previous studies have demon-
strated that overexpression of the ACS2 gene increases the 
ability of Saccharomyces cerevisiae to synthesize acetyl-
CoA, while acetic acid tolerance is also enhanced [2]. The 
alcohol acetyltransferases are encoded by the ATF1, ATF2, 
and Lg-ATF1 genes and have been widely recognized as the 
most important enzymes in the production of ethyl acetate 
by yeast [7, 22]. Compared with the control, the expression 
intensity of ATF1 gene significantly increased the concentra-
tion of ethyl acetate, while ATF2 and Lg-ATF1 demonstrate 
lower degree of effect [7, 22]. The activity of AATase and 
the ethyl acetate production was dramatically reduced due 
to the null mutation of ATF1 [21].

In this work, we aimed to modify the expression intensity 
of target genes by inserting the PGK1 promoter and ter-
minator, and have successfully constructed overexpression 
engineering strains of CAB2, ACS2 and ATF1 separately, 
and constructed the combined strains simultaneously. Our 
target was to enhance catalysis and combination efficiency 
while increase the production of CoA and acetyl-CoA which 
directed the metabolism to the ethyl acetate pathway. The 
interaction between CAB2, ACS2, and ATF1 genes and their 
effects on ethyl acetate production were studied by fermen-
tation experiments in corn hydrolysate. The results showed 
that the positive change of ethyl acetate production can be 
detected in all engineering strains, and the combined overex-
pression of ACS2 and ATF1 had a more obvious synergistic 
effect. This strategy resulted in a significant increase in ethyl 
acetate titers and further explored the role of related genes in 

the production of Saccharomyces cerevisiae flavors. In addi-
tion, this study laid the foundation for industrial production 
of ethyl acetate and has certain reference value for the future 
optimization of other alcoholic beverages.

Materials and methods

Strains and growth conditions

All yeast strains and plasmids used in this study are sum-
marized in Table 1. Escherichia coli strain DH5a was uti-
lized for plasmid propagation. Haploid strain CLy12a was 
used as the background strain in this work. Lysogeny broth 
(LB) medium (5 g/L yeast extract, 5 g/L NaCl and 10 g/L 
peptone, pH 7.0) at 37 °C, with 100 mg/L ampicillin added 
for plasmid selection. Yeast strains were cultured in YEPD 
medium (20 g/L peptone and 20 g/L glucose, 10 g/L yeast 
extract, pH 7.0) at 30 °C. The YEPD medium was added 
with a 400 mg/L G418 during the screening of positive 
yeast transformants. To select Zeocin-resistant yeast strains, 
500 mg/L Zeocin was added to the YEPD plates. Then, the 
galactose medium (20 g/L peptone and 20 g/L galactose, 
10 g/L yeast extract, pH 7.0) was used for the Cre recom-
binase expression in the yeast. All solid media used in this 
study contained 2% agar powder. Liquid YEPD medium was 
used for cell culture, transcription level analysis and enzyme 
activity assay.

Yeast strain construction

The polymerase chain reaction (PCR) primers used in this 
study are listed in Table 2. The fragment of upstream flank 

Table 1   Yeast strains and plasmids used in this study

Strains or plasmids Relevant characteristic References or sources

CLy12a MATa, haploid yeast strain from CLy12 Angel Yeast Co., Ltd
CLy12a-CAB2 MATα, PGK1p-CAB2-PGK1t-loxP-KanMX-loxP This study
CLy12a-ACS2 MATα, PGK1p-ACS2-PGK1t-loxP-KanMX-loxP This study
CLy12a-ATF1 MATα, PGK1p-ATF1-PGK1t-loxP-KanMX-loxP This study
CLy12a-ACS2-△KanMX MATα, PGK1p-ACS2-PGK1t-loxP This study
CLy12a-ATF1-△KanMX MATα, PGK1t-ATF1-PGK1t-loxP This study
CLy12a-ACS2-CAB2 MATα, PGK1t-ACS2-PGK1t-loxP PGK1p-CAB2-PGK1t-loxP-KanMX-loxP This study
CLy12a-ATF1-CAB2 MATα, PGK1p-ATF1-PGK1t-loxP PGK1p-CAB2-PGK1t-loxP-KanMX-loxP This study
CLy12a-ATF1-ACS2 MATα, PGK1p-ATF1-PGK1t-loxP PGK1p-ACS2-PGK1t-loxP-KanMX-loxP This study
CLy12a-ATF1-ACS2-△KanMX MATα, PGK1p-ATF1-PGK1t-loxP PGK1p-ACS2-PGK1t-loxP This study
CLy12a-ATF1-ACS2-CAB2 MATα, MATα, PGK1p-ATF1-PGK1t-loxP PGK1p-ACS2-PGK1t-loxP PGK1p-

