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Abstract 

 

Resveratrol (Res), a stilbenic compound, recently has become the focus of a number of studies in medicine and plant 

physiology, and Saccharomyces cerevisiae (S. cerevisiae) has become a popular host for production of non-native compounds. 

As the last and key enzyme of the biosynthesis pathway, the amount and expression level of Resveratrol Synthase (RS) positive 

correlation on the production of Res. In this study, a signal peptide sequence, secreted by α-factor of S. cerevisiae, was 

connected with the RS gene, resulting a pYCα secretory plasmid construction. The RS gene was secretory expressed in S. 

cerevisiae successfully. Subsequently, a white wine fermentation was carried out by the recombinant strain. The Res 

concentration of the white wine fermented by the recombinant strain was 36% higher than the control. This has great interests 

for establishing a controllable way to produce RS and lays the foundation for exploring the Res biosynthesis method. 
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Introduction 

 
In wine, Resveratrol (Res) has been reported to have 

health benefits including anti-oxidant effects, life span 
extension, inhibiting obesity and cancer prevention 
(Gambini et al., 2015; Tomé-Carneiro et al., 2013; Juan et 
al., 2005; Park et al., 2001; Sgambato et al., 2001). Since 
Res has various health benefits and physiological roles 
above, it has a wide range of applications in health food, 
cosmetics and pharmaceuticals, and it is also an active 
principle found in traditional Chinese and Japanese 
medicine used to treat ailments related to the liver, skin, 
heart, and lipid metabolism (Pan et al., 2012). Previous 
studies have shown that the gene encoding stilbene 
synthase is transcribed only when induced by stimuli, to 
improve the immunity of plants and against pathogenic 
invasion under harsh conditions and environmental 
deterioration. Res has been found in more than 70 species 
of plants, such as polygonum cuspidatum, grapevine, and 
peanuts (Pan et al., 2012; Baur et al., 2006; Gruber et al., 
2007; Howitz et al., 2003). Res biosynthesis occurs via a 
pathway that branches off from the phenylalanine/ 
polymalonate pathway (Damianaki et al., 2000; Jeandet et 
al., 2012; Vos et al., 2015) as shown in Fig. 1. Malonyl-
CoA, one of the substrates required for the production of 
Res, is present in the yeast and is actively involved in fatty 
acid biosynthesis. The other substrate for RS, para-
coumaroyl-CoA, can be produced from para-coumaric acid, 
which is found in small quantities in grape must (Goldberg 
et al., 1998) and has been shown to be accumulated by 
yeast (Smit et al., 2003). There are four enzymes in the 
pathway: phenylalanine ammonia lyase (PAL), cinnamate 
4 hydroxylase (C4H), 4 coumarate: coenzyme A ligase 
(4CL), and RS. RS is the key enzyme which catalyzes the 
reaction of Malonyl-CoA with para-coumaroyl-CoA, 
formed CoASH, CO2 and Res. As the essential enzyme at 
last step of biosynthesis, the amount and the expression 
level of RS positive correlation on the production of Res. If 
the RS gene is absent in plants, the Res cannot be 
synthesized (Fig. 1). Meanwhile, several different related 

