



Review Article

Terpenoid Biosynthesis: Genes involved and their regulation
Abstract:
Terpenoids constitute the largest class of natural products, with many playing crucial roles in the industrial sector as spices, flavors, scents, and in cosmetics and perfumery. Numerous terpenoids also possess biological activity and are utilized in medicine. Plants biosynthesize terpenoids in various subcellular compartments, including the cytosol, plastids, and mitochondria, depending on their physiological roles. Higher plants primarily synthesize sterols, sesquiterpenes, and ubiquinones through the traditional acetate-mevalonic acid pathway, which operates mainly in the cytosol and mitochondria. All terpenoids originate from the universal five-carbon precursors isopentenyl diphosphate (IPP) and its allylic isomer dimethylallyl diphosphate (DMAPP), produced via two distinct biosynthetic routes located in different subcellular compartments. This metabolic process is regulated by various factors, including cofactors and carbon supply. In recent years, significant research has been conducted to understand the regulation of this pathway.
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Introduction
Terpenoids encompass thousands of small molecule natural products found across all domains of life. Among these, plants generate the most diverse range of terpenoids, which play crucial roles in development and chemical ecology. Plants utilize terpenoid compounds for a wide range of purposes, playing crucial roles in both primary and secondary metabolisms. Beyond regulating essential functions in growth and development, these compounds are extensively used by humans in various forms, including food, pharmaceuticals, and many more. Terpene synthases (TPS) are responsible for the biosynthesis of terpenoids, a class of natural products consisting of more than 50,000 compounds in have been identified mostly in higher plants, the vegetative tissues, flowers, and, occasionally, roots (Buckingham et al., 2015). Terpenoids have a long history of being used as flavors, fragrances, essential oil, pharmaceuticals, and many industrially important compounds (Tholl, 2015). With the advancement of functional genomics approaches several terpenoid biosynthetic genes and their regulation have been well characterized. This gives an ample opportunity to engineer the biosynthetic pathway for better production of the metabolite either in the host or model plant. Recently, Hu et al., 2024, describe the biosynthesis and regulatory mechanisms of glycosidic terpenes, focusing on key transcription factors such as VviERF3 and VviWRKY40. These findings are particularly pertinent to grapevine research and the development of wine flavor profiles. The study also discusses the challenges and strategies in engineering the biosynthesis of terpenoid glycosides for industrial applications. Lv et al., 2025 emphasized the pivotal role of transcription factors such as MYB, WRKY, bZIP, bHLH, and AP2/ERF and how they regulate multiple enzymes in the terpenoid biosynthesis pathway by binding to cis-elements in their promoters. He also discussed the potential applications in plant synthetic biology to enhance terpenoid yields, addressing the growing market demand for these compounds.
Classification of Terpenes
Plant secondary metabolites present promising alternatives for defending plants against microbes, herbivores, and weeds. Among these, terpenes are the largest group and have been widely studied for their potential as antimicrobial, insecticidal, and weed control agents. They are classified, according to the number of C5 units used to construct the terpenoids. Terpenes are derived biosynthetically by joining units of isoprene, having molecular formula C5H8. Among all the classified terpenoids, monoterpene and sesquiterpene are the chief source of essential oils, obtained from sap and tissues of certain plants and trees extracted by steam volatilization. However, diterpenes and triterpenes are obtained from plants gum and resins, and cannot be steam volatilized. The triterpenoids consist of eight isoprene units, form carotenoids which are organic pigments red-orange in color. Polyterpenes are produced by joining large numbers of isoprene units and have various other functions and Rubber is the most important polyterpene.
Biosynthesis of terpenoids:
Plants have two alternate biosynthetic pathways for terpenoid biosynthesis, which are based in distinct subcellular compartments such as the cytoplasm, plastids, and mitochondria. These pathways are dependable for their diverse roles. Isopentenyl diphosphate (IPP) and its allylic isomer dimethylallyl diphosphate (DMAPP) are the sources of terpenoids. Three molecules of Acetyl-CoA are converted into IPP via the cytosolic mevalonic acid (MVA) route (Newman and Chappell, 1999). However, in plastids, pyruvate and glyceraldehyde 3-phosphate is converted to IPP via the methylerythritol-phosphate (MEP) route. A schematic representation of terpenoid biosynthesis and classification in plants is shown in Figure 1 and Table 1. 
Mevalonate (MVA) Pathway
Based on their respective roles, plant metabolites are divided into two primary groups: primary metabolites and secondary metabolites (Hartmann et al., 1996). The primary metabolites participate in plant basic functions. This includes nucleic acids, proteins, fatty acids, and others. The secondary metabolites influence ecological interactions between plants and the environment. Isoprenoids are the most diverse and structurally varied groups of natural products with over 30,000 known compounds (Shah & Venkatramanan                   2019), having a vital biological role in plants such as sterols of bio-membranes, carotenoids, and chlorophylls as photosynthesis pigments, defense-related isoprenoids and plant growth regulators. According to Wan et al. (1971; Chen et al. 1996), several isoprenoids are also economically significant substances that are used in flavors, pigments, waxes, rubbers, vitamins, taxol, artemisinin, and ginkgolides. The mevalonate (MVA) pathway and the deoxyxylulose 5-phosphate/2-C-Methyl-D-erythritol 4-phosphate (MEP) system, also known as the DXP pathway, are the two distinct processes in plants that are involved in isoprenoid biosynthesis (Banerjee et al., 2014). According to Bick et al. (2003), the MVA pathway is predominant in the cytosol and the MEP pathway in the plastid (Bick et al., 2003). The 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR, EC 1.1.1.34) catalyzes, the first step in the pathway i.e., the conversion of HMG-CoA to mevalonate. The mevalonate (MVA) pathway from acetate represents the first steps in isoprenoid biosynthesis and is in charge of producing sterols (such as lanosterol, ergosterol, and cholesterol) and polyisoprenoids (such as dolichol) in the cytoplasm of plants, fungi, animals, other eukaryotes, archaea, and certain eubacteria.

