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ABSTRACT

Hevea brasiliensis is the primary source of natural rubber, an 

industrial/ engineering raw material. The properties of natural rubber make it 

superior and competitive to synthetic rubber for use in several industrial 

applications. As a result of the recent intensive research and development in 

crop improvement programmes, several new high yielding varieties of Hevea 

have been evolved and widely cultivated in India. There are clonal variations 

in the productivity of rubber and it depends on the capability of each clone to 

synthesize latex which contains rubber.

Sucrose is the primary precursor of natural rubber biosynthesized in 

the laticiferous tissue via isoprenoid pathway. The quantity of latex obtained 

from different Hevea clones may be the result of variations in the activities 

of the enzymes involved in rubber biosynthesis. The enzymes directly 

involved in the biosynthesis of rubber particle would be of great importance 

to specify the rate limiting steps in the pathway. Determining the activity of 

such key enzymes in the pathway would help in identifying markers for yield 

potential in Hevea. Molecular markers related to latex yield are useful in the 

crop improvement research programmes and they can reduce the duration of 

the breeding cycle of Hevea. Information is rather scarce on key 

biomolecules closely related to rubber yield in Hevea. The clonal variations 

in the activity of rubber biosynthetic enzymes and expression of the 

corresponding genes are not investigated thoroughly. Hence, the present 

work on biochemical and molecular studies on enzymes related to rubber 

biosynthesis in Hevea brasiliensis was carried out in clones with varying 

yield potentials for developing biochemical / molecular markers which can 

be used as tools for early yield prediction in Hevea.



In the present study, expression of 14 genes associated with rubber 

synthesis was analyzed in h i ^  low yielding clones of Hevea hrasiliensis 

(with and without stimulant application). The level of expression of HbSUTS, 

a sucrose transporter was found to be significantly higher in high yielding than 

low yielding clones. In H. hrasiliensis sucrose is the primary substrate for 

rubber biosynthesis. The expression of genes corresponding to enzymes like 

hydroxymethyl glutaryl- CoA synthase (HMGS), HMGR and mevalonate 

diphosphate decarboxylase (MVD) was fonnd to be directly related to yield 

potential of clones, i.e. high expression in high yielding and low expression in 

poor yielding clones. The up regulation of these genes might result in an 

increased supply of IPP, the isoprenoid monomer, for rubber biosynthesis. 

Expression of genes in the downstream biosynthetic pathway like FPPS, RuT 

and REF2 was also found to be significantly higher in high yielding clones 

than low yielding clones. The results suggest that high rubber yield potential is 

associated with relatively high expression of these genes. These are useful 

markers for high yield potential of Hevea clones.

The expression of genes associated with rubber biosynthesis was 

compared between ethylene stimulated and unstimulated trees of different 

clones. The expression of HbSUTS was significantly higher in stimulated 

than unstimulated trees of both high and low yielding clones. The results 

suggest that HbSUTS plays an important role in the sucrose loading of the 

laticifer tissue and thus in rubber production in stimulated trees. Productivity 

of rubber depends on sufficient recouping of the expelled latex before the 

next harvesting, which requires an efficient and continuous sucrose supply. 

The expressions of hmgrl and MVD were induced by ethylene treatment 

(stimulant application) and the results suggest that the enzymes they encode 

are involved in enhanced IPP supply for rubber biosynthesis under ethylene 

stimulation.



The studies on activity of HMGR in different Hevea clones showed 

that high yielding clones had a correspondingly higher HMGR activity than 

the low yielding clones. HMGR activity showed a positive correlation with 

rubber yield. However, it is interesting to note that HMGR activity was not 

induced by ethylene stimulation. The study suggests that quantification of 

HMGR activity may be useful to score high yielding Hevea clones. Further, 

the cloning of hmgrl gene in expression vector and the in vitro synthesis of 

HMGR protein was also successfully carried out. The resultant protein would 

be useful as a marker for screening yield potential of Hevea clones.

Keywords: Clonal variation. Enzyme assay, Gene expression analysis, 

Hevea brasiliensis, Rubber biosynthesis. Yield potential.



PREFACE

Hevea bmsiliensis is an important crop under commercial cultivation 

in the world for natural rubber production, a vital industrial raw material. 

Natural rubber (c/i'-l, 4-polyisoprene) is synthesized from the precursor 

sucrose via the isoprenoid pathway in plants with laticiferous tissue. The 

processes involved in the biosynthesis are controlled by essential metabolic 

steps that involve the loading of sucrose in the laticiferous vessels and the 

regulation /activation of certain enzymes leading to rubber biosynthesis. 

Several high yielding clones of Hevea have been evolved as a result of 

successful breeding programmes. The productivity of a clone depends on its 

potential to synthesize latex and is associated with the rate of activities of 

enzymes involved in the isoprenoid pathway leading to the synthesis of rubber.

A lot remains unknown about the biochemical and molecular aspects 

of enzymes /factors involved in rubber biosynthesis in different clones of 

Hevea brasiliensis. Definite information is lacking correlating various 

biochemical factors with the yield of rubber which can be used as markers 

for high yield potential of Hevea clones. Hence, the present work on 

biochemical and molecular studies on enzymes related to rubber biosynthesis 

in Hevea brasiliensis was conducted using high and low yielding clones for 

developing markers for )deld potential in Hevea clones.

In the present work, biochemical and molecular aspects of a few key 

enzymes associated with rubber biosynthesis in Hevea bmsiliensis were 

studied in selected clones with different jdeld potentials. Gene expression 

analysis of some important rubber biosynthetic enzymes was carried out in 

different Hevea clones with and without yield stimulation. Hydroxy-methtyl- 

glutaryl-CoA reductase (HMGR), a rate limiting enzyme of rubber 

biosynthetic pathway, was quantified and HMGR activity was correlated



with total rubber yield. Molecular cloning and expression analysis of hmgrl 

was done and in vitro synthesis of HMGR protein was successfully carried 

out. The general concept of the research topic, its significance and objectives 

of the study, review of literature, results and conclusions are described in six 

different chapters of the thesis.
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General Introduction



Rubber tree {Hevea brasiliensis Muell. Arg.) is an important 

perennial crop that produces natural rubber (NR), the indispensable 

industrial/engineering raw material for manufacturing several products that 

are in everyday use. NR is synthesized by more than 2000 plant species 

confined to 300 genera of seven families viz., Euphorbiaceae, Apocynaceae, 

Asclepiadaceae, Asteraceae, Moraceae, Papaveraceae and Sapotaceae, but 

most of them make short chain rubber molecules which are inferior in quality 

for commercial use (Archer et al, 1963; Backhaus, 1985; Cornish, 1993). 

Hevea brasiliensis belongs to the genus Hevea of the Euphorbiaceae family. 

There are ten species under the genus Hevea viz, H. benthamiana, H. 

brasiliensis^ H  camargoana, H. camporum, H. guianensis, H. microphylla, 

H  nitida, H. pauciflora, H. rigidifolia and H. spruceana (Schultes, 1990; 

Wycherley, 1992). Among the various species of the genus, H. brasiliensis 

(Fig. 1.1) is the major commercially grown species for the source of NR 

because of its high yield and superior rubber quality (Cornish, 2001; 

Asawatreratanakul et a l, 2003).

Rubber is water resistant, does not conduct electricity and is highly 

elastic. These properties are due to the large and complex molecular structure 

of rubber {cis-\, 4 polyisoprene). There are at least 40,000 different products 

made with natural rubber and over 400 medical devices (Cornish et al., 1993; 

Mooibroek and Cornish, 2000). Due to the molecular structure and high 

molecular weight (greater than 1 million Daltons), this strategic molecule has 

high perfomiance properties that cannot easily be mimicked by artificially



produced polymers like synthetic rubber (SR) (Sekhar, 1989; Venkatachalam 

et al, 2006; Clement-Demange et ah, 2007; de Fay et a l, 2010). NR has the 

added advantage of being a renewable resource with environmental benefits. 

Production of NR results in sequestration of large amounts of atmospheric 

carbondioxide (CO2) but the SR produced from petroleum stock result in the 

emission of green house gases in to the atmosphere.

The major producers of natural rubber are Thailand, Indonesia, 

Vietnam, China, Malaysia and India. In India, more than 92% of the rubber 

production is from the fraditional rubber growing tracts of Kerala, some parts 

of Tamil Nadu and Karnataka. The remaining NR production is from the 

non-traditional regions like Maharashtra, parts of Andhra Pradesh and 

Northeastern states of India. Rubber cultivation in the non-traditional area 

has been expanding at a fast pace due to saturation of rubber plantations in 

the traditional area.

Rubber is the major constituent of latex which is produced and stored 

in specialized cells called laticifers or latex vessels, located in the phloem in 

the bark of the Hevea trees (Gomez and Moir, 1979). These latex vessels are 

derived from the cambium and are arranged as concentric rings in the bark, 

and between the vessels in each ring, there are anastomoses that allow 

withdrawal of latex from a large area of bark by means of controlled 

wounding called tapping (Gomez and Moir, 1979). Latex is present in almost 

all parts of the plant but laticifers of the trunk are commercially utilized for 

harvesting latex (Fig. 1.1).



F ig .1.1. Rubber Plantation 

1.2. Latex composition

Latex is a specialized form of cytoplasm containing a suspension of 

rubber and non rubber particles in an aqueous serum which contains 30-50% 

rubber (Dian et aL, 1995). Besides rubber particles and water, fresh latex 

contains carbohydrates, proteins, lipids and inorganic salts (Archer et al., 

1963). Quebrachitol, sucrose and glucose are the major soluble 

carbohydrates present in the latex (Low, 1978).



Latex can be separated into

1) a white upper layer of rubber particles,

2) an orange or yellow layer containing Frey-Wyssling particles,

3) an aqueous serum named C-serum and a bottom fraction 

containing grayish yellow gelatinous sediments by ultra 

centrifugation (Cook and Sekhar, 1953).

The serum contains most of the soluble substances including amino 

acids, protein, carbohydrates, organic acids, inorganic salts and nucleotide 

materials (Archer and Cockbain, 1969). The bottom fraction consists mainly 

of lutoid particles and also includes varying amount of Frey-Wyssling 

particles, mitochondria and other particulate components of plant cells 

having a density greater than that of serum.

Enzymes required for different metabolic pathways related to rubber 

biosynthesis are present in the C-serum of latex. Fats, waxes, sterols, sterol 

esters and phospholipids are the major lipids present in the latex. Lipids 

associated with the rubber and non-rubber particles in the latex play a vital 

role in the stability and colloidal properties of latex. While processing the 

latex, the rubber particles will coagulate and form a soft mass and float in the 

serum. The coagulated rubber is processed further for commercial use,

1.3. R ubber biosynthesis

Natural rubber is a huge linear biopolymer with isoprene as the 

monomeric subunit. Isopentenyl pyrophosphate (IPP) is produced via two



biosynthetic pathways in higher plants. In the cytosol the well described 

mevalonate (MVA) pathway synthesizes IPP from acetyl-CoA (Spurgeon 

and Porter, 1981). Another metabolic pathway for IPP synthesis is called 1- 

deoxy-D-xylulose-5-phosphate/2-C-methyl-D-erythritoI-4-phosphate (DOXP/ 

MEP) pathway, which is located in the plastids (Rohmer et al., 1996; 

Lichtenthaler et al., 1997). Natural rubber biosynthesis is a side-branch of 

the ubiquitous isoprenoid pathway (Fig. 1.2).
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Fig. 1.2. Schematic Representation of rubber biosynthetic pathway in Hevea



The mevalonate (MVA) pathway leading to natural rubber 

biosynthesis can be divided into four steps:

1. The formation of isopentenyl pyrophosphate (IPP).

2. The initiation of rubber biosynthesis by the formation of other 

initiator molecules such as geranyl pyrophosphate (GPP), famesyl 

pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP).

3. The polymer chain elongation of rubber biosynthesis by the 

successive addition of IPP to initiator molecules with the help of 

an enzyme prenyl transferase.

4. The termination of rubber biosynthesis; the release of rubber 

molecule from the enzyme, rubber transferase.

The formation of IPP is by the condensation of three molecules of 

acetyl-CoA followed by reduction, phosphorylation and decarboxylation 

(Kush, 1994; Stermer et ah, 1994). The enzymes required for the conversion 

of acetate and mevalonate to rubber have been detected in latex (Lynen, 

1969). In Hevea, the acetate molecule is produced mainly by the catabolism 

of sugar (Jacob, 1970; Tupy, 1973). Acetyl-CoA is generated from pyruvate 

via its decarboxylation and dehydrogenation, catalyzed by pyruvate 

dehydrogenase complex localized in the mitochondria and the transport of 

the acetyl-CoA via citrate to the cytoplasm.

Two molecules of acetyl-CoA condense to form acetoacetyl-CoA and 

the acetoacetyl-CoA condenses with another molecule of acetyl-CoA 

resulting the production of P-hydroxymethyl glutaryl-CoA (HMG-CoA) with



the help of an enzyme, HMG-CoA synthase. Mevalonic acid derived from 

HMG-CoA in a nicotinamide adenine dinuceotide phosphate-linked 

reduction (NADPH) also occurs in Hevea latex (Archer and Audley, 1967). 

The activity of the HMG-CoA-reductase enzyme in the latex is suspected to 

be the limiting factor for rubber biosynthesis (Lynen, 1969). Three genes 

hmgrX, hmgrl and hmgrl have been identified in rubber tree of which hmgrl 

seems to be responsible for rubber biosynthesis (Kush et ah, 1990). The 

characterization of HMG-CoA reductase from different plant species 

revealed developmental and organ specific expression of HMG-CoA 

reductase isoforms (Rodwell et al, 2000). This enzyme has been reported to 

occur in the serum fraction of preserved Hevea latex (Ljoien, 1967). Hepper 

and Audley (1969) reported its occurrence in the bottom fraction of 

centrifiaged latex.

In the isoprene pathway, the mevalonate is activated as 

phosphomevalonate by a cytosolic mevalonate kinase (Skilleter et a l, 1966). 

The next stage consists of activation of phosphomevalonate into 

pyrophosphomevalonate (PPMVA) by a phosphomevalonate kinase 

(Williamson and Kekwick, 1965). Rubber monomer, IPP is produced from 

PPMVA by means of a decarboxylase and is accompanied by dehydration of 

the molecule (Chesterton and Kekwick, 1968).

The formation of natural rubber from IPP requires the isomerisation 

of IPP to dimethylallyl pyrophosphate (DMAPP) and then a series of prenyl 

transfer occurs. The interconversion of IPP to its highly electrophilic isomer, 

DMAPP is catalyzed by the enzyme isopentenyl pyrophosphate isomerase



(P P  isomerase) (Oh et al., 2000a). Initial condensation of IPP occurs only in 

the presence of “appropriate structured molecules” (Lynen and Henning, 

1960). The polyisoprene is then formed by repeated addition of the 

precursor, IPP to the elongating molecules (Lynen and Henning, 1960). In 

Hevea latex, IPP isomerase appears to be distributed between the serum and 

the surface of rubber particles. It has also been found associated with the 

washed rubber particles (Lynen, 1969).

Sequential condensation of EPP with DMAPP results in the formation 

of 10-carbon intermediate called GPP which condensed with another IPP 

molecule yielding FPP, a 15-carbon intermediate. Famesyl pyrophosphate 

synthase (FPPS) mediates the production of FPP from DMAPP or GPP 

(Poulter and Rilling, 1981). Further condensation of GPP with initiator 

molecules results in the formation of a C20 molecule, GGPP, thus the primary 

isoprenic unit is built up to stage C20. The chain is lengthened by the terminal 

addition of IPP units by means of a transferase. There exist two different 

types of prenyl transferases in the plant system; cw-and ^ra«5-prenyl 

transferases. They have separate roles in the biosynthesis of cis-\,A- 

polyisoprene. The soluble fra«5-prenyl transferase from the latex of Hevea 

functions solely as FPP synthase and plays no direct role in cis-\,A- 

polyisoprene elongation (Cornish, 1993). The main ftinction of this enzyme 

is to make initiator molecules, FPP, for further IPP condensation. The cis-\, 

4-prenyl transferase or rubber transferase (CPT/RuT), which is firmly 

associated with the rubber particles, is responsible for elongating the rubber 

molecules.



The mechanism of polymerization of IPP has been elucidated in 

relation to terpene biosynthesis (Lynen et al., 1959). Two steps involved in 

this process are,

1) isomerization of IPP to DMAPP by a shift of the double bond 

by IPP isomerase.

2) condensation of DMAPP with IPP by cw-polyprenyl transferase 

(Archer et al., 1963; McMullen and McSweeney, 1966; Archer 

and Audley, 1967; Archer and Cockbain, 1969; Madhavan and 

Benedict, 1984), to give a molecule each of pyrophosphate and 

GPP.

This Cio molecule has an allelic structure and repeats the 

condensation, with another molecule of IPP. The propagation, repeated 

several times, results in the formation of natural rubber (cw-polyisoprene) 

with high molecular weight. The enzymes, IPP isomerase, trans-prenyl 

transferases (GPP, FPP and GGPP synthases) and cw-prenyl transferase 

(rubber transferase) have important roles in rubber biosynthesis.

The termination of rubber biosynthesis is the release of rubber 

molecule from the enzyme, rubber transferase. In Hevea, the chain termination 

process must have been quite consistent as the event yield polyisoprene with 

molecular weight distribution of about 100 to 1000 kDa (Subramanian, 1980). 

Mechanisms controlling molecular weight of rubber must exist because 

molecular weight of rubber in different rubber synthesizing plant species 

varies considerably (Archer and Audlely, 1973). Many plant species produce

—



natural rubber, but only a few produce the high molecular weight polymer that 

is required for high quality commercial products.

1.4. Genes associated with rubber biosynthesis

Genes expressed in the latex of Hevea can be divided into three 

groups based on the proteins they encode:

1) rubber biosynthesis-related proteins such as rubber elongation 

factor (REF), hydroxyl methyl glutaryl-CoA reductase (HMGR), 

hydroxyl methyl glutaryl-CoA synthase (HMGS), cis- 

prenyltransferase (CPT), geranylgeranyl pyrophosphate (GGPP) 

synthase, small rubber particle protein (SRPP), isopentenyl 

pyrophosphate (IPP) isomerase.

2) defense/stress-related proteins such as MnSOD, hevein, chitinase, 

P-1, 3-glucanase.