RS genes have been isolated and characterized in various 
plant species (Hain et al., 1993; Kobayashi et al., 2000; 
Kodan et al., 2001; Preisig-Muller et al., 1999; 
Schwekendiek et al., 1992; Sparvoli et al., 1994; Thomzik 
et al., 1997). Knowledge of Res biosynthetic route thus 
paves the way for metabolic engineering in microorganisms 
and plants. At present, commercial production of Res from 
plant sources such as Ploygonum cuspidatum is 
complicated by low product yield, slow growth, low 
efficient, difficult purification procedures and inconsistent 
performance (Andrea et al., 2010). Res has been also 
biosynthesized through introducing exogenous genes into 
microorganisms. Moreover, the engineering of yeast or 
bacteria has been optimized in encoding sequences and 
combination of genes with suitable fermentation process 
control (Becker et al., 2003; Kang & Back, 2009). The 
biosynthetic pathway of Res and similar compounds have 
been reconstructed in heterologous microbial systems 
before, mainly in E. coli and yeast (Pitera et al., 2007; 
Sydor et al., 2010; Trantas et al., 2009; Vannelli et al., 
2007; Ververidis et al., 2007). Many exogenous genes can 
secretory expressed by yeast. Secretion expression can 
increase expression levels and simplify the purification 
steps of expression products. It can also make expression 
products complete a series of processing and modification 
by the secretory pathway, which is important to ensure the 
natural activity of the expressed products (Michaelis & 
Barrowman, 2012). If the RS gene were combined with 
secretion signal peptide coding sequence and secretory 
expressed in S. cerevisiae, the full functionality protein 
would be obtained directly.  

In this study, the RS gene was cloned from Cabernet 
Sauvignon. The RS gene was connected with a signal 
peptide sequence, which was secreted by α-factor of S. 
cerevisiae. After constructing the pYCα secretory 
plasmid, the RS was secretory expressed in S. cerevisiae 
successfully, as an ectoenzyme react on zymolyte in grape 
juice. Furthermore, the recombinant yeast strains were 
tested for the expression of RS and for its ability to 
produce Res in white wine fermentation. 
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Fig. 1. Biosynthesis pathways towards resveratrol in grape. 

Malonyl-CoA is required for the production of Res. The other 

substrate for RS, p-coumaroyl-CoA, can be produced from p-

coumaric acid. There are four enzymes in the pathway: 

phenylalanine ammonia lyase (PAL), cinnamic acid 4-hydroxylase 

(C4H), 4-coumarate: coenzyme A ligase (4CL), and RS. RS is the 

key enzymes which catalyzes the reaction of Malonyl-CoA with p-

coumaroyl-CoA, formed CoASH, CO2 and resveratrol. 

 
 
Fig. 2. Construction for the secretory expression vector: pYCα-

RS T-Easy-RS plasmid was digested, meanwhile secretory 

expression plasmid pKCα was double digested by Not I and Xba 

I and obtained a about 6000bp fragment. Then, the RS target 

gene was inserted to pYCα fragment with T4 DNA ligase and 

screened. The results showed that RS fragments were 

successfully inserted into pYCα secretory expression plasmid. 

The pYCα-RS plasmid had been constructed. 

 

Materials and Methods 

 

Grape leaves: Cabernet Sauvignon grape leaves were 

collected from the grape resource garden of the college of 

Enology in Shaanxi, China (34.2701N, 108.0744E). 

After collection, the grape leaves of flowering phase were 

wrapped in aluminum foil and frozen in liquid nitrogen 

quickly, saved at -80C. 

 

Strains and plasmids: S. cerevisiae YS58 (Institute of 

Microbiology, Beijing, China) was used as a host strain 

for Res production. Escherichia coli DH5α (TIANGEN, 

Haidian, Beijing, China) was used for all the recombinant 

DNA experiments. The pGEM ®-T Easy vector (Promega, 

Madison, Wisconsin, USA) was used for construction of 

T-Easy-RS plasmid. The plasmid pKCα (α-factor signal 

peptide; GAL1, T7 promoter; CYC1terminator; 6 His tags; 

Amp resistance screening gene; URA3 defective 

screening gene) was used for the transforming DNA, 

which was donated by Dr. Hu and Dr. Yao (Institute of 

Microbiology, Jinan University, China). S. cerevisiae 

YS58 was transformed with the secretory expression 

plasmid pKCα-RS, which was constructed to 

constitutively express RS, thus leading to the production 

of Res. The RS gene was from grape. 