CAB2-PGK1t-loxP-KanMX-loxP
This study

Escherichia coli DH5α Φ80 lacZΔM15 ΔlacU169 recA1 endA1 hsdR17 supE44 thi-1 gyrA relA1 Stratagene
PUG6 E. coli/S. cerevisiae shuttle vector, Amp, loxP-KanMX-loxP [3]
pSH-Zeocin Zeor, Cre expression vector [11]
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of CAB2 (U) was amplified using primer pair 1-KCAB2-
U and 1-KCAB2-D. 6-KCAB2-U and 6-KCAB2-D were 
used to obtain the downstream flanking fragment CAB2 
(D). The PGK1p promoter and the PGK1t terminator were 

amplified from primer pairs 2-KCAB2-U and 2-KCAB2-D, 
4-KCAB2-U and 4-KCAB2-D, respectively. The gene CAB2 
was amplified from genomic DNA isolated from the strain 
CLy12a using primer pair 3-KCAB2-U and 3-KCAB2-D. To 

Table 2   Primers used in this 
study

a Overlapping sequence is underlined

Primer name Sequencea

1-KCAB2-U GCA​CAA​AGA​TGC​TAA​CAC​TTT​ACA​G
1-KCAB2-D TTT​TCA​GTT​TTG​GAT​AGA​TCA​GTT​AGA​TGC​TAT​AGT​ATG​AAG​AAA​AAA​AGG​
2-KCAB2-U ACT​CCT​TTT​TTT​CTT​CAT​ACT​ATA​GCA​TCT​AAC​TGA​TCT​ATC​CAA​AACTG​
2-KCAB2-D TGT​TGA​GCA​CGG​GTA​GAG​GTG​GCA​TGTT​TTA​TAT​TTG​TTG​TAA​AAA​GTA​G
3-KCAB2-U TAA​TTA​TCT​ACT​TTT​TAC​AAC​AAA​TAT​AAA​ACATG​CCA​CCT​CTA​CCC​GTG​
3-KCAB2-D AGA​AAA​GAA​AAA​AAT​TGA​TCT​ATC​GTTA​TTT​CGT​AGC​TAG​CTT​AGT​TTT​C
4-KCAB2-U CGA​AAA​CTA​AGC​TAG​CTA​CGA​AAT​AACGA​TAG​ATC​AAT​TTT​TTT​CTT​TTC​
4-KCAB2-D GTC​GAC​CTG​CAG​CGT​ACG​AAG​CTT​CAG​CTG​TAA​CGA​ACG​CAG​AAT​TTT​CG
5-KCAB2-U GTT​TAA​TAA​CTC​GAA​AAT​TCT​GCG​TTC​GTT​ACAG​CTG​AAG​CTT​CGT​ACG​C
5-KCAB2-D TTT​TTT​GAT​TAC​AGA​CAA​GAG​CTA​TGTT​GCA​TAG​GCC​ACT​AGT​GGA​TCTG​
6-KCAB2-U ATC​AGA​TCC​ACT​AGT​GGC​CTA​TGC​AAC​ATA​GCT​CTT​GTC​TGT​AATC​
6-KCAB2-D GAA​ACA​CGG​TAC​TCT​TCA​AAC​
1-KACS2-U CCT​TCC​AGT​AGC​GAT​AAC​ACAAC​
1-KACS2-D TTT​TCA​GTT​TTG​GAT​AGA​TCA​GTT​AGA​ATT​TTA​TTA​TTG​TAT​TGA​TTTAC​
2-KACS2-U GAA​AGT​AAA​TCA​ATA​CAA​TAA​TAA​AAT​TCT​AAC​TGA​TCT​ATC​CAA​AACTG​
2-KACS2-D CTA​CTT​TAT​GTT​CCT​TGA​TTG​TCA​TGTT​TTA​TAT​TTG​TTG​TAA​AAA​GTA​G
3-KACS2-U CTA​CTT​TTT​ACA​ACA​AAT​ATA​AAA​CATG​ACA​ATC​AAG​GAA​CAT​AAA​GTA​G
3-KACS2-D AGA​AAA​GAA​AAA​AAT​TGA​TCT​ATC​GTTA​TTT​CTT​TTT​TTG​AGA​GAA​AAA​T
4-KACS2-U AAT​TTT​TCT​CTC​AAA​AAA​AGA​AAT​AACGA​TAG​ATC​AAT​TTT​TTT​CTT​TTC​
4-KACS2-D GTC​GAC​CTG​CAG​CGT​ACG​AAG​CTT​CAG​CTG​TAA​CGA​ACG​CAG​AAT​TTT​CG
5-KACS2–U GTT​TAA​TAA​CTC​GAA​AAT​TCT​GCG​TTC​GTT​ACAG​CTG​AAG​CTT​CGT​ACG​C
5-KACS2-D CTC​ATT​ACG​AAA​TTT​TTC​TCA​TTT​AAGT​GCA​TAG​GCC​ACT​AGT​GGA​TCTG​
6-KACS2-U ATC​AGA​TCC​ACT​AGT​GGC​CTA​TGC​ACT​TAA​ATG​AGA​AAA​ATT​TCG​TAA​TG
6-KACS2-D ACA​CCG​ACA​GTG​ATG​TTT​CTCC​