3) latex allergen proteins such as Hev.b.3, Hev.b.4, Hev.b.5, 

Hev.b.7, etc (Han et al, 2000).

Kush et al., (1990) have shown differential expression of several 

rubber biosynthesis-related genes in the latex, REF, an enzyme involved in 

rubber biosynthesis (Dennis and Light 1989), is highly expressed in laticifers 

(Goyvaerts et al, 1991). Other rubber synthesis-related genes, such as HMG- 

CoA reductase (Chye et al, 1992) and SRPP (Oh et al, 1999), are also 

highly expressed in the latex. Tupy (1988a) reported the presence of 

ribosomes and polysomes in laticifers. About 200 distinct polypeptides are 

present in the latex (Posch et al., 1997). Subsequently, cytosolic proteins 
__ —



identified were the rabber biosynthesis stimulator protein which corresponds 

to eIF-5A (Yusuf et al., 2000; Chow et al., 2003) and a patatin like inhibitor 

(Yusofeffl/., 1998).

It was observed that significantly higher level of expression of REF 

gene in the latex of high yielding rubber clones than in low yielding clones 

(Priya et a l, 2007). The expression of sucrose transporter gene (HbSUTB) 

was reported to be positively correlated with latex yield in Hevea (Tang et 

al., 2010). The mRNA levels of Hevea HMG-CoA synthase QimgsV) and 

HMG-CoA reductase (hmgrl) showed positive correlation with rubber yield 

(Sumanmanee et a l, 2013). Although there are few reports on the 

expressions of genes involved in rubber biosynthesis (Kush et a l, 1990; 

Priya et ah, 2007; Sumanmanee et a l, 2013), the genes associated with high 

yield potential are lacking. The expression of genes involved in rubber 

biosynthesis, therefore, needs to be studied in detail in different Hevea 

clones with varying yield potential to understand the molecular mechanisms 

involved in yield potential.

1.5. Rationale of the study

In India, major improvement in the productivity of NR has been 

made during the last half century. Due to the increasing demand for rubber in 

the domestic market an increase in latex yield fi-om rubber plantations is very 

important and challenging. Exogenous factors such as eco-climatic factor, 

mechanical wounding, exploitation, diseases etc. as well as endogenous 

factors like cultivar, genetic stability, maturity, physiological disorders and



root stock-scion interaction etc. are known to affect the latex yield potential 

in rubber trees. Improvements in rubber yield have been made through 

breeding and selection of improved rubber clones, adopting better harvesting 

methods and improved agronomic and horticultural practices.

As a result of the research and development programmes in crop 

improvement, several high yielding clones of Hevea have been started 

cultivating in recent past. There are clonal variations in the productivity of 

rubber latex. Hence, this study aims to understand the variations in the 

enzyme activities related to the rubber biosynthetic pathway in different 

rubber clones with varying yield potential. Molecular markers related to 

latex yield or rubber biosynthesis may be used to reduce the duration of 

breeding cycle of the crop. The latex gene profiling performed by various 

workers (Ko et al., 2003; Chow et al., 2007) reported a significant 

proportion of encoded proteins related to rubber biosynthesis and stress or 

defense response. The biochemical and molecular nature of enzymes and its 

gene expression in different clones of Hevea brasiliensis are not studied 

well. To ensure the stable supply of natural rubber, genetically improved 

varieties of Hevea clones with high crop production potential is needed. It is 

important to study the molecular mechanisms involving with high yield 

potential. Hence, the present work on biochemical and molecular studies on 

enzymes related to rubber biosynthesis in H. brasiliensis was conducted with 

the following major objectives.



1.6. Objectives:

1. Gene expression of some important enzymes involved in rubber 

biosynthesis in Hevea clones with varying yield potential.

2. Quantification of HMG-CoA reductase activity in different Hevea 

clones.

3. Molecular cloning, characterization and expression of hmgrl gene 

firom Hevea brasiliensis.

4. Identification of biochemical/ molecular markers associated with 

yield potential in Hevea.



Review of literature



2.1. Hevea brasiliensis

Natural rubber (NR) is an important raw material used for making 

more than 40,000 products due to its unique properties such as resilience, 

elasticity, abrasion resistance, efficient heat dispersion and malleability at 

cold temperatures (Cataldo, 2000; Cornish, 2001). Hevea brasiliensis is the 

only tree species cultivated commercially for harvesting NR (Clement- 

Demange et a l,  2007; Venkatachalam et ah, 2013). Hevea is a perennial 

tropical tree grown in the tropical rainforests of the Great Amazon Basin of 

South America. It is one of the most recently domesticated species in the 

world and is now being cultivated on large scale plantations in Southeast 

Asian and African countries.

The Hevea tree may grow to 30 m (100 fl) or more in the wild, 

although plantation trees generally reach heights of around 17 m (60 ft). The 

bark is the most important part of the tree because it contains the tissues that 

produce the latex containing rubber. Latex vessels are found in the tree’s soft 

bark. They are modified sieve tubes running anti-clock wise in concentric 

cylinders at an angle of approximately 30° to the vertical axis of the stem. 

Natural rubber is obtained fi-om Hevea by collecting and processing exuded 

latex from notches made on the tree bark of 6-30 year old trees. Latex is 

harvested from Hevea trees by making controlled wounding of the bark 

called tapping. When severed during tapping, high turgor pressure inside the 

laticifers expels latex which contains 30-50 % (w/w) of cis-l, 4-polyisoprene.



Latex consists of four main fractions,

1) rubber particles (25-40% of total latex volume),

2) lutoids (10-20%),

3) Frey- Wyssling particles (5%),

4) other elements like protein, resins, sugars, glycosides, tannins,

alkaloids, mineral salts and secondary metabolites (Delabarre 

and Serrier, 2000).

Latex has two major functions: making the plant less attractive to 

pests and protecting the plant by sealing of the wounds, so that, no 

aggressors can penetrate the tree. Natural rubber is a secondary metabolite 

present as rubber particles in the latex, the fluid cytoplasm of laticifers in H. 

brasiliensis. Plant isoprenoids comprise around 23,000 compounds and are 

the most diverse class of natural compounds including substances such as 

gibberellins, carotenoids, chlorophyll side chains, plastoquinone side chains, 

sesquiterpenes, sterols, brassinosteroids, dolichol and mitochondrial 

ubiquinone side chains (Lichtenthaler et al., 1997a; 1997b; Kasahara et al, 

2002; Nagata et a l, 2002). Natural rubber is composed of isoprene units, 

linked together to form a polymer which differs from the majority of the 

isoprenoid compound in two aspects. It has a high and a variable molecular 

weight ranging from 100,000 to several million and the geometrical 

configuration of the double bond is exclusively “cw”, whereas the other 

isoprenoid compounds have “trans” configuration with a fixed molecular 

weight ranging from 100 to 1000 units. Because of its molecular structure



(high cis- bond about 99.5%) and high molecular weight (>10® Da), natural 

rubber has many physical properties which makes it superior to synthetic 

rubber and therefore serve as an important raw material for many rubber 

products used globally in the day to day life.

2.2. R ubber biosynthesis

In Hevea, the latex yield is limited by two main intrinsic factors in 

the latex-producing tissues. The first is the latex flow rate and its duration, 

which are influenced by the turgour pressure of the inner bark tissues 

(d’Auzac et ah, 1989), the latex viscosity, which depends on the percentage 

of dry matter (dry rubber content (DRC) of latex) (Van Gils, 1951; Cornish 

and Brichta, 2002) and latex coagulation efficiency. The second intrinsic 

limiting factor is the ability of the latex cells to regenerate their lost 

cytoplasm, including rubber, between two consecutive harvesting, which 

mainly depends on their metabolic orientation and activity (Jacob et al., 

1989).

Isopentenyl pyrophosphate (IPP) is the basic building block, from 

which isoprenoids are derived. IPP is produced via two biosynthetic 

pathways in higher plants. In the cytosol the well described mevalonate 

(MVA) pathway synthesizes ffP from acetyl-CoA (Spurgeon and Porter, 

1981; Kush, 1994). Another metabolic pathway for ffP  synthesis is called 1- 

deoxy-D-xylulose-5-phosphate/2-C-methyl-D-erythritol-4-phosphate 

(DOXP/MEP) pathway, which is located in the plastids (Rohmer et a l, 1996; 

Lichtenthaler et a l, 1997b). It has been well documented that isoprenoids



including natural rubber, sesquiterpenes, triterpenes, sterols and 

brassinosteroids are biosynthesized via the MVA pathway (Newman and 

Chappell, 1999), whereas gibberellins, abscisic acid, cai'otenoids and 

chlorophyll side chains are biosynthesized via the MEP pathway 

(Lichtenthaler, 1999).

2.3. MVA/MEP pathway

The mevalonate pathway consists of six steps that transform acetyl 

CoA to IPP, followed by an IPP isomerase that maintains a balance between 

IPP and dimethyl allyl pyrophosphate (DMAPP). The MEP pathway consists 

of seven enzymes that transform glyceraldehyde 3-phosphate and pyruvic 

acid to IPP and DMAPP in a ratio of 5:1 (Tholl and Lee, 2011; Sando et a l, 

2008b). Evidence supporting the cytosolic mevalonate pathway for rubber 

formation was derived from a high level incorporation of radiolabeled 

pathway intermediates such as mevalonate (Skilleter and Kekwick, 1971) 

and 3-hydroxy 3-methylglutaryl CoA (HMG-CoA) (Hepper and Audlely, 

1969) into rubber. The initial step of the isoprenoid pathway involves the 

fusion of three molecules of acetyl CoA to produce HMG-CoA. The HMG- 

CoA is then reduced to mevalonic acid in a NADPH dependent double 

reduction. This step is catalyzed by 3-hydroxy-3-methylgultaryl coenzyme A 

reductase (HMGR; EC 1.1.1.34) (Rogers et al., 1983). The plastidic MEP 

pathway been considered as a possible alternate route for rubber 

biosynthesis. The analysis of redvindancy-reduced ESTs and transcription 

derived fragments revealed the existence of this alternate pathway (MEP) in



addition to the well known mevalonate pathway for the synthesis of IPP (Ko 

e ta l ,  2003).

Sucrose is the precursor molecule for the synthesis of EPF and rubber 

biosynthesis in Hevea. The individual steps in the synthesis of rubber from 

sucrose are well established (Lynen, 1969). The biosynthesis of rubber from 

sucrose involves more than 20 enzymatic reactions (Sando et al, 2008a). 

Several proteins other than enzymes are reported to be involved in the 

biosynthetic process (Kang et al, 2000). The expressions of genes 

corresponding to enzymes involved in rubber biosynthesis were reported in a 

few Hevea brasiliensis clones (Priya et al, 2007; Chow et al, 2012; 

Towaranonte et al, 2010; Venketachalam et al, 2009a, b).

2.4. M ajor enzymes in the MVA pathway

2.4.1. HMG-CoA synthase

3-Hydroxy-3-methylglutaryl coenzyme A synthase (HMGS, EC 

2.3.3.10) catalyzes the condensation of acetyl CoA and acetoacetyl-CoA to 

form 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA). In mammals 

two forms of HMGS have been reported, one in the mitochondria and the 

other in the cytoplasm (Clinkenbeard et al, 1975a, b). HMGS enzyme is also 

present in bacteria (Sutherlin et al, 2002) and in plants (Lynen 1969; Alam 

et al, 1991; Bach 1995; Alex et a l, 2000; Nagegowda et a l, 2005). HMGS 

activity has been demonstrated in H. brasiliensis latex by Lynen (1969). 

HMGS activity was found mainly in C-serum, which represents the cytosolic 

fraction of laticiferous cells (Suvachittanont and Wititsuwannakul, 1995).



HMGS activity is positively correlated with rubber yield in Hevea, 

suggesting a regulatory role of this enzyme in the diurnal variation of rubber 

biosynthesis (Suvachittanont and Wititsuwannakul 1995). Hbhmgsl mRNA 

was more abundant in the latex, stem and petiole than in leaves of rubber 

seedlings and mature trees. The expression of the hmgsl gene was shown to 

correlate with the presence of more laticiferous cells in the corresponding 

tissues (Suwanmanee, 2013).

Suwanmanee et al. (2002) cloned hmgs gene from H. brasiliensis and 

found that the levels of mRNA and activity of HMGS was closely related to 

accumulation of rubber in the plants. Sirinupong et al. (2005) isolated 

another hmgs gene, hmgsl, from H. brasiliensis. The homology of nucleotide 

and amino acid sequences between hmgsl and hmgsl was found to be 92% 

and 94%, respectively. RT-PCR analysis showed that their expressions in 

latex-producing cells and petioles were significantly higher than that in 

leaves, which suggests that hmgsl and hmgsl were two critical genes in the 

synthetic pathway of rubber. HMGS also plays an important role in the 

development and defense mechanism of plants.

2.4.2. HMG-CoA reductase

The enzyme 3-hydroxy-3-methylglutaryl-coenzyme A reductase 

(HMGR) catalyse the synthesis of mevalonate from HMG-CoA. Mevalonate 

is converted to IPP, which acts as precursor to a wide range of isoprenoid 

compounds including natural rubber (Stermer et al., 1994; Newman and 

Chappell, 1999). HMGR catalyzes the initial step of the MVA pathway and



is understood to be the key enzyme in the pathway (Bach 1987; Goldstein 

and Brown, 1990). HMGR usually occurs in small gene families in plants 

and the number of genes encoding HMGR varies depending on the species 

(Gertler et a l, 1988). In Arabidopsis two genes encode HMGR (Enjuto et 

al, 1994; 1995), three genes in potatoes (Korth et al, 1997) and four genes 

in tomatoes (Daraselia et al, 1996). Although the proteins they encode may 

share high sequence identity, the expression patterns of individual family 

members are generally distinct (Stermer et a l, 1994). Differences in gene 

expression pattern between hmgrl and hmgrl in Arabidopsis have been 

reported and hmgrl is expressed throughout in all plant tissues and hmgrl is 

expressed only in floral and meristematic tissues (Enjuto et al, 1994).

In plants, the mevalonate is the general precursor of many identified 

isoprenoid compounds and many of which are vital for plant growth, 

development, and variety of other normal physiological activities, Harker et 

a l  (2003) showed that HMGR is a key enzyme controlling overall flux in the 

sterol biosynthesis pathway in seed tissue by over expression of Hevea 

hmgrl gene in tobacco. Suzuki et a l (2004) reported that in Arabidopsis, 

loss of function of hmgrl lead to dwarfing, early senescence, male sterility 

and reduced sterol levels and suggested that hmgrl plays a critical role in 

triterpene biosynthesis. HMGRs in plants determine the flux to isoprenoid 

pathway and HMGRs are regulated by a variety of developmental and 

environmental signals such as light, wound, infection, hormones, herbicides 

and sterols (Bach, 1995).



In Hevea brasiliensis, HMGR is encoded by a small gene family 

comprised of 3 members, hmgrl, hmgr 2 and hmgr'i (Chye et a l, 1992). It 

was reported that hmgrl is involved in rubber biosynthesis and hmgr2> is of 

housekeeping nature in Hevea (Chye et ah, 1991). The northern blot results 

suggested that hmgrl was expressed more in laticifers than in leaves, 

emphasizing that this gene is specifically involved in rubber biosynthesis. Ji 

et al. (1993) demonstrated that hmgrl activity was positively correlated with 

rubber biosynthesis as well as latex yield. Sando et al. (2008a) cloned hmgrA 

and hmgrS and reported that both were specifically expressed at high levels 

in mature leaves and xylem respectively.

The sub cellular localization of plant HMGR is reported and the 

enzyme activity has been associated with mitochondria (Bach et al., 1986), 

chloroplasts (Brooker and Russell, 1975; Arebalo and Mitchell, 1984) as 

well as endoplasmic reticulum (Kondo and Obab, 1986; Enjuto et a l, 1994). 

Like mammalian HMGR, plant HMGRs are also subjected to feedback 

regulation by the end products of the pathway. Studies on plastid and 

cytoplasmic HMGR activities in pea revealed distinctive kinetic and 

regulatory properties (Brooker and Russell, 1975; 1979; Wong, et a l, 1982). 

HMGR activities are higher in rapidly growing part of the plant such as 

apical buds and roots but lower in more mature tissues. In tomato, HMGR 

activity was highest during the early stages of fiiiit development which later 

declined during finait ripening (Gillapsy et al, 1993).

Treatment with mevinolin (a competitive inhibitor of HMGR) can 

slow or inhibit plant growth and development (Gray, 1987; Narita and



Gruissem, 1989). HMGR was purified from the washed bottom fraction 

membrane oiHevea latex (Wititsuwannakul et a l, 1990; Benedict, 1983). It 

has been shown that a Ca binding protein in the C-serum functions as an 

activator of HMGR enzyme (Wititsuwannakul et al, 1990). The relative 

enzymatic activities of various enzymes in the rubber biosynthesis pathway 

up to IPP were of comparable magnitude with the exception of HMGR 

(Lynen, 1969). The activity of this enzyme was much lower and is 

considered to be a limiting factor in rubber biosynthesis. Similar results were 

observed by Hepper and Audley, (1969) where mevalonic acid was utilized 

by the latex at a much faster rate than HMG CoA. Wititsuwannakul, (1986) 

reported that the specific activity of HMGR was high in high yielding clones 

and the diurnal variations observed in the rubber content of the latex 

coincided with variation in HMGR activity. It may therefore be possible to 

increase the rubber yield by promoting the transcription and translation of 

latex specific HMGR. The hmgrl and dry rubber content showed a positive 

correlation in studies conducted in Hevea clones RRIM 600 and PB 235 

suggesting the regulatory role of hmgrl in rubber biosynthesis (Nuntanuwat, 

2006). Liu et al, (2015) reported that the expression of most genes related to 

latex biosynthesis was inhibited in tapping panel dryness (TPD) and hmgrl 

in the MVA pathway was concurrently suppressed.

The structure of HMGR is similar among plants. The structure has 

three distinct regions which include an N terminal transmembrane domain, 

linker region, and C-terminal domain. The catalytic domain located in C- 

terminal portion of the protein, is highly conserved across all plant species



(74 to 98%). The most divergent among the plant HMGRs with respect to 

the size and the sequence is the linker region. The N-terminal domain 

(containing the putative membrane-spanning region) in plants also show 

striking variations in the size. The highly conserved nature of 

transmembrane spans of plant hmgr can be considered as a reflection of 

functional importance. This conservation in the membrane domain region 

in plants, helped in anchoring the enzyme to specific membrane or in the 

regulation of the enzyme to different environmental or physiological 

stimuli (Denbow, 1997).