 

Culture conditions: The yeast strain YS58 was grown on 

YPD medium (yeast extract 1%, peptone 2%, glucose 2% 

agar 2%). E. coli DH5α was cultivated at 37C in LB 

medium (0.5% yeast extract, 1% tryptone and 1% sodium 

chloride) with or without 2% agar. The E. coli 

transformants were selected on LB solid medium 

containing 100 g/mL ampicillin. The selective solid 

medium SD-Ura (yeast nitrogen base 0.67% without 

amino acid, 0.19% yeast synthetic drop-out medium 

supplement without Uracil, agar 2% and glucose 2%) was 
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used for the S. cerevisiae transformants screening. The 

induced medium SD-Ura-gal (0.67% yeast nitrogen base 

without amino acid, 0.19% yeast synthetic drop-out 

medium supplement without Uracil, 2% agar, 2% glucose 

and 2% galactose) was used for the induction of RS. 
 

Genetic manipulation and test of genetic stability: The 

RS gene (NCBI GenBank accession no. DQ 366301) 

from Vitis vinifera was amplified by PCR from cDNA 

using oligonucleotides 5’- ATAAGAAT GCGGCCGC G 

ATGGCTTCAGTCGAGGA and 5’- GC TCTAGA 

TTAATTTGTAACCATA (Restriction enzyme sites Not I 

and Xba I were underlined). Amplification consisted of 38 

cycles of 10 s at 95C and 15s at 55C with a last 

polymerization step of 1min 20s at 72C. Amplified 

fragment was connected to the pGEM®-T Easy vector 

(Promega, Madison, Wisconsin, USA), resulting T-Easy-

RS plasmid then it was transformed into E. coli. The T-

Easy-RS was verified by sequencing and Blast in NCBI 

database. The confirmed T-Easy-RS and pYCα were 

double digested to construct secretory expression pYCα-

RS plasmid. The ligation product was transformed into E. 

coli and screened by LB/Amp medium. Then pYCα-RS 

plasmid was transformed into S. cerevisiae YS58 and the 

engineered strain were screened on selective mediums. 

The engineered strain was successively cultivated on 

plates for 10 generations. Each generation of the strain 

was cultivated at 28C for 24 h. The 10th generation 

strain was used for plate-streaking. After two days’ 

cultivation at 28C, 100 randomly chosen single-grown 

colonies were transferred to 0.5 ml of sterilized water to 

starve for 4 h at room temperature. Single colonies after 

starvation was inoculated onto SD-Ura plates and kept at 

28C for 2 days. 
 

Induced expression and identification of RS: The 

positive transformants were selected on SD-Ura agar. A 

shaking flask fermentation of this strain in SD-Ura liquid 

culture medium was performed. Then the RS gene was 

expressed in SD-Ura-GAL culture medium induced by 

galactose. After centrifugation at 13,000 rpm for 10 min at 

4C, the supernatant was recovered. Subsequently, the 

proteins in the supernatant were separated on a 12% SDS-

PAGE and then blotted onto a Hybond-C membrane. 

Separated proteins in the gels were electrophoretically 

transferred onto nitrocellulose membrane at 150 mA for 1h 

20min. The blotted membrane was blocked with 5% 

skimmed milk in PBS containing 0.05% Tween 20 (TBS-T 

buffer) for 2h. After blocking the membrane, anti-his 

antibody (1 mg/mL), diluted in PBS, was added and 

incubated for overnight at 4C. After washing the 

membrane with TBS-T, HRP-goat anti-mouse IgG (H+L) 

(0.4mg/mL), diluted in PBS-T, was added and incubated 

for 2h at room temperature. Finally, washed the membrane 

and stained by DAB reagent. 
 

Microvinification experiments and determination the 

content of Res: Fermentation assays were carried out using 

2 liters of sterilized Chardonnay (Sugar content 200 g/L, 

total acid 6.88 g/L (tartaric acid), pH 3.89). The selected 

pYCα-RS transformant was inoculated into must to 

produce wine in a microvinification process. A parallel 

control fermentation using the YS58 strain was performed. 

