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Resveratrol is a plant secondary metabolite known for its therapeutic applications as an antioxidant, anti-cancer,

anti-inflammatory, anti-aging, cardio-protective, and neuroprotective agent. Topical formulas of resveratrol are also

used for skin disease management and in cosmetic industries. Due to its importance, high resveratrol production is

urgently required. Yeasts were proven to be excellent host candidates for resveratrol production.
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1. Introduction

Resveratrol (3,4′,5-trihydroxystilbene) is a natural polyphenolic phytoalexin that belongs to the stilbenoids group of

secondary metabolites . Stilbenes are known for their ability to protect plants from UV light and the effect of

chemical fertilizers , and for the defense of plants against biotic stresses such as bacterial, fungal, or nematode

infections . Resveratrol was first identified in 1940 as a constitutive compound of white hellebore roots

(Veratrum grandiflorum) . The richest source of resveratrol was found in Polygonum cuspidatum roots, the extract

of which is widely used in traditional Chinese and Japanese medicine to treat human fungal diseases, such as

gonococcal infection, suppurative dermatitis, tinea favosa and tinea pedis infections, hyperlipidemia,

arteriosclerosis, and inflammations . Thus far, resveratrol has been found in various plant species, such as

grape berries , blueberries, cranberries (Vaccinium spp.) , blackberries, mulberries (Rubus and Morus spp.)

, peanuts (Arachis hypogaea) , and jackfruit (Artocarpus heterophyllus) . Naturally, there are two

isomeric forms of resveratrol (Figure 1) but the trans isomer is the biologically active form . However, under high

pH values or UV-light exposure, resveratrol converts from the trans isoform into the cis isomer . Both isomers

exist as glucosides, and 3-O-β-d-resveratrol glucoside (piceid or polydatin) is the richest source of resveratrol in

the glucoside form .

Figure 1. Chemical structures of resveratrol: (a) cis-resveratrol isomer and (b) trans-resveratrol isomer.
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2. Resveratrol Biosynthesis in Nature

Stilbenes are plant secondary metabolites built from joining two aromatic rings with an ethylene bridge (1,2-

diphenylethylene backbone) to form the basic C6-C2-C6 skeleton. Stilbenes share many similarities in their

structure, biosynthesis, and biological activities with phenylpropanoids and flavonoids, which originate from the

same pathway. The key components for biosynthesis of stilbenes are malonyl-CoA, phenylalanine, and tyrosine

(Figure 2). In glycolysis pathway, glucose is converted into pyruvic acid, which leads to acetyl coenzyme A. The

latter is the precursor of malonyl-CoA, which plays an essential role in biosynthesis pathways for many secondary

plant compounds. The condensation of erythrose-4-phosphate (four carbons), which is generated from the pentose

phosphate pathway (parallel reaction pathway to glycolysis) and phosphoenol pyruvate (three carbons, an

intermediate in glycolysis), yields the seven-carbon shikimate skeleton. The latter compound is then used in the

shikimic acid pathway to generate the aromatic amino acids phenylalanine and tyrosine .

Figure 2. Resveratrol biosynthesis via the phenylalanine/tyrosine pathway. PPP: pentose phosphate pathway, TAL:

tyrosine ammonia-lyase, PAL: phenylalanine ammonia lyase, C4H: cinnamate 4-hydroxylase, 4CL: 4-coumaroyl-

coA ligase, STS: stilbene synthase.
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The biosynthesis pathway for resveratrol starts with phenylalanine or tyrosine, as shown in Figure 2. The first step

is to obtain para-coumaric acid from both pathways. The phenylalanine ammonia-lyase (PAL) transforms

phenylalanine into cinnamic acid, which is further processed to generate 4-coumaric acid (para-coumaric acid)

using cinnamate-4-hydroxylase (C4H). Tyrosine ammonia-lyase (TAL) can directly generate p-coumaric acid from

tyrosine. The second step includes transformation of para-coumaric acid into para-coumaroyl-CoA by para-

coumaroyl coenzyme A ligase (4CL). The final step involves the condensation of three units of malonyl-CoA with p-

coumaroyl-CoA through stilbene synthase (STS) . Starting from resveratrol, more modifications can be

accomplished on its structure by various decorating enzymes.

3. Resveratrol Production by Transgenic Yeasts

Microorganisms have been essential sources for producing pharmaceutically and industrially important compounds

for decades due to low-cost cultures, fast production, the ability to construct purification processes, the ease of

manipulating their genetic components, as well as the availability of protein and metabolic engineering tools . As

eukaryotic organisms, yeast species have the ability to express genes coding for plant-derived enzymes, such as

cytochrome P450 enzymes; to perform post-translational modification (such as glycosylation); and to functionally

fold the eukaryotic recombinant protein . Additionally, yeasts and plants share similar intracellular

compartments such as the endoplasmic reticulum, which supports eukaryotic and membrane proteins biosynthesis

. Another advantage of using yeasts is that Saccharomyces cerevisiae (the most-used yeast species for

resveratrol production) is a food-grade organism that can be used safely in human nutrition and pharmaceutical

products . Similar to S. cerevisiae, Yarrowia lipolytica is classified as a generally recognized as safe organism

(GRAS)  and both are strong candidates for use as cell factories for resveratrol production.