2.4.3. Mevalonate decarboxylase

Mevalonate decarboxylase (MVD) (EC 4.1.1.33) catalyses the 

conversion of mevalonate diphosphate (MVDP) to IPP. This is an 

irreversible reaction and is dependent upon ATP and Mĝ "*" for its activity 

(Pang et a l, 2006). The homologues of MVD have been reported from plants 

such as Hevea brasiliensis, Ricinus communis, Arabidopsis thaliana, 

Nicotiana langsdorffii x Nicotiana sanderae. Solarium lycopersicum. Ginkgo 

biloba and Panax ginseng. In Arabidopsis thaliana, MVD was presumed to 

be transcribed at a low level in whole plant or in a tissue specific pattern 

(Cordier et al., 1999) except for Ginkgo biloba, where MVD was reported to 

be equally expressed in root and leaf (Pang et al., 2006). HbMVD which is 

highly expressed in latex, play an important role in rubber biosynthesis in H. 

brasiliensis (Sando et al, 2008a).



2.4.4. Farnesyl pyrophosphate synthase

Famesyl pyrophosphate synthase (FPPS) (EC 2.5.1.1) plays the 

central role in both eukaryotic and prokaryotic isoprenoid biosynthetic 

pathways (Poulter and Rilling, 1981). It catalyzes the consecutive 

condensations of DMAPP or geranyl pyrophosphate (GPP) with IPP to 

produce famesyl pyrophosphate (FPP) as a final product. In plants, FPPS 

enzymes have been located in different cellular compartments, namely the 

cytosol (Hugueney et al, 1996), mitochondria (Cunillera et al, 1997), 

plastids (Sanmiya et al, 1999) and peroxisomes in animals (Biardi and 

Krisans, 1996). FPP is situated at the branching point of the isoprenoid 

biosynthetic pathway for several isoprenoids, such as steroids, cholesterol, 

prenylated proteins, sesquiterpenes, heme A, and vitamin K2 (Ogura et al.,

1997). FPP is the allylic pjrophosphate initiator for successive condensations 

of IPP in the trans- or cw-configuration to produce ?rani:-polyisoprene 

(chicle, gutta percha) or cw-polyisoprene (natural rubber).

FPPS synthesizes FPP in two separate steps (Chappell, 1995). FPP 

produced in the cytosol is dedicated to the biosynthesis of sterols (Biardi and 

Krisans, 1996), although it is also used for famesylation and sesquiterpenoid 

biosynthesis (Chappell, 1995). In Arabidopsis, FPPSs are expressed in all 

organs throughout plant development, though at different levels. FPPSl is 

widely expressed in all tissues throughout plant development, whereas 

expression of FPPSl is mainly concentrated in floral organs, seeds and the 

early stages of seedling development (Cunillera et al., 2000; Closa et al., 

2010). In the rubber tree, HbFPPSl is expressed predominantly in the
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laticifers and is likely to encode the enzyme involved in rubber biosynthesis 

(Adiwilaga and Kush, 1996). The expression of HbFPPSl and HbFPPS3 is 

not cell-type specific. The involvement o f HbFPPSl and HbFPPS3 in 

isoprenoid biosynthesis is of a house-keeping nature (Guo et ah, 2015). Two 

copies of the FPPS gene have been isolated fi*om guayule (Pan et al, 1996). 

Immunoblot analysis of FPPS in the tissues of the Hevea indicated that some 

part of the FPPS is localized in laticifers and involved in rubber biosynthesis, 

while the other part of the FPPS is in epidermal cells and participates in the 

biosynthesis of other isoprenoid compounds. The FPP synthase in Hevea 

latex has a major role to produce the starter substrate FPP for the prenyl 

chain elongation in rubber biosynthesis (Takaya et al, 2003).

2.4.5. Geranylgeranyl pyrophosphate synthase

Geranylgeranyl pyrophosphate synthase (GGPS, EC: 2.5.1.29), is a 

homodimeric, short chain ^rans-prenyltransferase responsible for the 

synthesis of GGPP and occurs ubiquitously in plants, animals and bacteria 

(Ogura and Koyama, 1998). It is a branch point enzyme, which regulates 

coordination with the other prenyltransferases (GDP and FDP synthase 

respectively) of the precursor flux towards mono-, sesqui- and diterpenoids 

production (Hefiier et al, 1998; Laskaris et al, 2000). The activity of GGPS 

was first detected in plants, such as pumpkin {Cucurbita moschata) (Ogura et 

al., 1972). GGPS catalyzes the condensation of IPP with an allylic prenyl 

pyrophosphate FPP to give GGPP, which is an essential precursor in the 

biosynthesis of several isoprenoids necessary for plant growth and 

development such as carotenoids, gibberellins, prenyl quinones, chlorophylls



and formation of geranylgeranylated proteins (Okada et al, 2000). GGPS 

was detected in all Hevea tissues examined, though the expression levels 

were different from each other. Expression of the GGPS gene in leaf, flower 

and young leaf were higher than those in latex and petiole and GGPS in 

Hevea latex may be engaged in the biosynthesis of P-carotene, which is 

responsible for the characteristic colour of Frey -  Wyssling particles (Takaya 

et al., 2003).

GGPS cDNAs have been cloned and characterized from plant 

species, such as Lycoperiscon esculentum (Ament et al., 2006), Antirrhinum 

majus (Tholl et al., 2004), Adonis aestivalis (Cunningham and Gantt, 2007), 

Hevea brasiliensis (Takaya et al, 2003), Chrysanthemum morifolium 

(Kishimoto and Ohmiya, 2006), Catharanthus roseus (Bantignies et al, 

1996) and Sinapis alba (Kloer et a l, 2006). hi spite of the extensive studies 

of the GPPS genes in many plant species, only a few of the isolated cDNAs 

have been fiinctionally characterized. Previous studies indicated that GGPS 

is an important branch point enzyme in terpenoid biosynthesis and GPPS 

gene is involved in the biosynthesis of diterpenes as well as in protein 

prenylation.

2.4.6. Rubber transferase

Rubber transferase (RuT; EC 2.5.1.20) is the cw-prenyltransferase 

that catalyses the polymerisation of IPP into cw-rubber (Archer and Audley, 

1967; Archer and Cockbain, 1969; Archer and Audley, 1987; Light and 

Dennies, 1989). It was suggested earlier that the rubber biosynthesis in H.



brasiliensis is mediated by ^ran^-prenyltransferase associated with a rubber 

elongation factor, a protein of molecular weight 14.6 kDa, tightly bound to 

the rubber particles in the laticifers (Dennis and Light, 1989). Later it was 

demonstrated that the fra«5-prenyltransferase functions as famesyl 

pyrophosphate synthase and it plays no direct role in the cw-l,4-poIyisoprene 

elongation (Cornish, 1993). The successive addition of IPP was found to take 

place only on the surface of pre-existing rubber particles implying that 

rubber transferase was located on the surface of the rubber particles (Archer 

et a t, 1963; McMullen and McSweeney, 1966).

Rubber transferase requires divalent cations, such as Mĝ "̂  or Mn̂ "̂  

for activity, but rubber transferase, IPP and Mĝ "*" together will not result in 

rubber biosynthesis; a second substrate, an allylic pyrophosphate (APP) is 

needed to initiate the polymerisation process (Archer and Audley, 1987; 

Madhavan et al., 1989; Cornish and Backhaus, 1990; da Costa et al. 2005, 

2006; Scott et al., 2003). Rubber transferase accepts a broad range of 

initiator molecules, with FPP (Cl 5) being preferred (Tanaka et al., 1996; 

Castillon and Cornish, 1999; Mau et al, 2003). The length of the polymer 

produced depends on concentrations of the substrate IPP, the ratio of 

concentrations of IPP and an initiator, allylic pyrophosphate (APP) and the 

size of the initiator (Castillon and Cornish, 1999). The activity of rubber 

transferase enzyme increased with an increase in the concentration of washed 

rubber particle (WRP) (Archer et al., 1963). The presence of rubber 

transferase activity in crude extract of Parthenium argentatum was 

demonstrated by Madhavan and Benedict, (1984).



RuT was first cloned from Arabidopsis (Oh et al, 2000b) and in 

Arabidopsis RuT catalyzes the formation of long-chain dolichols (C120). 

Two rubber transferase homologues {RuTl and RuTZ) were cloned fi-om the 

H. brasiliensis latex (Asawatreratanakul et al., 2003; Koyama, 2003). The 

activities of these enzymes were found in the bottom fraction and the 

supernatant cytosol (C-serum) of centrifuged fi:esh Hevea latex (Tangpakdee 

et al., 1997). RuTl and RuTl require additional cofactors fi-om the eukaryotic 

cells to produce distinct RuT activity.

2.5. Proteins involved in rubber biosynthesis

Besides the enzymes of rubber biosynthesis pathway, other ancillary 

proteins contribute to rubber formation. These include sucrose transporters 

(d’Auzac et a l, 1997), the major membrane protein of rubber particle, 

rubber elongation factor (REF) (Dennies and light, 1989), the small rubber 

particle protein (Oh et al., 1999), a patatin-like inhibitor (Yusof et al., 1996;

1998) and a rubber biosynthesis stimulator protein (Yusof, 1996; Yusof et 

ah, 2000; Chow et al., 2003).

2 .5 .1. Sucrose transporter

The laticifers in the trunk bark of regularly tapped rubber tree 

represent a strong sucrose sink (Tupy, 1989). The mechanism of sucrose 

transport and metabolism in the laticifers is of fundamental importance for 

improving Hevea productivity (d’Auzac et al., 1997). Sucrose transporters 

are responsible for loading sucrose in to cells and play a central role in 

sucrose portioning between its site of synthesis and its numerous sink tissues



(Braun and Slewinski, 2009). In Hevea, six sucrose transporters have been 

cloned in which HbSUTi has been identified as the key member responsible 

for sucrose loading in to lacticifers (Tang et a l, 2010; Dusotoit et al, 2010). 

The Arabidopsis AtSUCS, specifically expressed in the endosperm, was 

required for the supply of sucrose to seeds during early stages of 

development (Baud et al., 2005). In regularly tapped Hevea trees of a 

metabolically active clone, HbSUTi was revealed to be the dominant SUT 

member expressed in the latex as compared with other SUT genes. The gene 

expression of HbSUTi in latex correlated positively with yields of rubber 

tree with in the same clone (Tang et al., 2010). Correlation between 

transcript accumulation of sugar transporters and their transport activity has 

been reported (Sakr et al., 1997; Lemoine et at, 1999; Rosche et al, 2002; 

Decourteix et al, 2008; Hayes et al, 2007; Zhou et al, 2009).

2.5.2. Rubber elongation factor

Rubber elongation factor (REF) is present in large amounts, at the 

surface of the large rubber particles in all laticifer layers (Sando et a l, 2009). 

It plays an important role in the final polymerization step of rubber 

biosynthesis. It has a molecular mass of 14,600 Da and is tightly bound to 

rubber particles (Dennis and Light, 1989). It is also found as a noncovalent 

homotetramer of -58 kDa (Czuppon et al, 1993; Goyvaerts et al, 1991). 

REF is not made as a preprotein, synthesized on fi-ee polysomes in the 

laticifer cytoplasm and the assembly of the rubber particles is likely to occur 

in the cytosol (Goyvaerts et al., 1991). REF, also known as Hev b l, is one 

of the major allergens in Hevea latex (Czuppon et al, 1993). There are at
—



least two loci for REF in the Hevea genome (Sookmark et a l, 2002). The 

amount of REF in whole latex is proportional to the rubber content. 

Quantitative analysis of REF and rubber content in whole latex revealed a 

ratio of one molecule of REF to one molecule of c/5-l,4-polyisoprene 

(Dennis and Light, 1989). Hevea genes encoding for REF has been cloned 

(Oh et al, 1999; Goyvaerts et a l, 1991) and various isoforms are identified 

(Priya et al, 2006). REF proteins from Hevea latex are acidic, which are 

believed to be not post-translationally modified (Yeang et al, 1996). REF 

gene expression is higher in latex than in leaf tissues of Hevea (Han et al, 

2000; Ko et al, 2003 ; Priya et al, 2007) and is markedly higher in high 

latex yielding clones than in low yielding ones (Priya et al, 2007). All these 

results point to an association of REF with rubber production. In Hevea, 

three isoforms of REF (REFl, REF2, and REFS) have been identified. 

Ruderman et al, (2012) reported that REFS isoform was found to be higher 

in low yielding than high yielding Hevea clones.

2.5.3. Rubber biosynthesis stimulator /inhibitor protein

A rubber biosynthesis stimulator protein (RBSP) was purified from 

H. brasiliensis latex and identified as eIF-5A by amino acid sequencing 

(Yusof, 1996; Yusof et al, 2000). A large family of nine RBSP genes, 

representing seven unique isoforms of the protein was reported (Chow et al, 

2003). Three genes in tobacco, (Chamot and Kuhlemeier, 1992) and four 

genes in tomato (Wang et al, 2001) of eIF-5A were reported. Plant eIF-5A 

isoforms have been reported to be involved in other functions such as 

photosynthesis (Chamot et al, 1992) and organ senescence (Wang et al, 
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2003; 2005). Chow et al. (2006) reported a differential stimulatory effect of 

RBSP isoforms on rubber biosynthesis in H. brasiliensis. The translation 

initiation factor 5A (eIF5A) was reduced in tapping panel dryness (TPD) 

affected trees (Li et al, 2010) and eIF5A negatively regulated programmed 

cell death (Hopkins et al, 2008). Archer and Audley (1987) detected an 

inhibitor of rubber biosynthesis in the C-serum of the H. brasiliensis latex. 

Yusof et a l (1998) had purified the patatin like inhibitor protein (RBIP) with 

a molecular weight of 43.7 kDa.

2.6. Ethylene stimulation and rubber biosynthesis

Biosynthesis of natural rubber, like other secondary metabolites is 

affected by various plant hormones. Ethylene was the only plant hormones 

identified to stimulate the latex production in Hevea. The use of ethylene has 

led to a technological revolution in natural rubber production (Coupe and 

Chrestin, 1989). The treatment of rubber tree bark with ethylene releasing 

compounds such as ethephon, induces fi'esh latex production and stimulates 

latex regeneration between the latex harvesting periods (d’Auzac et al., 

1995; Coupe and Chrestin, 1989). Ethephon (2-chloro ethyl phosphonic acid) 

treatment in the bark tissues of the tapping panel prolongs the duration of 

latex flow and thus increases the total volume of latex during tapping (Ho 

and Paardekooper, 1965) and such treatment is now widely practiced in 

rubber plantations to increase the latex yield. Bark treatment with ethephon 

is known to increase the latex yield by 1.5 to 2 fold in rubber trees (Pujadae- 

Renaud et al., 1994). Ethephon up on hydrolysis on the bark of the tree 

releases ethylene and will alter the composition of the latex. The expressions



of most genes involved in rubber biosynthesis are inhibited or unchanged 

upon ethylene stimulation (Zhu and Zhang, 2009; Adiwilaga and Kush, 

1996). Stimulation is associated with obvious changes in both the physiology 

and metabolism of laticifers (Coupe and Chrestin, 1989). The changes in 

latex cells activities associated with ethephon includes, increase in RNA, 

invertase activity, sucrose content, latex stability and a decrease in starch 

content (Chong, 1981; Tupy, 1988a,b).

Ethylene could up regulate the activity of glutamine synthetase (GS), 

a key enzyme of nitrogen metabolism and its transcript levels in H. 

brasiliensis latex cells, suggesting the involvement of GS in stimulation of 

rubber production with ethylene (Pujade-Renaud et al, 1994). Miao and 

Gaynor, (1993) reported that higher expression of MnSOD on ethephon 

application, prevented lutoid disruption by super oxide radicals leading to 

increased rate of latex flow. Kush et al. (1990) reported that laticiferic genes 

were induced by ethylene in Hevea. Ethylene increased invertase activity, 

which resulted in glycolysis acceleration and finally increased the supply of 

carbon sources for rubber biosynthesis (Alessandro et al, 2006). Ethylene 

has little direct effect on rubber biosynthesis and have suggested that 

increases in latex yield could be attributed to a prolongation of latex flow 

(Zhu and Zhang, 2009; Tungngoen, 2009). During ethylene stimulation, the 

enzymes involved in carbohydrate metabolism were activated and the gene 

expression of several sucrose transporters in Hevea bark tissues and latex- 

producing cells were induced (Tang et a l, 2013). The transcripts of 

HbSlJTlK  and HbSUTlA., whose basal levels were low in the latex cells,



were enhanced by ethylene treatment in virgin trees and the transcript level 

of HbSUTlB was considerably increased by ethylene in the latex cells of 

exploited trees while it decreased in virgin trees (Dusotoit-Coucaud et al, 

2009).

The key enzymes involved in rubber biosynthesis initiation, like FPPs 

and RuT were not significantly affected by ethylene, hi the case of HMGR, 

hmgrl gene was induced by ethylene but it does not influence HMGR activity 

(Adiwilaga and Kush, 1996; Zhu and Zhang, 2009, Chye et a l, 1992). HMGS 

gene expression and enzyme activity were significantly enhanced upon the 

addition of ethylene (Sirinupong, et al, 2005). Wang et a l (2015) reported 

that the regulation of rubber latex production by ethylene stimulation might 

occur not solely at the gene level but also at the protein level, with post- 

translational modifications. Several aquaporins were also up regulated upon 

ethylene stimulation through the regulation of water exchange between the 

inner liber and latex cells (Tungngoen, et al, 2009). Ethylene altered 

membrane permeabihty, prolonged latex flowing time, and as a feedback, 

finally regenerated the basic metabolism of rubber latex (Coupe and Chrestin, 

1989). REF and SRPP were not changed at the gene or protein level upon 

ethylene treatment (Wang et al, 2015). Wang et a l (2015) reported ethylene 

stimulation in Hevea could not directly induce most of the enzymes in the 

MVA pathway at either the gene or protein expression level.



2.7. M arkers for yield potential in Hevea

As a result of the recent research and development in crop 

improvement programmes, several new high yielding varieties of Hevea 

clones have been developed and some are widely cultivated in plantation 

sector. However there are clonal variations in the productivity of rubber. 