During the fermentation, 40mL fermentation liquid was 

taken per 24h for the extraction and determination of Res. 

In order to confirm the effect of RS on Res synthesis, a 

fermentation also has been carried out. The enzyme 

solution of pKCα-RS transformant was added to must, then 

YS58 was inoculated into must. Periodically sampled for 

the determination of Res’ s content during the fermentation. 

The enzyme solution of pYCα-RS transformant was not 

added to the must as a control. All microvinification 

experiments were in triplicate. 
Res was extracted twice from samples and cell 

lysates with equal volumes of pure ethyl acetate. Then the 
organic phase was washed three times using 15 mL 3% 
NaHCO3 solution. The residues were filtered after drying 
over anhydrous sodium sulfate and concentrated to a 
volume of 2 mL with a rotary evaporator (CENCO). The 
samples were stored at 20°C until the HPLC analysis. All 
of the above operations carried out in the dark. 

Res concentration was determined by HPLC 
(Shimadzu Corporation) with a Wondasil C18 column 
(Shimadzu, Kyoto, Japan). The mobile phase consisting 
of solvent A (acetonitrile) and solvent B (distilled water). 
Start: 5% A, 95% B, remain 5min; 28min: 60% A, 40% B 
33min: 85% A, 15% B, remain 2min; 40 min: 5% A, 95% 
B; Finally, the pole was balanced. It was set at a flow rate 
of 1.0 mL/min. UV detection was performed at 360nm of 
wavelength. Extraction and analysis of Res were 
performed in triplicate.  
 

Results  

 
Construction of pKCα-RS recombinant plasmid: 
Secretory expression plasmid pKCα was double digested 
by Not I and Xba I and obtained a about 6000bp fragment. 
Electrophoretic identification analysis reveals that the 
digestion of pYCα was a success. Similarly, the plasmid T-
Easy-RS was double digested by Not I and Xba I and RS 
target gene fragment was recycled. In the next step, the RS 
target gene was connected to pYCα fragment for 12 hours 
at 4C with T4 DNA ligase. The ligation product was 
transformed into E. coli and screened by LB/Amp medium.  

The single colony was cultured for 12h. Electrophoresis 
analysis was carried out after plasmids were extracted. The 
1179bp insert was found via electroporosis and it was further 
confirmed by sequencing. The results showed that RS 
fragments were successfully inserted into pYCα secretory 
expression plasmid. The pYCα-RS plasmid had been 
constructed successfully. The process of constructing the 
secreting expression vector is shown in Fig. 2.  
 
Transformation, screening of yeast and test of genetic 
stability: Under the control of the T7 promoter, the RS 
protein encoded by the target gene can be secreted into 
the extracellular matrix guided by the α-factor signal 
peptide. C-terminal of the α-factor signal peptide in 
pYCα-RS contains yeast endoprotease recognition site 
(Lys-Arg). It can remove the signal peptide in the process 
of secreting into the extracellular matrix. 

Because both pYCα-RS and pYCα contain Ura3 
genes, transformants can grow on the SD-Ura (lacking 
uracil) medium. At this time, SD-Ura solid medium was 
used for the yeast transformants screening. 
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Fig. 3. SDS-PAGE analysis of the secretion expression of RS, 

upper panel yeast culture media after secretory expression in S. 

cerevisiae (10× concentrated media supernatants). 1, 2: Protein 

samples of pYCα-RS/YS58 without galactose induced medium. 

3, 4: Protein samples of pYCα-RS/YS58 galactose induced 

medium. Maker: Protein molecular weight marker. 

 

 
 

Fig. 4. Western blot detection of protein samples, Western blot 

experiments using monoclonal antibodies against RS. The proteins 

of RS expressed by pYCα-RS/YS58 (45kD). Lanes: 1, 2: The 

culture supernatant of pYCα-RS/YS58 galactose induced medium. 

