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Introduction
Stilbenes,a kind of phytoalexins, are low-molecular-weight defen-

sive substances produced by plants in response to infection after expo-
sure to microorganisms. They are widely distributed in the plant king-
dom, being reported from bryophytes and pteridophytes through gym-
nosperms and angiosperms.Stilbenes display a wide range of biological 
activitivies, such as antibacterial, antifungal, estrogenic, antitumoral 
[1], cardioprotective [2] and tyrosinase inhibitory activity [3].There is 
great interest in their potential health benefits and capacity to improve 
the disease resistance of plants [4]. Much effort has been directed at the 
Stilbenes’ extraction,structure determination, biological activity over 
the past decades. In recent years, some success also has been achieved 
in the metabolic regulation and gene engineering of stilbenes. How-
ever, their detailed biosynthesis pathways and metabolic regulation, 
especially complicated regulation mechanism and expressing of genes 
and enzymes are unknown. So it is significant to shift focus from previ-
ous research priorities to search relevant enzymes, genes, abiotic stress 
and biotic signals so as to elucidate their detailed biosynthesis pathway 
and understand metabolic regulation networks.The elucidating of stil-
benes’ biosynthesis pathway and regulation mechanism is believed to 
contribute to improve the disease resistance of plants and health caring 
quality of crops and also provide a opportunity to know more about 
global regulation networks and coordination between each pathway of 
secondary metabolism .

The Relevant Enzymes and Regulation in Biosynthesis 
Pathway of Stilbenes
The relevant enzymes and regulation in phenylpropanoid 
pathway

The phenylpropanoid pathway is one of the most important plant 
secondary metabolism pathways and it is involved in the synthesis of 
a wide variety of important natural products from plants including 
flavonoids, lignins, coumarins, and stilbenes [5]. Phenylalanine ammo-
nia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H) and 4-coumarate: 
CoA ligase (4CL) is key enzymes in this pathway [6]. PAL, the first and 
key enzyme of the phenylpropanoid sequence, is the bridge between 
primary metabolism and secondary metabolism. PAL catalyzes the for-
mation of trans-cinnamicacid by nonoxidative deamination of L-phe-
nylalanine, which could be the rate-limiting step in the phenylalanine 

metabolism pathway.It produces precursors for a variety of secondary 
metabolites such as flavonoids, lignins, coumarins, and stilbenes. PAL 
genes are transcriptionally activated after microbial infection or treat-
ment of plant cells with microbial elicitors [7]. The second step in the 
phenylpropanoid pathway is the hydroxylation of trans cinnamic acid 
to 4-coumaric acid, which is catalyzed by C4H, a cytochrome P450 mo-
nooxygenase [8-9]. C4H is induced by light, elicitors, and wounding 
[8,10-12]. Its induction often is closely coordinated with PAL induction 
[13]. The 4-coumaric acid is then activated to its CoA thioester by 4CL. 
4-coumaroyl CoA is funneled into branched pathways leading to a wide
array of phenolic metabolites, including lignin, flavonoids [5].

Phenylpropanoid biosynthesis comprises reactions through which 
metabolic channeling may occur. Metabolic channeling offers unique 
opportunities for enhancing and regulating cellular biochemistry and 
major advantage of such spatial organization is the transfer of biosyn-
thetic intermediates between catalytic sites without diffusion into the 
bulk phase of the cell [14]. This phenomenon involves the physical 
organization of successive pathway enzymes into complexes through 
which metabolic intermediates are channeled [15]. 

Studies demonstrate phenylpropanoid pathway and flavonoid me-
tabolism branch are assembled as a linear array of sequential enzymes 
loosely anchored to the cytoplasmic face of endoplasmic reticulum 
membranes [7,16-17]. For example, Cytochrome P450 enzymes, such 
as C4H, Flavanone - 3 - hydroxide transketolase, the ferulic acyl - 5 - 
hydroxylation enzyme are anchored to the external surface of the endo-
plasmic reticulum [18-20]. PAL and C4H activities are colocalized on 
membranes of the endoplasmic reticulum. This organization regulate 
the partitioning of intermediates among competing pathways and de-
termine the intracellular deposition of end products .PAL, CHS, STS, 
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isoflavonids synthase are structure specific enzymes, Flavanone-7-O-
methyltransferase, isoflavones-4-O-methyltransferase and isoflavones 
(isoflavanone) dimethylallyltransferase are modification enzymes in 
the phenylalanine metabolism pathway.

The relevant enzymes and regulation in biosynthesis pathway 
of stilbenes

Stilbene phytoalexin is derived from phenylalanine via the general 
phenylpropanoid pathway [21]. The last step is catalysed by Stilbene 
synthase (STS) which is the key enzyme of the biosynthesis pathway. 
STS provides the first committed step by catalyzing the sequential de-
carboxylative addition of three acetate units from malonyl-CoA to a 
p-coumaroyl-CoA starter molecule derived from phenylalanine via the 
general phenylpropanoid pathway (Figure 1). For example,Resveratrol 
synthase (STS, EC 2.3.1.95) condenses three molecules of malonyl-CoA 
and one molecule of cumaryl-CoA to form resveratrol.In the same ac-
tive site,chalcone synthase (CHS) can catalyse the formation of chal-
cone by p-coumaroyl-CoA and malonyl-CoA via the intramolecular 
cyclization and aromatization of the resulting linear phenylpropanoid 
tetraketide [22]. Downstream modification enzymes in branching 
pathways produce a number of biologically important compounds. 