The quantity of latex obtained from different Hevea clones may be 

associated with the variations in the activities of the enzymes involved in 

rubber biosynthesis. The enzymes directly involved in the biosynthesis of 

rubber would be of great importance to specify the rate limiting steps in the 

rubber synthesis pathway. Identifying the key enzymes in the pathway would 

be important for developing markers for yield potential in Hevea.

Other than biochemical markers, molecular markers related to latex 

yield or rubber biosynthesis are useful in the crop improvement programmes 

aiming to reduce the duration of the breeding cycle. Over the past two 

decades, there has been an exponential increase in data acquisition pertaining 

to the rubber tree, including genomic microsatellite markers (Le et al, 2011; 

Mantello et al., 2012), expressed sequence tag-simples sequence repeats 

(EST-SSRs) (Feng et al., 2008; Triwitayakom et al., 2011; Li et al, 2012), 

linkage maps (Lespinasse et al, 2000; Souza et al, 2013) and gene 

expression profiles (Chow et a l, 2007; 2012). More recently, a draft genome 

of the rubber tree was published (Rahman et a l, 2013). High-throughput 

genomic techniques are associated with innovative bioinformatics tools that 

can be important to rubber tree breeding and facilitate the development of



superior clones that are suited to different agroclimatic conditions (Saha and 

Priyadarshan, 2012).

Although earlier workers have identijfied and characterized few genes 

involved in rubber biosynthesis in H. brasiliensis (Ruderman et al, 2012; 

Priya et al, 2007; Towaranonte et al, 2010; Venketachalam et al, 2009a), 

the genes associated with high yield potential are not studied well. Thus, it is 

imperative to study the molecular mechanisms of high yield potential in 

Hevea. Hence, the biochemical and molecular studies on enzymes related to 

rubber biosynthesis in H. brasiliensis was conducted. In the present study, 

gene expressions analyses of certain enzymes involved in rubber 

biosynthesis in Hevea clones with varying yield potential were carried out. 

The activity of HMGR, the key enzyme identified in the rubber biosynthesis 

pathway, was quantified in different Hevea clones. Molecular cloning and 

expression of hmgrl gene fi-om H. brasiliensis was also performed.



Chapters________________________________________

Expression of genes involved in
rubber biosynthesis



3.1. Introduction

Rubber is synthesized in the cytoplasm of highly specialized cells 

called laticifers arranged in rings that are differentiated from the cambium 

(d’Auzac et a l, 1997; Hao and Wu, 2000). After maturation process, the 

laticifers in each ring anastomose together in to a reticulate laticiferous 

network. During latex harvesting through wounding the bark tissues, this 

ring structure facilitates the exudation of large amount of latex in single 

tapping (Tang et al, 2010). Rubber biosynthesis is the primary metabolic 

activity of laticifers. Rubber usually constitutes 30-50% of the weight of 

fresh latex and over 90% of its dry weight (Jacob and Prevot, 1992). In 

Hevea brasiliensis. Taraxacum koksaghyz (Russian dandelion) and Ficus 

elastica (rubber fig) the rubber producing cells are laticifers (Gomez, 1982; 

Ko et a l, 2003; Sando et a l, 2009; Polhamus, 1962; Cornish et al, 1993; 

van Beilen and Poirier, 2007), whereas in guayule, they are the parenchyma 

cells in the bark of stems and roots (Whitworth and Whitehead, 1991; 

Benedict et a i, 2008).

The latex yield of rubber tree is limited by two main intrinsic factors in 

the latex-producing tissues. The first is the latex flow rate and its duration, 

which are influenced by the turgor pressure of the irmer bark tissues (d’Auzac 

et a l, 1989) and by the latex viscosity. The viscosity of the latex depends on 

the percentage of dry matter content (DRC) of latex (Van Gils, 1951; Cornish 

and Brichta, 2002), the rubber particle size, particle size dispersion (PSD) 

(Greenwood et a i, 1995; Blackley, 1997; Chu et a l, 1998; Cornish and 

Brichta, 2002) and the latex coagulation efficiency (Brzozowska-



Hanower et a l, 1978; Gidrol et a l, 1994; Kongsawadworakul and Chrestin, 

2003; Wititsuwannakul et al., 2008). The second intrinsic limiting factor is 

the ability of the latex cells to regenerate lost cytoplasm, including rubber, 

between two consecutive tappings, which mainly depends on their metabolic 

orientation and activity (Jacob et ah, 1989).

Using chemical stimulants for harvesting more latex from trees is a 

common practice in rubber estates. Biosynthesis of natural rubber, like other 

secondary metabolites, is affected by various plant hormones. Among the plant 

hormones, ethylene was identified to stimulate the latex production in Hevea, 

which is applied as ethephon (an ethylene releaser). Bark application of 

ethephon is known to increase the latex yield by 1.5-2 folds in rubber trees by 

extending latex flow duration during harvesting (Pujadae et a l, 1994).

Ethephon decomposes to ethylene, phosphate and chloride ion in 

aqueous solutions above pH 4-5. A significant increase in turgor pressure, 

initial flow rate and decrease in plugging index are the factors leading to 

prolonged latex flow and increase in the latex volume in Hevea due to 

ethephon treatment (Abraham et al., 1971; Thomas et a l, 1999). Treatment 

with ethylene induces increased latex yield which can be perceptible as soon 

as 12 hours after the treatment and is maximum during 48-72 hours. The 

intensity and the duration of latex yield in response to ethylene are clonal 

characteristic. The mechanism of yield stimulation is generally related to the 

plugging of latex vessel terminals after severing them at tapping (Boatman, 

1966; Buttery and Boatman, 1967). Plugging of vessel terminals, usually



measured as the plugging index (PI), vary with clone and with the length of 

the tapping cut (Milford et a l, 1961; Paardekooper and Samosom, 1969).

Stimulation of trees increases the general latex metabolism including 

over expression of some genes in the laticiferous tissue (Pujade-Renaud 

et al., 1997; Kush et ah, 1990). Hevin, a lectin like protein involved in the 

coagulation of latex, was mediated by ethylene (Broekaert et al, 1990; 

Sivasubramaniam et al., 1995; Gidrol et al., 1994). Ethylene could up 

regulate activity of glutamine synthetase (GS), a key enzyme of nitrogen 

metabolism and its transcript levels in H. brasiliensis latex cells, suggesting 

the involvement of GS in the ethylene stimulation and latex production in 

Hevea (Pujadae-Renaud et a l, 1994). Higher expression of MnSOD, 

regulated by ethephon application, prevented lutoid disruption by superoxide 

radical (Miao and Gaynor, 1993) leading to increased rate of latex flow.

The precursor for the synthesis of rubber in the laticiferous tissue is 

sucrose (Sando et a l, 2008a) available from photosynthesis which is actively 

transported in to laticiferous cells through the plasmalemmic membrane. In 

Hevea, the symplasmic isolated nature of the laticifer from its neighboring 

cells (Hebant, 1981) suggests that sucrose fransporters (SUTs) might play an 

active role in the transmembrane uptake of sucrose by the laticifers. It is then 

hydrolyzed in to glucose and fructose by invertase. These sugars are 

converted to acetyl-CoA through glycolysis. Three molecules of acetyl-CoA 

are condensed into mevalonic acid which is converted to isopentenyl 

pyrophosphate (IPP). Polymerization of thousands of IPP molecules assisted 

by the action of the enzyme rubber transferase (RuT) in association with
_



rubber elongation factor (REF), a molecule fixed on the rubber particle 

membrane, leads to the formation of high molecular weight rubber.

Hybridization coupled with vegetative propagation and clonal 

selection is the most important method of breeding of Hevea brasiliensis. 

This resulted in yield increase from 250 kg/ha/annum to more than 3000 

kg/ha/annum (Licy et al., 2003; Mydin, 2014). In contrast to the progress 

made in rubber tree breeding, the molecular mechanisms underlying high 

yield potential of a clone is not well understood. Molecular biological 

characterization of genes involved in rubber biosynthesis has not been 

adequately studied. Although earlier workers have identified and 

characterized few genes involved in rubber biosynthesis, the genes 

associated with high yield potential are not studied well. Hence, a study was 

conducted to determine the expression of genes corresponding to key 

enzymes involved in rubber biosynthesis in relation to latex yield trait. Genes 

related to rubber yield may eventually be used as specific molecular markers 

of yield potential in crop improvement programmes.

3.2. M aterials and methods

3 .2 .1. Gene expression pattern under regular harvesting o f latex

3 .2 .1 .1 .  Plant material

Healthy i/evea trees of high yielding varieties (R R II105, RRIM 600 

and PB 217) and low yielding varieties (Tjir 1, RRII 33 and RRII 38) planted 

at Central Experiment Station, Chethackal, Pathanamthitta district, Kerala of 

Rubber Research Institute of India were selected for the study. These trees



were regularly harvested for latex in every three days under the S/2, d3 6d/7 

system of tapping and the trees were in the 2"*̂  year of tapping.

3 .2 .1.2 . Latex yield and dry rubber content

Total latex yield in each tree was recorded by measuring the total 

latex volume on every tapping day. DRC in the latex was determined by 

gravimetric method. About 4-5 gram of latex was mixed well with an equal 

amount of distilled water and it was coagulated with 3% acetic acid. A thin 

film of rubber was prepared 3 or 4 minutes after coagulation. The coagulum 

was washed in running water and oven dried at 80°C for 72 hours. The oven 

dried material was used for calculating the DRC using the following formula.

W eight o f  oven dried rubber--TTT--- xlOOW eight o f  fr e s h  latex

The rubber yield was calculated as per the formula shown below and 

represented as g/tree/tap.

, Total volume o f  latex x DRC
Yield = ------------------------------------------- ?  / tree I tap

100 ^  ^

3 .2 .1.3 . Latex sample collection for R N A  extraction

Fresh latex was collected from the selected trees after discarding first 

few drops of latex after tapping. Latex (10 ml) was collected in 10 ml 

extraction buffer (1:1 v/v). All these samples were brought to the laboratory 

in ice and stored at -80°C until the extraction of total RNA.



3.2.2. Gene expression pattern in response to ethylene stimulation

3 .2 .2 .1. Plant material

The study was carried out in mature H. brasiliensis trees planted at 

Rubber Research Institute of India farm, Kottayam. Two high yielding clones 

(RRII105 and PB 217) and two low yielding clones (RRII38 and Tjir 1) were 

selected for the study. The trees were tapped regularly for harvesting latex 

every three days under the S/2, d3 6d/7 tapping system and the trees were in 

the 13*’’ year of tapping.

3.2.2.2. Ethephon stimulation

Ethylene treatment was administered by applying commercially 

available Ethephon (2-chloro ethyl phosphonic acid) diluted to 5% (v/v) with 

palm oil. The tapping panel of the trees were scraped well (1 inch below the 

tapping cut) in order to remove the dead tissues and rubber particles present 

on it. The compound was applied on the bark of the tapping panel 1 inch 

below the tapping cut using a brush. For each treatment, three trees were 

used along with control trees. Tapping panel of control trees was also 

scraped and treated with palm oil without ethephon. The dry rubber yield 

was measured from stimulated and control trees.

5.2.2.3. Latex sample collection

Fresh latex was collected from Hevea clones before stimulation and 

three days after stimulation (72 hrs). Latex from trees was collected in 

extraction buffer. Initial few drops of latex were discarded and fresh latex 

(10 ml) was collected in 10 ml extraction buffer (1:1 v/v). All these samples



were brought to the laboratory in ice and stored at -80°C until the extraction 

of total RNA.

3.2.3. Total RNA isolation

Latex RNA was isolated according to Chang et al. (1993).

Reagents:

• RNA extraction buffer: 2% CTAB (hexadecyl trimethylammonium 

bromide); 2% PVP (polyvinyl pyrrolidone K 30); 100 mM Tris-HCl 

(pH 8.0); 25 mM EDTA; 2.0 M NaCl; 0.05% spermidine; 2% v/v |3- 

mercaptoethanol (added just prior to use).

• Chloroform: Isoamyl alchol (24:1)

• 8 M Lithidium chloride

SSTE: 1.0 M NaCl; 0.5% SDS; 10 mM Tris-HCl (pH 8.0); 1.0 mM 

EDTA

The latex samples were centrifuged at 7000 rpm at 4‘̂ C for 20 min. 

The middle serum layer was collected and mixed with equal volume of 

chloroform and isoamyl alchohol. The tubes were spun at 7000 rpm for 10 

min at room temperature. The top aqueous phase was transferred into jfresh 

centrifuge tubes and the extraction repeated using chloroform:isoamyl 

alcohol mixture. The top aqueous phase was again transferred to another tube 

and mixed with 0.3 volume of 8 M lithium chloride and kept the tubes at 4°C 

over night. The tubes were spun at 7000 rpm for 20 min at 4°C. The pellet 

was washed with 2 ml of 2M lithium chloride. The tubes were spun at 7000 

rpm for 20 min at 4°C. The pellet was suspended in 500 ]j.1 SSTE and mixed 

with equal volume of chloroform: isoamyl alcohol (24:1). The tubes were



spun at 10,000rpm for lOmin at 4°C. The upper phase was transferred to 

another tube and mixed with double volume of absolute ethanol. The tubes 

were kept at -20°C overnight. The tubes were spun at 10,000 rpm for 20 min 

to pellet the RNA. The pellet was then dried using vacuum and dissolved in 

autoclaved DEPC treated water.

3.2.4. DNase treatment

The RNA samples were subjected to DNase treatment by using 

Sigma Deoxyribonuclease I Amplification Grade (AMPD 1) in order to 

eliminate the DNA from RNA preparations according to manufacturer’s 

instructions. Concentration of RNA was measured using NanoDrop (ND- 

1000 Spectrophotometer, USA).The quality of the total RNA was checked 

on a formaldehyde denaturing gel.

3.2.5. Formaldehyde gel electrophoresis

Formaldehyde gel (1.4%) was prepared by adding required amount of 

agarose in lOx MOPS buffer and DEPC water. It was melted to homogeneity 

and allowed to cool down to about 50°C. After adding required quantity of 

formaldehyde and proper mixing, it was poured in to casting tray with 

appropriate sized comb. After about 30 min, the gel was run in an 

electrophoretic tank containing Ix MOPS buffer after loading RNA sample 

plus loading dye along with suitable marker. Electrophoretic separation was 

carried out at 80V till the dye front reached the end of the gel. RNA was 

visualized under a UV transilluminator.



3.2.6. cDNA synthesis

cDNA was synthesized from total RNA using Superscript™ III First 

strand synthesis kit from Invitrogen, RNA mix (10 |xl) after incubation at 

65°C for 5 min followed by incubation in ice for a minute was mixed with 

cDNA mix (10 p,l). After a brief spin, the mixture was incubated at 50°C for 

50 min (oligo dT) and at 85°C for 5 min. After a brief incubation in ice, 1 (il 

of RNase H was added to each tube and incubated for 20 min at 37°C. The 

cDNA was quantified and stored at -20°C.

3.2.7. Quantitative P C R  (qPCR)

The primers (Table 3.1) were designed and synthesized by 

Eurogentec, Belgium. Quantitative PCR was performed in triplicate, using 

specific primers and generated cDNA as template in real- time PCR machine 

(Light cycler 480 II, Roche, Germany). qPCR was performed in a 20 jil 

reaction mixture containing 1 |xl of 1/10 dilution of first-strand cDNA 

reaction, 125 nM of each primer and 10 |j,1 of Light cycler 480 SYBR Green 

I Master (Roche Diagnostics Gmbh, Germany). qPCR was performed by 

incubating the mix at 95° C for 7 min, followed by 40 cycles of 95 °C for 20 

seconds and 60 °C for 30 seconds. This was followed by a melt curve 

analysis (95 ”C for 20 seconds, 60 °C for one minute, 95 °C for 5 minutes). 

Each experiment was repeated two to three times and each PCR reaction was 

performed in triplicate with no template controls (NTC). Reaction efficiency 

of both the target genes and the endogenous confrol was calculated based on 

the formula. Efficiency = -1). The slope values of the primers were

between -3.2 and -3.5. The Relative Quantification (RQ) values were 

analyzed (using the software of Light Cycler 480; releasel.5.0) and the



expression rate of genes is represented as fold change. The method was 

adopted to analyse the relative changes in gene expression from qPCR 

experiments (Livak and Schmittgen, 2001), 18S rRNA was used as 

endogenous control for qPCR analysis.

3.2.8. Data analyses

For each treatment, three biological replications were included in the 

qPCR analysis. Statistical analysis was performed with the relative 

quantification data using ANOVA. The ratio with a P value < 0.05 was 

adopted as significant.

Table. 3 .1 .  L ist o f genes and corresponding primers used for qPC R  
analysis.

SL
No. Gene Forward primer (5*-3̂ ) Reverse primer (5*-3*)

1 1
........ i

hmgrl CTGTTCTrCTCGGTGGGCGTATTAC AGAGGCAATGAGGGAGACAATAGC

2 1hmgrl GCGAGGCAATTATCAAGGAAGAGG GCACCAGCAACAGCGGAAC
\

3 hmgrl GGCGTGGGAAGTCTGTTGTATG AGAGAACCTGCTACGGCTGAG

4 hmgs ACACTGACATTGAAGGCGTTGAC CACTACAAGTCCATAGCGTCCATC

5 MVD CTGCTGCTGGATTGGCTTCTrC GCACTGCCTGAACCTTGTCTrG

6 1 FPPS CGGCACGAGlGAlTlCAGAGlirC CCAGGCACATTGTAGTCCAACATC

7 GGPS GCTGCCATTCCACTCCAAGAACC
.....................................................................  1
TCATTCCCACCAACAAGCTCACAC

8 RuT CAGTCAAGACCGCAGCAGATAAG AGCATACAGCAATGAGAAGCACAC

9 REF\ A G llT A lG C C A G G G C riC irrC lC AGTATTGACGCCAGGCTTGAATG

10 REFl AGATGCGTCCITGACAATrGG GCCCGGTTGTrGCATCTG

11 REFi GlllGTAGACAGCACGGTrGTTG GAAGAAGCCAGAGAACGAGCAG

12 \ H h s im CACCACAACCACCATCAC GTGGAAGAGGTTCAGAAGAG

13 RBSP ACACCAAGGATGATCTCAGGCTTC AGACATGACGGTCACCACAAGG

14 \ RBIP TGCTGCGACCAATCCTACACTAC CACTAGCCTGCTCTTGCTCTCC

15 \ nSrRNA CAACCATAAACGATGCCGACCAG rrCAGCCTTGCGACCATACTCC



3.3. Results
3 .3 .1 . Gene expression under regular harvesting o f latex

Genes associated with yield potential were studied in six clones of 

Hevea with varying total rubber yield (Fig. 3.1.a).
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Fig. 3. La. Dry rubber yield (g/tree/tap) o f Hevea clones

The latex was collected from high yielding (RRII 105, PB 217 and 

RRIM 600) and low yielding clones (Tjir 1, RRII 38 and RRII 33) for isolating 

total RNA. The optical density ratio A260/A280 of the RNA isolated ranged from 

1.9 to 2.1 indicating the good quality of RNA. The presence of two narrow 

bands of 28S and 18S RNA in the gel indicated that the RNA was intact and of 

good quality (Fig. 3.1 .b).