1-KATF1-U CTT​GAC​AAG​TAA​AAT​CAG​AAT​TGG​
1-KATF1-D TTT​TCA​GTT​TTG​GAT​AGA​TCA​GTT​AGA​GAG​AGC​TGA​TAA​ATT​GAT​GGTAT​
2-KATF1-U ACA​AAT​ACC​ATC​AAT​TTA​TCA​GCT​CTC​TCT​AAC​TGA​TCT​ATC​CAA​AACTG​
2-KATF1-D GAT​TTT​TCT​CAT​CGA​TTT​CAT​TCA​TGTT​TTA​TAT​TTG​TTG​TAA​AAA​GTA​G
3-KATF1-U CTA​CTT​TTT​ACA​ACA​AAT​ATA​AAA​CATG​AAT​GAA​ATC​GAT​GAG​AAA​AAT​C
3-KATF1-D AAA​GAG​AAA​AGA​AAA​AAA​TTG​ATC​TATCG​CTA​AGG​GCC​TAA​AAG​GAG​AGC​
4-KATF1-U ACA​AAG​CTC​TCC​TTT​TAG​GCC​CTT​AGCGA​TAG​ATC​AAT​TTT​TTT​CTT​TTC​
4-KATF1-D GTC​GAC​CTG​CAG​CGT​ACG​AAG​CTT​CAG​CTG​TAA​CGA​ACG​CAG​AAT​TTT​CG
5-KATF1–U GTT​TAA​TAA​CTC​GAA​AAT​TCT​GCG​TTC​GTT​ACAG​CTG​AAG​CTT​CGT​ACG​C
5-KATF1-D ATA​ATA​TCA​GTC​AAG​CAT​CAT​GTG​AGAT​GCA​TAG​GCC​ACT​AGT​GGA​TCTG​
6-KATF1-U ATC​AGA​TCC​ACT​AGT​GGC​CTA​TGC​ATC​TCA​CAT​GAT​GCT​TGA​CTG​ATA​T
6-KATF1-D TAT​GCC​AAG​GAA​TAC​CGT​AAGC​
RT-UBC6-U GGA​CCT​GCG​GAT​ACT​CCT​TAC​
RT-UBC6-D TAA​TCG​TGT​GTT​GGG​CTT​GA
RT-CAB2-U AAC​TAC​TTT​TAC​TAC​CAT​TCACC​
RT-CAB2-D TTA​TTT​GCT​CCC​ATC​TTA​CC
RT-ACS2-U AAG​CAG​AGA​ACT​TAC​CTA​CCT​
RT-ACS2-D AAG​CGG​CAC​CTA​ATA​AAT​AAC​
RT-ATF1-U TGT​ATC​TCT​TCA​TAA​ATG​GGGT​
RT-ATF1-D CAT​CTG​GTA​GTT​GTG​AGC​GG
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obtain KanMX resistance, the PUG6 plasmid was used as a 
template, and the primer pair 5-KCAB2-U and 5-KCAB2-
D were used for PCR amplification [1]. An overlapping 
sequence of approximately (20–25 bp) was added to the 
ligation terminus of each fragment to complete chimeriza-
tion during intracellular homologous recombination. The six 
fragments verified by agarose gel electrophoresis were puri-
fied and recovered, and then all fragments were transferred 
into CLy12a by lithium acetate conversion to complete intra-
cellular recombination, and the strain CLy12a-CAB2 was 
constructed. A similar procedure was applied to the con-
struction of strains CLy12a-ACS2 and CLy12a-ATF1. The 
Cre-LoxP system was used to remove the KanMX resistance 
markers of the strains CLy12a-ACS2 and CLy12a-ATF1 to 
obtain strains CLy12a-ACS2-ΔKanMX and CLy12a-ATF1-
ΔKanMX. The strain CLy12a-ACS2-CAB2 was constructed 
by the above method using CLy12a-ACS2-ΔKanMX as a 
starting strain. At the same time, CLy12a-ATF1-ΔKanMX 
was used as the starting strain, CLy12a-ATF1-CAB2 and 
CLy12a-ATF1-ACS2 were also obtained. The KanMX resist-
ance marker of the CLy12a-ATF1-ACS2 strain was removed, 
and the strain CLy12a-ATF1-ACS2-ΔKanMX was obtained. 
On this basis, the CAB2 gene was overexpressed to obtain 
the final engineering strain CLy12a-ATF1-ACS2-CAB2.