3.1. Pathway Engineering

The introduction of an entire biosynthetic pathway into the microorganism provides the ability to produce

resveratrol from its precursors (L-phenylalanine or L-tyrosine) or low-cost materials such as glycerol, glucose, or

ethanol. In this method, PAL or TAL, depending on the used pathway; C4H; 4CL; and STS encoding genes are

transferred into the chosen host. . One of the first attempts to entirely reconstruct the resveratrol pathway

was conducted by Zhang et al. in 2006 in S. cerevisiae. TAL from Rhodobacter sphaeroides, 4CL from Arabidopsis

thaliana, and STS from V. vinifera (4CL::STS fusion protein) were introduced into the S. cerevisiae strain WAT11.

The expression of the coupled genes coding for the fusion protein increased the resveratrol titer up to 15-fold

compared with the co-expression of the genes encoding the separate enzymes, which emphasized the importance

of the fusion protein and the spatial localization of these two related enzymes to improve resveratrol production

. 

In a recent study, Y. lipolytica was engineered using TAL from Flavobacterium johnsoniae, PAL and STS

from V. vinifera, and C4H and 4CL1 from A. thaliana. The strains showed the ability to produce resveratrol using

both pathways separately (using tyrosine or phenylalanine as precursors) or in combination. The importance of

gene overexpression by increasing the gene copy number in the resveratrol pathway was clearly demonstrated in
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this study, in which strains harboring two copies of the PAL, C4H, 4CL1, and STS genes or two copies of TAL,

4CL1, and STS exhibited higher performances than single-copy sets of genes. The best results were obtained from

a strain containing two copies of PAL, C4H, TAL, 4CL1, and STS, which produced a high titer of resveratrol,

reaching 450 mg/L under fermentation conditions using 100 g/L glycerol as the sole carbon source, which is the

highest reported amount of resveratrol produced from the expression of only the resveratrol pathway .

Engineering partial pathways or selected genes is an alternative strategy to produce resveratrol. In this case, PAL,

TAL, and C4H are usually excluded from the pathway construction, and para-coumaric acid is used as the

precursor. S. cerevisiae FY23 was the first used for resveratrol pathway construction in yeast. The 4CL216 from a

hybrid poplar and vst1 from a grape vine were constitutively expressed in the strain. After feeding with 5 mM p-

coumaric acid, the recombinant strain produced 1.45 µg/L resveratrol .

Using synthetic scaffolds is another strategy used for improving resveratrol production. GTPase binding domain

(GBD), Src homology 3 domain (SH3) with 4CL1 from A. thaliana, and PSD95/DlgA/Zo-1 domain (PDZ) with STS

from V. vinifera were recruited and optimized in S. cerevisiae WAT11 cells. Using this scaffold strategy increased

the resveratrol titer by 2.7-fold compared with the fusion enzyme strategy for the same genes . This indicates

the effectiveness of protein scaffolds in improving resveratrol synthesis and in increasing pathway enzyme activity

compared with the protein fusions strategy.

The importance of selecting pathway genes and codon-optimizing them was explored in a recent report, in which

six STS genes from different sources (PhStS, PcPKS5, MaSTS3, RtSTS, VvVST1, and AhSTS) were codon-

optimized and then co-expressed with 4CL from Plagiochasma appendiculatum in S. cerevisiae W303. Differences

in production time and final yield titer were observed among the different strains . Codon optimization for

resveratrol pathway genes has also been observed in several studies in both S. cerevisiae and Y. lipolytica 

. The highest resveratrol titer, which was produced by the expression of partial pathway genes (4CL and

STS) in yeasts, was obtained from industrial Brazilian sugar-cane-fermenting yeast, and the titer was 391 mg/L of

resveratrol .

3.2. Host Metabolic Engineering (Non-Pathway Genes)

Metabolic engineering of microbial hosts for resveratrol production has achieved significant progress in recent

years. The main remaining obstacles for microbial production of resveratrol are the precursor availability and the

low activity of stilbene synthase in heterologous hosts. Hence, the primary strategies for increasing productivity

using microbial cell factories are increasing the precursor supply (aromatic amino acids and malonyl-CoA) via

genetic manipulation of the strain and improving the activity of key enzymes via protein engineering.