Different kinds of enzymes are involved in the biosynthesis path-
way of stilbenes, which include highly species- and substrate- as well as 
stereospecific enzymes, modification enzymes and others act as regula-
tors. Some well studied enzymes, PAL, 4CL,C4H, Pinosylvin methoxy 
transferase(PMT) in combination with STS are responsible for the 
regulation of biosynthesis of stilbenes. There are also other enzymes 

which are involved in the in the biosynthesis pathway and metabolic 
regulation of stilbenes are not definite. However, all the enzymes in the 
biosynthesis pathway of stilbenes can be classified according to their 
substrate specificity: stereochemical specific enzymes catalyse the for-
mation of backbone of stilbenes and enzymes catalyse the modification 
reaction of the products which the first kind of enzymes synthesize. 
The first kind of enzymes includes PAL, CHS, STS of phenylpropanoid 
pathway. The stilbene backbone is synthesized from cinnamoyl-CoA 
and malonyl-CoA by STS. The study on the capacity for building novel 
and unusual polyketides from alternative substrates of STS has shown 
that minor modifications can be used to direct the enzyme reaction to 
form a variety of different and new products [23]. The second kinds 
of enzymes include hydroxylation enzyme, dehydrogenase, oxidase and 
glycosyltransferase. The specificity of these enzymes on its substrate 
group permutation is not high, this may be one of the main reasons 
why plant tissues can synthesized a series of relevant secondary me-
tabolites [24]. 

The activity of key enzymes is not the only factor that affects the 
accumulation of stilbenes in the plants, all the enzymes involved in the 
formation and regulation of stilbenes as well as the supply of substrates 
are also associated with the accumulation of end product. The regula-
tion mechanism of metabolic channeling also play an important role in 
the induction and accumulation of end product in the branch pathway 
of stilbenes. The activating of metabolic channeling and biosynthesis 
pathways of homologous synthesis is determined by the expression 
of the key enzymes, but the accumulation is most determined by the 
expression of rate-limiting enzymes in plants. Rate-limiting enzymes 
which usually can be finding at the branch point or the downstream of 
biosynthesis pathways of secondary metabolites in plants are responsi-
ble for the synthesis of precursors of many secondary metabolites [25]. 
Interactions between transcription factors and coordinate expression of 
different enzymes in the metabolic channeling have synergistic effects 
on the accumulation of the stilbenes. Relevant enzymes in metabolic 
channeling can form multienzyme complexes and coordinated express 
in different parts of cell. Enhanced coordinate expression of the enzyme 
complex can lead to a dramatically accumulation of end products. For 
example, induced coordinate expression of PAL and STS in the biosyn-
thesis pathways of stilbenes can affect the synthesis of the stilbenes [26].

 The biosynthesis pathway of the stilbenes in plants is closed in 
general conditions, which is only activated in response to microbial 
infections and other environmental inducers. Environmental factors 
including biotic and abiotic stimuli, carbon-nutrition balance, geno-
type and ontogenesis usually control and regulate the biosynthesis of 
secondary metabolites in plants [27-29]. The enzymes involved in the 
biosynthesis pathway of stilbenes express after the expression of  corre-
sponding genes, and the expression level of the enzyme genes is under 
strict regulation in plant cells due to coordinate control of the biosyn-
thetic genes by transcription factors [30]. Coordinate transcriptional 
control of biosynthetic genes emerges as a major mechanism dictating 
the final levels of secondary metabolites in plant cells [31]. This regu-
lation of biosynthesis pathways is achieved by specific transcription 
factors encoded by genes unlinked to the biosynthetic gene clusters 
which regulate multiple physiological processes and generally respond 
to environmental cues such as pH, temperature, nutrition. Transcrip-
tion factor activity itself is regulated by internal signals, for example 
plant hormones, or external signals such as microbial elicitors or UV 
light. Stress hormones, such as ethylene, jasmonic acid, and salicylic 
acid, induce STS mRNA accumulation in leaves of mature peanut 
plants .The expression of resveratrol synthase (RS) genes is induced by 
biotic and abiotic factors in peanut cell cultures [32]. Formation of pi-
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Figure 1: The biosynthesis pathway of stilbenes.



Citation: Lu D, Zhao W, Zhu K, Zhao SJ (2012)  Relevant Enzymes,Genes and Regulation Mechanisms in Biosynthesis Pathway of Stilbenes. J 
Bioprocess Biotechniq 2:119 doi: 10.4172/2155-9821.1000119

Page 3 of 7

J Bioproces Biotechniq
ISSN:2155-9821 JBPBT, an open access journal Volume 2 • Issue 3 • 1000119

nosylvin (PS) and pinosylvin 3-O-monomethyl ether (PSM), as well as 
the activities of STS and S-adenosyl-l-methionine (SAM): pinosylvin 
O-methyltransferase (PMT), were induced strongly in needles of Scots 
pine seedlings upon ozone treatment, as well as in cell suspension cul-
tures of Scots pine upon fungal elicitation [33]. A modeling method 
for the induction of resveratrol synthesis by UV irradiation pulses in 
Napoleon table grapes is proposed. Cantos etc. use the controlled UV 
irradiation pulses as a simple postharvest treatment to obtain possible 
“functional” grapes with enhanced health-promoting properties high 
resveratrol content [34].

The Application of Systems Biology in the Research on 
Relevant Enzymes and Genes in Biosynthesis Pathway 
of Stilbenes

Systems biology is a new science which makes us be able to un-
derstand biological systems grounded in the molecular level as a con-
sistent framework of knowledge for the first time after the genomics, 
proteomics etc. were put forward [35]. It is such a rapidly evolving dis-
cipline endeavors to study the detailed coordinated workings of entire 
organisms with the ultimate goal to understand the dynamic networks 
of regulation and interactions that allows cells and organisms to live 
in a highly interactive environment [36]. The well studied molecular 
biology only care about individual gene and protein. However, systems 
biology is the study of cell signaling and gene regulatory networks and 
components and functions of the biological system, can also be un-
derstood as the study of all components in a biological system ( genes, 
mRNA, protein etc.) and the interactions between these components 
in a certain circumstances [37]. Systems biology is a powerful tool to 
comprehensively explore the biological system, the application of its 
thinking model in secondary metabolites of medicinal plants brings us 
into a new era of understanding how to connect genes to metabolites by 
a systems biology approach [38].