Fermentation experiments

To prepare a liquid fermentation medium, 3000  g of 
corn flour was weighed, mixed with 9 L of water, and 
kept at 60–70 °C for 20 min. A high temperature resist-
ant α-amylase 1.8 mL (2 × 105 U/mL; Novozymes Biotech 
Co., Ltd., Tianjin, China) was added to the mixture and 
incubated at 90 °C for 90 min in a water bath. Stirring was 
carried out periodically during the liquefaction process, 
and the liquefaction end point was based on iodine test 
blue without reddish brown. Then, the temperature of the 
mixture was lowered to 65 °C, and 5 M H2SO4 was used 
to adjust pH to 4.2–4.4, and saccharification enzyme 3 mL 
(200 U/mL; Novozymes Biotechnology Co. Ltd., Tianjin, 
China) was added at 55–60 °C for 20 h to complete the 
saccharification. After the mixture was cooled to room 
temperature, the residue was removed by filtration through 
gauze and the supernatant was retained. Yeast cells were 
cultured in 5 mL of eight Brix medium (additional 0.5% 
yeast extract) at 30 °C for 24 h and were transferred to 
45 mL of 12 Brix medium (additional 0.5% yeast extract) 
at 30 °C for 16 h. A total of 15 mL of second precul-
tured yeast cells were dispensed into 135 mL of 20 Brix 
medium while supplementing 1 mL of nutrient salt. The 
erlenmeyer flask (250 mL) was tightly sealed with para-
film for oxygen-limited fermentation and a carbon dioxide-
releasing channel was created on parafilm with a 0.5 mm 
injection needle. The fermentation temperature was 30 °C. 

The weight loss results were measured every 12 h, and 
if the difference of two weighing results were less than 
1 g comparably then the fermentation was completed. All 
fermentations were performed in triplicate. The CO2 loss 
was measured by an analytical balance.