Enzymes involved in mevalonate pathway of isoprenoid biosynthesis
There are several subcellular compartments in which the MVA pathway enzymes are distributed (Table 2). The primary rate-determining enzyme of the pathway, hydroxymethylglutaryl CoA reductase (HMGR), is located in the cytosol and peroxisomes, while other enzymes of the pathway are attached to the endoplasmic reticulum and exposed to the catalytic domain of protein (Simkin et al., 2011).

Acetoacetyl-CoA thiolase (EC 2.3.1.9): The first enzyme step in the production of isoprenoids via mevalonate (MVA) is acetoacetyl-CoA, which is produced when two molecules of acetyl-CoA condense. This enzyme is known as acetoacetyl-CoA thiolase or thiolase II. The enzyme thiolase is primarily present in a wide range of prokaryotes and eukaryotes. It catalyzes the Claisen condensation and cleavage processes, which involve the extension or shortening of an acyl-CoA molecule by a two-carbon acetyl module. These reactions are widely observed in metabolism. Thiolytic cleavage, catalyzed by 3-ketoacyl-CoA thiolases (EC 2.3.1.16) is the key step in Knoop's pathway of beta-oxidation of fatty acids and the biosynthetic (condensation) reaction to form acetoacetyl-CoA from two acetyl- CoA molecules in the Mevalonate pathway. Additionally, it was reported that AACT increases the synthesis of squalene and functions as a regulatory enzyme in the isoprenoid pathway under salt stress (Soto et al., 2011). The Acetoacetyl-CoA thiolase gene has been isolated and cloned from the number of plant species viz. Arabidopsis (Carrie et al.,2007), Sunflower (Soto et al., 2011), Bacopamonniera (accession no. FJ947159) (Rishi et al., 2012). In Sunflower (Helianthus annuus L.), both Thiolase I (EC 2.3.1.16,) and II coexist as part of the glyoxysomal β-oxidation system, the only system shown to have both forms.
HMG-CoA synthase: In the MVA route, the condensation of acetyl CoA and acetoacetyl CoA to generate HMGCoA is catalyzed by the enzyme 3hydroxy3methylglutarylcoenzyme A synthase (HMGS, EC 4.1.3.5). The HMGS's role in the synthesis of polyisoprene was initially noted by and Ferguson (1959). Eventually, it was established that HMGS participates in the MVA pathway-mediated second stage of catalysis (Chun et al., 2000). In general, HMGS is divided into mitochondrial and cytosolic forms. The ketone bodies are synthesized by the mitochondrial version of HMGS, which is more common in mammals. HMG-CoA is produced in the cytosol by HMGS catalyzing the conversion of acetyl-CoA. In addition, the MVA route produces isoprenoids and mevalonic acid (Miziorko, 2011). The majority of eukaryotes have the MVA pathway. Consequently, rather than studying the mitochondrial version of HMGS, more study is being done on its cytosolic form. Some plant species, including Brassica juncea, Hevea brasiliensis, Taxus × media, Salvia miltiorrhiza, Pinus sylvestris, C. acuminate. Chamaemelum Nobile L, have recently had some HMGS genes extracted from them ((Alex et al., 2000; Suwanmaneeet al., 2002; Cheng et al., 2016 and Kalita et al., 2015).