Systems biology research methods

The classical molecular biology research is to search for specific 
genes at the DNA level, and then to study gene functions by gene muta-
tion, gene knockout and other means, it also can be described to study 
individual genes and proteins by using a variety of means. Genomics, 
proteomics, transcriptomics etc. are used as single means to research 
multiple genes or proteins at the same time. But using one of them 
alone provides only part of information of system without any details of 
interactions between components of system. Systems biology integrates 
genomics, proteomics etc. and molecular biology in order to provide 
complementary datas. It is enabled by recent advances in multidisci-
plinary scientific disciplines and high-throughput approaches that al-
low for the parallel large-scale measurement of biomolecules, such as 
mRNA, proteins and metabolites [39]. 

Functional genomics with the goal of characterization functions of 
genes has become an important method of systems biology. It provides 
comprehensive analysis of gene functions at the genome or system 
level, which shift focus from research of single gene or protein to mul-
tiple genes or proteins using high-throughput experimental methods 
in combination with mass datas of statistical calculation method. The 
technology of T-DNA insertion, transposon technology, classic sub-
traction hybridization, differential screening, cDNA difference analysis, 
mRNA differential display of gene, and serial analysis of gene expres-
sion( SAGE) of systematic analysis, cDNA microarrays and DNA chip 
are used to analyse information of genome sequence and elucidate the 
gene functions. Functional genomics is a powerful tool to reveal the 

biosynthesis pathways of secondary metabolites, and it will provide a 
solid theoretical basis for the production of secondary metabolites us-
ing metabolic engineering of medicinal plants, as well as the cell or tis-
sue culture combined with metabolic engineering [40].

The methods of transcriptomics include differential display, gene 
chip, expressed sequence tags (EST) analysis, massively parallel sinature 
sequencing (MPSS), amplified fragment length polymorphism (AFLP) 
[41,42]. Two-dimensional electrophoresis, mass spectrometry technol-
ogy  bioinformatics analysis are primary methods of screening and 
identifying proteomics. Yeast two—hybrid system (Y2H), tandem af-
finity purification (TAP) can be used to study protein—protein interac-
tions and green fluorescent protein (GFP) as maker to study subcellular 
localization. Metabonomics is a very important tool to study medicinal 
plants and promote modernization of traditional Chinese medicine 
[43,44], including nuclear magnetic resonance (NMR), gas chroma-
tography - mass spectrometry (GC-MS), liquid chromatography-mass 
spectrometry (LC-MS), combined application of Fourier transforma-
tion mass spectrometry (FTMS) and capillary electrophoresis - mass 
spectrometry (CE-MS)[45].

Technologies of Genomics, proteomics, transcriptomics and me-
tabolomics detect the various molecules and study their functions at 
DNA, mRNA, protein and metabolite levels. 

The application of Systems biology approaches in research 
on related enzymes and genes in biosynthesis pathway of stil-
benes 

When we study stilbenes with thinking model of systems biology, 
various levels of information including the DNA, mRNA, small mole-
cules, proteins and protein interaction networks should to be integrated 
in order to obtain a series of relevent enzymes, genes or regulatory fac-
tors in its biosynthesis pathway. All the information can be used to con-
struct a reasonable model in order to elucidate the biosynthesis path-
way, regulation mechanisms of stilbenes [46]. For example, the study of 
relative enzymes and genes in biosynthetic pathway of tanshinone using 
thinking model of systems biology.Groups of materials with phenotypic 
differences are analysed in order to get datas of metabolomics, pro-
teomics, transcriptomics which can be gained with gene chips. Systemic 
results about genes and enzymes revolved in the biosynthesis pathway 
of tanshinone were obtained [47-50]. As a result, an unique new branch 
of two terpene biosynthesis of tanshinone biosynthesis was found.

Our group focused the research on biosynthesis pathway of a kind 
of stilbenes, stilbene glucoside (2,3,5,4’-tetra-hydroxy-stilbene-2-O-β-
D-glucoside)which is the major bioactive principles in Polygonum mul-
tiflorum (Figure 2). The application of Systems biology in the research 
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Figure 2: 2,3,5,4’-tetra-hydroxy-stilbene-2-O-β-D-glucoside
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on relevant genes and enzymes in biosynthesis pathway of stilbene glu-
coside can be described as follows.Firstly, the possible relevant genes or 
enzymes should be identified from Polygonum multiflorum.The clone 
of a type III polyketide synthase gene(FmPKS) using oligonucleotide 
primers designed for regions conserved amongst STS(with special at-
tention given to the closely-related species of the Polygonaceae family) 
in Fallopia multiflora have be conducted by Shujing Sheng [51]. The 
FmPKS has been identified strongly correlates with the accumulation 
of stilbene glucoside by using Northern blotting, RNA inference and 
over expression, suggesting that FmPKS might play an important role 
in its biosynthesis. Resveratrol (Figure 1), another kind of stilbenes, is 
similar to stilbene glucoside in structure. Zhongyu Liu has investigated 
the over expression of a resveratrol synthase gene (PcRS) from Polygo-
num cuspidatum which is closely related to the Fallopia multiflora in 
transgenic Arabidopsis .As a result, it causes the accumulation of trans-
pieced with antifungal activity [52]. The foregoing research may be 
summed up to search for individual possible genes or enzymes involved 
in biosynthesis pathway of stilbene glucoside and study gene functions 
using the classical molecular biology. 