28S
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Fig. 3 .1.b . Visualisation o f total RN A  (2 ng) from Hevea latex on L 4 %  

denatruring formaldehyde agarose gel.

These RNA samples were used for cDNA synthesis and as template 

after proper dilution for the PCR and qPCR analyses. The melting peaks 

(Fig. 3.I.e.), slope value of the primer (Fig. 3.l,d.) and amplification curves 

with Ct values (Fig. 3.1 .e.) confirmed the amphfication efficiency in qPCR.
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Fig. 3.I.C. Melting peak of 18S  rRN A  of H. brasiliensis in qPC R
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Fig. 3 .1.d . Slope value of 18S rRN A  of H. brasiliensis in qPC R
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Fig. 3-l.e, Amplification curve of 18S rRNA and hmgs of H, brasiliensis 

in qPCR.

In order to determine the association of the selected genes to rubber 

biosynthesis and evaluate their differential expression in different Hevea 

clones with varying yield potential, qPCR analyses were performed. The low 

yielding Hevea clone (Tjir 1) was used as calibrator in this study and the 

results are given in Table 3.2. and Fig.3.1.f. to 3.1.i.



Table.3.2. Relative quantification (fold change) o f genes expressed in 
Hevea clones with different yield potential

h
1 Genes Calibrator 

(Tjir 1) RRH 38 RRn33 RIUI105 PB217 RRIM
600

hmgs 1 2.07 1.38 6.37* 6.77* 5.62* 2.13

hmgrX 1 1.68 1.94 5.51* 2.84* 2.87* 0.98

hmgrl 1 1.84 1.04 2.08 1.50 1.47 0.81

hmgr'i 1 0.90 0.99 0.86 0.65 0.95 0.31

MVD I 2.11 1.51 7.04* 8.01* 5.62* 2.09

FPPS 1 1.22 1.25 2.02* 2.59* 3.76* 0.37

GGPPS 1 1.26 0.91 1.45 1.67 0.96 3.82

RuT 1 2.14 2.07 5.17* 7.38* 10.80* 1.29

H bSU n 1 2.30 2.57 6.21* 7.63* 6.95* 1.74

REF\ I 1.35 1.17 1.30 1.42 1.05 0.55

REF2 1 2.84 1.98 8.89* 13.35* 4.55* 2.18

REF3 1 2.37* 1.45 1.86* 2.85* 1.45 0.78

RBSP 1 1.37 1.46 1.65* 1.78* 1.35 0.55

RBIP 1 1.09 0.87 1.19 1.60 1.12 0.42

* indicates significance at P<0.05



Hydroxy-3-methyl-glutaryl-CoA synthase (HMG-CoA synthase, 

HMGS) catalyze the condensation of acetyl-CoA and acetoacetyl-CoA to 

form HMG-CoA. The HMG-CoA produced by this enzyme in plants acts as 

a substrate for HMG-CoA reductase (HMGR) to generate mevalonate which 

is further converted to isoprenoid compounds. The relative gene expression 

of hmgs was found to be significantly higher in high yielding Hevea clones 

(R R II105, RRIM 600 and PB 217) than the low yielders (Fig. 3.1.f.).

In Hevea brasiliensis, HMGR is encoded by a small gene family 

comprising of five members, hmgrl, hmgrl, hmgr3, hmgr4 and hmgrS. In 

this study, the expressions of hmgrl, hmgrl and hmgr3 were analyzed. 

Expression of hmgrl was found higher in high yielding clones than the low 

yielders. It was significantly high in RRII 105 followed by RRIM 600 and 

PB 217 (Fig. 3.1.f). Among the Hevea clones studied, hmgrl expression was 

high in RRII 105 and RRII 38. Its expression was similar in Hevea clones PB 

217 and RRIM 600. The expression pattern of hmgr3 was almost similar in 

all the Hevea clones studied (Fig. 3.1.g.).
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Fig. Quantitative expression analysis o f hmgs and hmgr\ in Hevea
clones with different yield potential. Clones are given in X  
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indicate standard error o f three biological replicates.
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Fig. 3,l.g . Quantitative expression analysis of hmgrl and hmgr3 in 
Hevea clones with different yield potential. Clones are given 
in X axis and fold change (RQ values) in the Y  axis. Error 
bars indicate standard error of three biological replicates.



The gene expression of Mevalonate diphosphate decarboxylase 

(MVD) which catalyses mevalonate formation was significantly higher in 

high yielding Hevea clones than low yielding clones (Fig. 3.1.h). Among the 

high yielding clones, RRII 105 showed higher MVD gene expression 

compared to PB 217 and RRIM 600. FPP synthase gene expression was 

significantly higher in high yielders compared to the low yielding clones

GGPP synthase gene expression was not significantly different 

between the high and low yielders of Hevea clones. The expression of this 

gene was observed high in PB 217 followed by RRII 105 and RRII 38 (Fig.

3.1.i.). The gene expression of rubber transferase {RuTI) was also 

significantly higher in high yielding Hevea clones than the low yielding 

clones. Among the high yielders, RRIM 600 showed higher gene expression 

followed by PB 217 and RRII 105. The low yielding clones (Tjir 1, RRII 38 

and RRII 33) displayed a low gene expression (Fig.3.1.i).
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Fig. 3 .1.h . Quantitative expression analysis o f MVD and FPPS in Hevea 
clones with different yield potential. Clones are given in X  
axis and fold change (RQ values) in the Y  axis. E rro r bars 
indicate standard error o f three biological replicates.
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Fig. 3 .1.1. Quantitative expression analysis o f GGPS and RuT  in Hevea 
clones with different yield potential. Clones are given in X  
axis and fold change (RQ values) in the Y  axis. E rro r bars 
indicate standard error of three biological replicates.



The gene expression of different isoforms of REF was also studied 

(Fig. showed a low level of expression in all the selected Hevea

clones. No significant difference was observed between high and low 

yielders. The gene expression of REF2 was found up regulated in high 

yielding Hevea clones. Among them, PB217 showed a higher expression 

followed by RRII 105 and RRIM 600.

REF3 showed a different expression pattern, a low yielder (RRII 38) 

and a high yielder (PB 217) showed higher expression compared to other 

selected Hevea clones. Hevea sucrose transporter 3 (HbSUTy) was 

significantly up-regulated in high yielding Hevea clones (RRII 105, PB 217 

and RRIM 600) than the low yielding clones (Tjir 1, RRII 33 and RRII 38) 

(Fig.3.1.k). Among the high yielders PB 217 showed a higher fold level 

change in gene expression (7.63) than other clones RRIM 600 (6.95) and 

RRII 105 (6.21) respectively. No significant difference was observed for the 

expression of rubber biosynthesis stimulator protein {RBSP) and rubber 

biosynthesis inhibitor protein (RBIP) between high and low yielding Hevea 

clones (Fig. 3.1.1.).
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Fig. Quantitative expression analysis o f REFl and REF2 in Hevea 
clones with different yield potential. Clones are given in X  
axis and fold change (RQ values) in the Y  axis. E rror bars 
indicate standard error o f three biological replicates.



Tjlr 1 RRII38 RRII33 RRI1105 PB217 RRIM 600

9 -

8 -  

7 -

«  5 
■g
■O 4

2
1

0

Hbsun

J J
T jir l RR1138 RR1133 RRII105 PB217 RRIM 600

Fig. 3 ,l,k . Quantitative expression analysis o f REF3 and HbSUT3 in 
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3.3.2. Gene expression in response to ethylene stimulation

The effect of ethylene stimulation was confirmed by observing 

increased latex volume collected from stimulated trees and the rubber yield 

was found higher than the unstimulated control trees (Fig. 3.2.a).

T jir l R R ll 38 R R ll 105

C ontrol ■ Stim ulated

PB 217

Fig. 3.2.a. Effect o f stimulation on dry rubber yield (g/tree/tap) o f 
Hevea clones.

The gene expression of above mentioned gene transcripts (14  nos.) 

was compared between ethylene treated and control trees of each clone. 

Hevea 18S rRNA was used as the endogenous control and the expression in 

control trees of each clone was used as the calibrator for gene expression 

analyses and the results are given in Table 3.3 and Fig. 3.2.a to 3.2.e).



Table.3.3. Relative quantification (fold change) of genes in response to 
ethylene stimulation. The control plants of respective clone 
as calibrator.

Genes C alibrator T j i r l R R II3 8 R R II105 PB 217 (CD ^

hmgrl 1 1.450* 2.276* 1.743* 1.833* 0.165

hmgrl 1 0.303* 0.885 0.367* 0.585* 0.253

hmgr3 1 1.080 1.300* 1.145 1.130 0.198

hmgs 1 0.711* 1.328 0.277* 0.319* 0.125

MVD 1 1.689* 1.454* 1.982* 1.895* 0.385

FPPS 1 0.455* 0.441* 0.698* 0.750* 0.131

GGPS 1 0.680* 0.846 0.876 0.697* 0.241

RuT 1 0.711* 0.840 0.876 0.748 0.288

Hbsun 1 5.477* 4.226* 7.787* 8.456* 0.611

REFl 1 0.928 0.869* 0.606* 0.404* 0.156

REF2 1 1.300 1.250 1.230 1.310 0.421

REFl 1 0.511* 0.680* 0.673* 0.667* 0.132

RBSF 1 1.060 1.120 0.930 1.112 0.387

RBIP 1 1.043 1.110 1.263 1.353 0.453

* indicates significance at P<0.05

Irrespective of clones, the gene expression of hmgs was down 

regulated both in stimulated and unstimulated trees (Fig. 3.2.b). The effect of 

stimulation in the gene expression of hmgr gene family was studied. The 

expression of hmgrX was significantly up regulated in all the stimulated



Hevea clones. The hmgrl is the responsible gene for rubber biosynthesis and 

it was induced by ethylene (Fig. 3.2.b). The hmgrl gene expression was 

down regulated in all the stimulated than the unstimulated trees of the 

corresponding clones. No significant difference was observed in the gene 

expression of hmgr3 between stimulated and control trees (Fig, 3.2.c).

MVD gene expression was up regulated in all Hevea clones 

irrespective of the yield potential. A significantly higher gene expression was 

observed in stimulated trees of high yielders (RRII 105 and PB217) and low 

yielders (Tjir 1 and RRII 38) than the unstimulated control trees (Fig. 3.2.d). 

The expressions of FPP synthase (Fig.3.2.d.), GGPP synthase and RuT (Fig.

3.2.e) were down regulated in all the selected Hevea clones after ethylene 

stimulation.

HbSUI3 expression was significantly up regulated in stimulated than 

the control trees (Fig. 3.2.f). The low and high yielding clones showed 

significantly higher level of expression for HbSUT3 in stimulated trees than 

in the control trees. In the case of REF gene families, REFl (Fig.3.2.f) and 

REF3 (Fig.3.2.g) were also down regulated in all stimulated trees 

irrespective of the clones. The gene expression of REFl (Fig.3.2.g) was 

induced with ethylene treatment compared to the control trees. There was no 

significant difference for the expressions of RBSP and RBIP between 

stimulated and imstimulated trees of different Hevea clones (Fig, 3.2.h).
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Fig. 3.2.b. Quantitative expression analysis o f hmgs and hmgrl in Hevea 
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Fig. 3.2.d. Quantitative expression analysis of MVD and FPPS in Hevea 
clones with different yield potential under ethylene 
stimulation. Clones are given in X  axis and fold change (RQ 
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3.4. Discussion

The biosynthesis of rubber begins with the precursor molecule, 

sucrose. The first isoprenoid molecule, IPP is formed fi:om sucrose through 

more than 20 enzymatic reactions. The IPP serves as the fundamental 

building block for the formation of the final high molecular weight rubber 

molecule (Sando et al., 2008a). Ethephon application is required to enhance 

latex flow and activate metabolism for latex regeneration between the 

successive harvesting time (Tungngoen et ah, 2009). Stimulation is 

associated with marked changes in the physiology and metabolism of latex 

cells, which induce a large but transient increase in latex production (Gidrol 

et a l, 1988). Stimulation is associated with obvious changes in both the 

physiology and metabolism of laticifers (Coupe et al, 1989).

Both the HMGS and HMGR have shown to be involved in the initial 

stages of rubber biosynthesis (Hepper and Audley, 1969). The two enzymes 

possibly fijnction in concert in the supply of substrates for biosynthesis of 

rubber similar to the synthesis of cholesterol in animals (Balasubramaniam 

et al., 1977). HMGS activity has been positively correlated with rubber 

production in Hevea brasiliensis, suggesting that this enzyme has a 

regulatory role (Nagegowda et a l, 2004). Two members of HMGS (1.8 kb 

and 1.9 kb cDNAs) fi-om H. brasiliensis Qimgsl and hmgsl) were cloned and 

characterized (Suwanmane et a l, 2002; Sirinupong et al, 2005). The 

expression of hmgsl was found to be higher in laticiferous cells than in 

leaves whereas the abundance of hmgsl transcripts were more in laticifer and 

petiole than in leaves. In plants, hmgs expression showed correlation with



rapid cell division and growth. Wounding and application of chemicals like 

methyl jasmonate, salicylic acid and ozone are known to induce hmgs 

expression suggesting that hmgs is involved in plant defence mechanisms 

(Alex et a l, 2000; Wegener, 1997). The expression of hmgsl showed 

positive correlation with rubber yield (Li et al, 2015). hmgs showed up 

regulation in tapping panel dryness (TPD, situation where partial or complete 

cessation of latex flow occurs) affected trees (Liu et al, 2015). hmgs 

expression, HMGS activity and dry rubber content were reported to be 

increased after ethephon treatment (Suwanmanee et al, 2004). However, in 

the present study, a down regulation of hmgs was observed in the latex 

samples collected 72 hrs after stimulation. Wang et a l (2015) reported that 

the gene and the protein level expressions of HMGS and HMGR were 

inhibited by ethylene treatment.

HMGR, a rate limiting enzyme in the rubber biosynthetic pathway 

which catalyses the NADP-dependent synthesis of mevalonate from HMG- 

CoA, is the most committed step of the MVA biosynthetic pathway (Caelles, 

et al, 1989). In plants, mevalonate is the general precursor of many 

identified isoprenoid compounds, which are vital for normal growth, 

development and a variety of other normal physiological activities of plants. 

hmgrl is expressed predominantly in laticifers, the cells specific to rubber 

biosynthesis, hmgrl was more abundant in latex than in other tissues like 

leaf, flower and seedlings (Venkatachalam et a l, 2009). Schaller et a l 

(1995) reported that an increased expression level of hmgrl was positively 

correlated with enzymatic activity of HMGR. Loss of ftinction of hmgrl in

—



Arabidopsis lead to dwarfing, early senescence and male sterility, and 

reduced sterol levels (Suzuki et a l, 2004). hmgrl was significantly up 

regulated in CATAS8-79 (a high yielding clone) than PR 107 (a low yielding 

clone), suggesting that hmgrl is critical for providing IPP (Chao et a l, 

2015). It has been reported that hmgr2> expression is not cell specific and its 

role in isoprenoid biosynthesis is of a house keeping nature (Chye et a l, 

1992). hmgrA and hmgrS were specifically expressed in high levels in 

mature leaves and xylem respectively (Sando et a l, 2008a). In the study, 

hmgrl expression showed no significant difference between high and low 

yielding Hevea clones. Li et al. (2015) reported that the expression of hmgrl 

was more in a high yielding clone compared to a low yielding clone. The 

expression of most of the genes related to rubber biosynthesis was severely 

inhibited in TPD affected trees and hmgrl is one among them (Liu et al, 

2015). Chye et a l  (1992) reported that hmgrl was inducible by ethylene, 

while hmgrS gene was constitutively expressed, hmgrl could be linked to the 

defence reactions against wounding m d pathogens. HMGRs were reported to 

be involved not only in isoprenoid biosynthesis, but also in many other cell 

biosynthesis pathways such as sterols, membrane components, hormones etc.

The mevalonate diphosphate decarboxylase is an essential enzyme in 

mevalonate (MVA) pathway that catalyzes the irreversible decarboxylation 

of 6-carbon compound mevalonate-5-pyrophosphate (MVAPP) into 5-carbon 

IPP, the building block of sterol and isoprenoid biosynthesis. The 

biochemical pathway leading to rubber biosynthesis begins with the 

synthesis of IPP, the universal isoprene unit which then undergoes



polymerization to form polyisoprene. The up regulation of MVD gene might 

have resulted in an increased in IPP supply. In a recent proteomic study of 

the ethylene stimulation of natural rubber production MVD and mevalonate 

kinase were found to be inhibited by ethylene at both the gene and protein 

level (Wang et al, 2015).

Cornish (1993) explained that there may exist two different types of 

prenyl transferases in the plant system; cis and trans prenyl tranfreases. A 

trans prenyl transferase that catalyses the formation of GDP and FDP in 

Hevea brasiliensis was demonstrated by Light and Dennies (1989). Although 

they claimed that the soluble enzyme behaved as rubber transferase in the 

presence of rubber particle and in the absence of rubber particle, it actually 

catalysed the formation of GDP and FDP from DMAPP. DMAPP primes the 

sequential head to tail condensations of isopentenyl pyrophosphate 

molecules by tmns -prenyl transferase to form geranyl pyrophosphate (GPP), 

famesyl pyrophosphate (FPP) and geranyl geranyl pyrophosphate (GGPP) 

(van Beilen and Poirier, 2007). It is demonstrated that the soluble trans 

prenyl transferase from latex of Hevea ftmctions solely as FPP synthase and 

plays no direct role in cis-\, 4-polyisoprene elongation (Cornish,1993). The 

main ftinction of FPP synthase is to make initiator molecules for the 

synthesis of rubber.