HMG-CoA Reductase (HMGR): In the Mevalonate pathway, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGR) is the rate-limiting enzyme (NADH-dependent, EC 1.1.1.88; NADPH-dependent, EC 1.1.1.34) that produces cholesterol and other isoprenoids (Kalitaet al., 2015). The reaction's stoichiometry for NADPH is explained by the two-step reduction of the thiol esterified HMGCoA carboxyl to an alcohol. The first reaction is to producemevaldehyde; and the second reduction step then forms product mevalonate (Miziorkoet al.,2011) 
Regulation of HMG-CoA Reductase

HMGR is one of the most highly regulated enzymes in plants and animals. It is the most studied enzyme of the mevalonate pathway in plants. The HMGRs cloned from plants are encoded by a small gene family of two or more members. Stemer et al. (1994) found that there is a significant variation in the gene expression patterns across different tissues and developmental stages. Key regulating step in cholesterol production is catalyzed by mammalian HMGR. As per Chappell et al. (1995) and Schaller et al. (1995), plant HMGR is regarded as a crucial enzyme that regulates the manufacture of phytosterol. This suggests that HMGR may play a crucial role in at least one isoform's involvement in sterol biosynthesis. Sweet potato, potato, tobacco, pea, radish, maize, and rice plants have all been found to contain HMGR isozymes. In response to a range of external stimuli, such as light, arachidonic acid, wounds, pathogen attacks, fungal elicitors, plant growth hormones, and exogenous sterols, they responded differently (Bach et al., 1990; Stemer et al., 1994).Thus, different HMGR isoforms have varied roles in controlling the flow of pathway intermediates into particular end products (Weissenborn et al., 1995).MeritxellAntolín-Llovera et al., (2011), reported that the interaction with HMGR is mediated by a calcium-binding protein, B" regulatory subunits of protein phosphatase 2A (PP2A). PP2A is involved in the signaling of growth hormones viz. auxin, ethylene abscisic acid, and brassinosteroid and occurs as a positive and negative multilevel regulator of plant HMGR, both during normal growth and stress conditions. Plants regulate HMGR activity at the transcriptional level by differential induction of HMGR gene family members, and at the post-translational level by enzyme modification. Transcriptional modulation of HMGR has been reported in many plant systems, but evidence of post-translational regulation is still rare. Nieto et al., (2009) demonstrated that A. thaliana HMGR responds post-translationally to compensate for the enhancement or depletion of the metabolic flux through the MVA pathway. In Hevea brasiliensis, HMGR is encoded by three members of a small gene family i.e.,hmgl, hmg2, and hmg3. The expression of Heveahmgl is induced by ethylene while hmg3 is expressedconstitutively.
The structure of HMGR consists of three regions: a linker, a C-terminal catalytic region with about 400 amino acid residues, and an N-terminal region with a variable number of transmembrane segments (typically seven in mammals, insects, and fungi; two in plants). While the transmembrane domains of HMGCoA reductases from various species exhibit minimal sequence similarity, the catalytic region located at the C-terminus is highly conserved. According to Istvan and Deisenhofer (2000), the structure of this conserved region is expected to be made up of extended-pleated sheets surrounded by amphipathic helices. The three domains of the HMGR catalytic regions are: the large central L-domain harbouring two HMG-CoA binding motifs (TTEGCLVA and EMPPIGYVQIP), one NADP(H)binding motif (GTVGGGT), and the tiny helical amino-terminal N domain (Kalita et al., 2015).