Secondly, search for the possible relevent genes, enzymes through 
approaches of functional genomics, transcriptomics, and proteomics. 
At present, suppression subtractive hybridization (SSH) was performed 
to search for genomic differences. A subtractive cDNA library was con-
structed by using cDNA from Polygonum multiforum root tubers with 
high content of stilbene glucoside as tester and low content as driver 
for the subtractive hybridization. As a result, 11 clones were obtained 
as the differentially expressed candidates who play an important role 
in further validation of genes involved in the biosynthesis pathway of 
stilbene glucoside in Polygonum multiflorum. Rapid-amplification of 
cDNA ends (RACE) was carried out to gain the full-length cDNAs.
The application of RNA interference and over expression of these genes 

will reveal the specific functions of these genes and screen the genes 
involved in the biosynthesis pathway of stilbenes.

Thirdly, internal components (such as genetic mutation, interfer-
ence) or external conditions of the Polygonum multiflorum are to be 
changed. The accumulation of stilbene glucoside, gene expression and 
enzyme expression in these cases should be detected. Next all the rele-
vant information should be integrated to derivate how they regulate the 
biosynthesis of stilbene glucoside. The second step and third step ought 
to be repeated to revise and refine the model through a large number 
of experimental results, in order to finally gain all the relevent genes, 
enzymes and regulatory factors in the biosynthesis pathway of stilbene 
glucoside. These researches are from the thinking model of systems bi-
ology at different levels, which has important significance in revealing 
the biosynthesis pathway and regulation mechanism of stilbene gluco-
side in Polygonum multiflorum. The discussion and related diagrams 
give a good idea of the application of systems biology in research on 
relevent genes and enzymes in biosynthesis pathway of stilbene gluco-
side (Figure 3).

The Application of the Research on Enzymes and Genes 
in Biosynthesis Pathway of Stilbenes

The elucidating of stilbenes’ biosynthesis pathway and regulation 
mechanism can accelerate the course of metabolic engineering as a tool 
for plant disease control and hunman health promotion .The increasing 
maturity of the plant genetic engineering technology promote the re-
search on the biosynthesis pathway of stilbenes, and the two well stud-
ied field are stilbene synthase gene engineering and its transcription 
factors or regulation engineering.

The genetic engineering research of metabolic key enzymesin 
biosynthesis pathway of stilbenes.

STS plays an important regulatory role in biosynthesis pathway of 
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Figure 3: The application of systems biology in research on relevent genes and enzymes in biosynthesis pathway of stilbene glucoside
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resveratrol and other stilbene phytoalexin. An important goal of STS 
gene engineering is the genetic improvement of plants in increasing 
resistance against diseases. Namely transformate target plant genomes 
with chimeric strong promoter and STS gene through transgenic tech-
nology, which makes transgenic plants, express STS in order to start the 
stilbene biosynthesis pathway, and change the plant traits and enhance 
plant defense against external violation [53].

Grape STS gene was introduced into Nicotiana tabacum, which re-
sults in transgenic tabacum express the STS and synthesize resveratrol 
and then dramatically increase its resistance against diseases [54,55]. 
The transformation of rice, wheat and other crops with grape STS gene 
also increase the resistance level against disease significantly of trans-
genic crops [56]. At present, the transgenic plants with STS gene in-
clude apple, poplar, papaya, white poplar, rape, wheat, peas, tomatoes, 
lettuce, hops, Arabidopsis thaliana [57-67]. Through introducing STS 
gene, most of transgenic plants can exhibit STS activity and synthesize 
exogenous stilbene phytoalexin.

The gene engineering of regulating gene or transcription fac-
tor in biosynthesis pathway of stilbenes 

Co transformation of two or several related enzyme genes in down-
stream of biosynthesis pathway can be used when study stilbenes’ 
biosynthesis involves multiple genes expression. In this way, the new 
secondary biosynthesis branch can be introduced into the plant then 
to increase the content of stilbene secondary metabolites in the trans-
genic plant or synthesize exogenous stilbenes. Coordinated expression 
of enzyme genes in secondary metabolism channel and the same or 
similar cisacting elements of regulatory sequences of these genes are 
regulated by the same transcription factors or regulation genes. There-
fore, enhancing the expression of transcription factor genes and regula-
tion genes of these important enzyme genes is a feasible way to achieve 
enhanced coordinated expression of multiple genes. This requires more 
understanding about identification and regulation of enzymes gene in-
volved in biosynthesis pathway of stilbenes.

Summary
Now we have only a rudimentary grasp of the basic framework of 

the main plant secondary metabolic pathways such as alkaloids syn-
thesis pathway, phenylpropanoid biosynthesis pathway and isoprenoid 
biosynthesis pathway, but lack of research on rate-limiting steps, related 
isozymes and specific biosynthesis pathways of specific secondary me-
tabolite. Plant secondary metabolism is a complicated dynamic process 
which is regulated by plant genetic background and growth process, 
also affected by ecological environment and pathogen infection, insect 
feeding and stimulation of various elicitors. The induction expression 
of related genes and enzymes also need be further studied. Because of 
disease resistance and medicinal health functions of resveratrol, stil-
bene glucoside and other inducible stilbenes, secondary metabolic en-
gineering can be used to increase the content of exogenous stilbenes in 
transgenic plants. However, the complexity of enzymes in biosynthesis 
pathway and regulation of gene expression increase the difficulty in 
researching metabolism genetic engineering of stilbenes. The think-
ing model of systems biology can be used to research the biosynthesis 
pathway of secondary metabolites and understand sequence of events 
of intermediate products and final products. The enzymes and their 
genes expression and regulation in each reaction step as well as the in-
teraction of each biosynthesis branch can be definite from the view of 
metabolic channeling. Then after continuous integration and analysis, 
the detailed metabolic pathways and regulation mechanism of stilbenes 
will be finally elucidated. This will be the future research emphasis 

and direction for people to understand about regulations of secondary 
metabolic pathways in plants and coordination between the secondary 
metabolic pathways.