Expression levels of FPP synthase and GGPP synthase genes were 

differentially expressed in various tissues of H. brasiliensis, which reflects 

their roles and specific functions in each tissue (Takaya et al., 2003). 

Expression of GGPP synthase gene in leaf, flower and young leaf were



higher than those in latex and petioles. On the contrary, the expression of 

FPP synthase was high in latex as well as in flower. It is likely that the 

GGPP synthase has similar functions as that of A. thaliana GGPS, which is 

located in the chloroplast and is engaged in the biosynthesis of biologically 

important isoprenoids such as carotenoids, chlorophylls and gibberellins 

(Okada et al., 2000). In TPD affected trees, the expression of GPP synthase 

(GPPS) and FPP synthase (FPPS) was dramatically down regulated (Liu et 

a l, 2015). The expression of GPPS and FPPS were reported to be 

significantly higher in a high yielding clone compared to a low yielding 

clone (Li et al, 2015). FPP is a branch point and FPPS is considered as a 

regulatory enzyme in the pathway. In the present study, FPP synthase was 

down regulated after ethylene stimulation in all the selected Hevea clones. 

Adiwilaga and Kush (1996) reported that the expression of FPP synthase was 

not significantly affected by hormone treatment. GGP synthase gene 

expression was also found down regulated in the latex 72 hrs after the 

ethylene stimulation.

Rubber transferase (RuT), belonging to the cis prenyl transferase 

family catalyse the polymerization of IPP in to cw-rubber (Archer and 

Audley, 1967; Archer and Cockbain, 1969; Archer and Audley, 1987). The 

successive addition of IPP was found to take place only on the surface of 

pre-existing rubber particles (Archer et al., 1963, McMullen and 

McSweeney, 1966) implying that rubber transferase was located on the 

surface of the rubber particles. Two RuT homologues, designated RuTl and 

RuTZ, were cloned from the H. brasiliensis latex (Asawatreratanakul et a l,



2003). The activities of these enzymes were found in both the bottom 

fraction and the cytosol (C-serum) of centrifuged fresh Hevea latex 

(Tangpakdee et a l, 1997). The activity of RuT is a reliable index for the 

latex yield prediction in Hevea. Cornish and Bartlett (1997) studied the 

stabilization capacity of the particle bound rubber transferase activity in 

stored and purified rubber particles. In TPD affected Hevea, RuT enzyme is 

fully active in vitro in the presence of adequate supply of their intermediate 

substrate (Krishnakumar et a l, 2001). Ethephon did not have any effect on 

the gene expression and activity of RuT (Luo et al, 2009; Zhu and Zhang

2009). In a recent study, RuTl and RuTl were reported to be repressed by 

ethylene stimulation (Wang et al., 2015).

The sucrose transporter gene HbSUTi plays an active role in sucrose 

loading to laticifer and rubber productivity in exploited trees of H. 

brasiliensis (Tang et a l, 2010). HbSUTi was transcribed in all the tissues, 

suggesting a functional redundancy of this gene. The preferential expression 

of this gene in latex and female flowers suggests its major role in these two 

tissues (Tang et al., 2010). Sucrose transporters belong to the major 

facilitative superfamily (MFS) and they have 12 typical transmembrane- 

spanning domains (Sauer, 2007). The expression of HbSUI3 in the present 

study was found to be significantly higher in high yielding clones than low 

yielding clones. The results showed the involvement of HbSUT3 in sucrose 

loading in to laticifers and in rubber productivity. The up regulation of 

HbSUTi in high yielding clones suggests an enhanced sucrose loading to the 

laticifers of high yielding clones. It has long been believed that the efficiency



of sucrose transportation and metabolism and rubber biosynthesis are closely 

associated with the ability of latex regeneration between intervals of 

successive tappings (Tang et al., 2010). Several unigenes associated with 

carbohydrate metabolism was found to be expressed at higher level in 

CATAS8-79 (a high yielding clone) than that in PR107 (a low yielding 

clone), suggesting a more efficient sucrose transportation and carbohydrate 

metabolism in CATAS8-79 (Chao et al., 2015).

HbSUTi, showed an active role in rubber productivity in response to 

ethylene treatment also (Tang et al, 2010). Its activity was reported to be 

finely modulated by exogenous (Decourteix et a l, 2006) as well as 

endogenous signals such as sucrose (Chiou and Bush, 1998) and hormones 

(Chincinska et al., 2008). The significantly higher expression of HbSUI3 in 

the latex than that of any other SUT genes, demonstrated that HbSUTi is the 

predominant SUT member involved in rubber biosynthesis (Tang et al, 2010). 

The up regulation of HbSUT3 after ethylene stimulation suggests an enhanced 

sucrose loading to the laticifers and demonstrates its active involvement in 

rubber biosynthesis and rubber productivity. Sucrose contents and its 

metabolism intensity were considered as limiting factor for rubber 

biosynthesis (Alessandro et a l, 2006). Acceleration of sucrose metabolism by 

ethylene action may be one of the main reasons for the stimulation of latex 

yield by ethylene releasing compounds (Zhu and Zhang, 2009).

REF present in large amounts at the surface of the rubber particles is 

involved in rubber biosynthesis (Sando et al., 2009). REF gene is encoded by 

a small gene family consisting of three members and it plays an important



role in the final polymerization of rubber. REF expression showed positive 

correlation with Hevea latex yield (Priya et a l, 2007). REF was not 

obviously changed at the gene or protein level on ethylene treatment (Wang 

et al, 2015). A rubber biosynthesis stimulator protein (RBSP) was purified 

from H. brasiliensis latex and identified as elF-SA by amino acid sequencing 

(Yusof, 1996; Yusof et al, 2000). Three genes in tobacco (Chamot et al, 

1992) and four genes in tomato (Wang et al, 2001) of elF-SA were reported. 

Plant elF-SA isoforms have been reported to be involved in other fiinctions 

such as photosynthesis (Chamot et al, 1992) and organ senescence (Wang et 

al, 2003; 2005). Chow et a l (2006) reported a differential stimulatory effect 

of RBSP isoforms on rubber biosynthesis in H. brasiliensis. The translation 

initiation factor 5A {elF 5A) was reduced in TPD affected trees (Li et al,

2010) and elF 5A negatively regulated programmed cell death (Hopkins et 

al, 2008). Archer and Audley (1987) detected an inhibitor of rubber 

biosynthesis in the C-serum of the H. brasiliensis latex. Yusof et a l (1998) 

had purified the patatin like inhibitor protein {RBIP) with a molecular weight 

of 43.7 kDa.

3.5. Summary and conclusions

In the present study, expression of genes involved in rubber 

biosynthesis were analyzed in different Hevea clones with varied latex yield 

potential, both in normal tapped and ethylene stimulated trees. The 

expression of HbSUTi, a sucrose transporter was found to be significantly 

high in high yielding Hevea clones. H. brasiliensis exploits sucrose as the 

primary substrate for rubber biosynthesis. The gene expression of enzymes



like HMGRl, HMGS and MVD were also significantly higher in high 

yielding clones. Up regulation of these genes in the latex might result in an 

increased supply of total IPP. The down stream enzymes like FPPS, RuT and 

REF2 were also showed a higher gene expression in high yielding clones. 

The gene expression of other enzymes like HMGR2, HMGR3, GGPPS, 

REF2, REFS, RBSP and RBIP showed no significant difference between the 

high and low yielding clones. This study suggest that high yield of rubber 

tree is likely the result of a high IPP supply and more IPP distribution in the 

laticiferous tissues of H. brasiliensis for rubber biosynthesis.

The study on the gene expression in response to ethylene action 

suggest that the sucrose transporter gene, HbSUTi plays an important role in 

the sucrose loading of the laticifer tissue and finally leading to enhanced 

rubber yield in trees stimulated with ethylene compounds. Rubber 

productivity depends on sufficient regeneration of the expelled latex before 

the next harvesting, which requires an efficient sucrose supply. The gene 

expressions of hmgrl and MVD were induced by ethylene treatment and this 

result suggests that both these enzymes are involved in enhanced IPP supply 

for rubber biosynthesis.

Identification of enzymes that catalyses the rate limiting steps in the 

isoprenoid pathway is an important task for developing markers related to 

yield potential in Hevea. Expression of genes involved in rubber biosynthesis 

were analysed in different Hevea clones with varied yield potential, both in 

unstimulated and stimulated trees. The expression of HbSUI3, a sucrose 

transporter was found to be significantly higher in high yielding compared to 
_ . _



low yielding Hevea clones. The gene expression of enzymes like HMGS, 

HMGRl, MVD, FPPS, RuT and REF2 was also significantly higher in high 

yielding clones than the low yielders. The expression of HbSUT3, HMGRl 

and MVD was significantly higher in stimulated trees than unstimulated trees 

in different Hevea clones. The up regulation of these genes might result in an 

increased supply of total IPP. The present study suggests that high rubber 

yield is associated with higher rate of expression of these genes and is useful 

markers for determining yield potential in Hevea.



HMG-CoA reductase activity in high and 
low yielding clones of Hevea brasiliensis



4.1. Introduction

The mevalonate pathway, which starts with the synthesis of 

mevalonate by HMG-CoA reductase (HMGR), provides precursors for a 

diverse spectrum of isoprenoid compounds. Isoprenoids are widespread in 

eukaryotes and they play key roles in plant growth and development, 

photosynthesis and resistance to pests. The isoprenoids are produced from 

acetyl-CoA via mevalonate to a central inteimediate isopentenyl 

pyrophosphate (IPP) (McGarvey and Croteau, 1995). Evidence supporting 

this cytosolic pathway for rubber formation in Hevea brasiliensis was 

derived from incorporation of radiolabeled intermediates of the pathway such 

as mevalonate (Skilleter and Kekwick, 1971) and HMG-CoA (Hepper and 

Audley, 1969).

One among the major factors determining the yield of rubber in 

Hevea brasiliensis is the rate of synthesis of rubber in the isoprenoid 

pathway. Since HMG-CoA reductase (HMGR) is a rate limiting enzyme in 

many polyprenoid synthesis (Bach and Lichtenthaler, 1987; Goldstein and 

Brown, 1990), the activity of this enzyme may be an indicator of yield 

potential of Hevea. Wititsuwannakal and Sukonrat (1984) observed diurnal 

variations in the activity of the enzyme and a positive correlation with rubber 

content in the latex. Their results suggested correlation between the 

regulation of HMG-CoA reductase activity and rubber biosynthesis. Nair et 

al. (1990) studied the activity of the enzyme in the bark of different Hevea 

clones and observed significantly higher enzyme activity in high yielding 

clones compared to low yielding clones. Except these few reports, no



attempts have been made to correlate the activity of the enzyme to rubber 

yield in different Hevea clones. Also, no studies have been made on the 

activity of this enzyme upon ethylene treatment. In view of this, studies 

were conducted to quantify HMG-CoA reductase activity in different Hevea 

clones with varying yield potential and in ethylene stimulated trees. The role 

of C-serum (centrifuged latex serum) on the enzyme activity was also studied 

to detect possible presence of inhibitors and / or stimulators of the enzyme in 

the latex.

4.2. M aterials and methods

4 .2 .1. Chemicals

DL-3-Hydroxy-3-methyl-(3-*'^C) glutaryl CoA (55 mCi/mmol) was 

purchased from American Radiolabeled Chemicals, U.S.A.

4.2.2. Plant material

The study was carried out in mature trees of two high yielding (RRII 

105 and PB 217) and two low yielding (RRII 38 and Tjir 1) clones o f Hevea 

brasiliensis grown at Rubber Research Institute of India, Kottayam. The 

trees were regularly tapped for harvesting latex in every three days using S/2, 

d3 6d/7 tapping system and the trees were in the 13* year of tapping.

4.2.3. Ethylene stimulation

Ethylene was administered by applying commercially available 

Ethephon (2-chloro ethyl phosphonic acid) as mentioned in 3.2.2.2. Three to 

six trees were used for the stimulation treatment in each clone.



4.2.4. Sample collection

Bark samples of two centimeter square size were collected from the 

tapping panel of the trees, brought to the laboratory in ice and stored at - 

80°C. The irmer soft bark tissues from the bark samples were used for the 

assay of HMG-CoA reductase activity.

4.2.5. Latex yield

Total latex yield in each tree was recorded from the confrol and 

experimental groups as mentioned in 3.2.1.2.

4.2.6. H M G R  enzyme extraction

The HMGR enzyme extraction was done as described by 

Witisuwannakul et al, (1990). Two gram of soft bark tissue was 

homogenized in 5 ml solubilization buffer (O.IM K-phosphate buffer (pH 

7.0), 10 mM DTT, O.IM KCl, 5mM EDTA containing 1% Brij 35 

(detergent) in prechilled motar and pestle using liquid nifrogen and the 

homogenate was collected in a centrifiage tube. PVP was added to the 

homogenate and kept for 30 min on ice followed by centrifugation at 12,000 

rpm for 30 min. The supernatant containing the crude enzyme was used for 

the assay.

4.2.7. Latex collection and preparation o f C-serum

The first 5 ml latex flowing immediately after tapping was discarded 

and the subsequent latex was collected in vials in an ice box. The latex 

samples were centifuged at 4°C for 45 min. (59000 X g, Sorvall OTD 55B



Ultracentrifuge, T865 rotor). The top cream consisting of rubber particles 

were discarded and the middle aqueous layer (C-serum) was collected using 

a syringe.

4.2.8. Protein quantification

The soluble proteins in the enzyme extracts were quantified using 

Bradford method (Bradford, 1976). Serum sample (50 jj.1) was made up to 1 

ml with 0.15 M NaCl, 3 ml of Bradford reagent was added to the above 

mixture and kept for color development. The absorbance of the reaction 

mixture was measured at 595 nm using a UV-visible spectrophotometer 

using BSA as the standard.

4.2.9. HMGR enzyme assay

HMGR activity was assayed according to Chappell et al. (1995). The 

bark extract containing 0.01 mg protein in 0.23 ml buffer (O.IM KCl, 10 

mM DTT, 5 mM EDTA, O.IM K-phosphate, pH 7.0) containing 2 mM 

NADPH and 20 jxm (''^C) HMG-CoA (55 mCi/mmol), was incubated at 

37°C for one hour. The assay was terminated by the addition of 10 [il each of 

Img ml"' mevalonolactone and 6 N HCl and the mixture was incubated at 

37 °C for one hour for the lactonization of the radiolabeled mevalonate. 

Assay controls included the omission of NADPH and the assays were 

performed in duplicate. For studying the effect of C-serum on HMGR 

activity, 10 )i.l of C-serum from respective Hevea clones was added to the 

incubation medium and performed the assay as per the above protocol.



4.2.10. Separation of (̂ ‘*C) mevalonate and measurement of radioactivity

The presence of mevalonate in organic phase and HMG-CoA in 

aqueous phase was confirmed first by thin layer chromatography (TLC) 

using standards of mevalonolactone and HMG-CoA (Sigma). The TLC was 

carried out on silica gel 60 using solvents benzene and acetone 

(C6H6:Me2CO) 1:1 (v/v) and iodine vapour for detection (lijima et a l, 1973). 

The (̂ '’C) mevalonolactone formed in the assay was separated jfrom the (^^C) 

HMG-CoA by organic partitioning method of Feyereisen and Farnsworth 

(1987). 800 1̂1 saturated K-phosphate (pH 6.0) and 2 ml ethyl acetate was 

added to the assayed samples. The samples were vortexed, briefly 

centrifuged and allowed to stand for 30 min for the separation. The upper 

organic phase (1 ml) and 5 ml of liquid scintillation cocktail (RPI, U.S.A) 

were used to determine the radioactivity using a liquid scintillation counter 

(LKB). HMGR activity was calculated as cpm mg'‘ protein and the values 

were subjected to statistical analysis using ANOVA. The ratio with P-value 

< 0.05 was adopted as significant.

4.3. Results

Four Hevea clones were selected, based on rubber yield (Fig. 4.1.), 

for studying the HMGR activity associated with varying yield potential. The 

thin layer chromatography confirmed mevalonolactone in upper organic 

phase and HMG-CoA in lower aqueous phase (Fig. 4.2.). The Rf values for 

HMG-CoA and mevalonolactone were 0.0 and 0.9 respectively.



Tjir 1 RRll 38 R R II105 PB217

Fig. 4.1. Dry rubber yield (g/tree/tap) of Hevea clones.

The activity of HMGR in the bark extract of high and low yielding 

clones of Hevea is given in Table (4.1). The HMGR activity was found to 

be significantly higher in the bark extract of high yielding Hevea clones 

(RRII 105 and PB 217) than the low yielders (Tjir 1 and RRII 38) indicating 

that the enzyme activity is directly related to the yield potential of Hevea 

clones. When C-serum was added to the bark extract, HMGR activity 

increased significantly in all the clones (Table 4.1). The presence of an 

activator of HMGR enzyme present in the C-serum of latex may be 

stimulating the activity of the enzyme. Adding C-serum in the assay 

medium, HMGR activity was increased 55, 87,120 and 154 % in clones Tjir 

1, RRII 38, RRII 105 and PB217 respectively. The HMGR activity showed 

positive correlation with rubber yield with an R value of 0.796 (Fig 4.3).



Mevalonolactone

HMG-CoA

Lane 1 - HM G-CoA (standard)
Lane 2 -  M evalonolactone (standard) 
Lane 3 - Lower aqueous phase 

‘ '̂C HM G-CoA) 

Lane 4 - Upper organic phase 

(^'^C-Mevalonate)

Fig. 4.2. Thin layer chromatography of standards (HMG CoA and 
Mevalonolactone), lower aqueous phase and upper organic 
phase

Table. 4.1. HIMGR activity of different Hevea clones. (Radioactivity 

recovered as mevalonate)

HMGR activity (cpm mg'' protein) Increase in HMGR

Clones
Bark extract only Bark extract + 

C-serum

activity with 
addition of C- 

serum (%)

Tjir 1 1584 2466 55

RRII 38 1686 3156 87

RRll 105 1891 4154 120

PB217 1916 4866 154

CD
(P<0.05) 112 416
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Fig. 4.3. Correlation of HMGR activity and dry rubber yield

Table. 4.2. Dry rubber yield of stimulated and control trees of different 
Hevea clones (g/tree/tap)

Clones
Dry rubber yield (g/tree/tap)

Control Stimulated

Tjir 1 17 21.0

RRII 38 31 49.4

RRll 105 66 111.2

PB2I7 76 147,8

CD(P< 0.05) 1.95 6.27



Table 4.3. Effect of stimulation on HMGR activity in different Hevea 
clones (Radioactivity recovered as mevalonate).