Mevalonate kinase (MK; MVK; ATP: mevalonate 5-phosphotransferase; EC 2.7.1.36): In the MVA pathway, Mevalonate kinase catalyzes the transfer of ATP's c-phosphoryl to the C5 hydroxyl oxygen of mevalonic acid, and form the mevalonate 5-phosphate and ADP. In contrast to HMGR, very little is known about MVK and its regulatory significance in this metabolic pathway. MK gene was first cloned from Arabidopsis (Lluch et al., 2000). In mammals, MVK is regulated at the transcriptional level in response to changes in cholesterol levels (Tanaka et al., 1990). Additionally, through competitive inhibition at the ATP-binding site by prenyl phosphates of different lengths, such as geranyl diphosphate (GPP), farnesyl diphosphate (FPP), and geranylgeranyl diphosphate (GGPP), MVK is responsible of post-transcriptional control (Dorsey and Porter, 1968; Hinson et al., 1997). -In yeast and plants, MVK is also subject to feedback inhibition by GPP and FPP (Gray, 1987); thus supporting the idea that feed-back inhibition by prenyl phosphates is a general regulatory mechanism that modulates the activity of MVK (Lluch et al., 2000).
Phosphomevalonate kinase (PMK; EC 2.7.4.2): This enzyme catalyzes a reversible reaction between mevalonate 5-phosphate and ATP to produce mevalonate 5-diphosphate and ADP (Miziorko et al. 2011). Pig liver was used to demonstrate this enzyme's activity (Hellig et al., 1961). PMK is present in eukaryotes and certain eubacteria. The amino acid sequences for PMK in plants, fungi, and bacteria are not orthologous to those for PMK in animals or low homology invertebrates. 

Mevalonate diphosphate decarboxylase (EC 4.1.1.33): This enzyme catalyzes the conversion of mevalonate 5-diphosphate (MVAPP) to isopentenyl 5-diphosphate through the ATP-dependent decarboxylation process (Bloch et al., 1959). This enzyme is important for the synthesis of polyisoprenoid and sterol in animals, plants, and yeast (Bergeset al.,1997).
Cloning, characterization, and expression analysis of genes involved in MVA pathway
Terpenoids plays an important role in plant development. The Genes that encode the enzymes in the Mevalonate pathway have been identified and characterized from different plant species viz. Arabidopsis, Picrorhizakurroa, conifers, and Hevea brasiliensis (Zhang et al.,2019; Sando et al. 2008; Zulak and Bohlmann, 2010). Given the importance of terpenoids in plant development, the catalytic role of the HMGR in the first committed step of isoprenoid biosynthesis in the mevalonic (MVA) pathway, and the significance of metabolic engineering of terpenoid biosynthesis pathways, identification and characterization of the genes encoding the enzymes involved in terpenoid biosynthesis have been conducted in a variety of plant species, such as Centellaasistica, Euphorbia pekinensis, Catharanthusroseus, Taxus media, Ginkgo biloba, Corylusavellana, Cucumismelo, Micheliachapensis, Salviamiltiorrhiza, Eucommiaulmoides, Withaniasomnifera, and Cymbopogonwinterianus (Kalita et al., 2015; Devi et al., 2017).
Methylerythritol phosphate (MEP) pathway
Isoprenoids are the most diverse secondary metabolite family. It was estimated that the annual isoprene production from plants across the globe to be 600 Tg (teragrams) (Guenther et al., 2006). In all living things, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) are the precursors of all isoprenoids. In animals, the essential metabolites are sterols, precursor of steroid hormones, dolichols and long-chain polyprenol, and theprenyl chains of quinones, carotenoids, and phytol, most importantly a multitude of secondary metabolites. Maximum structural diversity is found in phototrophic organisms such as mosses, liverworts, ferns, higher plants. 