Gas chromatography analysis

Gas chromatography analysis has been widely used in the 
detection of volatile compounds in liquor. The contents 
of ethyl acetate and higher alcohols were analyzed by gas 
chromatography analysis. Distillation was carried out after 
the fermentation of the hydrolysate was completed, and 
sample analysis was performed on an Agilent 7890C gas 
chromatograph equipped with an Agilent G4513A auto 
sampler, injector and flame ionization detector (FID) and 
an AT.LZP-930 column (50 m × 320 μm internal diameter 
and 1 μm coating thickness). The GC was used as follows: 
nitrogen was used as carrier gas at a constant flow rate of 
1 mL/min. The injector temperature was 200 °C, split ratio 
was 5:1, and injection volume was 1 μL. The oven tempera-
ture program used was 50 °C (8 min), then raised to 120 °C 
at the speed of 5 °C/min and held at the final temperature for 
8 min. The standard used in the measurement was purchased 
from Merck Serono Co. Ltd.

High performance liquid chromatography analysis

At the end of the fermentation, the hydrolysates were sepa-
rately collected and subjected to centrifugation. The contents 
of residual acetic acid were analyzed by high performance 
liquid chromatography. Each sample was filtered through a 
0.22 μm aqueous phase filter before liquid chromatography. 
Using 1200SL liquid chromatograph, the column was HPX-
87H (300 mm × 7.8 mm × 9 μm), DAD detector, 5 mmol/L 
dilute sulfuric acid solution as mobile phase, oven tempera-
ture 60 °C, flow rate 0.6 mL/min, The detection time was 
23 min, and the injection amount per sample was 20 μL.

Real‑time quantitative PCR (RT‑qPCR)

Each strain was cultured in YEPD medium to logarithmic 
growth phase, and mRNA was isolated using a UNIQ-10 
column Trizol total RNA extraction kit. Reverse transcrip-
tion of mRNA into cDNA (RevertAid Premium Reverse 
Transcriptase). Real-time PCR was performed using a SG 
Fast qPCR Master Mix and an ABI StepOne plus type real-
time PCR instrument, and UBC6 gene was used as a refer-
ence gene. The final data were calculated using the threshold 
cycle (2−△△CT) method.
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Results

Characterization of engineering strains

The genes of CAB2, ACS2, and ATF1 were overexpressed 
individually and collectively as described in materials and 
methods. The strains and plasmids are shown in Table 1, 
and the primers are listed in Table 2, which are involved 
in this study. The genetic manipulation of the intracellular 
homologous recombination method was used to complete 
the targeted transformation of the strains. The Cre-LoxP 
system facilitated the removal of the KanMX screening 
marker to assist the subsequent operations (the specific 

implementation strategy is shown in Fig. 1). The engineer-
ing strains and the parent strain were separately cultured 
in a YEPD liquid medium at 30 °C to confirm whether the 
growth rate of the strains was consistent and not damaged.

Fermentation performance

The fermentation properties of engineering strains were 
compared with CLy12a in the corn hydrolysate. The relevant 
fermentation attributes of all strains were recorded to assess 
their abilities to ferment in corn hydrolysate (Table 3). The 
fermentation time of all the strains was consistent, and the 
total weight loss of CO2 did not change significantly. The 
results of high performance liquid chromatography analysis 

Fig. 1   The steps of the intra-cellular homologous recombination 
method. Fragments with overlapping sequences were amplified by 
PCR, and the fragments were recovered and introduced into CLy12a 

and interacted with the CLy12a chromosome after combination. All 
genes are made in a similar manner

Table 3   Fermentation 
properties in the liquid 
fermentation of corn 
hydrolysate

a,b,c,d Data are presented as the means and standard deviations of three independent experiments

Strain Maximum alcohol
(g/L)a

Glucose
(mg/L)b

Time of fer-
mentation
(h)

CO2 loss
(g)d

CLy12a 91.11 ± 0.27 4.03 ± 0.07 91 13.70 ± 0.06
CLy12a-CAB2 90.68 ± 0.41 3.93 ± 0.13 91 13.70 ± 0.06
CLy12a-ACS2 89.95 ± 0.71 3.60 ± 0.27 91 13.60 ± 0.06
CLy12a-ATF1 90.24 ± 0.11 2.85 ± 0.27 91 13.60 ± 0.06
CLy12a-ACS2-CAB2 90.33 ± 0.45 3.17 ± 0.45 91 13.60 ± 0.12
CLy12a-ATF1-CAB2 90.94 ± 0.43 2.29 ± 0.17 91 13.60 ± 0.00
CLy12a-ATF1-ACS2 90.02 ± 0.80 2.36 ± 0.28 91 13.60 ± 0.10
CLy12a-ATF1-ACS2-CAB2 90.43 ± 0.71 7.88 ± 0.31 91 13.60 ± 0.06
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showed that during the fermentation, all strains produced 
approximately the same levels of ethanol, and glucose was 
almost depleted.