3, 4: The culture supernatant of pYCα-RS/YS58 without galactose 

induced medium. Maker: Protein molecular weight marker. 
 

Both pYCα-RS and pYCα were transformed into 
competent cells of S. cerevisiae YS58 through electric shock. 
Recombinant plasmid transformants pKCα-RS/YS58 were 
screened on mediums later. Finally, these transformants were 
identified by colony PCR. Electrophoresis showed that the 
band size is 1179bp, so pYCα-RS has been inserted into the 
chromosome of S. cerevisiae YS58 successfully.  

All of the 100 single colonies of the tenth generation of 

engineered strain could grow on SD-Ura plates, suggesting 

that the engineered strain was genetically stable. 

 

Induced expression of secretory expression plasmid in 

S. cerevisiae: The recombinants were cultured by 

galactose induced medium and the negative control was 

without galactose induced medium. After induction, the 

supernatants were collected and a certain band was shown 

in the SDS-PAGE analysis. SDS-PAGE analysis revealed 

that the recombinant yeast cells expressed the predicted 

45kDa RS. The result was shown in Fig. 3.  

There was a strong cross-reaction well above the 

background and corresponding to a polypeptide with a 

molecular weight expected for the RS protein of about 

45kDa, was detected (lanes 1, 2). While for the 

transformant grown without galactose-induced medium, 

had no same polypeptides detected (lanes 3, 4). No 

noticeably sharper specific bands appeared at 45kDa.The 

analysis revealed that the protein secretory expressed by 

recombinant yeast cells is RS. The RS was appeared in the 

supernatants of recombinant yeast. Then, we did western-

blot according antigen specificity. The result was shown in 

Fig. 4 this proved that we have got specific RS protein. 

 
Microvinification experiments by the recombinant 
wine yeast strain: The wine-making processes monitored 
by weightlessness. During the fermentation, 40mL 
samples were collected per 24h for the extraction and 
determination of Res by HPLC. Every microvinification 
experiment was carried out in triplicate (Fig. 5). 

At the beginning, the concentration of Res is low in 
Chardonnay grape juice, lower than 5 μg /L. There was an 
upward trend on the Res content overall for them with the 
fermentation process been carried out to completion. It 
can be seen in Fig. 5, the concentration of Res in the wine 
produced by the pYCα-RS/YS58 transformant was 
always higher than that produced by the YS58 strain 
during the wine-making. In the case of the fermentation 
caused by pYCα-RS/YS58 transformant, the Res content 
increased rapidly at the beginning of fermentation. 
Subsequently, the concentration increased gradually with 
fermentation carrying out and finally remained 
unchanged. While, the concentration of Res increased 
slowly throughout the whole fermentation for the YS58 
strain. At the end of fermentation, the Res content of 
pYCα-RS/YS58 reached 31 ± 2 μg/L which was 36% 
higher than it. The results clearly showed there was a 
significant increase (p<0.05) in the Res content in wine 
produced by the pYCα-RS/YS58 transformant.  

In order to confirm the effect of RS on Res synthesis, 

another fermentation was carried out. The enzyme 

solution of pYCα-RS transformant was added to must, 

then YS58 was inoculated into must. During the 

fermentation, 40mL samples were collected for the 

extraction and determination of Res by HPLC in initial 

stage, prophase, metaphase and anaphase. The results 

were shown in Fig. 6. When the enzyme solution of 

pYCα-RS transformant was added to the must, the 

concentration of Res was higher than the control. The 

results clearly showed that the addition of the enzyme 

solution has promoted the generation of Res during the 

fermentation (Fig. 6). 
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Fig. 5. Time course of Res production during experimental 

fermentation. Two curves represent fermentation conducted with 

yeast strain YS58 and pYCα-RS/YS58, respectively. There was 

significant difference in the concentration(mg/L) of resveratrol 

during Chardonnay fermentation. 

 

 
 

Fig. 6. Fermentation curves for treatment containing added 

enzyme solution of pYCα-RS transformant and control. 