In plants, two biosynthetic pathways are the most important for the production of isoprene units. Bloch et al. (1959), initially reported that IPP is synthesized from acetyl-CoAmuch like fatty acids, via MVA. In the more recently disclosed methylerythritol phosphate (MEP) pathway, the precursor for IPP and DMAPP are carbohydrate derivatives pyruvate and D-glyceraldehyde phosphate (Eisenreich, 2001). The genes encoding DXS and DXR were first cloned and characterized in Escherichia coli and have been cloned in several plants, including Tripterygiumwilfordii, Arabidopsis thaliana, Zea mays, Salvia miltiorrhiza, Camptotheca acuminate, Cymbopogon winterianus (Devi et al., 2015). The DXR gene sequence from the Centella plant (JQ965955) was found to possess a 1425 bp ORF that codes for a 474 amino acid peptide. The results of semi-quantitative RT PCR showed that DXR is expressed differently in different tissues, with node showing the highest expression and leaf, stem, and root tissue following (Sharma et al., 2020).
There are seven enzymatic steps in the MEP pathway (Figure 2) (Sharkey et al. 2008).1-deoxy-D-xylulose-5-phosphate synthase (DXS) catalyzes 1-deoxy-D-xylulose 5-phosphate (DXP) from pyruvate and D-glyceraldehyde 3-phosphate (GAP) (Rodriguez´ıguez-Concepcion Boronat, 2002). In the next step, 1-deoxy-D-xylulose- 5-phosphate reductoisomerase (DXR) converts DXP to MEP. MEP is cyclized into methylerythritol 2,4-cyclodiphosphate (MEcDP), via three enzymatic steps involvingcytidylation (CTPdependent), phosphorylation (ATP-dependent), and cyclization. Next, MEcDP is converted into hydroxymethyl butyl phosphate (HMBDP) catalyzed by HMBDP synthase (HDS). Finally, HMBDP reductase reduces HMDBP to IPP and DMAPP. IPP and DMAPP are isomerized by isopentenyl pyrophosphate isomerase (IPI). In animals, fungi, and in the cytoplasm of phototrophic organisms, only the MVA pathway is found, whereas the MEP pathway is present in plant chloroplasts, and in most of the bacteria (Laupitz et al. 2004). Molecular cloning and characterization of a 1-deoxy-D-xylulose 5-phosphate reductoisomerase gene from different plant species, such as Ginkgo biloba, Elaeisguineensis Jacq., Camptotheca acuminate, and Salvia miltiorrhiza, were the focus of several groups. and Devi et al., (2015) reported the structure–function mechanism and tissue-specific expression profiling of full-length dxr gene from Cymbopogon winterianus. 
Regulation of MEP pathway
Regulation of inputs into the pathway
The regulation of MEP metabolic pathway is governed by the source of carbon and energetic cofactors. Much research has been carried out to understand the regulation of this pathway via carbon flux by observing the pattern of 13CO2 or deuterated deoxyglucose labeled isoprene emission (Delwiche&Sharkey,1993; Schnitzler et al.2004). The MEP pathway initiates with the synthesis of DXP from GAP and pyruvate with the catalysis by DXS (Bouvier et al. 1998; Kuzuyama et al. 2000). The supply of GAP and pyruvate in chloroplasts of plants is complex than that of bacteria. It was observed that, after feeding 13CO2 to photosynthesizing plant leaves, isoprene becomes rapidly labeled confirming the direct relationship between isoprene synthesis and the Calvin cycle (Ferrieri et al. 2005 and Brilli et al. 2007). Moreover, transported sugars via xylem can also provide additional carbon to MEP pathway functioning in leaf (Schnitzler et al. 2004). There are several sources of chloroplastic pyruvate that can serve as a carbon source for the MEP pathway (Trowbridge et al.2012). Due to lack of the glycolytic enzymes phosphor glyceromutase and enolase, pyruvate cannot be synthesized directly from 3-phosphoglycerate within the chloroplast of mesophyll cells (Prabhakar et al. 2009). The chloroplast of photosynthesizing leaves depends on the cytosolic PEP rather than pyruvate (Flugge, 1999). But, in other heterotrophic tissues like, leucoplast, the plastidic pyruvate kinase (PKp) is present (Plaxton et al.,2002). Dubey et al., 2003, describes known enzymes in the DOXP/MEP pathway such as 1-deoxy-D-xylulose-5-phosphate synthase (DXS), DOXP reductoisomerase, etc. Some of these genes have been identified, many are regulated in a developmental or tissue-specific manner. The role of DXS transcript level correlating with levels of plastidic isoprenoid products in several plants has also been discussed. Numerous studies have clarified that the regulation of DMAPP synthesis by energetic cofactors is responsible for the variation in isoprene emission with CO2 concentration (Sun et al. 2013; Sharkey et al. 2014).