To increase the precursor levels, the introduction of non-pathway exogenous genes and pathway redirection are

crucial. Overproduction of aromatic amino acids can be easily achieved by engineering the shikimate pathway.

Naturally, the majority of malonyl-CoA is used in fatty acid biosynthesis, leaving a minimal level to be used in
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resveratrol biosynthesis. Thus, increasing this precursor in microbial hosts provides the opportunity for extra

enhancement in resveratrol biosynthesis in the host platform.

Two main strategies are usually applied to enhance the malonyl-CoA pool. The first is to improve acetyl-CoA

carboxylation into malonyl-CoA via the acetyl-CoA carboxylase (ACC) enzyme. The other strategy is to inhibit

malonyl-CoA consumption by repressing the biosynthesis of fatty acids . Since the blocking of malonyl-CoA

consumption and direct knockouts of the fab genes were found to be lethal to microorganisms , the inhibition

has been accomplished in bacterial hosts via three procedures: the addition of cerulenin antibiotic to inhibit FabB

and FabF ; using antisense RNA to repress the fab operon, especially the fabD genes ; and the

CRISPRi tool, considered the third promising approach for repressing fab genes and directing carbon flux to

malonyl-CoA . The positive effect of the ACC1 gene overexpression to increase the malonyl-CoA pool, which

was reflected in the increase in resveratrol production, was reported in  S. cerevisiae, an E. coli-S. cerevisiae co-

culture and Y. lipolytica . An increasing malonyl-CoA pool was also achieved by the overexpression of a

plant malonyl-CoA synthetase (AAE13), resulting in a 2.4-fold increase and accumulation in resveratrol in S.

cerevisiae .

Increasing the phenylalanine precursor in the prephenic acid pathway was achieved by overexpression of

feedback-insensitive alleles encoding DAHP synthase (ScARO4 ) and chorismate mutase (ScARO7 ).

Applying this strategy combined with the overexpression of the ScACC1  gene and performing multiple-

copies integration of pathways genes (HaTAL, At4CL1, At4CL2, and VvVST1) increased the production to 415.65

and 531.41 mg/L of resveratrol from the final S. cerevisiae strain under fed-batch fermentation with glucose or

ethanol as the carbon source, respectively . The same previous strategies were used with the phenylalanine

pathway (AtPAL2, AtC4H, At4CL2, and VvVST1) with further metabolic engineering. Overexpression of cytochrome

P450 reductase (AtATR2), S. cerevisiae cytochrome B5 (CYB5), and acetyl-CoA synthase (SeACSL641P) was

used to increase the precursor supply, as well the deletion of phenylpyruvate decarboxylase (ARO10) to eliminate

phenylalanine competing pathways. After this extensive engineering and cultivation in a fed-batch reactor, the

strain was able to produce 812 and 755 mg/L of resveratrol from glucose and ethanol, respectively .

Y. lipolytica was proven to be a highly promising yeast for producing resveratrol. In Y. lipolytica ST6512, several

metabolic strategies were used to finally obtain a strain that produced 12.4 g/L resveratrol, the highest reported

resveratrol titer to date from de novo production. In addition to multiple integrations of resveratrol pathway genes

(FjTAL, At4CL1, and VvVST1), feedback-insensitive YlARO4K221L and YlARO7G139S were employed to enhance

resveratrol production. Further improvement was achieved by optimizing the growth medium and fed-batch

fermentation .

In bacterial hosts, increased precursor amounts were additionally achieved by overexpression of different genes,

such as malonyl-CoA synthetase (matB), malonate carrier protein (matC), tktA, PEP synthetase (ppsA), and

acetate assimilation enzyme (acs), or by deleting or inhibiting competing pathway genes such as the pta, ackA,

adhE, tyrR, trpR, and fab genes. These strategies might enhance resveratrol production, which requires further

experiments on yeast platforms .
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4. Conclusions

The increased demand for resveratrol for pharmaceutical and cosmetic uses necessitates its production from

sustainable sources. Yeast cells are advantageous platforms for resveratrol production because of their fast

production, the ease of their cultivation and purification processes, and their remarkable potential for large-scale

resveratrol production. Due to their nature as eukaryotic cells and as GRAS organisms, the S. cerevisiae and Y.

lipolytica platforms are preferable for resveratrol production. The successful design of a resveratrol production

pathway depends on several factors, including determining the appropriate host, examining alternative specific

enzymes from various sources, optimizing the codons to maximize the expression of heterologous genes, selecting

a convenient transfer gene system (plasmids and their associated genetic elements), and determining favorable

culturing parameters. Metabolic engineering has also achieved significant progress in increasing the resveratrol

precursors, an important limitation in resveratrol production. Applying all of these elements together in a balanced

way as well as testing other strategies that have been applied in E. coli may allow scientists to obtain the desired

well-designed resveratrol-producing strain.
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