As shown in Fig. 2a, the ethyl acetate production of all 
engineering strains was detected to have different degrees of 
increase. The ethyl acetate yield of CLy12a-ATF1 strain was 
414.40 mg/L, which was most obvious in the single-gene 
overexpressing strains CLy12a-CAB2, CLy12a-ACS2, and 
CLy12a-ATF1. The ethyl acetate production of the multi-
gene overexpression strains constructed on the basis of the 
single-gene overexpression strains were further improved. 
The strain CLy12a-ATF1-ACS2-CAB2 had the highest 
ethyl acetate content of 610.26 mg/L, which was more than 
60-fold higher than the 9.22 mg/L of the original strain 

CLy12a. The residual acetic acid in the fermentation broth 
of the strain CLy12a-ATF1-ACS2-CAB2 was almost com-
pletely consumed, and only 52.80 mg/L was detected, which 
was more than 80% lower than CLy12a. For all engineering 
strains, the higher the ethyl acetate yield is, the lower is the 
residual acetic acid, which is consistent with the expected 
experimental results. The higher alcohol contents are shown 
in Fig. 2b. Compared with CLy12a, there was no signifi-
cant change in the higher alcohol contents of the engineer-
ing strains CLy12a-CAB2, CLy12a-ACS2, and CLy12a-
CAB2-ACS2. The strains of CLy12a-ATF1 had the highest 
decrease in n-propanol, isobutanol, and phenylethanol con-
tent, which decreased by 26, 33, and 27%, respectively. 
The strains overexpressing CAB2 and ACS2 genes based 
on CLy12a-ATF1 strain (CLy12a-ATF1-CAB2, CLy12a-
ATF1-ACS2 and CLy12a-ATF1-ACS2-CAB2) have lower 
n-propanol, isobutanol and phenylethanol contents than the 
original strain CLy12a but higher than the strain CLy12a-
ATF1. All engineering strains showed that the higher the 
ethyl acetate production is,the is lower the isoamyl alcohol 
contents. Among them, the contents of isoamyl alcohol in 
CLy12a-ATF1-ACS2-CAB2 decreased the most, reaching 
62%.

Analysis of gene expression

It is noteworthy that there were significant differences in 
ethyl acetate and higher alcohol productions among the engi-
neering strains. We quantified the mRNA expression levels 
of CAB2, ACS2, and ATF1 to clarify the relationship among 
these genes (Fig. 3). The results of RT-qPCR suggest that the 

Fig. 2   a The bar graph represents the average concentration of ethyl 
acetate and acetic acid produced by the strains, and the high yield of 
ethyl acetate is accompanied by low yields of acetic acid residues. 
Data are presented as means and standard deviations of three inde-
pendent biological replicates. b The difference in higher alcohol pro-
duction between strains. The maximum decrease of n-propanol was 
26.35%, the maximum decrease of isobutanol was 33.53%, the maxi-
mum decrease of isoamyl alcohol was 55.93%, and the maximum 
decrease of phenylethanol was 26.76%. Data are presented as means 
and standard deviations of three independent biological replicates