Different treatments plotted as the mass difference of the 

concentration of resveratrol during fermentation. These two 

curves are fermentation using strain YS58. Treatment containing 

enzyme solution of pYCα-RS transformant were produced 

significantly faster as compared to non-treatment. 

 

Discussi on 

 

If plants were not stimulated by some inducing 

factors such as microbial infection, UV radiation, tissue 

damage, they cannot produce inducible the RS enzyme. 

Under normal conditions, it is difficult for plants to 

synthesis the Res by their own. So far, Res only has been 

found in 72 kinds of plants of 12 families, 31 genera, and 

the concentration in grapes is the highest in all fruits 

(Jeandet et al., 2012). Many articles reported that the 

precursors of Res is widely present in plants, but they also 

cannot synthesize Res due to the lack of RS. As can be 

seen from that, the RS is the critical enzyme in the 

synthesis process of Res.  

Constructing engineered strains by yeast and other 

microorganisms is still a hotspot for the biosynthesis of 

Res. Due to limitations of genetic manipulation 

methodologies and tools, E. coli or S. cerevisiae has been 

widely applied for construction currently. While, because 

of superior performance and biosafety eukaryotic 

expression system, yeast has become the best engineered 

strain and has good prospects for the development and 

application. So, yeast is the best option to construct the 

engineered strain in this study. In order to remove the 

introns in DNA sequence and obtain 392 amino acids of 

RS correctly, the RS gene was isolated by the reverse 

transcription of RNA. 

In this study, a signal peptide sequence, secreted by 

α-factor of S. cerevisiae, was connected with RS gene, 

resulting a pYCα secretory plasmid construction. The RS 

gene was secretory expressed in S. cerevisiae 

successfully. Then the white wine fermentation was 

carried out by recombinant strain. The Res concentration 

of the white wine fermented by recombinant strain was 

higher than the control. Furthermore, the biological 

activity of secretory expressed product has been 

approved. Moreover, it can be seen that the addition of the 

enzyme solution has promoted the generation of Res 

during the fermentation. The present study describes a 

first practical application for wine production of a S. 

cerevisiae that was engineered for novel production of 

Res during the processing which makes grape juice to 

wine. The relationship between specific growth rate and 

biomass productivity is a significant parameter in the 

control of aerobic fed-batch processes for yeast product 

formation. We observed a strong positive correlation 

between biomass productivity and specific growth rate in 

these experimental fermentation, limited nutrient, and the 

environment cultures of an engineered, Res-producing 

yeast strains of S. cerevisiae. Similar positive correlations 

between biomass productivity and growth rate relations as 

identified in this study were found for heterologous 

production of proteins by engineered yeasts and for 

production of ethylene by a S. cerevisiae strain expressing 

a heterologous ethylene-forming enzyme (Johansson et 

al., 2013). In view of the key role of many of the involved 

precursors in central metabolism, breaking this correlation 

represents a major challenge for metabolic engineers and 

synthetic biologists. 

Other studies have shown that Res due to its potent 

anti-oxidant and anti-inflammatory properties are cardio-

protective, chemotherapeutic, neuroprotective, and 

display anti-aging effects. We observed it from 

fermentation that pYCα-RS/YS58 have two days longer 

lifespan than YS58. Combining with other previous 

metabolic studies, when it comes to the end of stationary 

phase, the living condition of S. cerevisiae becomes 

tough, because of the rising of alcohol and lacking of 

nutrient content. So, it is a proof that yeast with RS gene 

live a longer life, meanwhile, this result verified that Res 

has many potential and beneficial properties to yeast.   

This recombinant strain might offer a viable way to 

meet the demands of health-conscious wine consumers. In 

the future, we can obtain Res and increase the concentration 

of Res in wine by the recombinant strain, meanwhile, the 

study also laid the foundation for the potential 

commercialization of Res, as a bioactive food additive. 
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