Contribution of reducing power
Reducing power is required in numbers of enzymatic steps of the MEP pathway. Seemann& Rohmer, (2007) reported that 4[Fe–4S]-clusters and double one-electron transfers are involved in the catalysis mechanism of the enzymes HDS and HDR enzymes in the MEP pathway. In darkness, the HDS enzyme requires ferredoxin/ferredoxin reductase/NADPH, an electron shuttle system. Reducing power can influence the MEP pathway in a very complex fashion. At a low NADPH/NADP ratio, the carbon flow throughout the pathway can be limited at DXR, since DXR is dependent on NADPH (Li & Sharkey, 2013).
Involvement of ATP (CTP)
In the MEP pathway, the CTP/ATP consumption is involved in the conversion of MEP into diphosphocytidylylmethylerythritol (CDP-ME) and CDP-ME to diphosphocytidylylmethylerythritol 2-phosphate (CDP-MEP) by CDP-ME synthase (CMS) and CDP-ME kinase (CMK) respectively. One CTP and one ATP molecule is required for the synthesis of each DMAPP molecule. But, there is a loss of phosphate moiety during the conversion of MEP into CDP-ME. The regeneration of CTP needs two more ATP molecules. Thus, three ATP molecules are required for the synthesis of each DMAPP molecule. Therefore, there is a strong relationship between the emission of isoprenes and the involvement of ATP.  Loreto & Sharkey, (1993) reported that the MEP pathway is controlled by ATP and it has also an indirect effect on MEP pathway based on the availability of GAP.
Regulation of DXS
The regulation of DXS in MEP pathway was demonstrated through various gene expression studies (Cordoba et al. 2009). To maintain a constant level of DMAPP, reduced activity of some upstream enzyme before the entry point of exogenous deoxyxylulose (DOX) is required. This causes stringent regulation of the flow of carbon through the MEP pathway. It has been already proved in various reports that DXS enzyme is regulated through feedback inhibition by IPP and DMAPP, two end products of MEP pathway, which control the carbon flow through the MEP pathway by affecting the activity of DXS via a negative feedback loop (Banerjee & Sharkey, 2014). This constitutes a significant regulatory mechanism of the MEP pathway controlling the activity of the very first enzyme of the pathway. Patel et al. (2012) reported that the presence of GAP can accelerate the rate of pyruvate decarboxylation by DXS. This represents a possible feed-forward regulation at DXS by its substrate.
Regulation of DXR and CMS by phosphorylation
It has been reported that DXR is a rate-limiting enzyme of the MEP pathway. The Ser186 residue of E. coli DXR not only participating in hydrogen bonding with the phosphate moiety of the substrate but also involved in conformational changes of DXR upon substrate-binding. Jawaid et al., (2009) reported that the mutation of the serine residue by an aspartate or glutamate leads to complete inactivation of DXR. This shows that the activity of DXR is affected by the phosphorylation of the specific serine residue.
Tsang et al. (2011) reported that there is a presence of phosphorylation site at Thr141 on CMS from F. tularensis, which is alike to Thr140 in the E. coli CMS enzyme.  Mutagenesis of Thr141 with aspartate or glutamate that mimics phosphor-threonine, leads to reduced or abolished activity of the enzyme respectively. 
MEcDP
MEcDP, has been demonstrated as a key player in MEP pathway regulation by several recent studies. It was observed that in presence of light more MEcDP is accumulated in leaves than other intermediates of the MEP pathway (Li & Sharkey, 2013).
A feed forward effect
The crystal structure of MCS, cyclo-diphosphate-containing intermediate of the MEP pathway, is known from many organisms. These structural studies revealed the presence of a hydrophobic cavity along the three-fold non-crystallographic symmetry axis of the enzyme. The cavity is occupied by diphosphate moiety containing isoprenoids viz. geranyl diphosphate (GDP), farnesyl diphosphate (FDP), and IPP/DMAPP (Kemp et al. 2005). According to Meyers, Bitok, and Freel,2012, the presence of IPP, DMAPP, GDP, and FDP stabilizes and activates the recombinant MCS enzyme. Prior research suggested that MCS might be a major site of downstream isoprenoids' feedback control (Kemp et al. 2005). The 2-C-methylerythritol scaffold is specific to the MEP route, and the methylerythritol scaffold is crucial, according to an analysis of the effects of several MEP pathway metabolites on MCS stability and activation. MCS's feed-forward activation is a highly particular regulatory mechanism for the MEP pathway. Farnesyl diphosphate stabilizes and activates E. coli MCS on its own, but inhibits the E. coli MCS-MEP complex (BitokFreel Meyers, 2012). There might be conformational changes of MCS on binding of MEP to MCS and that the inhibitory effect of FDP is discerning for the MEP-boundMCS. The feedback inhibition of the MCS-MEP complex by FDP controls the downstream isoprenoids biosynthesis and the carbon flux throughout the MEP pathway. Thus, MCS plays an active role in the MEP pathway regulation.
Regulation of the biosynthesis and metabolism of MEcDP by external factors
The oxidative stress caused by environmental factors like high light and temperature as well as the presence of heavy metals like Cd causes a greater buildup of MEcDP in spinach leaves (Xiao et al. 2005).The [4Fe–4S]-cluster of HDS is highly vulnerable to such oxidative stress and the generated ROS leads to re-formation of the [4Fe–4S]-cluster which in turn interferes with the turnover of the HDS holo-enzyme (Rivasseauet al.,2009).During oxidative stress, the formation of the apo-HDS with [4Fe–4S]-cluster functions as the rate-limiting step in the MEP pathway.MEcDP acts as an effective antioxidant (Ostrovskyet al., 2003) and allows the repair of the HDS enzyme to remain functional by limiting the impact of oxidative stress. But, in presence of inhibitors like Cd, this repairability of MEcDPfor the reconstitution of the holo-enzyme is not enough. 
Another interesting observation is that, under a nitrogen atmosphere the MEcDP accumulation blocks the isoprene emission from leaves. This large accumulation of MEcDP indicates that the downstream enzymes may become nonfunctional, ceasing the isoprene emission. It may be due to the disruption of [4Fe–4S] complexes of HDS and HDR under a high concentration of nitrogen and its derivatives. The nitrogen atmosphere may trigger some signals that lead to the inactivation of such enzymes.