Acknowledgment

We thank Dr. Shu-jing Sheng and Ping Yan for helpful discussions and all 
those who helped us obtain and identify plants: Prof. Fuwu Xing, South China Bo-
tanical Garden; and Prof. Tang Liping, Kun-ming Medical University.

References

1. Delaunois B, Cordelier S, Conreux1 A, Clément C, Jeandet P (2009) Molecular 
engineering of resveratrol in plants. Plant Biotechnol J 7: 2-12.

2. Lin J K, Tsai SH  (1999) Chemoprevention of cancer and cardiovascular dis-
ease by resveratrol. Proc Natl Sci Counc Repub China B 23: 99-106.

3. Likhitwitayawuid K, Sritularak B (2001) A new dimeric stilbene with tyrosinase 
inhibitory activity from Artocarpus gomezianus. J Nat Prod 64: 1457-1459.

4. Shui-Lin HE, Jin-Cui ZHENG, Ming LIN, WANG Yan-Hua (2004) Advances of 
Biological Function,Regulatory Mechanism of Biosynthesis and Genetic Engi-
neering of in Stilbenes Plant. J Agr Biotechnol 12: 102-108.

5. Zhang HC, Liu JM, Chen HM, Gao CC, Lu HY, et al. (2011) Up-Regulation of 
Licochalcone A Biosynthesis and Secretion Tween 80 in Hairy Root Cultures of 
Glycyrrhiza uralensis Fisch. Mol Biotechnol 47: 50-56.

6. Li LI Yue ZHAO, Jun-lan MA (2007) Recent progress on key 
enzymes:PAL,C4H,4CL of phenylalanine metabolism pathway. China J Bioin-
for 4: 187-189.

7. Rasmussen S, Dixon RA (1999) Transgene mediated and elicitor induced per-
turbation of metabolic channeling at the entry point into the phenylpropanoid 
pathway. Plant Cell11: 1537-1551.

8. Fahrendorf T , Dixon RA (1993) Stress responses in alfalfa(Medicago sativa L)
XVIII Molecular cloning and expression of the elicitor-inducible cinnamic acid 
4-hydroxylase cytochrome P450. Arch Biochem Biophys 305: 509-515.

9. Teutsch HG, Hasenfratz MP, Lesot A, Stoltz C, Garnier JM, et al. (1993) Isola-
tion and sequence of a cDNA encoding the Jerusalem artichoke cinnamate 
4-hydroxylase,a major plant cytochrome P450 involved in the general phenyl-
propanoid pathway. ProcNatlAcadSci 90: 4102-4106.

10. Buell CR, Somerville SC (1995) Expression of defense-related and putative 
signaling genes during tolerant and susceptible interactions of Arabidopsis with 
Xanthomonas campestris pv.campestris. Mol Plant Microbe Interact 8: 435-
443.

11. Batard Y, Schalk M, Pierrel MA, Zimmerlin A, Durst F, et al. (1997) Regulation 
of the cinnamate 4-hydroxylase (CYP73A1) in Jerusalem artichoke tubers in 
response to wounding and chemical treatments. Plant Physiol 111: 951-959.

12. Bell-Lelong DA, Cusumano JC, Meyer K (1997) Cinnamate 4-hydroxylase ex-
pression in Arabidopsis (Regulation in Response to Development and the Envi-
ronment). Plant Physiol 113: 729-738.

13. Mizutani M, Ohta D, Sato R (1997) Isolation of cDNA and a genomic clone en-
coding cinnamate 4-hydroxylase from Arabidopsis and its expression manner 
in planta. Plant Physiol 113: 755-763. 

14.  Winkel BSJ (2004) Metabolic channeling in plant. Annual Review of Plant Biol-
ogy 55: 85-107.

15. Dong XY, Braun EL , Grotewold E (2001) Functional conservation of plant sec-
ondary metabolic enzymes revealed by comp lamentation of A rabidopsis flavo-
noid mutants with maize genes.Plant Physiol 127: 46-57.

16. Burbulis IE, Winkel Shireley B (1999) Interactions among enzymes of the Ara-
bidopsis flavonoid biosynthestic pathway. Proc Natl A cad Sci USA 96: 12929-
12934.

17. He XZ, Dixon RA (2001) Genetic manipulation of isoflvone 7-O-methyltransfer-
ase enhances biosynthesis of 4’-O-methylated isoflavonoid phytoalexins and 
disease resistance in alfalfa. Plant Cell 12: 1689-1702.

18. Chapple C (1998) Molecular-genetic analysis of plant cytochrome P450-de-
pendent monooxygenases. Annu Rev Plant Physiol Plant Mol Biol 49: 311-343.

19. Winkel Shirley B (2001) Flavonoids biosynthesis: a colorful model for genetics, 
biochemistry, cell biology, and biotechnology. Plant Physiol 126: 485-493.

http://onlinelibrary.wiley.com/doi/10.1111/j.1467-7652.2008.00377.x/full
http://www.ncbi.nlm.nih.gov/pubmed/10492890
http://www.ncbi.nlm.nih.gov/pubmed/11720533
http://en.cnki.com.cn/Article_en/CJFDTOTAL-NYSB200401020.htm
http://www.ncbi.nlm.nih.gov/pubmed/20607624
http://caod.oriprobe.com/articles/225328/Recent_progress_on_key_enzymes__PAL_C4H_4CL_of_phenylalanine_metabolis.htm
http://www.ncbi.nlm.nih.gov/pubmed/10449586
http://www.ncbi.nlm.nih.gov/pubmed/8373188
http://www.ncbi.nlm.nih.gov/pubmed/8097885
http://www.apsnet.org/publications/mpmi/backissues/Documents/1995Articles/Microbe08-435.pdf
http://www.ncbi.nlm.nih.gov/pubmed/12223655
http://www.plantphysiol.org/content/113/3/729.short
http://www.ncbi.nlm.nih.gov/pubmed/9085571
http://www.annualreviews.org/doi/abs/10.1146/annurev.arplant.55.031903.141714
http://www.ncbi.nlm.nih.gov/pubmed/11553733
http://www.ncbi.nlm.nih.gov/pubmed/10536025
http://www.ncbi.nlm.nih.gov/pubmed/11006341
http://www.ncbi.nlm.nih.gov/pubmed/15012237
http://www.ncbi.nlm.nih.gov/pubmed/11402179