Fig. 3   Differences in mRNA levels between strains. All of the over-
expressed genes showed a significant increase in the corresponding 
mRNA levels. The production of multi-gene overexpression strains 
based on single-gene overexpression strains showed higher mRNA 
levels, confirming the interaction between genes. Data are presented 
as means and standard deviations of three independent biological rep-
licates
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CAB2 expression level of CLy12a-CAB2, the ACS2 expres-
sion level of CLy12a-ACS2, and the ATF1 expression level 
of CLy12a-ATF1 were 11.1-, 2.3-, and 5.8-fold higher than 
that of CLy12a, respectively. The above results confirmed 
that the target gene mRNA levels of the engineering strains 
were improved under the action of the PGK1p promoter 
and the PGK1t terminator. A new change in mRNA levels 
was detected for the combined overexpressed strains. For 
the final engineering strain CLy12a-CAB2-ACS2-ATF1, 
the mRNA level of CAB2 gene was 1.5-fold higher than 
that of CLy12a-CAB2, the mRNA level of ACS2 gene was 
3.4-fold higher than that of CLy12a-ACS2, and the mRNA 
level of ATF1 gene was 3.0-fold higher than that of CLy12a-
ATF1. Similar experimental results were also detected in the 
remaining engineering strains. The above results have dem-
onstrated that the combined overexpression of the CAB2, 
ACS2, and ATF1 genes in the metabolic pathway results in 
a superimposed effect of mutual promotion. Overexpression 
of the CAB2, ACS2, and ATF1 genes are effective for the 
ability of Saccharomyces cerevisiae to produce ethyl acetate. 
The mRNA levels of all engineering strains were positively 
correlated with their ethyl acetate contents, which was con-
sistent with the expected experimental results.

Discussion

Due to its wide range of functions, some studies have begun 
to explore the ethyl acetate pathway of Saccharomyces cer-
evisiae [15, 17]. It is very important and necessary to find 
a yeast strain capable of producing a large amount of ethyl 
acetate. Previous related research results have not been suf-
ficient for the production improvement of ethyl acetate, and 
efforts in the direction of metabolic engineering have not 
been perfected. The focus of this study was to regulate the 
expression levels of genes involved in the pathway of ethyl 
acetate metabolism.

CAB2, ACS2, and ATF1 are important genes in the 
ethyl acetate metabolic pathway. The phosphonantothen-
ate encoded by the CAB2 gene affects the contents of the 
precursor substance coenzyme A. The ACS2 gene encodes 
a “non-aerobic” type acetyl-CoA synthetase. Ethyl acetate 
is produced by the combination of ethanol and acetyl-CoA 
under the catalysis of an alcohol acetyltransferase encoded 
by the ATF1 gene. Previous studies have shown that the 
strength of the promoter and terminator largely determines 
the transcriptional activity of genes [14]. The main method 
in this study was to increase their expression levels by insert-
ing the strong promoter PGK1p and the strong terminator 
PGK1t before and after the relevant metabolic genes. Differ-
ent from previous studies, to obtain more stable strains per-
formance, the construction of plasmids was omitted, and the 
genetic modification processes were directly integrated into 

the yeast genome, which greatly simplified the frequency of 
molecular manipulation and reduced the possibility of strain 
damage. Based on the basic fermentation data (Table 3), it 
was confirmed that the basic fermentation characteristics of 
the engineering yeast strains were not affected by the genetic 
modification. Overexpression of the ATF1 gene resulted in 
a significant increase in ethyl acetate production, which was 
consistent with the previous studies. Because of the extra 
addition of the PGK1 terminator and the synergetic effect 
of simultaneous overexpression of the three genes, the ethyl 
acetate production of the final engineering strain increased 
more than 60-fold compared to the original strain. This 
result is far superior to the ethyl acetate production (tenfold 
to 20-fold) in previous studies [6, 7]. At the same time, the 
promotion and superposition effects of CAB2, ACS2, and 
ATF1 genes were confirmed for the first time. The improve-
ment of mRNA levels also provided strong evidence for the 
validity of this hypothesis (Fig. 3). In addition, the total 
production of higher alcohols showed a different degree of 
decline due to the unblocking of the ethyl acetate metabolic 
pathway, which is consistent with the results of other stud-
ies [16].

To obtain better and superior performance, it is necessary 
to further optimize the metabolic pathway. The low residual 
acetic acid production of the engineering strains (Fig. 2) pro-
vides an idea for further increasing the ethyl acetate level. 
Another strategy that may be of concern is the blocking of 
related branched metabolic pathways such as butanol and 
glycerol [4, 18]. In this study, we confirmed the interaction 
between CAB2, ACS2, and ATF1 by our engineering strat-
egy, which is of great significance for studying the metabolic 
mechanism of ethyl acetate. The results of this study provide 
an effective method for the optimization of yeast strains in 
the future, which has a good reference value for improving 
the quality and flavor of wine, and provides a possibility 
for the new industrialized production mode of ethyl acetate.
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