Clones
HMGR activity (cpm protein)

Control Stimulated

Tjir 1 1645 1721

RRII 38 1686 1779

R R II105 1891 1985

PB217 1969 2043

CD (P< 0.05) (Clone x Stimulation) 100.66

The commercially available ethylene inducing compound, ethephon, 

was applied on both high and low yielding Hevea clones. This could enhance 

latex yield in all the clones (Table 4.2). No significant difference was 

observed on HMGR activity between the stimulated and unstimulated 

control trees belonging to high and low yielding Hevea clones (Table 4.3) 

and hence no change in HMGR activity noticed by ethephon stimulation.

4.4. Discussion

In Hevea brasiliensis the biosynthesis of rubber is being regulated by 

HMGR enzyme which is located in the bottom fraction of centrifuged latex 

(Lynen, 1969; Witisuwannakul, 1986). HMGR, provides backbone for 

isoprenoids by catalyzing mevalonate synthesis from HMG-CoA (Lynen, 

1969).



The present study showed that HMGR activity was significantly high 

in high yielding Hevea clones than the low yielders. Earlier, Nair et al. 

(1990) observed similar results in low yielding and high yielding Hevea 

clones by taking the ratio of quantities of HMG-CoA to mevalonate as an 

index of the enzyme activity; a low ratio indicating high enzyme activity and 

vice versa. When C-serum was added to the reaction mixture, the enzyme 

activity increased significantly in all the clones. This suggests the 

involvement of some C-serum factors in the regulation of HMGR activity. 

Wititsuwannakul et al. (1990) reported a HMGR activator in the C-serum of 

latex similar to that of cadmodulin. The Hevea cadmodulin may indirectly 

activate HMGR via, regulation of enzymes involved in the phosphorylation 

and dephosphorylstion of HMGR, similar to those suggested for mammalian 

HMGR (Gibson et a l, 1987; Witisuwannakul et al., 1990). Chappell et al. 

(1995) reported that constitutively expressed Hamster HMGR cDNA in 

tobacco plants {Nicotiana tabacum L.) resulted in 3-6 fold increase in total 

HMGR enzyme activity and an overall increase in the sterol accumulation.

The HMGR activity showed correlation with rate of sterol production 

in developing seeds of rape and tobacco (Harker et al., 2003). HMGR 

activity and transcript levels were high in actively dividing Arabidopsis, 

tomato and tobacco culture cells (Hemmerlin et al., 2003). Yang et al. (1991) 

reported that some solanaceous species challenged with pathogen or elicitor 

treatment induced HMGR activity and transcript levels that provided the 

accumulation of sesquiterpenoid phytoalexin. Thus the regulatory role of 

HMGR in mevalonate pathway seems to be important not only for normal



plant growth and development but also for the adaptation to the challenging 

environmental stress. In MVA pathway, plant HMGR is modulated by a 

variety of developmental and environmental signals such as phytohormones, 

calcium, cadmodulin, light, wounding, elicitor treatment and pathogen attack 

(Stermer et a l, 1994). The major changes in HMGR activity would be 

determined at the transcriptional level, whereas the post transcriptional 

control would allow a finer and faster adjustment (Chappell, 1995). 

Similarly, treatment with mevinolin (a competitive inhibitor of HMGR) can 

slow or inhibit plant growth and development (Gray, 1987; Narita and 

Gruissem, 1989). Witisuwannakul (1986) reported that the specific activity 

of HMGR was high in high yielding clones and the diurnal variations 

observed in the rubber content of the latex coincided with the variations in 

the HMGR activity.

Ethephon stimulation increased the latex volume in all the Hevea 

clones. In this study, HMGR activity was almost similar in all the stimulated 

and control trees irrespective of the clonal traits. Gene and protein expression 

of HMGR was inhibited by ethylene stimulation (Wang et al., 2015). The 

hmgrl gene, considered to be responsible for rubber biosynthesis, was 

induced by ethylene. But interestingly, ethylene could not influence the 

activity of HMGR (Witisuwannakul, 1986).

4.5. Sum m ary and conclusions

The activity of HMG-CoA reductase studied in different Hevea 

clones with varying yield potential indicated that there was significant clonal



variation in the activity of HMG-CoA reductase in bark of high and low 

yielding clones. The HMGR activity was found to be significantly higher in 

high yielding Hevea clones (RRII 105 and PB217) and had significant 

positive correlation with rubber yield. Ethephon stimulation enhanced the 

total rubber yield in all the Hevea clones irrespective of their yield potential 

but the enzyme activity was not changed due to stimulation. A positive 

correlation obtained between the HMGR enzyme activity and dry rubber 

yield suggests the possibility o f utilizing this enzyme for developing as a 

marker for determining yield potential in Hevea.



C h ap ter 5________________________________________________

Cloning and expression of hmgrl gene
from Hevea brasiliensis



5.1. Introduction

Biosynthesis of natural rubber takes place by mevalonate pathway in 

Hevea (Sando et al., 2008a). Generation of acetyl-coenzyme A and its 

conversion to isopentenyl pyrophosphate (IPP) via mevalonic acid and 

polymerization of IPP to rubber are the major steps involved in the rubber 

biosynthetic process. The synthesis of mevalonate from HMG-CoA is one of 

the rate limiting steps in isoprenoid pathway catalysed by 3-hydroxy-3 

methyl glutaryl coenzyme A reductase (HMGR). Wititsuwannakul (1986; 

1990) reported a positive correlation between rubber biosynthesis and HMG- 

CoA reductase activity in Hevea.

A positive correlation between HMGR activity and rubber yield in 

Hevea clones already been shown in the previous chapter (chapter 4). Ji et al. 

(1993) demonstrated that HMGR activity was positively correlated with 

rubber biosynthesis as well as rubber yield. Different members of hmgr gene 

family were cloned and characterized from Hevea clone RRIM 600 (Chye et 

a l,  1991; 1992). They observed that hmgrl was expressed more in laticifers 

than in leaves and was specifically involved in rubber biosynthesis. The 

increased production of rubber in modem Hevea clones may be due to the 

enhanced rubber biosynthetic ability and the mechanisms needs to be 

investigated.

The objective of the study was to clone hmgrl from H. brasiliensis 

and in vitro expression of the HMGR protein for developing specific 

antibody which could be further utilized for screening the yield potential of



Hevea clones that are being developed through crop improvement 

programmes.

5.2. M aterials and methods 

5 .2 .I0 Plant material

Latex samples were collected from the Hevea clone R R II105. The trees 

were grown in the experimental field of Rubber Research Institute of India and 

they were harvested regularly under S/2 d2 tapping system.

5.2.2. mRNA isolation

Latex mRNA was isolated using magnetic beads as per 

manufacturer’s instruction (Dyna Beads, Invitrogen, USA). Latex (5 ml) was 

mixed with 10 ml of Ix RNA extraction buffer and vortexed for few minutes 

to get homogenized thoroughly. The mixture was centrifiiged at 12000 rpm 

for 30 minutes at room temperature and the supernatant was transferred to 

oakridge tube and centrifuged at 12000 rpm for 15 minutes. The clear 

supernatant was mixed with required quantity of magnetic beads saturated 

with the RNA extraction buffer. The mixture was kept at room temperature 

for 20-30 minutes to allow the annealing of polyA tail of mRNA with the 

oligo dT ends on the beads. After mixing, the tubes were kept in a magnetic 

separation stand for 15 minutes to get the beads attracted to the side wall of 

the tube. After the removal of buffer from the tubes, wash solution A (0.5 

ml) was added to the beads followed by proper mixing. The wash solution 

was removed by magnetic separation. The washing with solution A was 

repeated twice followed by washing thrice with solution B. Finally the



mRNA was eluted with elution buffer twice by incubating at 95°C for 3 

minutes. The eluted sample was mixed with 0,1 volume of sodium acetate 

and 2.5 volume of ethanol and kept at -80°C for 1 hour for precipitation. The 

mixture was then centrifuged at 12000 rpm for 15 minutes at 4°C. The pellet 

was washed with 85% ethanol and dried in a Centrivap concentrator. The 

mRNA was resuspended in nuclease free water and quantified using 

Nanodrop spectrophotometer.

5.2.3. cDNA synthesis

cDNA was synthesized from mRNA using Superscript™ III First 

strand synthesis kit of Invitrogen. 10 )j,1 RNA mix was incubated at 65°C for 

5 min followed by incubation on ice for a minute and mixed with 10 jj,l of 

cDNA mix. After a brief spin, the mixture was incubated at 50°C for 50 min 

and at 85°C for 5 min. After a brief incubation in ice, 1 |̂ 1 of RNase H was 

added to each tube and incubated for 20 min at 37°C. The cDNA was 

quantified and stored at -20°C.

5.2.4. PCR Amplification of hmgrl gene

PCR amplification of hmgrl gene from H. brasiliensis was 

performed with gene specific primers designed based on sequences deposited 

earlier in GenBank database (X54659; Chye et a l, 1991). The primers were 

designed and synthesized by Eurogentec, Belgium. The primers were flanked 

with restriction sites Kpnl in the forward primer and Xhol in the reverse 

primer.



Forward primer; 5’- CTC GAG ATG GAC ACC ACC GGC CGG C -3’ 

Reverse primer: 5’- GGT ACC ATT GCT GGG ACC AGA TTC CC -3’

The PCR amplification profile consisted of a first cycle at 94°C for 5 

min followed by 35 cycles at 94°C for 30s; 69.2°C for 30 s; 72°C for 1 min 

and finally extension at 72°C for 10 min. The PCR cocktail was prepared in 

20 |J,1 reaction volume, which composed 2 |xl of lOx buffer, 200 |J,M dNTP,

1.5 U of Taq DNA polymerase, 100 ng template DNA and 500 nM each of 

forward and reverse primers. The PCR amplification was carried out in a 

thermal cycler (Master gradient, Eppendorff, USA). The amplified cDNA 

fi-agments were separated by electrophoresis on 1% agarose gel and the 

amplified cDNA fi-agment (~ 1.8 kb firagment) was eluted using PCR clean -  

up kit (Sigma).

5.2.5. Cloning and DNA sequencing analysis

The PCR amplified hmgrl firagments were cloned into pGEM-T Easy 

vector (Fig. 5.1). The ligated plasmids were transferred into E. coli cells 

(Gen Hunter) and plated onto LB agar plates containing 50 )xg ml'* ampicillin 

and 0.5 mM isopropyl-P-D-thiogalactopyranoside (IPTG) and 80 |xg ml'^ 5- 

bromo-4-indolyl-p-D-galacto-pyranoside (X-Gal).

R ubher -'-■ .-H rci, in s ti ij t#  of India
j r ■



Fig. 5.1. Vector map of pGEM-T Easy vector

The presence of insert in the recombinant clone was confirmed by 

colony PCR as well as and further confirmed by restriction digestion analysis 

using Kpnl and Xhol. The nucleotide sequence of the cloned DNA fragment 

was determined by sequencing (Macrogen, Korea). The nucleotide sequence 

of hmgrl was compared with the NCBI database using BLASTN 

programme.

5.2.6. Cloning in expression vector

The plasmid (^GEMIIhmgrX) was double digested using Kpnl and 

Xhol and purified the hmgr\ firagment. The expression vector (pRSET-A, 

Invitrogen) (Fig.5.2) was also double digested using Kpnl and Xhol and 

purified. The hmgrX was ligated to pRSET-A using T4 DNA ligase and 

transformed in to E.coli cells (Gen Hunter). The transformed colonies were 

selected by colony PCR and restriction digestion.



R & S  A T G  C.K W C&

Fig.5.2. Vector map of pRSETA

The orientation of the insert was confirmed by sequencing 

(Macrogen, Korea). The sequencing results were analysed and the clone with 

hmgrX in the right orientation was selected. Plasmid DNA isolated from 

these colonies was used to transform expression specific BL21 (DE3) pLysS 

cells and transformed colonies were selected by colony PCR.

5,2.7. Expression of protein

A single recombinant colony (pRSET-A//img/'l construct) in BL21 

(DE3)pLysS was inoculated in 2 ml of SOB medium containing ampicillin 

(50 jig ml ') and chloramphenicol (35 ^g ml"') and incubated at 37”C, 

overnight with shaking. The next day, inoculated 50 ml of SOB (with out 

antibiotic) with 1 ml of overnight culture (OD600 = 0.1). The culture was 

grown at 37”C with vigorous shaking to an OD6oo= 0.4-0.6, and culture was



collected as zero hour samples. IPTG (1 mM) was added to the culture and 

samples were collected at different time intervals (0, 1.5 and 3 hours after 

induction). The samples were centrifuged and each pellet resuspended in 100 

\il of 20 mM phosphate buffer at neutral pH. Proteins were collected from 

the cells by freeze-thaw method. The supernatant from the samples were 

mixed with four times the volume of acetone and incubated for 60 min at 

-20 ®C. The samples were centrifiiged at 15,000 rpm for 10 min. 

Resuspended the pellet in 0.5% SDS and the protein was quantified 

(Bradford, 1976).

5.2.8. SDS-PAGE analysis of proteins

The profiling of the expressed recombinant protein was carried out by 

SDS-PAGE according to the method of Laemmli (1970) using a 10% linear 

gel. Separation of 30 ^g of protein samples were carried out in Bio Rad 

electrophoresis device with 10% polyacrylamide gel as resolving gel and 4% 

stacking gel. Electrophoresis was conducted at constant voltage (60 volts) for 

30 min followed by voltage at 120 volts until the marker dye reached the 

bottom of the gel. The gel was stained with coomassie blue and documented.

5.3. Results

In this study, hmgrl coding region was isolated and over expressed in 

an expression vector for protein production. For this purpose, mRNA was 

isolated from latex of clone R R II105 (Fig. 5.3) and cDNA was synthesized.



i l

Fig. 5.3. mRNA isolated from latex of clone R R II105 on 2% agarose

A PCR based approach was employed to isolate hmgr\ gene from 

Hevea, Primers were designed and synthesized based on the published 

sequences of hmgrX from Hevea clone RRIM 600 by Chye et al, (1991). 

PCR amplicon with a size of 1.8 kb corresponding to the length of hmgrX 

(Fig. 5.4) could be obtained which was later gel purified and cloned in to 

pGEM-T vector. The recombinant clones were subjected to colony PCR 

(Fig. 5.5) as well as restriction digestion (Fig. 5.6) and confirmed the 

presence of hmgrX coding region.



10 kB

-̂ 1.8 kb

Lane 1- DNA marker 

Lane 2- Amplified hmgrX

Fig. 5.4. Amplification of hmgrl gene from the latex of H. brasiliensis.
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Fig. 5.5. Colony PCR of pGEMT/Aw^rl

Lane 1- Marker

Lane 2- Double digestion Xho I & Kpn 1 

Lane 3- Single digestion Xho I 

Lane 4- Single digestion Kpn I 

Lane 5- Uncut plasmid DNA

-1 .8  kb

Fig. 5.6. Restriction digestion analysis of pGEMT/Aw^ri



After confirmation, clones containing hmgr\ were selected and its 

nucleotide sequencing was carried out. The nucleotide sequence and the 

encoded amino acid sequence of hmgrX cDNA are shown Figs. 5.7 and 5.8.
START

ATGGACACCACCGGCCGGCTCCACCACCGAAAGCATGCTACACCCGTTGAGGACCGTTCT

CCGACCACTCCGAAAGCGTCGGACGCGCTTCCGCTTCCCCTCTACCTGACCAACGCGGTTT

TCTTCACGCTGTTCTTCTCGGTGGCGTATTACCTCCTTCACCGGTGGCGCGACAAGATCCG

CAACTCCACTCCCCTTCATATCGTTACTCTCTCTGAAATTGTTGCTATTGTCTCCCTCATTG

CCTCriTCATTTACCTCCTAGGATTCTTCGGTATCGATTTTGTGCAGTCATTCATTGCACGC

GCCTCCCATGACGTGTGGGACCTCGAAGATACGGATCCCAACTACCTCATCGATGAAGAT

CACCGTCTCGTTACTTGCCCTCCCGCTAATATATCTACTAAGACTACCATTATTGCCGCAC

CTACCAAATTGrCTACCTCGGAACCCTTAATTGCACCCTTAGTCTCGGAGGAAGACGAAA

TGATCGTCAACTCCGTCGTGGATGGGAAGATACCCTCCTATTCTCTGGAGTCGAAGCTCG

GGGACTGCAAACGAGCGGCTGCGATTCGACGCGAGGCTTTGCAGAGGATGACAAGGAGG

TCGCTGGAAGGCTTGCCAGTAGAAGGGTTCGATTACGAGTCGATTTTAGGACAATGCTGT

g a a a t g c c a g t g g g a t a c g t g c a g a t t c c g g t g g g g a t t g c g g g g c c g t t g t t g c t g a a c

GGGCGGGAGTACTCTGTTCCAATGGCGACCACGGAGGGTTGTTTGGTGGCGAGCACTAAT

a g a g g g t g t a a g g c g a t t t a c t t g t c a g g t g g g g c c a c c a g c g t c t t g t t g a a g g a t g g c

ATGACAAGAGCGCCTGTTGTAAGATTCGCGTCGGCGACTAGAGCCGCGGAGTTGAAGTTC

t t c t t g g a g g a t c c t g a c a a t t t t g a t a c c t t g g c c g t a g t t t t t a a c a a g t c c a g t a g a t

t t g c g a g g c t c c a a g g c a t t a a a t g c t c a a t t g c t g g t a a g a a t c t t t a t a t a a g a t t c a

g c t g c a g c a c t g g c g a t g c a a t g g g g a t g a a c a t g g t t t c t a a a g g g g t t c a a a a c g t t c

t t g a a t t t c t t c a a a g t g a t t t t t c t g a t a t g g a t g t c a t t g g a a t c t c a g g a a a t t t t t g t

t c g g a t a a g a a g c c t g c t g c t g t a a a t t g g a t t g a a g g a c g t g g c a a a t c a g t t g t t t g t

g a g g c a a t t a t c a a g g a a g a g g t g g t g a a g a a g g t g t t g a a a a c c a a t g t g g c c t c c c t

a g t g g a g c t t a a c a t g c t c a a g a a t c t t g c t g g t t c t g c t g t t g c t g g t g c t t t g g g t g g a

t t t a a t g c c c a t g c a g g c a a c a t c g t a t c t g c a a t c t t t a t t g c c a c t g g c c a g g a t c c a g

c a c a g a a t g t t g a g a g t t c t c a t t g c a t t c c a t g a t g g a a g c t g t c a a t g a t g g a a a g g a

t c t c c a t a t c t c t g t g a c c a t g c c c t c c a t t g a g g t g g g t a c a g t c g g a g g t g g a a c t c a

a c t t g c a t c t c a g t c t g c t t g t c t c a a t t t g c t t g g g g t g a a g g g t g c a a a c a a a g a g t c

g c c a g g a t c a a a c t c a a g g c t c c t t g c t g c c a t c g t a g c t g g t t c a g t t t t g g c t g g t g a g

CTCTCCTTGATGTCTGCCATTGCAGCTGGGCAGCTTGTCAAGAGTCACATGAAGTACAAC

AGATCCAGCAAAGATATGTCTAAAGCTGCATCTTAG

STO P

Fig. 5.7. Nucleotide sequence of /imgrlcDNA from H, brasiliensis.