Citation: Lu D, Zhao W, Zhu K, Zhao SJ (2012)  Relevant Enzymes,Genes and Regulation Mechanisms in Biosynthesis Pathway of Stilbenes. J 
Bioprocess Biotechniq 2:119 doi: 10.4172/2155-9821.1000119

Page 6 of 7

J Bioproces Biotechniq
ISSN:2155-9821 JBPBT, an open access journal Volume 2 • Issue 3 • 1000119

20. Dixon RA (2001) Natural products and plant disease resistance. Nature 411: 
843-847.

21. Austin MB, Noel JP (2003)The chalcone synthase su-perfamily of type III 
polyketide synthases. Nat Prod Rep 20: 79-110.

22. Kati Hanhineva,Harri Kokko,Henri Siljanen(2009) Stilbene synthase gene 
transfer caused alterations in the phenylpropanoid metabolism of transgenic 
strawberry (Fragaria x ananassa). J Exp Bot 60: 2093-2106.

23. Morita H, Noguchi H, Schroder J, Abe I (2001) Novel polyketides synthesized 
with a higher plant stilbene synthase. Eur J Biochem 268: 3759-3766.

24. Rasmussen S, Dixon RA(1999) Transgene-mediated and elicitor-induced per-
turbation of metabolic channeling at the entry point into the phenylpropanoid 
pathway. Plant Cell 11: 1537-1551.

25. Shuilin HE, Jingui ZHENG, Xiaofeng WANG (2002) Plant secondary 
metabolism:function,regulation and gene engineering. Chin J Appl Environ Bio 
8: 558-563.

26. Melchior F, Kindl H (1991) Coordinate- and elicitor-dependent expression of 
stilbene synthase and phenylalanine ammonialyase genes in Vitis cv. Optima. 
Arch Riochem Biophys 288: 552-557.

27. Kliebenstein DJ (2004) Secondary metabolites and plant/environment interac-
tions: a view  through Arabidopsis thaliana tinged glasses. Plant Cell Environ 
27: 675-684.

28. Lerdau M, Coley PD (2011)Benefits of the carbon-nutrient balance hypothesis. 
OIKOS 98: 534-546. 

29. Mary Ann Lila (2006) The nature-versus-nurture debate on bioactive phyto-
chemicals: the genome versus terroir. Sci Food Agric 86: 2510-2515.

30. Zhi-lin Yuan, Chuan-chao Dai, Lian-qing Chen (2007) Regulation and accu-
mulation of secondary metabolites in plant-fungus symbiotic system. African 
Journal of Biotechnology 6: 1266-1271.

31. Debora Vom Endt, Jan W Kijne, Johan Memelink (2002)Transcription factors 
controlling plant secondary metabolism:what regulates the regulators? Phyto-
chemistry 61: 107-114.

32. Chung 1M, Park MR, Rehman S, Yun SJ (2001) Tissue specific and inducible 
expression of resveratrol synthase gene in peanut Plants. Mol Cells12: 353-
359.

33. Chiron H, Drouet A, Claudot A, Eckerskorn C, Trost M, et al. C(2000) Molecular 
cloning and functional expression of a stress-induced multifunctional O-meth-
yltransferase with pinosylvin methyltransferase activity from Scots pine (Pines 
sylvestris L). Plant Mol Biol 44: 733-745.

34. Cantos E, Espin JC, Tomas-Barberan FA (2001) Postharvest induction model-
ing method using U V irradiation pulses for obtaining resveratrol-enriched table 
grapes: a new functional fruit? J Agric Food Chem 49: 5052-5058.

35. Hiroaki Kitano (2002) Systems biology:Toward system-level understanding of 
biological systems. Cambridge M A: MIT Press.

36. Martin Latterich (2005) Molecular systems biology at the crossroads: to know 
less about more, or to know more about less? Proteome Sci 3: 8-11. 

37. Hood L, Heath JR, Phelps ME, Lin B (2004) Systems biology and new tech-
nologies enable predictive and preventative medicine. Science 305: 640-643. 

38. Oksman-Caldentey KM, Inze D, Oresic M (2004) Connecting genes tometabo-
lites by a systems biology approach. PNAS 101: 9949-9950.

39. Aderem A (2005) Systems biology: Its practice and challenges . Cell 121: 511-
513.

40. Jingxue WANG,Yi SUN,Peilin XU (2004) Research Progress in Functional 
Plant Genomics. Biotechnology Bulletin 1: 18-24.

41. Rensink WA, Buell CR (2005) Microarray expression profiling resources for 
plant genomics. Trends Plant Sci 10: 603-609.

42. Marnik V, Johan DP, Michiel JT van Eijk (2007) AFLP-based tran-scriptprofiling 
(cDNA-AFLP) forgenome-wide expression analysis. NatProtoc 2: 1399-1413.

43. Jia W, Liu P, Jiang J, Chen MJ, Zhao LP, et al. (2006) Application of metabo-
nomics in complicated theory system research of traditional Chinese medicine. 
China Journal of Chinese Materia Medica 31: 621-625.  

44. Lianwen QI, Ping LI,Jing ZHAO (2006) Metabonomics and Modernization of 
TMC Research. World Science and Technology 8: 79-87.

45. Sumner LW, MendesP, Dixon RA (2003) Plantmetabolomics:Large-scale phyto-
chemistry in the functional genomics era. Phytochemistry 62: 817-836. 