Regulation at HDS and HDR
Structural modification of HDR can regulate the concentration DMAPP and IPP in the MEP pathway. It was experimentally proved that a point mutation in E. coli HDR (LytBG120D) allows selective synthesis of DMAPP over IPP (Puanet al.,2005). Another study revealed that HDR could be regulated by modulating the redox potential of its iron-sulfur complex (Xiao et al.,2009). It has been seen that both HDS and HDR are highly controlled which in turn has a strong influence on the carbon flow of the MEP pathway.
Monoterpene biosynthesis pathway:
The universal precursor of monoterpenes, Geranylgeranyl diphosphate, C10 (GPP) forms by the condensation of one IPP and one DMAPP molecule catalyzed by geranyl diphosphate synthase (GPPS), whereas Geranylgeranyl diphosphate synthase (GGPPS) causes one DMAPP molecule to condense with three IPP molecules, producing GGPP (C20), the precursor of diterpenes.It is believed that monoterpenes are synthesized by monoterpene synthases in plastid via. MEP pathway.  The reaction mechanism of synthesis of all monoterpenes starts with the ionization of Geranyl diphosphate, precursor of all monoterpenes (Croteauet al.,1990). FromCisoidlinalyl diphosphate (LPP) linalyl cation is formed, and due to electrophilic attack of C1 on the C6-C7 double bond produce the cyclic α-terpinyl cation, is a critical branchpoint intermediate in the formation of all cyclic monoterpenes. From the α –terpinyl cation, proton loss by terpene synthase leads to the formation of cyclic monoterpene called limonene or terinolene (Iijima et al., 2004a; Bohlmann et al. 1999).
Isomeric γ-terpinene and β-phellandrene monoterpene products are produced by 1,2- or 1,3-hydride shifts of the α-terpinyl cation mediated by terpene synthase, which are then followed by proton losses (Bohlmann et al., 1999). It is also thought that 1,8-cineole is produced from the α-terpinyl cation by an α-terpineol intermediate that goes through internal further cyclization of the alcoholic oxygen (Chen et al., 2004). When the carbocationic center electrophilically attacks one of the carbon atoms in the remaining double bond, the α-terpinyl cation may undergo cyclizations. The major products of numerous terpenes found mainly in conifers, α-pinene or β-pinene, can be obtained by proton loss from the phenyl cation generated by a Markovnikov addition (2,7-cyclization). Bornyl cation is produced by Anti-Markovnikov Addition (3,7-cyclization) (Croteau et al., 1990). The two main monoterpenes that are produced by the bornyl diphosphate intermediate pathway are borneol and camphor. Here, the internal return of the diphosphate moiety from the original geranyl diphosphate substrate allows a terpene synthase to catalyze the production of bornyl diphosphate from the bornyl cation (Whittington et al., 2002). The product is subsequently hydrolyzed and oxidized to create borneol and camphor. Terpene synthase mediates Wagner–Meerwein rearrangement to form fenchyl skeleton from pinyl cation which is the precursor of fenchol andisocampyl skeleton to form camphene. Another cyclization of α- terpinyl cation give rise to bicyclic monoterpene with a cyclopropyl ring in which 1,2 hydride shift takes place followed by 2,6 closure to give rise to terpene sabinene. 3-carene is formed by the Cyclization of α- terpinyl cation. Monoterpene synthase converts one-third of the geranyl diphosphate substrate to acyclic monoterpenes. Geranyl Diphosphate undergoes ionization followed by isomerization to form linalyl cation which losses hydride ion to form β – ocimene and myrcene (Dudarevaet al., 2004). Geraniol and linalool acyclic monoterpenes are formed by the addition of water to the geranyl cation (Iijima et al.,2004).
Biosynthesis of sesquiterpenes:
All sesquiterpenes originate from farnesyl diphosphate. Like monoterpenes synthase, sesquiterpene synthases catalyze similar carbocationic based reaction mechanisms.The initial cyclization reaction of sesquiterpenes involves cyclization of the initially formed farnesyl cation to yield 10-membered ((E,E)-germacradienylcation) or 11-membered ((E)-humulyl cation) rings. Farnesyl cation is isomerized at C2–C3 double bond to form nerolidol cation and 1,6-(bisabolyl cation), 1,7-(cycloheptanyl cation), 1,10-((Z,E)-germacradienyl cation) or 1,11-((Z)-humulyl cation) products are formed due to cyclization of either the central or distal double bond of  nerolidyl cation (Degenhardt et al., 2009).
The initial 1,10-cyclization of sesquiterpenes forms the (E,E)-germacradienyl cation, which is then converted to germacreneA during the second cycle of sesquiterpene cyclization, which forms neutral sesquiterpene species such as 5-epi-aristolochene synthesis (Degenhardt et al., 2009).Then protonation on the C6–C7 double bonding Markovnikov orientation occurs to reform a cation, which then undergoes 2, 7-cyclization to form a eudesmane cation (Rising et al., 2000). Neutral germacreneA undergoes protonation and Wagner – Meerwein rearrangement to synthesize vestispiradiene (Back and Chappell, 1995).
Conclusion
This review highlights the regulatory role of metabolic biosynthetic genes and their role in accumulation of metabolite which might enables precise pathway manipulation through metabolic engineering. Metabolic engineering  approach can enhance plant traits such as stress resistance and medicinal properties, and can allow large-scale production of valuable metabolites. Advent of high-throughput sequencing technology have elucidated  biosynthetic pathways in many important medicinal plants that produce commercially important compounds. Since these metabolites are involved in plant defense against pathogens, engineering their pathways offers a sustainable strategy for improving plant resistance and better understanding of plant pathogen interaction.  
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Figure 1: Schematic representation of terpenoid biosynthesis in plants showing the MVA and MEP pathways leading to IPP and DMAPP formation, their condensation into prenyl diphosphates, and subsequent diversification into various classes of terpenes and terpenoids.
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Figure 2: The metabolites and the enzymes involved in the MEP pathway
Table 1: Classification of terpenoids based on the number of isoprene units, with Percursor, source and examples.
	Sl. No.
	Class of terpenoids
	No. of isoprene units
	Precursor
	Source
	Example