5’3’ Frame

M e t R G S H H H H H H G M e t A S M e t T G G Q Q M e t G R D L Y D D D D K D R W

G S E L E M e t D T T G R L H H R K H A T P V E D R S P T T P K A S D A L P L P L Y

L T N A V F F T L F F S V A Y Y L L H R W R D K I R N S T P L H I V T L S E I V A I

V S L I A S F I Y L L G F F G I D F V Q S F I A R A S H D V W D L E D T D P N Y L I

D E D H R L V T C P P A N I S T K T T I I A A P T K L P T S E P L I A P L V S E E D

E M e t l V N S V V D G K I P S Y S L E S K L G D C K R A A A I R R E A L Q R M e t T

R R S L E G L P V E G F D Y E S I L G Q C C E M e t P V G Y V Q I P V G I A G P L L L

N G R E Y S V P M e t A T T E G C L V A S T N R G C K A I Y L S G G A T S V L L K D

G M e t T R A P V V R F A S A T R A A E L K F F L E D P D N F D T L A V V F N K S S

R F A R L Q G I K C S I A G K N L Y I R F S C S T G D A M e t G M e t N M e t V S K G V

Q N V L E F L Q S D F S D M e t D V I G I S G N F C S D K K P A A V N W I E G R G K

S V V C E A I I K E E V V K K V L K T N V A S L V E L N M e t L K N L A G S A V A G

A L G G F N A H A G N I V S A I F I A T G Q D P A Q N V E S S H C I T M e t M e t E A

V N D G K D L H I S V T M e t P S I E V G T V G G G T Q L A S Q S A C L N L L G V K

G A N K E S P G S N S R L L A A I V A G S V L A G E L S L M e t S A I A A G Q L V K

S H M e t K Y N R S S K D M e t S K A A S S t o p

Fig. 5.8. Aminoacid sequence of hmgrl cDNAfrom Hevea brasiliensis

The clone that exhibited 100% homology to the previously submitted 

sequence in the GenBank database (Acc. No. X54659) was selected for 

further steps. The hmgr\ cDNA contained an open reading frame (ORF) of 

1838 bp. The ORJ of hmgrl encoded 575 amino acids with a predicted 

molecular mass of 61.6 kDa and an isoelectric point of 6.6.



The selected clone of pGEM-T vector containing hmgrX was double 

digested to release the hmgrl insert and the gel purified insert DNA was 

cloned in to double digested pRSET-A expression vector at the Xho\ and 

Kpn\ restriction sites. The ligated products were transformed successfully 

into E. coli cells and the transformants were confirmed based on colony PCR 

(Fig. 5.9) and restriction digestion analysis (Fig. 5.10).

10 kb

2 kb

1.5 kb

—  1.8 kb

L ane 1 - DNA M arker

Lane 2 - Clone w ith pRSET;^ 

hm grl^,ene  construct

Fig. 5.9. Colony PCR of pRSET-A/Aw^rl

no



L ane 1- M arker 

L ane 2- U ncut plasm id DNA 

L ane 3- Single digestion Kpn I 

L ane 4- Single digestion X ho  1 

L ane 5- Double digestion Kpn 

MXho I

4--------------- 1.8 kb

Fig. 5.10. Restriction digestion of pRSET-A/Aw^rl

Orientation of the insert in the expression vector was also confirmed 

by verifying the sequence data (Fig. 5.11). The above results indicate the 

successful cloning of hmgr\ gene in pRSET-A expression vector. Protein 

expression in transformed cells when monitored by SDS-PAGE analysis 

indicated the presence of HMGR protein (Fig.5. 12). An increase in the 

intensity of protein band with a size of 64.6 kDa (including His Tag) 

corresponding to HMGR was obtained. The pRSET-A in BL21(DE3)pLysS 

was used as negative control. The maximum quantity of HMGR was 

observed in culture collected 3.5 hours after induction with IPTG.



TGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAA

TGGGTCGGGATCTGTACGACGATGACGATAAGGATCGATGGGGATCCGAGCTCGAGATG

GACACCACCGGCCGGCTCCACCACCGAAAGCATGCTACACCCGTTGAGGACCGTTCTCCG

a c c a c t c c g a a a g c g t c g g a c g c g c t t c c g c t t c c c c t c t a c c t g a c c a a c g c g g t t t t c t

TCACGCTGTTCTTCTCGGTGGCGTATTACCTCCTTCACCGGTGGCGCGACAAGATCCGCAA

CTCCACTCCCCTTCATATCGTTACTCTCTCTGAAATrGTTGCTATrGTCTCCCTCATTGCCT

CTTTCATTTACCTCCTAGGATTCTTCGGTATCGATTTTGTGCAGTCATTCATTGCACGCGCC

TCCCATGACGTGTGGGACCTCGAAGATACGGATCCCAACTACCTCATCGATGAAGATCAC

CGTCTCGTTACTTGCCCTCCCGCTAATATATCTACTAAGACTACCATTATTGCCGCACCTA

CCAAATTGCCTACCTCGGAACCCTTAA7TGCACCCTTAGTCTCGGAGGAAGACGAAATGA

TCGTCAACTCCGTCGTGGATGGGAAGATACCCTCCTATTCTCTGGAGTCGAAGCTCGGGG

ACTGCAAACGAGCGGCTGCGATTCGACGCGAGGCTTTGCAGAGGATGACAAGGAGGTCG

CTGGAAGGCTTGCCAGTAGAAGGGTTCGATTACGAGTCGATTTTAGGACAATGCTGTGAA

ATGCCAGTGGGATACGTGCAGATTCCGGTGGGGATTGCGGGGCCGTTGTTGCTGAACGGG

CGGGAGTACTCTGTTCCAATGGCGACCACGGAGGGTTGTTTGGTGGCGAGCACTAATAGA

GGGTGTAAGGCGATTTACTTGTCAGGTGGGGCCACCAGCGTCTTGTTGAAGGACGGCATG

ACAAGAGCGCCTGTTGTAAGATTCGCGTCGGCGACTAGAGCCGCGGAGTTGAAGTTCTTC

TTGGAGGATCCTGACAATnTGATACCTTGGCCGTAGTTTTTAACAAGTCCAGTAGATTTG

CGAGGCTCCAAGGCATTAAATGCTCAATTGCTGGTAAGAATCTTTATATAAGATTCAGCT

GCAGCACTGGCGATGCAATGGGGATGAACATGGTCTCTAAAGGGGTTCAAAACGTTCTTG

AATTTCTTCAAAGTGATTTTTCTGATATGGATGTCATTGGAATCTCAGGAAATTTTTGTTC

GGATAAGAAGCCTGCTGCTGTAAATTGGATTGAAGGACGTGGCAAATCAGTTGTTTGTGA

GGCAATTATCAAGGAAGAGGTGGTGAAGAAGGTGTTGAAAACCAATGTGGCCTCCCTAG

TGGAGCTTAACATGCTCAAGAATCTTGCTGGTTCTGCTGTTGCTGGTGCTTTGGGTGGATT

t a a t g c c c a t g c a g g c a a c a t c g t a t c t g c a a t c t t t a t t g c c a c t g g c c a g g a t c c a g c

ACAGAATGTTGAGAGTTCTCATTGCATTACCATGATGGAAGCTGTCAATGATGGAAAGGA

t c t c c a t a t c t c t g t g a c c a t g c c c t c c a t t g a g g t g g g t a c a g t c g g a g g t g g a a c t c a

ACTTGCATCTCAGTCTGCTTGTCTCAATTTGCTTGGGGTGAAGGGTGCAAACAAAGAGTC

g c c a g g a t c a a a c t c a a g g c t c c t t g c t g c c a t c g t a g c t g g t t c a g t t t t g g c t g g t g a g

CTCTCCTTGATGTCTGCCATTGCAGCTGGGCAGCTTGTCAAGAGTCACATGAAGTACAAC 

AGATCCAGCAAAGATATGTCTAAAGCTGCAK

Fig. 5.11. Sequencing results of pRSETA/Zi/w^rl construct for the 
confirmation of orientation of insert. The start codon 
indicated in yellow color and termination codon in blue 
color.
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Fig. 5.12. SDS-PAGE analysis of proteins from transformed cells with 
pRSETA/Awgrl



5.4. Discussion

Biosynthesis of natural rubber takes place through mevalonate 

pathway in Hevea. The enzyme, HMG-CoA reductase, which catalyses the 

synthesis of mevalonate from HMG-CoA is a key regulatory enzyme in the 

pathway. HMG-CoA reductase regulates the carbon flux from primary to the 

secondary metabolism for biosynthesis of secondary plant metabolites. The 

regulation of HMGR enzyme leading to the increased production of 

isoprenoids has reported in a range of plant species (Schaller et al, 1995; 

Chappell et a l, 1995; Ram et a l, 2010). Schalller et a l  (1995) reported that 

the expression of hmgrX mRNA was positively correlated with HMGR 

activity. Earlier studies showed a positive correlation between HMG-CoA 

reductase activity and rubber biosynthesis in Hevea (Nair et al, 1990; 

Witisuwannakul et a l, 1990; Ji et al, 1993)

In this study, in order to obtain the HMGR protein invitro and to 

further use this protein as a marker for yield potential in Hevea, cloning 

and expression of HMGRl protein was carried out. For this purpose, 

mRNA was isolated from the latex of Hevea clone RRII 105. PCR 

amplification of coding region of hmgrl was performed using hmgrl 

specific primers and cloned the amplified product in to an expression 

vector. The protein expression when monitored by SDS-PAGE analysis 

indicated the presence of HMGR protein. The level of total phytosterol 

was increased about eight fold in leaves o f tobacco plants by constitutive 

expression of either the Hevea hmgrl gene (Schaller et a l, 1995) or the 

catalytic domain of hamster HMGR (Chappell et a l,  1995). The over



expression of the Arabidopsis HMGR isoforms in transgenic Arabidopsis 

plants also led to higher accumulation of leaf phytosterol (Manzano et a l, 

2004; Leivar et ah, 2005). Disruption of hmgrl and hmgrl in Arabidopsis 

caused triterpenoid levels 65 and 25% repectivelely lower than that in 

wild type plants (Susuki et ah, 2004).

Tomato transformed with an Arabidopsis hmgrl under the control of 

35S constitutive promoter elevated phytosterol by up to 2.3 fold in ripe jBruits 

of To generation plants (Enfissi et a l, 2005). Schaller et al. (1995) reported 

that the transgenic tobacco lines expressing 35S promoter controlled hmgrl 

from Hevea brasiliensis, increased total phytosterol in leaves up to six fold 

through production of phytosterol esters. Engineered tobacco seeds 

constitutivelely or seed specifically expressing an N-terminal truncated 

Hevea brasiliensis HMGR increased phytosterol by 2.4 or 3.2 fold 

respectivelely (Harker et ah, 2003). In Taraxacum kok-saghyz, a rubber 

producing plant, Tkhmgrl is highly expressed in the root, the main tissue 

where rubber is synthesized and stored and a decline in gene expression of 

Tkhmgrl in roots occurred when plants became mature (Ponicano and Chen, 

2014). The expression of hmgrl gene was correlated to the presence of more 

laticiferous cells in the corresponding tissue and the finding is in agreement 

with the earlier reports for HMGR in Hevea (Chye et al., 1992; Suwanmanee 

e ta l ,  2002).



5.5. Sum m ary and Conclusions

The cloning o f hmgrl gene in expression vector and in vitro synthesis 

of HMGR protein was successfully carried out. The protein would be useful 

for developing specific antibody and that could be further utilized for the 

quantification of HMG-CoA reductase in different clones of Hevea for 

developing this enzyme as a marker for yield potential in Hevea.



Chapter 6____________________________________________

General Conclusion



Natural rubber (NR) is an important industrial raw material with 

multifarious uses. NR consists of high molecular weight cw-polyisoprene, 

which is produced via the isoprenoid pathway in the laticiferous tissue of 

several plant species. Hevea brasiliensis is the only commercially cultivated 

species for harvesting NR. With the rapid development of automobile 

industry and world economy, NR production and productivity need to be 

increased to meet the rising market demand for this raw material. In recent 

decades great progress has been made in Hevea breeding programmes, which 

resulted in increased NR productivity from Hevea brasiliensis world over. In 

contrast to the progress made in rubber tree breeding through the classical 

approach, the molecular mechanisms underlying high yield traits in Hevea 

varieties are not well understood.

Even though rubber yield of a particular clone is attributed to many 

factors, the genes/ factors that are directly involved in contributing high 

rubber yield have not been studied in detail. Hence, the present work on 

biochemical and molecular studies on enzymes related to rubber biosynthesis 

in Hevea brasiliensis was conducted. In the present study, gene expression of 

some important enzymes involved in rubber biosynthesis was analysed in 

high and low yielding Hevea clones with and without stimulation. The 

activity of HMG-CoA reductase, a rate limiting enzyme of rubber 

biosynthesis pathway, was quantified in different Hevea clones with varying 

yield potential. The molecular cloning and expression analysis of hmgrl 

from Hevea was also performed.



The expression analyses of genes showed that HbSUT3, hmgs, 

hmgrl, MVD, FPPS, RuT and REF2 were significantly higher in high 

yielding Hevea clones than the low yielding clones. The magnitude of 

expression of genes corresponding to other enzymes and proteins like 

HMGR2, HMGR3, GGPPS, REFl, REFS, RBSP and RBIP showed no 

significant difference between the high and low yielding clones. The study 

suggest that high yield of rubber tree is likely the result of an increased 

supply and distribution of IFF for rubber biosynthesis. The study on the gene 

expression in response to ethylene stimulation suggests that the sucrose 

transporter, HbSUTi plays an important role in sucrose loading of the 

laticifer tissue and thereby the rubber production in stimulated trees. The 

expression of hmgrl and MVD was induced by ethylene treatment and this 

result suggests that both these enzymes are involved in enhanced IFF supply 

for rubber biosynthesis.

The enzyme assay of HMG-CoA reductase indicated that there was 

significant clonal variation in the activity in the bark tissue of different 

Hevea clones. The HMGR activity was found to be significantly higher in 

the bark extract of high yielding than the low yielding Hevea clones. HMGR 

activity showed an increase with the addition of latex C-serum to the bark 

extract indicating the presence of an activator of HMGR enzyme in the C- 

serum. HMG-CoA reductase activity showed a significant positive 

correlation with rubber yield. Stimulation with ethylene releasing compounds 

enhanced the total rubber yield in all the Hevea clones irrespective of the 

clonal trait, but the HMGR enzyme activity was not changed due to

—



Stimulation. The results suggest that HMGR activity can be used as a marker 

for high yield in H. brasiliensis.

The molecular cloning and in-vitro expression of hmgrl jfrom Hevea 

was also performed. The cloning of hmgrl gene in expression vector and in- 

vitro synthesis of HMGR protein was successfully carried out. The protein 

would be useful for developing specific antibody and that could be further 

utilized for the quantification of HMGR as a marker for yield potential in 

Hevea.
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Appendices



1. M edia

1.1. Luria- Bertani (LB) Agar

Tryptone - lOg

Yeast Extract - 5g

NaCl - lOg

Agar - 15g

Mix the solution until dissolved with distilled water.

pH was adjusted to 7.0

Make up to 1 litre with distilled water.

Sterilize in the autoclave at 121 °C for 15 minutes.

1.2. SOB

Tryptone - 20g

Yeast Extract - 5g

NaCl - 0.5g

KCl - 186.0 mg

Mix the solution until dissolved.

pH was adjusted to 7.0

Make up to 1 litre with distilled water.

Sterilize in the autoclave at 121 °C for 15 minutes.

Once autoclaved, add 10 ml of sterile 1 M Mg '̂^

(e.g. 10 ml of sterile IM MgCb or sterile IM MgS04 ).



2. Buffer Solutions and Reagents 

2.1» Phosphate Buffer (O.IM) pH-7 

Stock Solutions:

A. 0.2 M solutions of Na2HP0 4?H2 0  = 53.6 litre water

B. 0.2 M solutions o f NaH2P0 4 2H2 0  = 27.8 litre water

Mix 61ml of solutions A and 39ml of solution B then dilute 

it with water to 200ml.

Store at room temperature.

2.2. Tris-HCl Buffer pH - 6.8

Tris Base - 60.6 g

dH20to IL

pH was adjusted to 6.8

2.3. Tris-HCl Buffer pH - 8.8

Tris Base - 60.6 g

dH20to IL

pH was adjusted to 8.8



2.4. Acrylaraide stock solution

Acrylamide 30% - 30 g

Bisacrylamide 0.8% - 0.8 g

dH2 0 to 100ml 

2.5o Tris-Glycine running buffer (lOx)

Tris Base - 30.3 g

Glycine - 144.1 g

dH2 0  to IL 

pH ~ 8.3

2.6. SOC Gel Loading dye (6x)

Bromophenol blue - 25mg

Xylene cyanol FF - 25mg

Sucrose - 4g

dHaOto 10ml
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