46. Huang L, Gao W, Zhou J, Wang R (2012) System s biology applications to 
explore secondarymetabolites in medicinal plants. China Journal of Chinese 
Materia Medica 35: 8-12.

47. Cui GH, Huang LQ, Tang XJ, Qiu DY, Wang XY, et al. (2007) Functional genom-
ics studies of Salvia miltiorrhiza1.Establish cDNA microarray of S. miltiorrhiza. 
China Journal of Chinese Materia Medica 32: 1137-1142. 

48. Wei GAO, Guang-hong CUI, Jian-qiang KONG (2008) Optimizing expression 
and purification of recombinant Salvia miltiorrhiza copalyl diphosphate syn-
thase protein in E.coli and preparation of rabbit antiserum against SmCPS. 
Acta Pharmaceutica Sinica 43: 766-772.

49. Wang XY, Cui GH, Huang LQ, Gao W, Yuan Y (2008) A full length cDNA of 
4-(cytidine 5’-diphospho)-2-C-methyl-D-erythritol kinase cloning and analysis 
of introduced gene expressing in sava miltiorrhiza. Acta Pharmaceutica Sinica 
43: 1251-1257. 

50. Gao W, Hillwig ML, Huang L, Cui G, Wang X, et al. (2009) A functional genom-
ics approach to tanshinone biosynthesis provides stereo-chemical insights. 
OrgLett 11: 5170-5173. 

51. Shu-Jing SHENG,  Zhong-Yu  LIU, Wei ZHAO (2010) Molecular analysis of a 
type III polyketide synthase gene in Fallopia multiflora. Section Cellular and 
Molecular Biology 65: 939-946.

52. Liu Z, Zhuang C, Sheng S, Shao L, Zhao W, et al. (2011) Overexpression of a 
resveratrol synthase gene (PcRS) from Polygonum cuspidatum in transgenic 
Arabidopsis causes the accumulation of trans-piceid with antifungal activity. 
Plant cell rep 30: 2027-2036. 

53. Raiber S, Schroder G, Schroder J (1995) Molecular and enzymatic charac-
terization of two stilbene synthases from Eastern white pine (Pinus strobus) A 
single Arg/His difference determines the activity and the pH dependence of the 
enzymes. FEBS Lett 361: 229-302.

54. Hain R, Bleseler B, KindlH, Schroder G, Stocker R (1990) Expression of a 
stilbene synthase gene in Nicotiana tabacumresults in synthesis of the phyto-
alexin resveratrol. Plant Mol Biol 15: 325-335.

55. Hain R, Reif HJ, Krause E, Langebartels R, Kindl H, et al. (1993) Disease 
resistance results from foreign phytoalexin expression in a novel plant. Nature 
361: 153-156.

56. Tian WZ, Ding L, Cao SY, Shun-Hong D, Song-Qing YE, et al. (1998) Rice 
transformation with a phytoalexin gene and bioassay of the transgenic plants. 
Bot Sci Acta 40: 803-808.

57. Serazetdinova L,Oldach KH,Lörz H (2005) Expression of transgenic stilbene 
synthases in wheat causes the accumulation of unknown stilbene derivatives 
with antifungal activity. J Plant Physiol 162: 985-1002.

58. Szankowski I, Briviba K, Fleschhut J, Schönherr J, Jacobsen HJ, et al. (2003)
Transformation of apple ( Malus domestica Borkh.) with the stilbene synthase 
gene from grapevine (Vitis vinifera L.)and a PGIP gene from kiwi(Actinidia deli-
ciosa). Plant Cell Rep 22: 141-150.

59. Seppänen SK, SyrjäläL, von Weissenberg K, Teeri TH, Paajanen L (2004) 
Antifungal activity of stilbenes in in vitro bioassays and in transgenic Populus 
expressing a gene encoding pinosylvin synthase. Plant Cell Rep 22: 584 -593.

60. Zhu YJ,Agbayani R,Jackson MC, Tang CS, Moore PH (2004) Expression of 
the grapevine stilbene synthase gene VST1 in papaya provides increased 
resistance against diseases caused by Phytophthora palmivora. Planta 220: 
241-250.

61. Giorcelli A,Sparvoli F,Mattivi F, Tava A, Balestrazzi A, et al. (2004) Expression 
of the stilbene synthase (StSy) gene from grapevine in transgenic white poplar 
results in high accumulation of the antioxidant resveratrol glucosides. Trans-
genic Res 13: 203-214.

62. Hüsken A, Baumert A, Milkowski C, Becker HC, Strack D, et al. (2005) Resve-
ratrol gluco-Side ( Piceid) synthesis in seeds of transgenic oilseed rape (Bras-
sica napus L.).Theor Appl Genet 111: 1553-1562.

63. Morelli R, Das S, Bertelli A, Bollini R, Lo Scalzo R, et al. (2006) The introduc-
tion of the stilbene synthase gene enhances the natural antiradical activity of 
Lycopersicon esculentum mill. Mol Cell Biochem 282: 65-73.