	1
	Monoterpenoids
(C10H16)
	2
	Geranyl pyrophosphate
	Essential oils (sap, tissues)
	Linalool, limonene

	2
	Sesquiterpenoinds
(C15H24)
	3
	Farnesyl pyrophosphate
	Essential oils (various parts)
	Humulene, farnesol

	3
	Diterpenoids
(C20H32)
	4
	Geranylgeranyl pyrophosphate
	Gums, resins
	Gibberellins, retinol

	4
	Triterpenoids
(C30H48)
	6
	Farnesyl pyrophosphate
	Carotenoids, gums, resins
	Cholesterol, sitosterol

	5
	Tetraterpenoids
(C40H64)
	8
	Geranylgeranyl pyrophosphate
	Rubber, other polymers
	Carotenoids

	6
	Polyterpenoids
(C5H8)n
	>100
	Geranylgeranyl pyrophosphate or Farnesyl pyrophosphate
	Rubber, other polymers
	Rubber


Table 2: Subcellular distribution of enzymes involved in the MVA pathway.
	Enzyme
	Subcellular Compartment
	Biological function

	Acetyl-CoA acetyltransferase (ACAT)
	Cytosol
	Initiates condensation of acetyl-CoA

	HMG-CoA synthase (HMGS)
	Cytosol
	Forms HMG-CoA from acetyl-CoA and acetoacetyl-CoA

	HMG-CoA reductase (HMGR)
	Endoplasmic Reticulum (ER) membrane
	Rate-limiting step; membrane-associated

	Mevalonate kinase (MK)
	Cytosol
	Phosphorylates mevalonate

	Phosphomevalonate kinase (PMK)
	Cytosol
	Produces mevalonate-5-diphosphate

	Mevalonate diphosphate decarboxylase (MVD)
	Cytosol
	Forms isopentenyl diphosphate (IPP)

	Isopentenyl diphosphate isomerase (IDI)
	Cytosol
	Interconverts IPP and DMAPP