64. Richter A, Jacobsen HJ, de Kathen A, de Lorenzo G, Briviba K, et al. (2006) 
Transgenic peas (Pisum sativum)expressing polygalacturonase inhibiting pro-

http://210.27.80.165/jingpin/2005/zhihua/html/jxzy/2005pdf/10Natural%20products%20and%20plant%20disease%20resistance.pdf
http://www.ncbi.nlm.nih.gov/pubmed/12636085
http://www.ncbi.nlm.nih.gov/pubmed/19443619
http://www.ncbi.nlm.nih.gov/pubmed/11432743
http://www.ncbi.nlm.nih.gov/pubmed/10449586
http://www.cibj.com/en/oa/darticle.aspx?type=view&id=112
http://www.ncbi.nlm.nih.gov/pubmed/1898048
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-3040.2004.01180.x/full
http://onlinelibrary.wiley.com/doi/10.1034/j.1600-0706.2002.980318.x/abstract?systemMessage=Wiley+Online+Library+will+be+disrupted+24+March+from+10-14+GMT+%2806-10+EDT%29+for+essential+maintenance&userIsAuthenticated=false&deniedAccessCustomisedMessage=
http://onlinelibrary.wiley.com/doi/10.1002/jsfa.2677/abstract?systemMessage=Wiley+Online+Library+will+be+disrupted+24+March+from+10-14+GMT+%2806-10+EDT%29+for+essential+maintenance&userIsAuthenticated=false&deniedAccessCustomisedMessage=
http://www.ajol.info/index.php/ajb/article/view/57436
http://www.sciencedirect.com/science/article/pii/S0031942202001851
http://www.ncbi.nlm.nih.gov/pubmed/11804335
http://www.ncbi.nlm.nih.gov/pubmed/11202436
http://www.ncbi.nlm.nih.gov/pubmed/11600065
http://www1.ctgu.edu.cn/yxy/UploadFile/2007107223737261.pdf
http://www.biomedcentral.com/content/pdf/1477-5956-3-8.pdf
http://www.ncbi.nlm.nih.gov/pubmed/15499008
http://www.ncbi.nlm.nih.gov/pubmed/15226495
http://www.ncbi.nlm.nih.gov/pubmed?term=Cell%20121%3A%20511-513
http://www.ncbi.nlm.nih.gov/pubmed/16275051
http://www.ncbi.nlm.nih.gov/pubmed/17545977
http://www.ncbi.nlm.nih.gov/pubmed/16830815
http://www.ncbi.nlm.nih.gov/pubmed/12590110
http://www.ncbi.nlm.nih.gov/pubmed/20349706
http://www.ncbi.nlm.nih.gov/pubmed/17802870
http://www.ncbi.nlm.nih.gov/pubmed/18819484
http://www.ncbi.nlm.nih.gov/pubmed/19244759
http://www.ncbi.nlm.nih.gov/pubmed/19905026
http://cat.inist.fr/?aModele=afficheN&cpsidt=23252182
http://www.ncbi.nlm.nih.gov/pubmed/21717185
http://www.ncbi.nlm.nih.gov/pubmed/7698342
http://www.ncbi.nlm.nih.gov/pubmed/2103451
http://www.ncbi.nlm.nih.gov/pubmed/8421520
http://www.jipb.net/Abstract_old.aspx?id=1171
http://www.ncbi.nlm.nih.gov/pubmed/16173460
http://www.ncbi.nlm.nih.gov/pubmed/14504909
http://www.ncbi.nlm.nih.gov/pubmed/14714142
http://www.ncbi.nlm.nih.gov/pubmed/15309535
http://www.ncbi.nlm.nih.gov/pubmed/15359598
http://www.ncbi.nlm.nih.gov/pubmed/16160820
http://www.ncbi.nlm.nih.gov/pubmed/16317513
http://www.ncbi.nlm.nih.gov/pubmed/16802117


Citation: Lu D, Zhao W, Zhu K, Zhao SJ (2012)  Relevant Enzymes,Genes and Regulation Mechanisms in Biosynthesis Pathway of Stilbenes. J 
Bioprocess Biotechniq 2:119 doi: 10.4172/2155-9821.1000119

Page 7 of 7

J Bioproces Biotechniq
ISSN:2155-9821 JBPBT, an open access journal Volume 2 • Issue 3 • 1000119

tein from raspberry (Rubus idaeus.) and stilbene synthase from grape (Vitis 
vinifera). Plant Cell Rep 25: 1166-1173.

65. Liu S,Hu Y,Wang X, Zhong J, Lin Z (2006) High content of resveratrol in lettuce 
transformed with a stilbene synthase gene of Parthenocissus henryana. Agric 
Food Chem 54: 8082-8825.

66. Schwekendiek A, Spring O, Heyerick A, Pickel B, Pitsch NT (2007) Constitutive 
expression of a grapevine stilbene synthase gene in transgenic hop (Humulus 

lupulus L.)yields resveratrol and its derivatives in substantial quantities. Agric 
Food Chem 55: 7002-7009.

67. Lo C, Le Blanc JC, Yu CK, Sze KH, Ng DC, et al. (2007) 
Detection,characterization,and quantification of resveratrol glycosides in 
transgenic Arabidopsis over—expressing a sorghum stilbene synthase gene 
by liquid chromatography / tandem mass spectrometry. Rapid Commun Mass 
Spectrom 21: 4101-4108.

http://www.ncbi.nlm.nih.gov/pubmed/16802117
http://www.ncbi.nlm.nih.gov/pubmed/17032013
http://www.ncbi.nlm.nih.gov/pubmed/17655245
http://www.ncbi.nlm.nih.gov/pubmed/17655245
http://www.ncbi.nlm.nih.gov/pubmed/17655245

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	The Relevant Enzymes and Regulation in BiosynthesisPathway of Stilbenes
	The relevant enzymes and regulation in phenylpropanoidpathway
	The relevant enzymes and regulation in biosynthesis pathwayof stilbenes

	The Application of Systems Biology in the Research onRelevant Enzymes and Genes in Biosynthesis Pathwayof Stilbenes
	Systems biology research methods
	The application of Systems biology approaches in researchon related enzymes and genes in biosynthesis pathway of stilbenes

	The Application of the Research on Enzymes and Genesin Biosynthesis Pathway of Stilbenes
	The genetic engineering research of metabolic key enzymesinbiosynthesis pathway of stilbenes
	The gene engineering of regulating gene or transcription factorin biosynthesis pathway of stilbenes

	Summary
	Acknowledgment
	Figure 1
	Figure 2
	Figure 3
	References

